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ABSTRACT

Studies on the roles of Cep215 in differentiation of

astrocytes and male germ cells

Dong Hee Kang
Department of Biological Sciences
The Graduate School

Seoul National University

Centrosome is a subcellular organelle that functions as a microtubule organizing center
in animal cells. Centrosomes play roles in several cellular processes, such as cell
morphogenesis, mitosis, and cilia formation. A centrosome consists of a pair of centrioles
surrounded by proteinous matrix called pericentriolar material (PCM). Cep215, one of major
PCM proteins, recruits the y-tubulin ring complex for microtubule organization. Cep215 is also
involved in microtubule organization outside the centrosome. Although the cellular functions
of Cep215 have been extensively studied, its specific roles at diverse tissues are relatively less
known. During my predoctoral period, I investigated the roles of Cep215 in the brain and testis
tissues.

In chapter I, I investigated the roles of Cep215 in astrocyte differentiation using the
P19 embryonic carcinoma cells and the mouse hippocampal primary cells. Cep215 was
detected in the processes of astrocytes in addition to the centrosomes. Deletion of Cep215 in

P19 cells caused the defects in differential morphogenesis of astrocytes, but did not affect



neuronal differentiation, cell proliferation, and cell fate determination. I found that the
microtubule organizing function of Cep215 is critical for the glial process formation. Based on
these results, I propose that Cep215 organizes microtubules for glial process formation during
astrocyte differentiation.

In chapter II, I investigated the roles of Cep215 in male germ cell development using
the KO mouse in which Cep215 was totally removed by targeting specific sites at both the first
and last introns. The Cep215 KO mice had microcephaly-like defects as reported previously.
In addition, Cep215 KO testes were smaller than the wild type testes, suggesting defects in
male germ cell development. In fact, the Cep215 KO testes were devoid of post-meiotic germ
cells. Spermatogenesis in Cep215 KO mouse was arrested at prophase I and the spermatocytes
were vulnerable to cell death. It is surprising that the centrosomes of Cep2/5-deleted germ
cells appeared to be intact, suggesting that the defects in progression of meiosis by Cep215
deletion may be not caused by abnormal centrosomes. Rather, the tight and gap junctions of
Sertoli cells were disorganized and the intercellular bridges among germ cells were reduced in
the Cep215 KO testes. Based on the results, I propose that germ cell defects are attributed, in
part, to disorganized architecture of the Cep215 KO testis.

Considering the cellular role of Cep215 in the microtubule organization at centrosomes,
it is astonishing that Cep215-deleted tissues generated such diverse phenotypes. This research
provides an example how diverse cellular functions are regulated by a simple change of the

centrosome protein.
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BACKGROUNDS

1. Centrosome

Centrosome is a non-membranous organelle which consists of two centrioles and
pericentriolar materials (PCM) (Doxsey, 2001). This small organelle was firstly discovered by
Boveri in 1888 (Fig. 1; Scheer, 2014). It was reported that the centrosome located at the center
of the microtubule network, so it has been called microtubule organizing center (MTOC) in the
cells. Since the centrosome has different kinds of functions during cell cycle, mutation of
centrosomal proteins are related to various human diseases such as cancer, ciliopathy, and

microcephaly (Bettencourt-Dias et al., 2011).

1.1. Structure of centrosome

The centrosome is composed of two centrioles and surrounded by PCM (Fig. 2;
Doxsey, 2001). The centriole has a cylindrical structure with 9-fold symmetrically arranged
microtubules (Azimzadeh and Marshall, 2010). A pair of centrioles is composed of the mother
and daughter centrioles, which have different structure and functions. Mother centriole has
distal and subdistal appendages, while daughter centriole does not. These centrioles are linked
by intercentrosomal linker proteins during interphase. Two centrioles are embedded in PCM
that is a complex of several centrosomal proteins. The core components of PCM, such as
Pericentrin, CEP215, NEDD1, CEP192 and y-tubulin form toroidal structures surrounded the
centrioles (Fig. 2; Lawo et al., 2012; Woodruff et al., 2014). Especially, y-tubulin acts as a
template of microtubule via formation of y-tubulin ring complex (y-TuRC) with several GCP

proteins (Kollman et al., 2011). In onset of mitosis, the centrosome undergoes PCM maturation,



a process of drastic accumulation of PCM proteins to increase the microtubule organizing

activity (Kim and Rhee, 2014).

1.2. Functions of centrosome

The centrosome can nucleate microtubules via recruitment of y-tubulin so that the
centrosome acts as a major microtubule organizing center in the cells. However, the function
of centrosome varies depending on the cell cycle (Fig. 3). In interphase, centrosome makes
microtubules for maintaining the cellular morphology, cell polarity and providing tracks for
motor-driven transport of vesicles and organelles (Meiring et al., 2020; Roper, 2020). When
the cells enter the mitosis, the centrosome functions as spindle poles to segregate the
chromosomes precisely into two daughter cells. Also, the centriole become a basal body to
form the cilium in GO phase (Mahjoub, 2013).

During embryogenesis, the centrosome can act as a determinant of cell fate in neuronal
development. In early stage of neurogenesis, neural stem cells (NSCs) divide symmetrically to
proliferation. When the NSCs start to differentiate into neuron, NSCs undergo asymmetric
division which means that the fate of two daughter cells is not identical. One of daughter cells
which inherited daughter centriole is induced neuronal differentiation, another daughter cell
given mother centrioles remains as NSC (Fig. 4; Paridaen and Huttner, 2014). In addition,

centrosome also determines neuronal polarity (de Anda et al., 2005)



Figure 1. Boveri’s drawing of the centrosome Boveri observed and described the centrosome
in Echinus microtuberculatus during first cleavage. Astral microtubules appear to radiate out
from the centrosome. (Scheer, 2014)
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Figure 2. The structure of centrosome The basic structure of centrosome is composed of
mother centriole, daughter centriole and surrounded pericentriolar materials (PCM). Major
components of PCM proteins (Pericentrin, Cep120, Cep192, Cepl152, Cep215, Nedd1, and v-
tubulin) are organized in toroidal structures (modified from Lawo et al., 2012).
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Functions : MTOC (Microtubule organizing center)
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Figure 3. The functions of centrosome The function of centrosome varies depending on the
cell cycle. In interphase, centrosome acts as MTOC and maintains the microtubule network
and cellular morphology. The centrosome is also involved in bipolar spindle formation during
mitosis. Mother centriole is served as basal body for primary cilia formation in quiescent cells
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Figure 4. Symmetric and asymmetric division of neural stem cells Neural stem cells
proliferate in early stage of neurogenesis by symmetric division. When the stem cells start to
neural differentiation, the cells divide asymmetric and cell fate is decided by the centrosome.
The daughter cells with mother centriole continue to remain neuronal progenitor cells (NPC)
while another daughter cells obtained daughter centriole differentiate intermediate progenitor
(IP). (modified from Paridaen and Huttner, 2014).



