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Summary

After mitotic exit, mammalian cells must make several important decisions based upon
extracellular and intracellular conditions during the G1 phase, which determine whether
or not they will commit to enter a new cell cycle. Progression through G1 and transition
into the S phase are under the control of several complex signalling networks, which
involve the phosphorylation of many different proteins to initiate DNA replication. Not
only DNA replication, but another process known as centriole duplication is initiated at
the G1/S transition, which involves the formation of a daughter centriole at the base of a
pre-existing mother centriole. Centrioles must be duplicated exactly once per cell cycle,
as they play an important role in the organization of the mitotic spindle, and aberrations

in centriole number can result in chromosome segregation defects.

The NIMA-related kinase NEK7 was found to be one of the many factors that are required
for centriole duplication, as well as timely cell cycle entry. However, the exact functions of
NEK7 had not been characterized in detail, and its specific roles in these events were
poorly understood. Thus, as part of my doctoral research, I decided to conduct an in-depth
investigation on the roles played by NEK7 in cell cycle progression and centriole

duplication.

In this study, I largely focused on characterizing the consequences of NEK7 depletion on
various human cancer cell lines, in order to gain insights towards its function. I observed
that the depletion of NEK7 inhibited progression through the G1 phase in U20S cells by
the downregulation of various important cyclins and CDKs. Additionally, I found that the
depletion of NEK7 induced the formation of primary cilia in human RPE1 cells, a
phenotype that is frequently observed upon serum starvation, suggesting that NEK7 may
play a role in mitogenic signalling pathways that are active during G1. The depletion of
NEK7 also inhibited the earliest stages of procentriole formation, and led to the
downregulation of various centriolar proteins such as STIL. Furthermore, I observed that
in the absence of NEK7, there was an abnormal accumulation of Cdh1 at the vicinity of
the centrioles, which is a cofactor of the anaphase promoting complex (APC/C). In NEK7-

depleted cells, the ubiquitin ligase APC/C¢dh1 was found to actively target the centriolar
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protein STIL for degradation, thus inhibiting procentriole assembly. Collectively, my
results demonstrate that NEK7 is involved in the timely regulation of G1 progression, S

phase entry, and procentriole formation.

Apart from the roles of NEK7 in the cell cycle, my study also provides a functional role for
the APC/C cofactor Cdh1 at the centrioles. I found that Cdh1 associated with the centrioles
throughout the cell cycle in a highly specific pattern. As cells enter mitosis, the amount of
Cdh1 at the centrioles increased with the expansion of the pericentriolar material (PCM),
which is necessary for the formation of the mitotic spindle, and this Cdh1 then abruptly
disappeared from the centrioles upon the metaphase-anaphase transition. However, in
certain conditions such as depletion of the centriolar satellite protein PCM1, which is
involved in trafficking proteins away from the centrioles, Cdh1l exhibited a high
accumulation at the centrioles, similar to NEK7-depleted cells. This suggests that Cdh1
localization near the centrioles is maintained alongside the cell cycle, and it may possibly

play a role in the regulation of centriole duplication.

In conclusion, my research strongly suggests that NEK7 is an important kinase in the
regulation of G1 phase progression and the G1/S transition, and also provides valuable

insights towards the regulation of Cdh1 around the centrioles.
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1. Introduction

The major goal of my research is to understand the complex pathways involved in cell
cycle progression and the regulation of the centrosome cycle, with a focus on the
functions of the kinase NEK7 in these processes. NEK7 has been found to be one of the
many factors that are required for proper centriole duplication, as well as timely cell cycle
progression; however, its specific roles in these events have remained unclear and

controversial.

In the “Background” section, I will present a quick summary of the available literature
that is necessary to provide some context for my research. I will go over some of the
pathways that are involved in cell cycle progression, with an emphasis on the parts played
by various cyclin/CDK complexes, as well as the APC/C, which are key regulators of the
progression through G1 and the G1/S transition. I will then provide a brief overview of
the importance of centrioles in the eukaryotic cell cycle, and the molecules that are
involved in the centriole duplication pathway. Lastly, I will summarize the known

functions and the emerging significance of NEK7 in the cell cycle.

The “Results” section consists of the bulk of my doctoral work. I will highlight some of my
most important findings about the roles played by NEK7 in the cell cycle, the centrosome
cycle, and its regulation by the cell cycle. Most of the experiments performed in this study
use a combination of cell and molecular biology techniques to address the impact of NEK7
depletion using short interfering RNAs (siRNA) under various conditions. When
necessary, [ will provide the relevant scientific background in order to better understand

the reasoning behind specific experimental ideas.

In the “Discussion” section, | summarize the significance of my results that demonstrate
the roles of NEK7 in G1 progression and centriole assembly, and I will present my
hypotheses about the putative functions of NEK7 based upon my findings. Additionally, I
will discuss the significance of centrosomal Cdh1l and how it could possibly regulate

centriole duplication.



Lastly, in the “Current and Future Studies” section, I will briefly introduce some of my
research interests that were not directly related to my work on NEK7 and the cell cycle. |
have been interested in the structural aspects of centriole assembly, and, in this section, I
will show some of my preliminary findings about the interactions between several
centriolar proteins, as well as discuss what [ believe are the important questions that still

need to be addressed with respect to centriole structure.



2. Background

In this literature review, [ will briefly go over the major events that occur during the
human cell cycle, and the key regulators involved in these mechanisms. [ will then discuss
the importance of centrioles in eukaryotic cells and the roles they play in the human cell
cycle in particular. Lastly, I will introduce the NIMA-related kinases (NEKs) and their
significance in the cell cycle, and summarize the known functions of the kinase NEK7 as

they are currently understood, in order to provide context for my doctoral study.

2.1 The cell cycle

The eukaryotic cell cycle is a crucial process to ensure the proper segregation of genetic
material to the resultant offspring. The various stages of the cell cycle have been
characterized across many different phyla of eukaryotes, and although most species
exhibit tremendous diversity in cell morphology and function, the basic mechanisms
behind cell division have remained constant over time. Understanding the fundamental
processes that govern the regulation of cell division is an important area of biological
research, as many human diseases and disorders have been linked to defects in the cell

cycle.

The most common approach to describe the individual stages of the cell cycle is by
addressing chromosome behaviour as the cell cycle progresses. G1 is typically described
as a “growth phase”, as the cell increases the biosynthesis of many molecules required for
DNA replication and overall cell growth. The S phase is marked as the duration in which
the genetic material of the cell is replicated. G2 is described as the second “growth phase”,
as the cell produces more biomolecules that are necessary for cell division. Finally, during
mitosis or the M phase, chromosomes condense and align along the division plane of the
cell, and spindle fibers pull and separate the chromosomes into the resulting daughter

cells.

This approach, while not incorrect, constitutes a very rudimentary overview of the cell

cycle. The cell is not, in fact, made up only of genetic material and spindle fibers; it consists
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of many organelles and macromolecular complexes that are essential for the functioning
of the cells, and also undergo highly dynamic changes with the progression of the cell
cycle. Along with chromosomes, most of these organelles are similarly “replicated” and
subsequently inherited to future generations [2]". Deregulation of any of these organelles
or their associated signalling pathways can often result in alterations or defects to the cell
cycle or cell division, and an overall understanding of how organelle dynamics are linked

to the cell cycle is essential.

Many signal transduction pathways play a huge role in coordinating the changes
accompanying various organelles across the cell to ensure smooth transitions between
the different stages of the cell cycle. Several thousands of molecules are involved in these
pathways and commonly transmit “signals” via enzymatic modification of downstream
components, and when molecules from one pathway overlap those in another pathway;,
they form signalling networks. Within the cell cycle, these signalling networks are
indispensable in determining the transitions between consecutive stages of the cell cycle,
and are necessary to clear several cell cycle “checkpoints”. In recent decades, a huge and
impressive amount of progress has been made in deciphering the roles of the individual
molecules involved in cell cycle-associated signalling networks. However, as with many
other complex biological systems, the precise details behind how these molecules interact

and are regulated remain incompletely understood.

In the following subsections, I will briefly discuss the importance of various cell cycle
checkpoints, as well as the roles of several kinases that are involved in checkpoint-

associated signalling.

* I found this to be a particularly concise review highlighting how various organelles undergo morphological
and functional changes across the cell cycle. This review covers the spatiotemporal dynamics of the smooth
and rough endoplasmic reticula (ER), the Golgi apparatus, mitochondria, endosomes, and peroxisomes in
interphase and mitotic cells.



2.1.1 Cell cycle checkpoints

Cell cycle checkpoints serve as surveillance mechanisms to ensure the integrity and
fidelity of major cellular components during various stages of the cell cycle. Unregulated
progression of the cell cycle can lead to the accumulation of various cellular defects,
before the cell even receives the opportunity to correct these problems. Thus, cell cycle
checkpoints function as barriers to the next stage, whereupon the cell can carry out

several internal checks before making the decision to commit to the next stage (Figure 1).