2. The functions of Cep215

2.1 Microtubule nucleation

Microtubule is one of the essential cytoskeleton and made up of a- and - tubulins.
Although the extension of microtubule is active process, the y-TuRC is needed for scaffold of
tubulin dimers to nucleate microtubule (Oakley et al, 2015). Many proteins that regulate
microtubule nucleation have been reported, including Cep215. Cep215, which is also known
as CdkSrap2, is a scaffold protein of other PCM proteins. Cep215 is firstly reported as an
activator of neuronal CDKS, but further studies discovered that Cep215 is one of the
centrosomal proteins which can recruit and activate y-TuRC for microtubule nucleation (Fig.
5; Ching et al., 2000; Fong et al., 2008; Choi et al., 2010).

Cep215 has two conserved motifs, CM1 and CM2 (Fig. 6; Barrera et al., 2011). CM1
domain can interact y-TuRC and this interaction is necessary for the microtubule nucleation.
CM2 motif is important for the interactions of Cep215. Through this domain, Cep215 can bind
with several proteins, such as Pericentrin or AKAP450, and locate at the centrosome and golgi
(Wang et al., 2010). Collectively, Cep215 can nucleate microtubule at specific locations

through the various interactions.

2.2 Spindle formation

The major function of centrosome in mitosis is bipolar spindle formation. In the onset
of mitosis, PCM expands their size to increase the microtubule organizing activity and the
centrosome is separated into two spindle poles. In this context, the interactions of Cep215 with
several proteins are necessary for making a functional bipolar spindle. Cep215 regulates the
dynein-dynactin complex which transports selected centrosomal proteins, such as PCM-1 and
CG-NAP, along the microtubules (Lee and Rhee, 2010). Cep215 also functions as scaffold of

other PCM proteins through the interaction with Pericentrin during centrosome maturation (Fig.

7



7; Kim and Rhee, 2014). Deletion of Cep215 or Pericentrin showed that accumulation of
Cep215 and Pericentrin is important for recruitment of y-tubulin at the spindle pole and
formation of bipolar spindle (Kim and Rhee, 2014). In addition, Cep215 binds with HSET to

prevent the detachment of centrosome from the spindle pole (Chavali et al., 2016).

2.3. Neuronal differentiation

It is reported that mutations in several centrosomal proteins, including Cep215, cause
microcephaly (Bond et al., 2006; Phan and Holland, 2021). Many papers showed that Cep215
regulates the division of NSCs. Mutation or deletion of Cep215 in NSC causes mitotic defects,
such as changed mitotic spindle orientation, and induces asymmetric division. These defects
led to premature neuronal differentiation. As a result, cell death was induced in prematurely
differentiated neuron. Because the number of NSC and differentiated neurons was significantly
decreased, the brain size was reduced, as a result (Fig. 8; Buchman et al., 2010; Lizarraga et
al., 2010). It is also reported that interaction between Cep215 and Pericentrin plays a role in
this process (Buchman et al., 2010). Along with the role of Cep215 in NSC, Cep215 also
regulate the morphology of neurons. Centrosomin, a Drosophila ortholog of Cep215, can
regulate the dendrite branching in dendritic arborization neurons of Drosophila through its

microtubule organizing activity (Yalgin et al., 2015).

2.4. The phenotypes of Cep215 mutant mice

5a/an mytant mouse.

The most well-established mutant mouse of Cep215 is Cep21
Hertwig’s anemia (an) mutant was reported by Hertwig in 1942, and this mutant mouse were
identified among the progeny of a heavily irradiated male mouse (Hertwig, 1942; Barker and
Bernstein, 1983). Cep2152Va mutant mouse has an in-frame deletion of exon 4 that later turn

out to be important for the microtubule nucleation activity of Cep215, and showed

microcephaly (Lizarraga et al.,2010). Because Cep215 is known to causative gene for



microcephaly, the role of Cep215 in the neural stem cell or neurons have been studied the most
(described above). In addition to the role of Cep215 in NSC, it is also reported that Cep215 is
essential for dendritic development and synaptogenesis of neocortical layer 2/3 pyramidal
neurons in mouse (Zaqout et al., 2019). Along with the studies on the brain development, the
involvement of Cep215 in development of several organs are discovered using this mutant

5a11/ an

mouse. It is reported that Cep2] mutant showed developmental defects in eye and testis

(Zaqout et al., 2017, 2020).
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Figure 5. Model for activation of microtubule nucleation by Cep215 When 7y-tubulin
recruits GCP proteins and assembles to y-tubulin ring complex (y-TuRC), CM1 motif of
Cep215 binds to y-TuRC to stimulate the microtubule nucleation. (modified from Choi et al.,
2010).
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Figure 6. Domains of Cep215 Cep215, one of Centrosomin family, has conserved domains,
CM1 and CM2 (yellow box and green box, respectively). CM1 domain mediates y-TuRC
binding and CM2 domain mediates the localization of Cep215 in centrosome and Golgi
(modified from Issa et al., 2013)
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Figure 7. Model for the PCM maturation Cep215 and pericentrin function as a scaffold of
other PCM proteins, especially y-tubulin, to increase microtubule organizing activity prior to
mitosis. (modified from Kim and Rhee, 2014)
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Figure 8. Model of Cep215 and pericentrin functions in neurogenesis When Cep215 or
pericentrin was depleted, the balance between proliferation and differentiation of neural stem
cell is broken so that the cells undergo premature neurogenesis. In conclusion, the pool of
neural stem cells is depleted and the brain size is reduced. (modified from Buchman et al., 2010)
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Chapter 1.
Roles of Cep215 in morphological
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ABSTRACT

Cep215 is a centrosome protein which is involved in microtubule organization.
Cep215 is also placed at specific subcellular locations and organizes microtubules outside the
centrosome. Cep215 is a causal gene of microcephaly with premature neurogenesis and cell
death. However, importance of Cep215 in other brain cell types, such as astrocytes, has not
been elucidated yet. Here, I report that Cep215 is involved in morphological differentiation of
astrocytes. Defects in morphological differentiation of astrocytes was observed not only in the
Cep215-deleted P19 cells but also in the Cep215-depleted embryonic hippocampal culture. 1
confirm that the microtubule organizing function of Cep215 is critical for the glial process
formation. However, Cep215 is not involved in the regulation of cell proliferation nor cell
specification. Based on the results, I propose that Cep215 organizes microtubules for glial

process formation during astrocyte differentiation
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INTRODUCTION

Microtubule is an important building block for cellular morphogenesis. During
neurogenesis, microtubules are nucleated from the centrosome in early phase (Stiess et al.,
2010). However, in late phase, the centrosome loses its microtubule organizing activity as soon
as it loses pericentriolar material (PCM) proteins (Stiess et al., 2010). Instead, non-centrosomal
microtubules play critical roles for neuronal morphogenesis (Ori-McKenney et al, 2012). It is
known that microtubule nucleating factors, such as Tpx2 and the Haus complex, locally
regulate microtubule nucleation outside the centrosome (Chen et al., 2017b; Cunha-Ferreira et
al., 2018). Non-centrosomal microtubule organization is also observed in other differentiated
cells as well (Muroyama and Lechler, 2017; Paz and Luders, 2018).

Cep215 (also known as Cdk5rap2) is a major PCM protein with at least two functional
domains: CM1 is essential for interaction with y-tubulin ring complex (y-TuRC) (Fong et al.,
2008) and CM2 is essential for interaction with specific centrosome proteins, such as
pericentrin and Akap450 (Wang et al., 2010). It is also known that Cep215 can interact with
other cellular proteins (Fong et al., 2008). The structural information suggests that Cep215 is a
recruiter of y-TuRC to specific loci, including the centrosome (Paz and Luders, 2018). For
example, Cep215 forms complex with the microtubule plus-end tip and organizes microtubules
at the cell periphery (Fong et al., 2009; Fong et al., 2017). Centrosomin (Cnn), a Drosophila
ortholog of Cep215, can be alternatively spliced to generate testis-specific isotype protein,
Cnn-T (Chen et al., 2017a). Cnn-T includes a mitochondria-binding domain instead of the
centrosome binding domain and organizes microtubules at the mitochondria in Drosophila
sperm (Chen et al., 2017a).

Mutations in CEP215 have been reported among microcephaly patients (Abdullah et
al., 2017; Alfares et al., 2018; Nasser et al., 2020). Cep215 mutations in mice are similar to the

human conditions with reduced brain size and a strikingly thin neocortex already at early stages

16



of neurogenesis (Zaqout et al, 2019). Depletion of Cep215 in mouse embryo brain revealed
precocious neurogenesis with an increase in cell cycle exit (Buchman et al, 2010). The
Hertwig’s anemia (an) mouse which has a genomic inversion at exon 4 of Cep2l5 was
previously reported a macrocytic, hypoproliferative anemia and leukopenia with a high level
of spontaneous aneuploidy (Eppig and Barker, 1984). Microcephaly was also observed in the
Cep215““" mice (Lizarraga et al., 2010). In the brain of Cep215™* mouse, the neural stem
had defects in spindle axis formation, the timing of neurogenesis, and cell survival as same as
Cep215 depletion (Lizarraga et al., 2010). Mutations in Crn promoted extra branching of
dendrite via regulation of the microtubule nucleation at the Golgi complex of specific
Drosophila neurons (Yalgin et al., 2015). Therefore, Cep215 is critical for proliferation and
differentiation of neuronal progenitor cells as well as of other stem cells.

Brain tissues consist of neurons and glial cells both of which are originated from radial
glial cells. During embryogenesis, neural stem cells undergo differentiation in early stage, and
start glial differentiation into astrocytes and oligodendrocytes at late stage (Bond et al., 2020).
Astrocyte, a major glial cell, contains a small soma and extensive branches and fine processes
with a unique intermediate protein, glial fibrillary acidic protein (Gfap) (Ventura and Harris,
1999). Gfap, a building block of astrocyte processes, is known to move along the microtubules
(Leduc and Etienne-Manneville, 2017b). However, it remains to be understood how
microtubules contribute to morphogenesis of astrocytes.

In this study, I investigated the involvement of Cep215 in glial process formation
during astrocyte differentiation. My results revealed that Cep215 is located at the glial
processes as well as centrosomes and plays an essential role in glial process formation by

regulation of microtubule organization.
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MATERIALS & METHODS

Cell culture and induction of differentiation

Cell culture and differentiation method were performed following Yoon et al (Yoon et
al., 2009) with minor modifications. The P19 mouse embryonic carcinoma cells were
maintained in DMEM (Welgene) supplemented with 10% FBS (Welgene) and antibiotics
(ANT-MPT; Invivogen) at 37°C. To induce differentiation of P19 cells, 1.0x10° cells/ml were
suspension cultured in 100mm bacterial petri dishes, and treated with 1uM all trans-retinoic
acid (R2656; Sigma) once a day for 4 days. Four days later, the aggregated embryoid bodies
were dissociated with pre-warmed 0.05% trypsin-0.53mM EDTA (Welgene). Dissociated cells
were replated on the poly-L-lysine (P4707; Sigma) coated dishes with 3.2x10° cells/ml for
astrocyte differentiation, and on the poly-L-lysine / laminin coated dishes with 1.2x10* cells/ml
for neuronal differentiation. In case of the microtubule regrowth assays and EB1-GFP comet
assays, 2.4x10° cells/ml were seeded on the coated dishes to prevent the cells from peeling off.
The seeded cells were maintained in DMEM supplemented with 10% FBS for glial
differentiation or with B27 supplement for neuronal differentiation. To estimate the Gfap- or
Tuj1- positive population, the number of Gfap or Tujl expressing cells were counted among
all nuclei in several microscopic fields. And then, Cells with mesh-like structures of Gfap or
Tujl around the cell body were counted as cells without processes. Cells with long and thick
processes and protrusions from their cell body were counted as cells with processes.

The primary culture using mouse embryo in this study were permitted by Institutional
Animal Care and Use Committee at Seoul National University (SNU-181219-2-4). Mouse
hippocampal cultures were prepared from E18 mouse embryos of either sex as modified
protocols from Beaudoin et al. (Beaudoin et al., 2012). Dishes and coverslips were coated with
0.1mg/ml poly-D-lysine solution diluted by borate buffer. Dissociated hippocampi tissues were

treated with papain (1.2mg/ml) for 20 min at 37°C. The tissues were then mechanically
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dissociated by titration with a micropipette tip. Hippocampal cells 4 or 8x10* cells/ml were
plated in MEM (Welgene) supplemented with 0.6% glucose (Sigma), ImM sodium pyruvate
(Sigma), antibiotics (ANT-MPT; Invivogen), 2mM L-glutamine (Welgene) and 10% FBS
(Welgene) for 4-5 hours before exchange with a neurobasal medium (Gibco) containing 0.5mM
L-glutamine and B27 supplement (Gibco). The cells were maintained in a 5% CO> incubator
at 37°C for up to 12 days. At DIV4 and DIV 11, a half of the original media was discarded and
replaced with fresh neurobasal media supplemented with 0.5mM glutamine and B27

supplement.

Generation of Cep215 stable cell lines in base of knockout cells

To generate P19 cell lines stably expressing the Flag-Cep215 constructs, the plasmid
DNA was transfected in P19 cells using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instruction. The Cep215-deleted cell lines stably expressing Flag-Cep215

constructs were generated using 800pg/ml of G418 (Calbiochem) selection.

Plasmids and RNA interference

The wild type and F75A mutant CEP215 cDNA were initially subcloned into
pCMV10-3xFlag vector. Then, the CMV promoter was replaced to SV40 promoter (pSV40-
3xFlag) to regulate the expression level of ectopic proteins as much as endogenous Cep215.
The EB1 cDNA was subcloned into pEGFP-N1 vector. The siRNA specific to mouse Cep215
(5’-CUCA GUGCAGUGAGGCUAUUATT-3’) was purchased from ST Pharm, and was
transfected using RNAIMAX (Invitrogen) according to the manufacturer’s instruction. Non-

specific control siRNA (5’-GCAATCGAAGCTCGGCTAC-3") was used.

Reverse Transcription and quantitative real-time RT-PCR (qRT-PCR)
gRT-PCR analysis was performed following Yoon et al. (Yoon et al., 2017) with minor

modifications. Total RNA was isolated from undifferentiated or differentiated P19 cells at the
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indicated days using TRIzol reagent (Invitrogen) following the protocol of the manufacturer.
Reverse transcription was conducted with random hexamers. Real-time PCR was carried out
with the Applied Biosystems (Carlsbad, CA) 7300 Real Time PCR System. The primer
sequences are listed in Table 1. Real-time PCR was conducted in triplicate, and the experiment

was repeated three times. Relative mRNA expression level was determined with the

comparative Ct method and normalized to endogenous Gapdh.