Chromosome
segregation

Cytokinesis YY)
Spindle assembly @
SAC Mitogenic signaling

Cytoplasmic expansion
G2/M
S & .

checkpoint

Restriction
point

Y
Centrosome separation G1/S O

checkpoint
Transcriptional activation
Initiation of procentriole
assembly
DNA replication
Centriole duplication

Figure 1. Major checkpoints in the cell cycle. The earliest checkpoint is the restriction point during
G1, which determines whether there are sufficient growth factors present in the surroundings to
ensure cell proliferation. The next checkpoint is at the G1/S transition, and clearing this checkpoint is
necessary for the initiation of DNA replication at early S phase. The G2/M checkpoint prevents
premature entry into mitosis. The spindle assembly checkpoint (SAC) ensures the proper and equal
segregation of chromosomes into each daughter cell. Lastly, the DNA damage checkpoint (not shown)
is active most of the time during interphase, and can activate DNA repair pathways in the event of DNA
damage or replicative stress. The nucleus is indicated in blue, centrioles in grey, and cytoplasm in green.



2.1.2 Checkpoints during G1

After mitotic exit, mammalian cells are required to make several important decisions
based upon extracellular and intracellular conditions during the G1 phase, and these
decisions determine whether or not they will commit to enter a new cell cycle. There are
two main checkpoints that exist during G1: the oft-discussed G1/S checkpoint that
regulates entry into S phase and the initiation of DNA replication, and the lesser known

restriction point, which determines whether a cell should proliferate or become quiescent.

Restriction point (R): The concept of the “restriction point” is not one that has been
examined in detail in many studies about G1 progression. Indeed, there has only been one
recent review that discusses the molecular basis of this checkpoint at length in light of
recent work [3]. It has been proposed that the restriction point (R) functions as the switch
between GO (resting or quiescent state of the cell) and G1 (proliferating state) [4,5].
Passage through the restriction point is largely dependent on growth factors and
mitogenic signalling [3], and the absence of these signals causes the cells to become
quiescent. In certain cell types, primary cilia function as sensors of growth factors and
nutrients present in the medium, and hence, the formation of primary cilia, or ciliogenesis,
is a commonly observed phenotype in cells that have been grown in the absence of serum,
[6]. In cycling mammalian cells, the restriction point has been mapped to roughly 3.5
hours post-mitosis [7], and the time from R to S phase entry constitutes the rest of the G1

phase.

G1/S checkpoint: Passage through the G1/S checkpoint results in the initiation of DNA
replication and the commitment of the cells to enter a new cell cycle. The G1/S transition
has been found to be irreversible; cells cannot return to a quiescent state after the green
signal has been given for DNA replication [8,9]. Thus, various signalling pathways that
regulate entry into S phase are under strict control via both positive and negative
feedback loops [10], and deregulation of these pathways in resting or differentiated cells

can promote oncogenesis.



2.1.3 The role of cyclin/CDK complexes in the cell cycle

Cyclin-dependent kinases (CDKs) are a family of protein kinases that have been well-
studied for the roles they play in the eukaryotic cell cycle. CDKs are activated through
their binding to specific cyclins, and are involved in regulating many cellular processes
such as gene transcription, protein function, DNA synthesis, chromosome and organelle
dynamics, rearrangements of the cytoskeleton, mitotic spindle assembly, and
chromosome segregation, to name a few [11]. Cyclin/CDK activity is strongly dependent
on the total levels of the respective cyclins present within a cell, which are tightly

regulated via gene transcription as well as ubiquitin-dependent proteolysis.

A summary of the various cyclin/CDK complexes active at different stages in the cell cycle

is presented in Table 1.

Table 1. Cyclin/CDK complexes in the cell cycle. Progression through the cell cycle and passage
through various checkpoints is largely dependent on the activity of various cyclin/CDK complexes,
which regulate the expression and functions of many essential proteins [12].

Stage Checkpoint Major events CDKs

Early G1 Restriction point Mitogenic signalling Cyclin D/CDK4
Cyclin D/CDK6

Late G1 G1/S Transcriptional activation Cyclin E/CDK2

Procentriole formation

S DNA damage checkpoint DNA replication Cyclin A/CDK2

Centriole duplication

G2 G2/M Centrosome separation Cyclin A/CDK1
PCM assembly
Mitosis Spindle assembly checkpoint Spindle assembly Cyclin B/CDK1

Chromosome segregation




Cyclin/CDK complexes in G1: Progression through G1 and transition into the S phase
are largely under the control of the G1 cyclin/CDK complexes, which interact with and
phosphorylate many different proteins to initiate DNA replication. During early G1,
extracellular growth factors can activate various signalling pathways, which lead to an
increase in cyclin D transcription [13,14]. Cyclin D interacts with either CDK4 or CDKS6,
and these cyclin D/CDK complexes can phosphorylate the retinoblastoma tumor
suppressor protein (Rb) to generate what is called hypophosphorylated Rb [15]".
Hypophosphorylated Rb can bind and inhibit the E2F family of transcription factors,
which activate various genes associated with DNA replication, and are critical for
transition into the S phase [16]. Hypophosphorylation of Rb by cyclin D/CDK4 or cyclin
D/CDK®6 also leads to the dissociation of histone deacetylases from Rb, which results in
an increase in cyclin E expression [16]. Once expressed, cyclin E can bind to and activate
CDKZ2, which phosphorylate many substrates and create several feedback loops. One of
the substrates of cyclin E/CDK2 is hypophosphorylated Rb; Rb is converted to
hyperphosphorylated Rb by cyclin E/CDK2 leading to its dissociation from the E2F
transcription factors [3,15]. The activated E2F factors initiate the transcription of many
genes required for S phase entry, including the genes for cyclin E and cyclin A, which
creates a positive feedback loop resulting in surges in transcription towards the G1/S

transition [10].

Following cyclin E/CDK2-mediated gene transcription and entry into S phase, an increase
in the levels of cyclin A (which itself is an E2F target) creates a negative feedback loop as
cyclin A replaces cyclin E in the complex with CDK2 [10]. One of the major roles of cyclin
A/CDK2 is to initiate DNA replication and ensure that DNA is replicated only once per cell
cycle. Although cyclin A plays several roles in the cell during S phase, it has been shown
that cyclin A itself is dispensable for the G1/S transition, which primarily depends on the
activity of the cyclin E/CDK2 complex [8,9] 1.

* This is a very nice study that utilizes 2D immunoblots to characterize the extent of phosphorylation on Rb
alongside the timing of phosphorylation.

t These two are fantastic papers that use alternative approaches to interpret live-cell imaging data, and
provide clear evidence of how individual molecules contribute to signalling pathways that permit the
initiation of DNA replication.



2.1.4 Therole of p21 in the G1/S transition

p21 is a small molecular interactor of the cyclin-dependent kinases, and functions as a
negative regulator of the cell cycle [17]. During G1, p21 binds to and promotes the kinase
activities of cyclin D/CDK4 and cyclin D/CDK®6, thus promoting progression through G1
[18]. On the other hand, p21 can directly bind and inhibit CDK2, and hence also prevents
S phase entry [19]. p21 can also associate with E2F proteins and suppress their
transcriptional activity [20]. Additionally, nuclear p21 inhibits DNA replication by binding
PCNA and interfering with PCNA-dependent DNA polymerase activity [21].

2.1.5 Therole of the APC/C in G1 and the G1/S transition

The anaphase-promoting complex/cyclosome (APC/C) is a large multi-subunit E3
ubiquitin ligase which plays two major roles in the cell cycle. During metaphase, the
APC/C associates with its cofactor Cdc20 and remains inactive until the spindle assembly
checkpoint (SAC) has been satisfied, and the subsequent activation of APC/CCdc20 js
essential for chromosome segregation and the transition into anaphase [22]. Towards
mitotic exit, Cdc20 is replaced by Cdh1 in the complex with the APC/C, and APC/CCdh1
directs the ubiquitin-mediated proteolysis of Cdc20 as well. Within G1, APC/CCdhl js an
important regulator of the decisions made within the cell regarding its fate, such as
whether to become quiescent, differentiate, or re-enter the cell cycle [23]. The APC/C is

completely inactivated in late G1 and remains inactive until early mitosis [9].

In G1, APC/CCdhl does several things. It limits the transcription of cyclin D by promoting
the degradation of the transcription factor Ets2, and thus prevents aberrant cell cycle
entry [23,24]. APC/CCdhl targets Skp2 for degradation and thus prevents SCFSkp2-
mediated proteolysis of p21, resulting in an accumulation of p21 in the cell [23].
APC/CCdh1 js also involved in a complex feedback loop with Rb and E2F; Cdh1 can compete
with E2F for hypophosphorylated Rb, thus regulating the activity of E2F-mediated
transcription [25]. Conversely, the E2F transcription factors stimulate the expression of

Emil, which functions as an inhibitor of APC/CCdh1 activity [8,9,26].



In mammalian cells, the complete inactivation of APC/CCdhl js the ultimate step necessary
for the commitment to the cell cycle [9]. It has been shown that cells can be triggered to
reversibly exit the cell cycle in G1 before the APC/CCdh1 has been inactivated, but not after
[9]. Emil is believed to be the primary factor responsible for the complete activation of
APC/CCdh1; depletion of Emil induced rereplication of DNA due to the unscheduled
reactivation of APC/CCdh1 [27], whereas overexpression of Emil accelerated S phase entry
[28]. Finally, phosphorylation of the APC/CCdh1 by cyclin/CDK complexes also creates a

negative feedback loop that promotes its inactivation [23].