Table 1. Primer sequences for qRT-PCR.

Gene Sequence Reference
F:5-AAG CCAAGCACGAAG CTAACGA-3 Mamber et al.,
Glap R:5-TTG AGG CTT TGG CCC TCC-3’ 2012
F:5-AGG AAG CTG GCA GAC CAG TA-3’ Hosokawa et
S0 R:5-TCCACG AAG GGT CTCTTC TC-3° al., 2015
F:5-GGC ATA CTT TGT ACA TGC AGC-3’ Bunt et al.,
Nha R:5-ACC TGA TGT GAC AAA GCT GTC C-3° 2015
F:5-TGATGT CTG CTC GCT CTT TC-3’ Mohammad et
Neurofilament
R:5-CTCAGC TTT CGT AGC CTC AAT-3’ al., 2016
F:5-GAC ACT GAG TCC TGG GGT TC-3’ Sanchez-Martin
Rent R:5°-GTC GTG TGG AGC AGG TCT TT-3’ et al., 2013
F:5’-GGA GGA GGA GGATCA AAA GC-3’ Sanchez-Martin
NeuroD1
R :5-TGG GTC TTG GAG TAG CAA GG-3’ etal., 2013
F:5-TCAAGAAGG TGG TGAAGC AG-3° Yoon et al.,
Gapdh R :5’-AGG TGG AAG AGT GGG AGT TG-3° 2017

Immunoblot analyses
Protein sampling and immunoblot analysis were performed following Shin et al (Shin

etal., 2015) with minor modifications. In brief, the undifferentiated and differentiated P19 cells
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were lysed using RIPA buffer (150mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50mM Tris-HCI at pH 8.0, 10mM NaF, ImM NazVOs, 1mM EDTA and 1mM
EGTA) containing a protease inhibitor cocktail (P8340; Sigma-Aldrich) for 10min on the ice.
Cell lysates were centrifuged with 12,000 rpm for 10 min at 4°C. The supernatants were mixed
with 4xSDS sample buffer (250mM Tris-HCI at pH 6.8, 8% SDS, 40% glycerol and 0.04%
bromophenol blue) and 400mM DTT (0281-25G; Amresco). Mixtures were boiled for 5 min
and the protein samples were subjected to SDS-polyacrylamide gel electrophoresis. The gel
was transferred to a nitrocellulose membrane. The membrane was blocked with 5% skim milk
in 0.1% TBST (Tris-buffered saline TBS with 0.1% Tween 20) for 1-2 h. The membrane was
incubated with primary antibody overnight at 4°C. The membrane was incubated with
horseradish peroxidase-conjugated secondary antibody for 30-40 min at room temperature. The

ECL solution was treated onto the membrane, and then exposed to an X-ray film.

Immunostaining and image processing

Immunostaining analysis was performed following Shin et al (Shin et al., 2015) with
minor modifications. In brief, the cells on the coverslip were fixed with cold methanol for 10
min on ice and washed with phosphate-buffered saline (PBS) 3 times. The fixed cells were
blocked with 3% bovine serum albumin in 0.5% PBST (PBS with 0.5% Triton X-100) for 30
min, incubated with the primary antibody for 1 h. After washing with 0.1% PBST (PBS with
0.1% Triton X-100) 3 times, the cells were incubated with the secondary antibody for 30 min,
and then washed with 0.1% PBST 3 times. The coverslips were mounted on a slide glass using
Prolong gold mounting solution (Invitrogen) after DAPI incubation.

In case of triple staining, the permeabilization step is necessary. For permeabilization,
the cells were fixed and incubated with 0.1% PBST for 10 min. The cells were incubated with
primary (rabbit Cep215 or rabbit y-tubulin antibodies and mouse Tujl or mouse Cetn2
antibodies) and secondary (anti-rabbit-488nm- and anti-mouse-647nm-fluorescent-conjugated)

antibodies as same with method mentioned above. Then, the third (mouse Tujl and mouse
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Gfap) antibodies were prepared with Zenon Alexa fluor labeling kit (Z25005; Invitrogen)
following the protocol of the manufacturer. The cells were incubated with conjugated antibody
for 2-3h and mounted on a slide glass. The cells were incubated with DAPI and mounted on a
slide glass.

The immunostained cells were observed using fluorescence microscope with a CCD
(Qi-cam Fast 1394; Qimaging) camera and processed with ImagePro 5.0 (Media Cybernetics,
Inc.), Adobe Photoshop software and ImageJ software. The intensity of centrosomal proteins
levels was measured using ImageJ software by drawing the circle including the centrosome

area, and background was excluded by drawing same size circle in the nearest cytoplasm.

BrdU incorporation assay

The P19 cells were treated with BrdU (30uM) for 24 h, fixed with cold methanol for
10 min on the ice and washed with PBS 3 times. For permeabilization, the cells were incubated
with 0.1% PBST for 10 min. To denature DNA structure, the cells were incubated with pre-
warmed 2N HCI at 37°C for 20 min and neutralized with 0.1M borate buffer. The samples were

subjected to immunostaining analysis with the BrdU antibody (B8434; Sigma).

Antibodies

The Cep215 antibody were previously described (Lee and Rhee, 2010) or purchased
(06-1398; Millipore). The antibodies against Tujl (MMS-435P-100; Covance), neurofilament
68 (13-0400; Invitrogen), Gfap (#3670; Cell Signaling), Sox9 (AB5535; Millipore), Nfia
(HPA006111; Sigma), Flag (F3165; Sigma-Aldrich) and a-tubulin (ab18251; Abcam) were
commercially purchased. The rabbit y-tubulin (ab11317; Abcam) were used for
immunocytochemistry and mouse y-tubulin (ab11316-100; Abcam) was used for immunoblot.
The antibodies against centrin-2, centrobin and Gapdh were purchased from Millipore, Abcam

and Invitrogen, respectively. The Alexa-fluorescence secondary antibodies were purchased
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from Invitrogen. The mouse and rabbit IgG-HRP antibodies were purchased from Sigma and

Millipore, respectively.

Microtubule regrowth assay

To depolymerize microtubules, P19 cells and Cep215-deleted cells in differentiation
day 12 were treated nocodazole (1.65uM) for 1 h. To induce microtubule repolymerization, the
cells were incubated with pre-warmed fresh medium for 10 min, and immediately fixed with
4% paraformaldehyde in PEM buffer (80mM PIPES pH6.9, 1mM MgCl2, 5mM EGTA, 0.5%
Triton X-100) for 10 min at room temperature. The fixed cells were incubated with 0.3% PBST
for 5 minutes to increase permeability and subjected to immunostaining. The length and the
number of centrosomal microtubules were measured manually using NeuronJ software which

is a sort of ImageJ plug-in.