2.2 The centrosome cycle

Centrosomes are highly conserved organelles in most eukaryotes that play an important
role in the organization of the mitotic spindle and proper chromosome segregation.
Within many cycling cells, centrosomes function as the primary microtubule-organizing
centers (MTOCs) during both interphase and mitosis; whereas in resting or differentiated
cells, centrosomes serve as basal bodies and mediate the development of cilia or flagella,
which project from the cell membrane to enable cell movement or sensing the
environment around the cells. Abnormalities in centrosome organization and function
often result in genomic instability and aberrant cell division, and are a cause of many
cancers [29]. Mutations in many centrosomal proteins have also been implicated as a
cause of autosomal recessive primary microcephaly (MCPH), a neurodevelopmental
disorder characterized by a reduced brain growth and non-progressive mental
retardation. Therefore, strict control of the organization and function of centrosomes is

essential for the healthy development of the organism.

A single centrosome consists of one or two centrioles which are highly conserved
cylindrical bodies, surrounded by an amorphous protein matrix known as pericentriolar
material (PCM). The number of centrosomes within a cell is strictly regulated, as too few
centrosomes can lead to the formation of monopolar spindles in mitosis, and too many

centrosomes can lead to the formation of multipolar spindles. Defects in centrosome
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function can result in a variety of cellular defects such as aneuploidy, polyploidy, bi- or

multinucleated cells, or even apoptosis (Figure 2). Similar to DNA replication,

centrosomes duplicate exactly once per cell cycle in cycling cells, and this process is

tightly linked to cell cycle progression (Figure 3).
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Figure 2. David Hansemann’s drawings of faulty mitoses in cancerous tissues. Hansemann
beautifully captured many of the different abnormalities that can result from improper spindle
assembly or deregulation of the cell cycle in his illustrations. Some of the defects that can be seen are:
monopolar spindles (number 22); multipolar spindles (numbers 8, 12, 13, 24, 29-35, 41, and 42);
asymmetrical mitoses (number 4); and abnormally large nuclei or multinucleated cells (numbers 15,
28, and 40). Many of these deviations from regular mitoses can be attributed to an improper number
of centrosomes within the cell, or unlinking of the centrosome cycle from the cell cycle. Images are
reproduced from the 1891 manuscript “Ueber pathologisches Mitosen” (About pathological mitoses)

[30].
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Figure 3. The centrosome cycle. Upon mitotic exit, new daughter cells inherit one centrosome
containing two mother centrioles (M) that are connected together by a proteinaceous linker and
surrounded by the PCM (light blue). Procentriole assembly is initiated at the proximal end of a mother
centriole towards late G1. As the cell cycle progresses, these procentrioles continue to elongate and
form daughter centrioles (D). Towards the end of G2, the proteinaceous linker connecting the two
mother centrioles is dissolved by the activity of the kinase NEK2, and the two centrosomes migrate to
the opposite ends of the cell. The PCM expands and recruits many components required for
microtubule nucleation at the spindle poles, which is followed by assembly of the mitotic spindle and
chromosome alignment. Upon clearance of the spindle assembly checkpoint (SAC) at metaphase,
pulling forces from spindle microtubules as well as pulling forces on the centrosomes away from the
center mediate chromosome segregation. Upon cytokinesis, each daughter cell retains one centrosome
containing two centrioles; the daughter cell from the previous cell cycle functions as a mother centriole
in the next round of centriole duplication.
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2.2.1 Centriole structure

Centrioles are highly conserved cylindrical bodies, and consist of nine sets of triplet
microtubules organized around a central cartwheel (Figure 4). In human cells, the
cartwheel is essential primarily at the earliest stages of procentriole formation, and is lost
towards the later stages of mitosis. Additionally, the mother centriole also contains distal
and sub-distal appendages which play a role in microtubule assembly and enable docking

of the mother centriole/basal body at the cell membranes during ciliogenesis [31].

Distal region

— Distal appendages
—— Sub-distal appendages
M D D
Triplet microtubules
} Cartwheel

Proximal region Top view
CEP295
\ / yTuRC
CEP192 \ T SAS-6 <«—» CEP135
i PLK4 \ t‘ i
cEP152 ~ STIL <—> CPAP
CEP120
\ J\ J\ J
Outer Daughter
mother Cartwheel centriole
centriole wall

Figure 4. Centriole structure and composition. Schematic representations of longitudinal (top left)
and cross-sections (top right) of the mother (M) and daughter (D) centrioles. Triplet microtubules
(purple) are arranged around the nine-spoked cartwheel in the daughter centriole, whereas the
mother centriole usually loses its cartwheel towards mitotic exit. The bottom panel shows the proteins
involved in centriole formation in human cells, and their respective localizations. Black arrows
between two proteins indicate interactions, whereas red arrows indicate modification by
phosphorylation.
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2.2.2 The centriole duplication pathway

Most of the components involved in the centriole duplication pathway are evolutionarily
conserved (Figure 4). The most upstream factor critical for procentriole assembly is the
recently characterized CEP295, which localizes around the walls of the mother centriole
and is required for the recruitment of the scaffolding protein CEP192 [32-35]. CEP152
and the kinase PLK4 are then recruited onto the centrosomes by CEP192, and CEP152
competes with CEP192 for PLK4 binding to regulate its function [36,37]. The activation
of the kinase PLK4 is critical for procentriole assembly, as it recruits and phosphorylates
the procentriolar protein STIL [38,39]. Phosphorylated STIL can then form a complex
with the protein SAS-6, which is capable of self-assembling into oligomers that display
the 9-fold symmetry essential for centriole structure, known as the cartwheel [40,41].
CEP135, which is a microtubule-binding protein and interacts with both SAS-6 and CPAP
[42,43], is required for the assembly of the SAS-6 cartwheel [44]. PLK4 also
phosphorylates CPAP, a microtubule-binding protein [45,46], as well as the yTuRC (y-
tubulin ring complex) component GCP6 [47], both of which are presumably required for
the formation of centriolar microtubules alongside cartwheel assembly. Finally CPAP and
CEP120, which is also a microtubule-binding protein, cooperate to elongate and stabilize
the centriolar triplet microtubules [46,48,49] along with the distal end-capping protein
CP110 [50].

This conserved pathway has been studied and characterized to some extent within
different model systems such as human cancer cell lines, Drosophila (fruit flies),
Caenorhabditis elegans (nematodes), and Chlamydomonas reinhardtii (green algae)
[51,52]. However, despite recent advances, many aspects of centriole duplication remain
unknown, for example, the exact roles of individual protein domains and mapping them
to the 3D architecture of centrioles, as well as the components responsible for the

formation of centriolar triplet microtubules.

2.2.3 Regulation of centriole duplication at the G1/S transition

In cycling cells, centriole duplication occurs exactly once per cell cycle, and regulation of

this process is tightly linked to the cell cycle as well. Both the transcriptional levels as well
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as protein levels of the various components essential for the centriole duplication
pathway are controlled in a cell cycle-dependent manner. The expression levels of the
proteins PLK4, STIL, and SAS-6 in particular are strictly regulated, as low expression of
these proteins inhibits centriole duplication, whereas their overexpression triggers
overduplication of centrioles [53-55]. STIL, SAS-6, and CPAP are all known targets of the
APC/CCdhl ybiquitin ligase, and all of them contain a Lys-Glu-Asn motif, or KEN-box, which
can be recognized by Cdh1 for ubiquitination and subsequent degradation towards late
mitosis [46,56-58]. Their expression levels increase again towards late G1, coinciding
with the timing of initiation of centriole formation [46,54,55]. The STIL gene itself has
been reported to be under transcription control of the E2F proteins, and transcription of
STIL increases with E2F activation at late G1 [59]. Additionally, several centriolar proteins
can be phosphorylated by cyclin/CDK complexes to regulate centriole duplication and

mitotic spindle assembly [60,61].

2.2.4 Centrosomes and cilia

Other than their roles in mitotic spindle assembly, centrioles serve another very
important function in many eukaryotic cells. Centrioles can act as basal bodies that allow
the formation of either cilia or flagella, which are outward projections of the cell
membrane and play important roles in intercellular signalling, cell polarity, the
generation of fluid flow, or cellular movement [62]. The structural strength of cilia or
flagella is conferred by the axoneme; the axoneme consists of nine sets of doublet
microtubules, and depending on the ciliary type, a central pair of microtubules may also

be occasionally present [63].

In certain cell types, primary cilia, which are non-motile in nature, are typically formed in
G1 or GO depending upon intracellular or extracellular signalling cues. Ciliogenesis
involves the docking of the mother centriole at the cell membrane via its appendages, and
elongation of the centriolar microtubules into the cell membrane to form ciliary doublet
microtubules [62]. In cultured retinal pigmented epithelial (RPE1) cells, ciliogenesis can
be initiated either when the cells undergo contact inhibition, or upon prolonged serum

starvation which arrests the cells at the restriction point.
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2.3 The NIMA-related kinases (NEKSs) in the cell cycle

Several kinases and kinase families play crucial roles to regulate the progression of the
cell cycle as well as control of various cell cycle checkpoints. These kinases include the
previously described cyclin-dependent kinases (CDKs), Aurora kinases, as well as the
Polo-like kinases (PLKs). However, there is another important, less-characterized family
of kinases whose members have key roles in mitosis, and recently discovered roles in the
rest of the cell cycle as well. The NIMA-related kinases or NEKs are named after the never-
in-mitosis A (NIMA) protein of Aspergillus nidulans, in which it was found to play roles
similar to the cyclin B/CDK1 complex as a master regulator of mitotic progression [64].
Following the discovery of NIMA, various NEKs have been identified in a wide range of

organisms from protists to multicellular eukaryotes.
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Figure 5. The NIMA-related kinases in the cell and centrosome cycles. Human NEKs contribute to

various different processes during cell cycle progression and differentiation, some of which include
cell proliferation and signalling, ciliogenesis and ciliary function, centriole duplication and centrosome
separation, chromatin condensation, nuclear envelope breakdown, formation of a robust bipolar
spindle, and cytokinesis [65,66].
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The human genome encodes eleven NEK genes that have been found to function in
different events during cell cycle progression and differentiation (Figure 5) [65].
Mutations in several of these genes have been linked to various tumors and diseases,
particularly ciliopathies, an example of which is polycystic kidney disease which is caused
due to impaired cilia-mediated signalling [66]. With advancing research on the NEKs in
the last few decades, it has become increasingly apparent that these kinases perform
important roles in cycling cells, particularly within microtubule-dependent processes

such as mitosis and ciliogenesis.

2.3.1 The NIMA-related Kkinases in the centrosome cycle

Various NEKs have been implicated in the regulation of centrosome and ciliary function.
Perhaps the best characterized member is NEK2, which can phosphorylate various
centrosomal linker proteins to promote oligomer disassembly and their subsequent
displacement from the centrosomes, which leads to centrosome separation and is
required for the G2/M transition [67]. NEK1 and NEK8 are known to function within cilia,
and several ciliopathies have been linked to mutations in these two kinases [65]. NEK6,
NEK7, and NEK9 have been associated with several roles in generating the mitotic
spindles, and these three proteins have been reported to act together [68-70]. NEKO is
activated by a two-step mechanism that involves CDK1 and PLK1, and plays a role in the
recruitment of the adaptor protein NEDD1 for microtubule nucleation during mitotic
spindle assembly [71,72]. NEK9 can also phosphorylate NEK6 and NEK7 leading to their
activation, and at least in the case of NEK®, it has been shown to be activated by NEK9
during mitosis [69]. The roles of NEK6 and NEK7 in mitotic spindle assembly and cell

cycle progression have thus far been less clear.

2.3.2 The emerging roles of the kinase NEK7

Some of the earliest studies on NEK7 have found it to be crucial for mitotic spindle
organization and cytokinesis [68,73-75], and also reported that NEK7 is required for

centriole duplication and cell cycle progression [73,74,76]. Atypical overexpression of
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NEK7 has been implicated in various cancers [77-79], and could possibly induce
proliferation of otherwise resting cells [80], suggesting NEK7 has oncogenic potential.
Likewise, downregulation of NEK7 could lead to a delay in S-phase entry [76,78] and early
mortality during murine embryogenesis [75]. Although these studies so far indicate that
NEK?7 may play a crucial role in the progression of the cell cycle, and particularly during

G1, how exactly NEK7 may contribute to cell cycle regulation has been unclear.

Thus, in this study, [ decided to conduct a detailed investigation of the functions of NEK7
and the various phenotypes caused by its depletion in human cells, with a particular
emphasis on cell cycle progression and centriole duplication. Through my research, I will
demonstrate that NEK7 is required for progression through the G1 phase of the cell cycle,
in the absence of which cells are invariably arrested near the G1/S transition, and I will
discuss the consequences of this arrest on proteins involved in the cell cycle and

centrosome function.
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3. Results

In this section, [ will present my findings regarding the role of NEK7 in the cell and
centrosome cycles that [ obtained over the course of my doctoral research. I primarily
worked with human cell lines and used a combination of cell and molecular biology
techniques to address the impact of NEK7 depletion using short interfering RNAs (siRNA)
under various conditions. The two siRNAs that I used against NEK7 were highly effective
in depleting NEK7 (Figure 6) and exhibited almost identical phenotypes in many
experiments shown in the next few sections, confirming that my observations were not

consequences of the off-target effects of the siRNAs.

Figure 6. Efficiency of the different siRNAs used against NEK7. U20S cells were transfected against
control or NEK7 siRNAs for a total of 48 hours. (A) RT-PCR analyses were performed on total cell RNAs
extracted in the indicated conditions. GAPDH was used as an internal control. (B) Total cell lysates
were analyzed by immunoblotting against the indicated antibodies. The antibody against a-tubulin
was used as a loading control.

3.1 Depletion of NEK7 induces a G1 arrest

Depletion of NEK7 has previously been shown to have an impact on cell cycle progression,
causing a range of phenotypes such as a prometaphase arrest with spindle assembly
defects [68,73,74], delays in the cell cycle, and inhibition of cell proliferation [76,78].
Some of the earliest experiments I performed suggested that the depletion of NEK7 has a
severe impact on cell cycle progression, so I decided to characterize these phenotypes in

more detail.
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3.1.1 DNA content profiles of control and NEK7-depleted cells

First of all, | analyzed the DNA content profiles of U20S cell cultures that had been treated
with either control or NEK7 siRNAs. I found that treatment of asynchronous U20S cells
with siRNAs against NEK7 caused a slight increase in the GO/G1 cell population compared
to cells treated with a control siRNA (Figure 7A). To confirm whether or not these cells
indeed represent a cell cycle arrest, [ performed experiments in which I arrested U20S
cells in the presence of control or NEK7 siRNAs at early mitosis using nocodazole, which
is an inhibitor of microtubule polymerization, and released them into fresh medium
(Figure 7B). This allowed me to examine whether these cells were capable of exiting
mitosis and continuing with the next cell cycle. Interestingly, I found that although most
NEK7-depleted cells exited mitosis, most of them were unable to exit G1 phase and initiate

DNA replication (Figure 7C-D).

3.1.2 NEK?7-depleted cells exhibit reduced levels of cell cycle proteins

In order to further characterize the cell cycle delays in cells depleted of NEK7, I analyzed
the expression levels of various cyclins and CDKs in total cell lysates collected at different

points after the nocodazole release (Figure 8).

Expression levels of the mitotic cyclin B1 were diminished in cells treated with NEK7
siRNA compared to control cells upon mitotic exit (Figure 8B). CDK1, which forms a
complex with cyclin B1, undergoes inhibitory phosphorylations during interphase to
prevent premature mitotic entry [81]. Accordingly, I could observe an upshifted band of
CDK at the 12 hour time point in control cells (Figure 8C, red arrows). In contrast, CDK1
did not appear to undergo phosphorylation in NEK7-depleted samples, presumably
reflecting the cell cycle delay in G1.

Cyclin D1, which forms complexes with CDK4 and CDK®6 in early G1, functions in passage
through the restriction point, and low levels of cyclin D1 have been shown to be
associated with a G1 arrest in previous studies [3,82]. Interestingly, I found that
expression of cyclin D1 was drastically reduced during G1 in NEK7-depleted cells, even

though CDK6 levels did not appear to be significantly affected (Figure 8B, C), which
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suggests that these cells may not be able to pass the restriction point.

In late G1, cyclin E1 forms a complex with CDK2 to mediate the G1/S transition by
increasing E2F-mediated transcription [10]. In cells that had been depleted of NEK7,
cyclin E1 levels remained unaltered compared to control cells (Figure 8B). On the other
hand, cyclin A2, which gradually replaces cyclin E1 in the complex with CDK2 during S
phase progression, exhibited very low expression levels in NEK7-depleted cells.
Additionally, | was astonished to discover that CDK2 levels were severely downregulated
in NEK7-depleted cells (Figure 8C). The low levels of cyclin A2 and CDK2 in NEK7-
depleted cells suggests that these cells would be incapable of carrying out DNA replication,
as the cyclin A/CDK2 complex is essential for the maintenance and completion of S phase
[8,9]. The periodic fluctuations of cyclin A in the cell cycle have been well-characterized,
and a G1 arrest in NEK7-depleted cells can account for these low levels. However, for
CDKZ2, the factors involved in the transcription, expression, or degradation of CDK2 have

not been analyzed in detail to my knowledge.

[ also looked at the expression levels of the APC/C cofactor Cdc20 under these conditions.
Cdc20, which is expressed from early S phase to late mitosis, was also significantly

downregulated upon NEK7 depletion (Figure 8C).

Additionally, I looked at the expression levels of the procentriolar protein STIL, which is
also a cell-cycle regulated protein and increases in expression around the G1/S transition
[55,59]. In control cells, STIL protein levels sharply increased around the 8 hour time
point, which roughly corresponds to the G1/S transition (Figure 9). However, STIL protein
levels remained very low for the duration of the time course experiment upon NEK7

depletion.