EB1-GFP comet assay
To acquire the time-lapse images, the P19 cells, Cep215-deleted cells, and Flag-
CEP215-rescued cells were differentiated into glial cell in 35mm confocal dishes. To express
the EB1-GFP protein, differentiated cells were transfected using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instruction at differentiation day 11. Twenty-four
hours after transfection, the cells were transferred to the chamber which is pre-warmed at 37°C
of Delta Vision (GE Healthcare Life Sciences). The fluorescence of EB1 was observed under
a Delta Vision, equipped with a camera (CoolSNAP HQ, Roper Scientific) and a 60x 1.4 NA
UPlanSApo oil objective lens (Olympus). Time-lapse images were acquired every 1 second for
I min. SoftWoRX was used to analyze the obtained images. Microtubules were marked by their
directions. Anterograde microtubules mean the EB1 comets emanating from the centrosome,
and retrograde microtubule mean the EB1 comets moving toward the centrosome.
The microtubule density was determined by counting the number of EB1-GFP comets

in entire area of the cells. The number of EB1 comets were normalized with the cell area using
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Image] software. The movements of EB1-GFP comets were tracked manually using Imagel

plugin, MTrack2. Twenty cells in each groups were measured.

Statistical analyses

For statistical analyses, experiments were independently performed three times. To
calculate P values, all data were analyzed using the Prism 6 software (GraphPad Software)
including unpaired two-tailed 7-test, one- or two-way analysis of variant (ANOVA). In the case
of ANOVA, the Tukey’s post-test was performed if p value is lower than 0.05.

All measured fluorescent intensities, the length and the number of microtubule were
displayed with box-and-whiskers plots in Prism 6 (lines, median; vertical boxes, values from

25" and 75%; down error bars, 10" value, up error bar, 90" value; circle, outliers).
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RESULTS

The importance of Cep215 in astrocyte differentiation of P19 cells

P19 cells are mouse embryonic carcinoma cells which can differentiate into neurons
and astrocytes with retinoic acid (RA), and into muscle cells with DMSO (Fig. 9a). In this
study, I treated P19 cells with RA to differentiate into neurons and glial cells at early and late
stages, respectively (Jones-Villeneuve et al., 1982) (Fig. 9b). I investigated the involvement of
Cep215 during differentiation of neuron and astrocytes, using the Cep215-deleted P19 cells.
Deletions of Cep215 was confirmed with immunoblot and immunostaining analyses (Fig. 10a,
b).

First, I examined effects of Cep215 deletion on differentiation of astrocytes. Gfap, a
marker for astrocytes, started to be expressed in day 12 after RA induction (Fig. 11a). However,
the Gfap levels were significantly reduced in the Cep2i5-deleted P19 cells (Fig. 11a).
Furthermore, the proportion of cells with glial processes was also significantly reduced (Fig.
11b, ¢). These results suggest that Cep215 is essential for astrocyte differentiation.

I also examined effects of the Cep2l5 deletion on differentiation of neurons. The
differentiated cells were immunostained with antibodies specific to Tuj1l and neurofilament68,
neuronal marker proteins. The neuronal markers started to be expressed in day 5, immediately
after P19 cells were cultured in the neuron-inducing medium containing B27 supplement (Fig.
12a, b). Cep215-deleted P19 cells were differentiated into neurons as effectively as the control
cells (Fig. 12a-d). Neurite formation was not affected by the Cep215 deletion, either (Fig. 12c,

d). These results suggest that Cep215 is not critical for neuronal differentiation of P19 cells.

Cell proliferation and cell fate determination of Cep215-deleted P19 cells
Gfap expression would be reduced if the Cep215-deleted cells proliferated less than

the control cells. To rule out the possibility, I determined the proliferation activity of Cep215-
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deleted cells using bromodeoxyuridine (BrdU) incorporation assays (Fig. 13a). I treated
Cep215-deleted P19 cells with BrdU for 24 h and counted the number of BrdU-positive cells.
As expected, the number of BrdU-positive cells decreased after glial differentiation (Fig. 13a,
b). However, I did not observe any difference in the proliferation activities of the wild type and
Cep215-deleted cells in both the undifferentiated and differentiated conditions. It indicates that
deletion of Cep215 does not affect proliferation of P19 cells.

Cell fate is determined by expression of a specific set of genes at early stages. For glial
cell determination, Sox9 is one of the initiators and Nfia is one of the downstream determinants
(Stolt et al., 2003; Deneen et al., 2006; Kang et al., 2012). For neuronal cell differentiation,
Ngnl and NeuroD1 are known as cell fate initiators (Ma et al., 1998; Bertrand et al., 2002). To
identify whether the cell fate of Cep215-deleted P19 cells was altered, I observed expression
of selected cell fate determinants in P19 cells undergoing differentiation. Quantitative reverse
transcription PCR (qRT-PCR) analysis revealed that Sox9 expression was immediately induced
and Nfia expression followed in both wild type and Cep215-deleted P19 cells (Fig. 14a).
Similar expression kinetics were also observed at the protein levels (Fig. 14c). However,
expression of Gfap, a structural protein for astrocytes, appeared reduced in Cep215-deleted
cells at both the mRNA and protein levels (Fig. 14a, c). These results indicate that Cep215 is
not involved in cell fate determination toward astrocytes but is necessary for expression of
Gfap for morphological differentiation. I also determined the expression of neuronal cell
determinants, Ngnl and NeuroDI, in P19 cells. The results showed that both Ngn/ and
NeuroD1 were immediately expressed in both of control and Cep215 deleted P19 cells after
RA treatment (Fig. 14b). I did not observe a significant difference in their expression and Nf-
L, a structural protein for neuronal cells, in wild type and Cep215-deleted cells. (Fig. 14b)
These results show that Cep215 is not involved in cell fate determination and differentiation of

neuronal cells.

Reduction of the microtubule organizing activity in Cep215-deleted P19 cells
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Microtubule nucleation is the best-known function of Cep215 in the centrosome (Fong,
et al., 2008). Therefore, I state the hypothesis that the microtubule organization activity at the
centrosome is essential for the morphological differentiation of astrocytes. To test the
hypothesis, I performed microtubule regrowth assay with the Cep215-deleted P19 cells. The
differentiated P19 cells were treated with nocodazole for 1 h to dissolve the cellular
microtubules (Fig. 15a). When the cells were transferred into a fresh medium, microtubules
started to grow mostly from the centrosomes, and also in the cytoplasm (Fig. 15a). I measured
the total length and the number of microtubules at the centrosomes. The results showed that
the length and number of newly nucleated microtubules at the centrosome were significantly
reduced in the Cep215-deleted astrocytes (Fig. 15b, c). These results suggest that Cep215 is
needed for microtubule nucleation at the centrosome in the differentiated P19 cells.

I also determined microtubule formation activity in P19 cells using the EB1-GFP
protein. EB1 protein is a family of microtubule plus-end tracking protein and used as a marker
for the plus ends of microtubules. Using live images of EB1 comets, I estimated the movement
of microtubules. I observed that the density of growing microtubules was significantly reduced
in Cep215-deleted cells and was recovered with ectopic Flag-Cep215 (Fig. 16a, b). These result

indicate that Cep215 is essential for microtubule organization in differentiated astrocytes.