Lastly,  also checked whether the reduction in the levels of G1 proteins could be explained
by the low levels of cyclin D1 by treating U20S cells with siRNAs against cyclin D1.
However, the siNEK7 phenotypes in terms of low levels of STIL and CDK2 could not be
recaptured upon cyclin D1 depletion (Figure 10), suggesting that low cyclin D1 levels are

not the leading cause of this G1 arrest.

Taken together, all these results strongly suggested that NEK7 is required for cell cycle

progression during early G1 phase.
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Figure 7. DNA content profiles of control and NEK7-depleted cells after a nocodazole arrest. (A)
Asynchronous U20S cells were transfected with control or NEK7 siRNAs for 48 hours, and the cells
were analyzed for their DNA content profiles. (B) Schematic of the experimental conditions in (C-D).
U20S cells were transfected with control or NEK7 siRNAs for 8 hours, and then synchronized at early
mitosis with 100 ng/ml nocodazole (Noc) for 16 hours. The cells were then released into fresh medium
and collected at the indicated time points. (C) The DNA content profiles for individual time points are

indicated. (D) A histogram for the DNA content profiles in (C) is shown.
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Figure 8. Reduced levels of cell cycle proteins in NEK7-depleted cells. (A) Schematic of the
experimental conditions in (B-C). U20S cells were transfected with control or NEK7 siRNAs for 8 hours,
and then synchronized at early mitosis with 100 ng/ml nocodazole (Noc) for 16 hours. The cells were
then released into fresh medium and collected at the indicated time points. (B, C) Total cell lysates
were analyzed by immunoblotting using antibodies against the indicated proteins at least twice. All
samples treated with control and NEK7 siRNAs were blotted on the same membrane; they have been
separated for clarity. Red arrowheads indicate band-shifted proteins.
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Figure 10. NEK7 depletion vs. cyclin D1 depletion. U20S cells were transfected with control, NEK?7,
or cyclin D1 siRNAs for 48 hours, and total cell lysates were analyzed by immunoblotting using
antibodies against the indicated proteins.
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Figure 11. Differential levels of p21 in NEK7-depleted cells. (A) Asynchronous U20S cells were
transfected with control or NEK7 siRNAs for 48 hours, and total cell lysates were analyzed by
immunoblotting against the indicated antibodies. (B-E) U20S cells were transfected with control or
NEK7 siRNAs for 24 hours, and then transfected with either Flag (B, C) or Flag-NEK7 RR (siRNA
resistant mutant) (C, D) for another 24 hours. The cells were then fixed and immunostained with the
indicated antibodies. DNA is shown in blue. Scale bar: 20 pm. (C) The histogram represents the
percentage of total interphase cells with the indicated p21 levels. More than 200 cells were counted in
each experimental group. (E) The histogram represents the percentage of interphase cells exhibiting
high and comparable fluorescence intensities of Flag-NEK7 RR with the indicated p21 levels. More
than 100 cells were counted in each experimental group. All histogram values are mean percentages
* s.d. from three independent experiments. *P<0.05; **P<0.01; n.s. not significant (one tailed ¢t-test).
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3.2 Differential levels of p21 in NEK7-depleted cells

To further confirm that NEK7 depletion induces a G1 arrest, [ decided to look at p21 levels
in U20S cells that were treated with control and NEK7 siRNAs for 48 hours. It is known
that high levels of p21 can inhibit S-phase entry through the direct inhibition of CDK2
activity as well as by binding PCNA to inhibit DNA synthesis [19]. Interestingly, I found
drastically elevated levels of p21 in NEK7-depleted cells (Figure 11A), which could
potentially inhibit the G1/S transition.

Additionally, I characterized the nuclear levels of p21 in control and NEK7-depleted cells
by immunofluorescence analyses. Control cells showed low to medium signals of nuclear
p21, however, NEK7-depleted cells showed significantly higher levels of nuclear p21
(Figure 11B, C). Furthermore, upon expression of an siRNA-resistant mutant of wild-type
NEK7 (RR), I observed that cells exhibiting high cytoplasmic NEK7 RR levels contained
highly reduced p21 levels (Figure 11C, D). This suggests that the expression of NEK7 may
play a role in keeping the levels of p21 low, thus promoting S phase entry and cell cycle

progression.

3.3 NEK?7-depleted cells show cell cycle progression defects other than a G1

arrest

Considering my results that the expression levels of several important cell cycle proteins
required for proper G1 progression are affected upon the depletion of NEK7 (Figures 7-
11), it was certain that NEK7-depleted cells showed defects in cell cycle progression.
However, it was not clear whether the low levels of these cell cycle regulatory proteins
were the cause or consequence of the G1 arrest induced upon NEK7 depletion. To
investigate what happens in NEK7-depleted cells in S phase, I performed the following

studies.
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3.3.1 NEK?7-depleted cells exhibit delays in DNA replication and mitosis

I designed an experiment in I asked whether cells that are already in S phase could
complete DNA replication and undergo mitosis even in the absence of NEK7. In order to
overcome the G1 arrest that was induced upon a prolonged NEK7 depletion, I treated
U20S cells with either control or NEK7 siRNAs for 8 hours, and then arrested these cells
at the G1/S transition or in S phase by adding thymidine to the medium for 16 hours,
followed by subsequent release into fresh medium and sample collection (Figure 12A).
The short duration of siRNA treatment ensured that the majority of the cells had not yet
been arrested in G1 (Figure 12B, C), which allowed me to characterize the progression
through the rest of the cell cycle for NEK7-depleted cells. The DNA content profiles of cells
treated with siNEK7 indicated that some of these cells were able to complete DNA
replication and completed mitosis as well, however, many cells exhibited delays in DNA

replication and mitosis (Figure 12B, C).

3.3.2 NEK?7-depleted cells have reduced levels of proteins essential for DNA

replication

[ further characterized the cellular environment in these cells by checking the expression

levels of various cell cycle regulatory proteins such as cyclins and CDKs.

Similar to my results in Figure 8, I observed that the expression levels of cyclin D1 were
strongly diminished in NEK7-depleted cells, even though they remained elevated during
S phase progression in control cells (Figure 13B). Cyclin D1 has been found to play an
essential role not only in passage through the restriction point during G1, but also in
progression through the S and G2 phases, as an indicator of mitogenic signalling [83].

Thus, low cyclin D1 levels may impair S phase progression in NEK7-depleted cells.

Next, I looked at cyclin E1. In control cells, cyclin E1 exhibited an increase in expression
followed by a reduction as cells went through S phase, indicative of cyclin E1 degradation
(Figure 13B) [84,85]. In NEK7-depleted cells, cyclin E1 levels were unaffected relative to
control cells, confirming that the cells were not arrested in G1 in these conditions and

could progress through S phase.
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On the other hand, when I looked at the expression levels of the S phase cyclin A2 and
CDKZ2, they were still significantly low in NEK7-depleted cells compared to control cells
(Figure 13B, C). Cdc20 protein levels were also drastically reduced in NEK7-depleted cells
despite progression of the cell cycle (Figure 13C). Depletion of cyclin A2 has been shown
to cause delays in the G2/M transition [8,86,87], and Cdc20 plays a crucial role in the
spindle assembly checkpoint for chromosome segregation [88]. Hence, these low levels
of cyclin A2 and Cdc20 can largely account for the significant mitotic delays as seen in
these NEK7-depleted cells (Figure 13), as well as previously reported mitotic defects
[68,73-75].

Lastly, I looked at the expression levels of the procentriolar protein STIL. Similar to my
previous results (Figure 9), STIL exhibited very low levels in NEK7-depleted cells

compared to control cells despite S phase progression (Figure 13D).

Collectively, my results suggest that the various defects in cell cycle progression observed
upon depletion of NEK7 can largely be explained by the anomalous downregulation of the

expression levels of several critical cell cycle proteins.
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Figure 12. DNA content profiles of control and NEK7-depleted cells after a thymidine arrest. (A)
Schematic of the experimental conditions in (B-C). U20S cells were transfected with control or NEK7
siRNAs for 8 hours, and then synchronized at S phase with 2 mM thymidine (Thy) for 16 hours. The
cells were then released into fresh medium and collected at the indicated time points. (B) The DNA
content profiles for individual time points are indicated. (C) A histogram for the DNA content profiles
in (B) is shown.
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Figure 13. Reduced levels of S phase proteins in NEK7-depleted cells. (A) Schematic of the
experimental conditions in (B-C). U20S cells were transfected with control or NEK7 siRNAs for 8 hours,
and then synchronized at S phase with 2 mM thymidine (Thy) for 16 hours. The cells were then
released into fresh medium and collected at the indicated time points. (D) U20S cells were treated as
in (B, C) and collected at the indicated time points. (B-D) Total cell lysates were analyzed by
immunoblotting using antibodies against the indicated proteins atleast twice. All samples treated with
control and NEK7 siRNAs were blotted on the same membrane; they have been separated for clarity.
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3.4 Kinase activity of NEK7 through the cell cycle

NEK?7 is known to be activated by NEK9 via phosphorylation on serine 195 (S195) [69,70],
and it then undergoes dimerization and autophosphorylation upon activation [89].
Although NEK7 has been shown to play important roles throughout the cell cycle, the
precise timing of NEK7 activation has not been characterized. In order to understand the
duration of the cell cycle for which the NEK7 kinase is active, I performed in vitro kinase

assays using overexpressed as well as endogenous NEK7 proteins.