Importance of interaction between Cep215 and y-TuRC for glial differentiation

Cep215 can bind and recruit y-tubulin at the centrosome, which is necessary for
effective microtubule nucleation (Fong et al., 2008). Because the microtubule organization of
differentiated astrocytes was suppressed in Cep2l5-deleted condition, I examined the
importance of the Cep215 as a recruiter of the y-tubulin ring complex (y-TuRC) during
astrocyte differentiation. A point mutant of Cep215 at phenylalanine 75 position (Cep215F7°%)
is reported to have a defect in interaction with y-TuRC (Choi et al., 2010). I rescued the

knockout P19 cells with the Cep215 mutant construct and determined astrocyte differentiation.

Immunoblot analysis confirmed that comparable amounts of ectopic Cep215 proteins were
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expressed (Fig. 17a). The results also showed that the cellular levels of Gfap were rescued with
Flag-Cep215, but not with Flag-Cep215"7°* (Fig. 17a, b). Furthermore, the ectopic Cep215F7°4
hardly rescued the glial process formation activity (Fig. 17b, c). These results suggest that

Cep215 interaction with y-TuRC is critical for astrocyte differentiation.

Subcellular localization of Cep215 in primary cultured astrocytes

The results with P19 cells revealed that Cep215 is required for morphological
differentiation of astrocytes. I wished to confirm these observations in primary culture cells
from mouse embryonic hippocampus. First, I determined subcellular distribution of Cep215 in
the hippocampal cells. The immunostaining analysis revealed that the specific signals of
Cep215 were mainly detected at the centrosome and was not limited to the centrosomes but
were also detected at the processes of astrocytes (Fig. 18). In case of neurons, I observed
Cep215 signals in the cell body of Tujl-positive cells rather than the centrosome (Fig. 18).
These immunostaining results showed that the expression patterns of Cep215 depended on the
cell types.

I determined the centrosomal levels of Cep215 during a prolonged culture of
hippocampal cells. I observed that the centrosomal levels of Cep215 increased in astrocytes
(Fig. 19 a, b). However, the opposite was the case in neurons as previous published results (Fig.
19a, c). I estimated the expression patterns of y-tubulin. Similar expression patterns were
observed in the centrosomal levels of y-tubulin (Fig. 19d-f). These results suggest that Cep215

may differentially function during morphogenesis in astrocytes and neurons.

Depletion of Cep215 in mouse hippocampal cells

To test the hypothesis in which Cep215 may be involved in astrocyte morphogenesis,
I transfected siRNA specific to mouse Cep215 (siCep215) into the primary hippocampal cells.
Depletion of Cep215 in astrocytes and neurons was confirmed by immunostaining analyses of

the centrosomes (Fig. 20a, b). At the same time, I observed that the number of astrocytes
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without glial processes increased after depletion of Cep215 (Fig. 20a, ¢). On the other hand,
Cep215 depletion did not affect neurite formation (Fig. 20a, d). These results indicate that
Cep215 has arole in morphological differentiation of primary astrocytes as in case of P19 cells.

It is known that the specific interaction of Cep215 with pericentrin (Pcnt) is critical for
microtubule organization of the centrosomes, especially during mitosis (Kim and Rhee, 2014).
I determined the centrosomal levels of Pent and y-tubulin in Cep215-depleted astrocytes (Fig.
21a). The results showed that the centrosomal levels of y-tubulin were reduced in Cep215-
depleted astrocytes, whereas those of Pcnt were not (Fig. 21b, ¢). These results suggest that
depletion of Cep215 might cause reduction of the microtubule organizing activity of the

centrosomes in astrocytes, which results in defects in process formation.
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Figure 9. The experimental scheme for differentiation of P19 cells (a) P19 was derived from
a mouse embryonic carcinoma cell. P19 cells can differentiate into neurons and astrocytes with
retinoic acid (RA), and into muscle cells with DMSO. (b) P19 cells are treated with RA for 4
days to induce embryoid body (EB) and cultured for up to 15 days. Neurogenesis occurs at the
early stage of differentiation (D4-8) whereas gliogenesis occurs at the late stage of

differentiation (D9-12).
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Figure 10. Cep215 deletions in P19 cells Cep215 was deleted in P19 cells with the CRISPR-
Cas9 method. Two Cep215-deleted cell lines (#1 and #2) were subjected to immunoblot (a)
and coimmunostaining (b) analyses with antibodies specific to Cep215, Gapdh, and centrobin.
Nuclei were stained with DAPI (blue). Scale bar, 10pum.
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Figure 11. Astrocyte differentiation of the Cep215-deleted P19 cells (a) The Cep215-deleted
P19 cells (KO #1 and #2) were differentiated and subjected to immunoblot analyses with
antibodies specific to Cep215, Gfap and Gapdh. (b) The same cells at D15 were
coimmunostained with the Cep215 and Gfap antibodies. Nuclei were stained with DAPI (blue).
Scale bar, 10pum. (¢) The number of Gfap-positive cells with or without glial processes were
counted. Greater than 5600 cells per experimental group were counted in three independent
experiments. The statistical analysis was performed by two-way ANOVA. Error bars, SEM. *,
P<0.05.
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Figure 12. Neuronal differentiation of the Cep215-deleted P19 cells Wild type (WT) and
Cep215-deleted (KO) P19 cells were induced to neuronal differentiation using a neuron culture
medium. (a, b) P19 cells at indicated days of differentiation were coimmunostained with the
antibodies specific to Tujl (a) and Nf68 (b) (green). Nuclei were stained with DAPI (blue).
Scale bar, 20um. (c, d) The number of Tuj1-positive cells (c) and Nf68-positive cells (d) with
or without neurites were counted. Greater than 300 cells per experimental group were counted
in three independent experiments. The statistical analysis was performed by two-way ANOVA.
Error bars, SEM.
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Figure 13. The proliferation activities of the Cep215-deleted P19 cell (a) Undifferentiated

(UD) and differentiated (D12 and D15) P19 cells were incubated with BrdU (30uM) for 24 h

and were subjected to comimmunostaining analysis with the antibodies specific to BrdU (green)
and Cep215 (red). Nuclei were stained with DAPI (blue). Scale bars, 20pum. (b) The number of
BrdU-positive cells at the indicated days were counted. Greater than 3000 cells per

experimental group were counted in three independent experiments. The statistical analysis