First, I tested the kinase activity of immunoprecipitated Flag-NEK7 mutants by assessing
autophosphorylation levels on NEK7 (Figure 14A). [ used four constructs of NEK7: wild
type NEK7 (WT), kinase dead NEK7 (KD, contains a single mutation of K64M), non-
phosphorylatable NEK7 (S195A), and a phosphomimetic mutant at S204 (S204D). S204
on NEK7 was identified to be phosphorylated during mitosis [90], and it was also shown
that the S204A mutant of NEK7 exhibited high kinase activity, whereas the S204D mutant
was inactive [91], suggesting that NEK7 may be inactivated during mitosis by
phosphorylation. Accordingly, I observed that the kinase dead (KD) mutant of NEK7
exhibited no kinase activity, and the S195A and S204D mutants exhibited very low activity
(Figure 14A).

Additionally, I checked the kinase activity of Flag-NEK7 that had been
immunoprecipitated from cells synchronized either at G1 using lovastatin (Lov), at G1/S
using mimosine (Mim), or during S phase using thymidine (Thy), or at early mitosis using
nocodazole (Noc) (Figure 14A). Similarly, I found that overexpressed NEK7 appeared to
have high kinase activity during G1 and S, but reduced activity during mitosis. This

suggests that NEK7 is active primarily during interphase.

Lastly, I analyzed the kinase activity of endogenous NEK7 which had been
immunoprecipitated from U20S cells that had been synchronized at early mitosis by a
nocodazole arrest and then released into fresh medium (Figure 14B, C). I found that the
autophosphorylation activity of NEK7 was relatively low during mitotic exit and early G1.
However, autophoshorylation on NEK7 sharply increased towards the 10 hour time point,
which corresponds to S phase entry. These results collectively suggest that NEK7 is

activated around the G1/S transition and functions during interphase.
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Figure 14. Kinase activity of NEK?7 in the cell cycle. (A) Asynchronous U20S cells were transfected
with the indicated Flag-NEK7 plasmids for 24 hours, and synchronized at different stages for 16 hours
using the indicated drugs. Flag-NEK7 proteins were then immunoprecipitated from total cell lysates,
and incubated with [y-32P] ATP for in vitro kinase assays. The autophosphorylation of NEK7 was
visualized by the incorporation of [y-32P] ATP by autoradiography, and the loaded proteins were
monitored by SimplyBlue™ Safestaining. (B) U20S cells were synchronized at mitosis with 100 ng/ml
nocodazole for 16 hours. The cells were then released into fresh medium and collected at the indicated
time points. Endogenous NEK7 was immunoprecipitated using the NEK7 antibody, and assessed for
kinase activity by the incorporation of [y-32P]. The loaded proteins were monitored by immunoblotting.
(C) DNA content profiles for the individual time points in (B) are indicated.
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3.4 NEK7 is required for procentriole formation

My results so far suggested that NEK7 plays an important role in G1 phase progression,
and may be required for proper progression through the rest of the cell cycle as well. Since
the centrosome cycle is tightly linked to cell cycle progression, and procentriole formation
isinitiated at the G1/S transition, I speculated that NEK7 might perturb the earliest stages

of centriole duplication as well.

The knockdown of NEK7 has been reported to inhibit centriole duplication, as well as
reduce the total amount of pericentriolar material (PCM) that surrounds the centrioles
and is required for the nucleation of spindles [76]. In addition, the PCM has been
suggested to provide a suitable environment for centriole assembly by recruiting
essential proteins [92], which was suggested to be the reason for the inhibition of
centriole duplication in the absence of NEK7 [76]. However, centriole duplication is a
multistage process, and both centriole duplication and PCM assembly are heavily

dependent on the activities of various CDKs [60,61].

Considering my results that NEK7 is required for the G1/S transition and affects the
expression of various cyclin/CDK complexes as well as the centriolar protein STIL, I
speculated that some of the other components required for the early stages of

procentriole formation may also be affected.

3.4.1 Loss of procentriolar components from the centrosomes upon NEK7

depletion

[ examined the localization of various proteins involved in the procentriole assembly
pathway by immunofluorescence, using the distal centriolar protein Centrin as a marker
for the number of centrioles (Figure 15). In accordance with previous studies, most of the
NEK7-depleted cells could not complete centriole duplication (Figure 154, C), confirming

that NEK?7 is essential for centriole duplication.

[ found that CEP192 and CEP152, which are the earliest scaffold proteins to promote
procentriole assembly [36], were not affected upon NEK7 depletion (Figures 28, 30).
However, the kinase PLK4 which is dependent on CEP192 and CEP152 for centriolar
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recruitment was absent from the centrosomes (Figure 154, B). Similarly, [ found that STIL
and SAS-6, which are essential for centriolar cartwheel formation, as well as CPAP, which
is required for centriole elongation [46,50], were also absent from the centrosomes upon

NEK7 depletion (Figure 154, B).

3.4.2 Low cytoplasmic levels of procentriolar components in NEK7-depleted cells

Surprisingly, by using immunoblotting analyses, [ found that the levels of STIL, SAS-6, and
CPAP were low not only at the centrosomes, but also in total cell lysates upon NEK7
depletion (Figure 16A). STIL, SAS-6, and CPAP are all known to be cell cycle-regulated
proteins, and their expression levels increase during late G1 [46,55,56]. Thus, it is likely
that the reduction in their cytoplasmic and centrosomal levels that was observed upon

NEK7 depletion is a consequence of the G1 arrest.

[ also tested the stability of overexpressed centriolar proteins in NEK7-depleted cells
(Figure 16B, C). Interestingly, I found that even overexpressed STIL and SAS-6 exhibited
reduced protein levels in the absence of NEK7. Additionally, upon overexpression of
PLK4-Flag in NEK7-depleted cells, I found similarly reduced levels. These results suggest
that the levels of these proteins are regulated by a mechanism distinct from

transcriptional control in NEK7-depleted cells.

3.4.3 Overexpression of centriolar proteins cannot rescue centriole duplication in

NEK7-depleted cells

Overexpression of either PLK4, STIL, or SAS-6 has been shown to cause amplification of
centrioles independently of cell cycle-mediated regulation of the centrosomes [53-55].
Hence, I speculated whether overexpression of these proteins might be sufficient to
rescue centriole duplication in NEK7-depleted cells. While overexpression of PLK4 and
STIL induced centriole overduplication in control cells as expected, in cells pretreated
with NEK7 siRNA, both centriole numbers as well as the numbers of PLK4 /STIL foci were
reduced (Figure 17). Interestingly, in the cells depleted of NEK7 and overexpressing PLK4,

PLK4 formed ring-like foci, which is reminiscent of the phenotype associated with the
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depletion of STIL [39]. This result suggests that, despite high PLK4 levels, centriole
amplification was inhibited by the absence of STIL and possibly other procentriolar
proteins. Furthermore, given that the overexpression of STIL did not rescue the
expression levels of STIL at centrioles in NEK7-depleted cells (Figure 17), NEK7 may have

an additional function in the maintenance of STIL at the centrioles.

Taken together, these results suggested that the inhibition of procentriole formation upon
NEK7 depletion is due to low cytoplasmic expression levels of several important

procentriole proteins, possibly caused by the G1 arrest.
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Figure 15. Loss of procentriole components from the centrosomes upon NEK7 depletion. (A)
Asynchronous U20S cells were transfected with control or NEK7 siRNAs for 48 hours, and the cells
were fixed and immunostained using the indicated antibodies. DNA is shown in blue. Insets are
magnified views of the centrosomes. Scale bar: 5 pm. (B) The fluorescence intensities of the indicated
proteins at the centrioles were quantified on an arbitrary scale. (C) Histograms represent the
percentage of interphase cells with the indicated centriolar markers. More than 50 cells were counted
in each experimental group. All histogram values are mean percentages * s.d. from three independent
experiments. *P<0.05; <P<0.01; n.s. not significant (one tailed t-test).
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Figure 16. Low cytoplasmic levels of procentriolar proteins in NEK7-depleted cells. (A)
Asynchronous U20S cells were transfected with control or NEK7 siRNAs for 48 hours, and total cell
lysates were analyzed by immunoblotting against the indicated proteins. (B, C) U20S cells were
transfected with control or NEK7 siRNAs for 24 hours, and then transfected with the indicated vectors
for another 24 hours. (B) Total cell lysates were analyzed by immunoblotting against the indicated
proteins. (C) PLK4-Flag proteins are difficult to detect in total cell lysates, and hence they were
immunoprecipitated from total cell lysates using Flag beads. The IP fraction was analyzed by
immunoblotting against the Flag epitope.
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Figure 17. Overexpression of centriolar proteins cannot rescue centriole duplication in NEK7-
depleted cells. (A) U20S cells were transfected with control or NEK7 siRNAs for 24 hours, and then
with PLK4-APEST-Flag for another 24 hours, and finally fixed. (B) GFP-STIL U20S cells were
transfected with control or NEK7 siRNAs and simultaneously induced for overexpression of GFP-STIL,
and they were fixed after 48 hours. Cells in (A) and (B) were immunostained with antibodies specific
to STIL or GFP (red), and Flag or Centrin (green). Scale bar: 500 nm. (C) Histograms represent the
population distributions of interphase cells containing centriolar STIL foci. More than 50 cells
expressing high and comparable fluorescence intensities of PLK4-APEST-Flag or GFP-STIL were
counted in each experimental group. All histogram values are mean percentages * s.d. from three
independent experiments. *P<0.05; <P<0.01; n.s. not significant (one tailed t-test).
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3.5 Depletion of NEK7 induces ciliogenesis

To assess the timing of the G1 arrest induced by the absence of NEK7, I decided to look at
another centriole-associated phenotype that occurs as cells enter the GO/G1 phase.
Several types of cells, such as RPE1 cells, frequently undergo ciliogenesis upon serum
starvation, a method commonly used to arrest cells at the restriction point. During
ciliogenesis, one of the unduplicated centrioles docks at the cell membrane for the

formation of the primary cilium.