was performed by unpaired ¢-test. Error bars, SEM.
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Figure 14. The expression of the cell fate determinants in Cep215-deleted P19 cells The
wild type (WT) and Cep215-deleted (KO) P19 cells were differentiated for up to D15. (a, b)
The cells at indicated days of differentiation were subjected to qRT-PCR analysis with Sox9,
Nfia, and Gfap for glial cell fate (a) and neurogeninl (Ngnl), NeuroD1, and neurofilament (Nf)
for neuronal cell fate (b) determinant genes. Relative mRNA levels of the genes were
normalized to the Gapdh levels, and compared to the levels of the undifferentiated (UD) cells.
(c) The protein levels of the glial cell fate determinants were analyzed with immunoblot using
the antibodies specific to Cep215, Sox9, Nfia, Gfap and Gapdh. (a, b) The statistical analysis
was performed by one-way ANOVA. Error bars, SEM. *, P<0.05.
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Figure 15. The microtubule regrowth assays in the Cep215-deleted P19 cells (a) Cep215-
deleted P19 cells at D12 were treated with nocodazole for 1 h and transferred to a fresh medium
for microtubule regrowth. Ten minutes later, the cells were subjected to coimmunostaining
analysis with antibodies specific to a-tubulin (red) and Gfap (green). Nuclei were stained with
DAPI (blue). Scale bar, 10um. (b, ¢) Total length of centrosomal microtubules (b) and the
number of centrosomal microtubules (¢) were determined. Greater than 60 cells per
experimental group were measured in three independent experiments. The statistical
significance was determined by unpaired t-test. Error bars, SEM. *, P<0.05.
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Figure 16. The live imaging of EB1 proteins in the Cep215-deleted P19 cells (a) EB1-GFP
was transfected into Cep215-deleted P19 cells with and without ectopic Flag-CEP215. The
movements of EB1 comets were traced and indicated as red and blue arrows for anterograde
and retrograde directions, respectively. Scale bar, 10um. (b) The number of EB1-GFP signals
was counted and normalized with cell area. Twenty cells per experimental group were
measured in three independent experiments. The statistical significance was determined by
one-way ANOVA. Error bars, SEM. *, P<0.05.
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Figure 17. Importance of Cep215 interaction with y-TuRC in glial differentiation Cep2/5-
deleted P19 cells were stably transfected with Flag-CEP215 (WT) and Flag-CEP215F7°4
(F75A). (a, b) The cells at D15 were subjected to immunoblot (a) and coimmunostaining (b)
analyses with antibodies specific to Cep215, Flag, Gfap and Gapdh. Nuclei were stained with
DAPI (blue). Scale bar, 10um. (¢) The number of Gfap-positive cells with or without glial
processes were counted. Greater than 1400 cells per experimental group were counted in three

independent experiments. The statistical analysis was performed by two-way ANOVA. Error
bars, SEM. *, P<0.05.

38



DIv2

DIV12

Figure 18. Subcellular distribution of Cep215 in mouse embryonic hippocampal cells
Mouse hippocampi at embryonic day 18 (E18) were dissected for primary cultures. The
hippocampal cells were cultured to early (DIV2) and late (DIV12) developmental stages. The
cells were coimmunostained with antibodies specific to Cep215 (red), Gfap (blue) and Tujl
(green). Nuclei were stained with DAPI (white). Scale bar, 10um. DIV: days in vitro.
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Figure 19. Expression patterns of Cep215 and y-tubulin during differentiation of primary
astrocytes and neurons (a) Cultured mouse embryonic hippocampal cells at DIV2, 6 and 12
were coimmunostained with antibodies specific to Cep215 (red) and centrin-2 (green) along
with the cell type markers (Gfap or Tujl, cyan). (b, ¢) Intensities of the centrosomal Cep215
signals were measured in astrocytes (b) and neurons (¢). (d) Cultured mouse embryonic
hippocampal cells at DIV2, 6 and 12 were subjected to coimmunostaining analysis with
antibodies specific to y-tubulin (red) and centrin-2 (green) along with cell markers (Gfap or
Tujl, cyan). (e, f) Intensities of the centrosomal y-tubulin signals were measured in astrocytes
(e) and neurons (f). (a, ¢) Nuclei were stained with DAPI (blue). Scale bar, 10um. (b, c, e, f)
Greater than 90 cells per experimental group were measured in three independent experiments.
The statistical significance was analyzed using one-way ANOVA and is indicated by lower
cases (P<0.05).
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Figure 20. The involvement of Cep215 in morphological differentiation of mouse
hippocampal cells Cep215 in primary hippocampal cells was depleted with specific siRNA
(siCep215) transfection at DIV 1. (a) The cells at DIV3 were subjected to coimmunostaining
analysis with antibodies specific to Cep215 (red) along with Gfap or Tuj1 (green). Nuclei were
stained with DAPI (blue). Scale bar, 10um. (b) Intensities of the centrosomal Cep215 signals
in astrocytes were measured. Greater than 90 cells per experimental group were estimated in
three independent experiments. (¢, d) The number of Gfap-positive (¢) and Tuj1-positive (d)
cells with or without processes was counted. More than 420 cells per experimental group were
counted in three independent experiments. The statistical significance was determined by
unpaired t-test. Error bars, SEM. *, P<0.05.
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Figure 21. Reduction of centrosomal y-tubulin in Cep215-depleted primary astrocytes
Cep215 in primary hippocampal cells was depleted with specific siRNA (siCep215)
transfection at DIV1. (a) The Cep215-depleted hippocampal cells at DIV3 were subjected to
coimmunostaining analysis with y-tubulin or pericentrin (Pcnt) (red) along with Gfap (green).
Nuclei were stained with DAPI (blue). Scale bar, 10um. (b, ¢) Intensities of the centrosomal y-
tubulin (b) and Pcnt (c) signals were measured in Cep215-depleted astrocytes. Greater than 90
cells per experimental group were estimated in three independent experiments. The statistical
significance was determined by unpaired t-test. Error bars, SEM. *, P<0.05.
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Figure 14. Model for the role of Cep215 in morphological differentiation of astrocytes
During astrocyte differentiation, the centrosomal Cep215 recruits y-tubulin at the centrosome
for a dense organization of microtubules. Active microtubule nucleation is necessary to form
processes of astrocytes and to make a stellate morphology. However, the Cep215-deleted cells
cannot effectively gather y-tubulin to the centrosome so that the microtubule organizing
activity in the centrosome is suppressed. Astrocytes with a reduced activity of microtubule
nucleation do not form processes with a fibroblast-like morphology.
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DISCUSSION

In this work, I investigated the involvement of Cep215 in morphological
differentiation of astrocytes. Cep215 localized at the glial processes as well as at the
centrosomes in primary hippocampal astrocytes. Furthermore, the formation of glial processes
was suppressed in the Cep215-deleted P19 cells. Similar phenotypes were also observed in

5F75A mutant which did not interact

astrocytes in the embryonic hippocampal culture. Cep21
with y-tubulin could not rescue the phenotypes and microtubule organizing activity of
differentiated astrocytes was suppressed in Cep2l5-deleted P19 cells. These results indicate
that Cep215 is essential for glial process formation during differentiation of astrocytes via
regulation of microtubule organization.

The major biological function of Cep215 is to recruit y-TuRC at specific sites of the
cell for microtubule organization (Fong et al., 2017). In fact, I observed a significant reduction
of the microtubule organization activity in the Cep215-deleted P19 cells even after astrocyte
differentiation (Fig. 15). The microtubule organizing function of Cep215 should be critical for
the glial process formation, since the ectopic Cep215"7°* protein could not rescue the Cep215
deletion phenotypes in astrocyte differentiation of P19 cells (Fig. 17). Since the cellular
distribution of Cep215 is not limited to the centrosome, it is likely that the deletion phenotypes
of Cep215 are partly attributed by cytoplasmic Cep215. It was already known that Cep215
controls the cytoplasmic microtubule organization (Choi et al., 2010). Likewise, the regrowth
of cytoplasmic microtubule should to be reduced in Cep215-deleted astrocytes compared to
wild type P19 cells (Fig. 15a). These results imply that Cep215 may regulate the organization
of microtubule in astrocytes in both the centrosome and cytoplasm. Further experiments are
needed to clarify the role of non-centrosomal Cep215 in glial differentiation.