Several NEKs have previously been implicated in the regulation of ciliogenesis [65].
Additionally, my previous results suggested that the depletion of NEK7 causes a G1 arrest,
which led me to speculate whether NEK7-depleted cells could also undergo ciliogenesis
upon a G1 arrest. Hence, I treated RPE1 cells with NEK7 siRNA for 48 hours and tested
the frequency of ciliation, compared to that of control cells following serum starvation for

the same duration.

3.5.1 A GO-like state is achieved in RPE1 cells upon NEK7-depletion

To quantify ciliogenesis, | immunostained RPE1 cells with antibodies against acetylated
tubulin (AcTub) and the intraflagellar transport protein IFT88, which mark both the
cilium and centrioles (Figures 18 and 19). Astonishingly, I found that in NEK7-depleted
cells, a high percentage of total RPE1 cells readily underwent ciliogenesis, and at
approximately the same frequency as cells that had been grown in the absence of serum
(Figure 18). This result suggested that the G1 arrest caused in siNEK7-treated cells may
be very similar to cells that have entered G0/G1 following a prolonged serum starvation,
and reinforced my hypothesis that NEK7 plays an important role in G1 progression, and

particularly for overcoming the restriction point.

3.5.2 Behaviour of procentriolar proteins in ciliated cells

In RPE1 cells, centriole duplication is usually inhibited upon serum starvation, as can be

seen by the presence of only two Centrin foci (Figure 18). However, in both the control
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experiments with serum starvation and in NEK7-depleted cells, I found that PLK4 could
localize to the basal bodies (Figure 19A). In the control experiments with serum
starvation, I observed that both STIL and SAS-6 were present near the basal bodies in
approximately half of all ciliated cells (Figure 19B-D), and centriolar recruitment of both
STIL and SAS-6 appeared to be independent of the total expression levels of these proteins
(Figure 19E). This suggested that recruitment of STIL and SAS-6 to the proximal part of
mother centrioles may not entirely be contingent upon the G1/S transition unlike
centriole duplication. On the other hand, in NEK7-depleted cells, I found that very few
cells exhibited centrioles with STIL and SAS-6 foci, even though the total protein levels of
STIL and SAS-6 in NEK7-depleted cells were not significantly different from the control
serum-starved cells (Figure 19B-E). These results indicate that the G1 arrest may not be
the sole reason for the defective recruitment of STIL and SAS-6 to the centrioles, but that

they may be regulated by NEK7 in another manner.
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Figure 18. Depletion of NEK7 induces ciliogenesis. RPE1 cells were transfected with control and
NEK?7 siRNAs for a total of 48 hours, and additional samples were simultaneously treated with a
control siRNA and released into serum-free medium for a total of 48 hours. (A) The cells were then
fixed and stained with the indicated antibodies. DNA is shown in blue. Scale bar: 5 um. (B) The
histogram represents the percentage of interphase cells that were ciliated. More than 50 cells were
counted in each experimental group.
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Figure 19. Behaviour of procentriolar proteins in ciliated cells. RPE1 cells were transfected with
control and NEK7 siRNAs for a total of 48 hours, and additional samples were simultaneously treated
with a control siRNA and released into serum-free medium for a total of 48 hours. (A-C) The cells were
then fixed and stained with the indicated antibodies. The images show magnified views of centriolar
proteins at the base of cilia. (D) The histogram represents the percentage of ciliated cells that exhibited
STIL foci at the basal bodies. More than 50 cells were counted in each experimental group. All
histogram values are mean percentages # s.d. from three independent experiments. *P<0.05; <P<0.01;
n.s. not significant (one tailed t-test). (E) Total cell lysates in each condition were analyzed by
immunoblotting against the indicated antibodies.
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3.6 Regulation of the centriolar protein STIL in NEK7-depleted cells

[ found that the depletion of NEK7 induces a G1 arrest, and to a certain extent, this arrest
could explain the downregulation of various procentriolar proteins, such as STIL and SAS-
6, that are expressed towards the G1/S transition [3,59]. However, I also observed that in
NEK7-depleted cells that could proceed through the S phase, STIL proteins were still
downregulated despite cell cycle progression (Figure 13D). Similarly, when STIL proteins
were ectopically expressed in NEK7-depleted cells, they continued to exhibit reduced
protein levels (Figure 16B). These data suggested that the downregulation of STIL in
NEK7-depleted cells may not entirely be caused by the inhibition of transcriptional
activation caused by the G1 arrest. To test for mechanisms regulating the expression of
STIL that were distinct from transcriptional control, I decided to examine and

characterize the expression levels of STIL under different conditions.

3.6.1 STIL protein expression under various conditions

In order to understand how STIL protein expression may be impacted under different
conditions with or without NEK7, I performed experiments in which I treated control or
NEK7-depleted cells with various molecular inhibitors that arrest the cell cycle at
different stages (Figure 20). A summary of the molecular inhibitors used and their impact

on STIL expression is provided in Table 2.

Treatment of control cells with lovastatin, mimosine, or serum starvation, which cause a
G1or G1/S arrest, caused a very slight decrease in STIL levels compared to untreated cells.
On the other hand, NEK7-depleted cells exhibited extremely reduced STIL levels under
these conditions. Cells that were arrested in S-phase by thymidine, aphidicolin, or HU
exhibited relatively elevated levels of STIL both in control and NEK7-depleted cells,
presumably due to an increase in STIL transcription. Finally, treatment of these cells with
nocodazole or siCdc20, both of which cause a mitotic arrest, exhibited slightly reduced
levels of STIL, as well as an upshifted band that may indicate mitotic phosphorylation of
STIL (Figure 20). Collectively, these data confirm that STIL is a cell cycle-regulated protein,
and exhibits reduced protein levels in NEK7-depleted cells.
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3.6.2 Phosphorylation on STIL fragments on NEK?7 in vitro

Since NEK7 is a kinase, it is possible that NEK7 could directly phosphorylate different
sites on STIL for its regulation. STIL is a large and mostly disordered protein (1287 aa),
and it was difficult to purify full length STIL bacterially. Thus, in order to test whether
NEK7 could directly phosphorylate STIL, I purified shorter fragments of STIL and
performed an in vitro kinase assay using Flag-NEK7 purified from human cells (Figure

21A, B).

[ found that the STIL fragments N2, M, and C could be phosphorylated in vitro by Flag-
NEK?7. Mass spectrometry analyses led to the identification of 11 phosphorylated serine
residues within STIL M and C (Figure 21C). [ mutated all of these residues individually
and in different combinations to alanines in a full length HA-STIL construct to identify
whether any of these mutations may alter the stability of STIL in control or NEK7-
depleted cells. However, none of these mutants appeared to affect the stability of STIL
(data summarized in Table 3). Indeed, several of these residues were identified to be
phosphorylated by the kinase PLK4 as well in vitro [39], suggesting that these sites may

represent promiscuous phosphorylations rather than NEK7-specific phosphorylation.

3.6.3 Mutation of the KEN-box in STIL rescues reduced STIL levels

In an effort to narrow down the region of STIL that may contribute to its downregulation
upon NEK7 depletion, [ generated many different mutants of STIL and tested their
stability in control and NEK7-depleted cells (full list in Table 3). Among these mutants, I
found that the deletion of the C-terminal region spanning residues 1001-1287 (AC)
largely rescued the low protein levels of STIL in NEK7-depleted cells (Figure 22). I also
observed that deletion of the M-region spanning residues 601-1000 (AM) rescued the low
protein levels of STIL, and deletion of both the M- and C-regions (N) could completely
rescue the low levels of STIL. I generated various mutants of STIL to identify the region in

M responsible for its stability, but I was unable to narrow it down precisely.

Upon narrowing down the C-terminal region of STIL, I discovered that a triple alanine

mutation of the KEN-box (KEN/AAA) in STIL was effective in rescuing the protein
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expression levels of ectopically expressed STIL in NEK7-depleted cells. The KEN-box is
the major recognition motif for the APC/C cofactor Cdh1 [57,58], and it is found in many
proteins that are degraded by the APC/CCdhl-mediated ubiquitin-proteasomal pathway
during late mitosis, including several centriolar proteins such as SAS-6 and CPAP [46,56].
Since SAS-6 also contains a KEN-box, I also tested the stability of a KEN/AAA mutant of
SAS-6 in NEK7-depleted cells, but I did not observe any rescue in expression. However,
SAS-6 has been reported to be targeted by another E3 ubiquitin ligase during G1 [93]; it
is therefore possible that this and possibly other unidentified ubiquitin ligases may cause

the low cellular levels of SAS-6 in NEK7-depleted cells.