Importance of cytoplasmic microtubule organization in cell morphogenesis has been

demonstrated in number of tissues (Sanchez and Feldman, 2017). For example, the cytoplasmic
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y-tubulin in mature neurons increases to maintain the microtubule nucleating activity in the
axon (Sanchez-Huertas et al., 2016). I propose that Cep215 is also observed in glial process of
astrocytes. It is possible that Cep215 anchors y-TuRC at the glial processes using a specific
subcellular organelle whose identity remains to be discovered. However, we do not rule out the
possibility that microtubules may be nucleated at the centrosome and transported to the
intended location through existing microtubule networks (Ahmad et al., 1999). In accord, the
centrosomal levels of Cep215 significantly increased in mouse hippocampal culture (Fig. 11),
and microtubule organizing activity of centrosome was still functional for microtubule
organization during astrocyte differentiation (Fig. 15).

Specific roles of microtubules in glial process formation have not been fully
understood yet. Microtubules may extend the cell periphery for glial process formation.
Microtubules, then, provide an intracellular transport route for glial process formation. For
example, mitochondria should be distributed along the glial processes. In fact, mitochondria
are aligned with and transported along microtubules in cultured astrocytes (Kremneva et al.,
2013). Gfap is also known to be transported through microtubules when astrocytes start to
extend the glial processes (Leduc and Etienne-Manneville, 2017a, b). I observed that Cep215
deletion suppressed the cellular Gfap levels (Fig. 11). I suspect that Gfap expression may be
stimulated when cell periphery is extended by microtubule networks. Both Gfap mRNA and
protein could be transported through microtubules to install glial processes during gliogenesis
(Medrano and Steward, 2001; Sakers et al., 2017).

Cep215 1s one of causal genes of microcephaly (Bond et al., 2005). A mouse genetic
study revealed that Cep215 is essential for proliferation and differentiation of neurons during
brain development (Buchman et al., 2010). Nonetheless, it remains elusive how microcephaly
is developed by Cep2l5 mutations. It was initially proposed that defects in spindle pole
orientation reduce population of neuronal stem cells during brain development (Fish et al.,
2006). It was later proposed that extensive cell death might cause reduction of brain cell number

during development (Endoh-Yamagami et al., 2010). In Drosophila, Cnn is known to be
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important for dendrite morphogenesis (Yalgin et al., 2015). Therefore, Cep215 is likely to be
involved in multiple stages of neuronal differentiation during brain development.

My work proposes another possibility that defects in glial differentiation might
contribute to microcephaly development in Cep2/5 mutant patients. Astrocytes are the most
abundant cell types in the central nervous system with a remarkable heterogeneity both in
morphology and function. In the past, astrocytes were believed to act as passive supporting
cells for neuronal connections and tissue homeostasis. However, recent works revealed that
astrocytes play diverse roles in the brain, such as the formation of neural networks,
neurotransmitter recovery, extracellular ion maintenance, and detoxification (Chandrasekaran
et al., 2016). Morphology of glial processes is very diverse depending on where they reside in
the brain. The positioning, size, and anatomical complexity of protoplasmic astrocytes make
these cells well-suited to interaction with neurons and synaptic elements in the brain. In fact,
defects in astrocyte differentiation are known to link to neurological disease including diverse
neurodegenerative diseases and neurodevelopmental disorders (Chandrasekaran et al., 2016).

In the future, it is worth to investigate specific functions of Cep215 in astrocytes in vivo.
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Chapter I1.

Roles of Cep215 in male germ cell development
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ABSTRACT

In order to investigate specific roles of Cep215 in diverse tissues, I used the KO mouse
in which specific sites at the first and the last introns of Cep2/5 were double-targeted by
CRISPR gRNAs to remove most of the Cep215 gene. The Cep215 KO mice had microcephaly-
like defects as reported previously. In addition, Cep215 KO testes were smaller than the wild
type testes, suggesting defects in male germ cell development. In fact, The Cep215 KO testes
were devoid of post-meiotic germ cells. Spermatogenesis in the Cep2/5 KO mouse was
arrested at prophase I and the spermatocytes were vulnerable to cell death. It is surprising that
the centrosomes in the Cep2/5-deleted germ cells appeared to be intact, suggesting that the
defects in progression of meiosis by Cep215 deletion may be not caused by a defect in
centrosome functions. Rather, the tight and gap junctions of Sertoli cells were disorganized and
the intercellular bridges among germ cells were reduced in the Cep215 KO testes. Based on
the results, I propose that the germ cell defects are attributed, in part, to disorganized

architecture of the Cep215 KO testis.
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INTRODUCTION

Centrosome is an intracellular organelle whose major function is forming microtubule
networks in the cells. Conservation of this small organelle in most animal cells implies the
importance of centrosome in many cellular processes. The centrosome is thought to be essential
for the normal embryonic development, as it plays a role in cell division by forming a bipolar
spindle pole and separating the DNA contents into exactly two daughter cells. In surprise,
however, most phenotypes of the mice having mutations in centrosomal proteins are focused
on a few organs. The most popular phenotypes caused by mutations of centrosomal proteins is
malformation of brain. Many papers suggest a close relationship between dysfunction of
centrosome and survival, and further, differentiation of neural stem cells (Robinson et al., 2020;
Phan and Holland, 2021). In addition to brain, the dysfunction of centrosome is closely related
to gametogenesis (Schatten and Sun, 2011, 2018). In some cases, mutant mice show in both of
microcephaly and developmental defects in male reproductive organ (Marjanovic et al., 2015;
Qin et al., 2019). It implies that importance of centrosome might be emphasized in selective
cell types.

Cep215, a component of PCM, is also known as a causative gene for microcephaly
(Bond et al., 2005). This phenotype is repeatedly observed in mutant mouse model (Cep2] 52"
mutant mouse; Lizarraga et al, 2010). Interestingly, this mutant mouse also showed
developmental defects in male reproductive organ (Zaqout et al., 2017). The fact that
Centrosomin, a ortholog of Cep215 in Drosophila, is also reported the essential factor for
developing male germ cell is emphasized the importance of Cep215 in development of male
reproductive organs (Li et al., 1998). However, the role of Cep215 in the development of male
germ cells were not understood yet. Although the previous report suggests the role of Cep215
in embryonic germ cell, there are some limitations for understanding of the importance of

Cep215 in this Cep215%a mutant mouse. It is reported that Cep2]5*Va mutant mice express
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the full length size of Cep215 protein (Lizarraga et al., 2010). Also, other Cep215 mutant mice
with mutations of very early exon in Cep215 have leaky expression of full-length protein or
express the fragments without the N terminal sequences although 2 alleles of Cep215 gene are
mutated (Barrera et al., 2010; Kraemer et al., 2015). These result indicate that there might be
alternative transcripts of Cep215 due to its long DNA sequences and targeting only one site of
the early exon, a common strategy of CRISPR-Cas9 system, is not sufficient to completely
eliminate Cep215 gene. In order to remove the entire putative alternative variants of Cep215,
I established the strategy for generating Cep215 total KO mice with Cep215 gene which is
excised from exon 2 to 36 via targeting two sites of allele.

Testis is a male reproductive organ which the spermatogenesis occurs in. The
semi