3.6.4 Reduced STIL levels in NEK7-depleted cells are caused by APC/CCdhl.

mediated proteasomal degradation

My findings that the KEN/AAA mutant of STIL could be stably expressed even in the
absence of NEK7 suggested that the downregulation of STIL may in part be due to its
ubiquitination by the APC/CCdh1 and subsequent proteasomal degradation. To confirm
whether STIL undergoes active degradation by the proteasome in NEK7-depleted cells, |
treated these cells with the proteasome inhibitor, MG132 (Figure 23). As expected, both
endogenous as well as ectopically expressed STIL were partially rescued upon
proteasomal inhibition, whereas the protein levels of the KEN/AAA mutant of STIL were

not largely affected.

3.6.5 A PACT-tagged KEN-box mutant of STIL can be stably recruited to the

centrosomes

Earlier I found that despite STIL overexpression, STIL could not efficiently localize to the
centrosomes in NEK7-depleted cells (Figure 17). My initial hypothesis to explain this
phenotype was that recruitment of STIL to the centrosomes was affected in NEK7-
depleted cells. However, in light of my findings that STIL could be degraded by the
proteasome in NEK7-depleted cells, I speculated whether STIL may be undergoing

localized proteasomal degradation at the centrosomes. To distinguish between these two
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possibilities, I expressed a PACT-tagged construct of STIL to artificially target it to the

centrosomes [94] in control and NEK7-depleted cells (Figure 24).

Similar to overexpressed STIL, I found that PACT-STIL also could not localize to the
centrosomes, despite high cellular expression in NEK7-depleted cells, suggesting
localized regulation of this protein. In contrast, I saw that the KEN/AAA mutant of PACT-
STIL could stably localize to the centrosomes. These results strongly suggest that STIL

may undergo localized degradation at the centrosomes via APC/CCdh1 targeting.

In conclusion, I determined that the downregulation of STIL in NEK7-depleted cells is at
least partly due to its ubiquitination by the APC/CCdhl and subsequent proteasomal
degradation, and it is likely that STIL may be locally regulated at the centrosomes by the
APC/(CCdh1,
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Figure 20. Expression levels of STIL under different conditions. (A, B) U20S cells were transfected
with control, NEK7, or Cdc20 siRNAs for 32 hours, and treated with the indicated conditions for an
additional 16 hours. Total cell lysates were then analyzed by immunoblotting using the antibodies
against STIL and Tubulin. (C) DNA content profiles of the samples shown in (B) are indicated.
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Table 2. Expression levels of STIL under different conditions. This is a summary of the
experiments conducted in Figure 20.

Treatment Impact Expression in Expression in
siControl siNEK?7

No treatment - Normal Low

Lovastatin Inhibition of cholesterol synthesis and  Slightly reduced Very low

(Lov) proteasome
Early G1 arrest

Mimosine Inhibition of thymidine, nucleotide Normal Low

(Mim) biosynthesis
Late G1 or G1/S arrest

Thymidine Inhibition of DNA replication due to Elevated Low, but slightly

(Thy) excess thymidine-induced feedback increased
S-arrest

Aphidicolin DNA polymerase inhibition Elevated Partial expression

(Aph) S-arrest

Hydroxyurea Ribonucleotide reductase inhibition Elevated Partial expression

(HU) S-arrest

Nocodazole Inhibition of microtubule Normal Low

(Noc) polymerization Partial band shift  Partial band shift
Early M-arrest

Serum Absence of mitogenic signalling Normal Low

starvation G1 arrest

(-Serum)
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Figure 21. Phosphorylation on STIL fragments by NEK?7 in vitro. (A) Schematic of STIL fragments
that were used for the in vitro kinase assay. (B) STIL N2, M and C proteins were phosphorylated by
NEK7 in vitro (top). Recombinant STIL fragments N1, N2, M, and C were bacterially expressed and
purified, and were incubated with Flag-NEK7 proteins purified from HEK293T cells in the presence of
[y-32P] ATP for the in vitro kinase assay. The incorporation of [y-32P] ATP to the substrates was
visualized by autoradiography, and the loaded proteins were monitored by SimplyBlue™ Safestaining
(bottom). Red arrows indicate the expected sizes of the recombinant STIL fragments.
Autophosphorylation of NEK7 was used as a positive control. (C) Summary of NEK7-phosphorylated
serine residues of STIL identified by mass spectrometry.
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Table 3. Expression levels of STIL mutants tested in control and NEK7-depleted cells. This is a
summary of the expression levels of all the different STIL constructs that were tested in control and
NEK?7-depleted conditions. U20S cells were treated with control and NEK7 siRNAs for 24 hours,
followed by transfection of the indicated constructs for another 24 hours in each case. Total cell lysates
were analyzed by immunoblotting against STIL or HA.

HA-STIL mutant Mutations Expression in siNEK7
(relative to siControl)

WT None Low

AN1 A(1-360) Low

AN2 A(361-600) Low

AM A(601-1000) Partially expressed

AC A(1001-1287) Partially expressed

AM-N A(601-720) Low

AM-M A(721-830) Low

AM-C A(831-1017) Low

ACC (coiled coil) A(721-750) Low

N 1-600 Stable

M 601-1000 Low

C 1001-1287 Low

M.C 601-1287 Low

KEN/AAA 1243-1245 > AAA Partially expressed

D-box mutant R1135A,L1138A Low

KEN/D-box 1243-1245 > AAA Low
R1135A,L1138A

ASTAN A(1061-1083) Low

ASTAN-N A(1061-1083) Low

ASTAN-M A(1084-1105) Low

ASTAN-C A(1106-1147) Low

AC1 A(1001-1100) Low
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AC2

A(1101-1200)

Low

AC3 A(1201-1287) Partially expressed
AC4 A(1241-1287) Low
ANAA S871A, S873A, S874A Low
AAAK S951A, S9524, S953A Low
7A S871A, SB873A, S874A, S951A, S9524A,S9534A, Low
T998A
AADNA S1131A,S1132A,S1135A Low
QAAP S778A, S779A Low
S1131A S1131A Low
S1135A S1135A Low
S1149A S1149A Low
E728R E728R Low
EXXR/RXXE E969R, R972E Low
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Figure 22. Expression levels of HA-STIL constructs in NEK7-depleted cells. (A) U20S cells were
transfected with control or NEK7 siRNAs for 24 hours and then transfected with the indicated HA-STIL
vectors for another 24 hours. Total cell lysates were analyzed by immunoblotting using antibodies
against HA or tubulin. The values on the right indicate approximate protein sized in kDa. Red
arrowheads indicate expected bands for different constructs. (B) Schematic of the HA-STIL constructs

that were used in (A).
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Figure 23. Proteasomal degradation of STIL in NEK7-depleted cells. (A) U20S cells were
transfected with control or NEK7 siRNAs for 48 hours, and 10 pM MG132 was added for the last 6
hours of the siRNA treatment. (B) U20S cells were transfected with control or NEK7 siRNAs for 24
hours, and then with the indicated vectors for another 24 hours. 10 uM MG132 was added for the last
6 hours of the experiment, and total cell lysates were analyzed by immunoblotting.
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Figure 24. Expression of HA-PACT-STIL constructs in NEK7-depleted cells. (A) U20S cells were
transfected with control or NEK7 siRNAs for 24 hours, and then transfected with the indicated HA-
PACT constructs for another 24 hours. The cells were then fixed and stained with the indicated
antibodies. Scale bar: 500 nm. (B) Histograms represent the percentage of interphase cells that
exhibited centrosomal HA signals. More than 50 cells expressing high and comparable levels of
cytoplasmic HA fluorescence were counted in each experimental group.
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3.7 Regulation of the APC/C cofactor Cdh1 in NEK7-depleted cells

The APC/CCdhl js typically active from late mitosis to late G1, and plays a role in preventing
premature DNA replication by regulating the levels of G1 cyclins as well as the CDK
inhibitor p21 [22,23]. Several feedback loops involving CDK-mediated phosphorylation of
Cdh1 are necessary for the inactivation of APC/CCdh1 at late G1, without which entry into

the S phase is blocked.

Based on my previous results, I suspected that APC/CCdhl may exist in an activated state
in the G1-arrested cells lacking NEK7. However, it is technically difficult to address the
activation state of APC/CCdhl jn yivo. Instead, I attempted to characterize the expression

patterns of Cdh1 in control and NEK7-depleted cells.

3.7.1 Characterization of the localization patterns of Cdh1

Firstly, I found overall Cdhl expression levels were not affected upon a prolonged
treatment of NEK7 siRNA (not shown). Next, I looked at the localization patterns of Cdh1
within the cell. It has been shown that Cdh1 exists both in the cytoplasm and the nucleus,
and possibly shuttles between these two locations depending on its phosphorylation
status [95,96]. In Drosophila embryos, Cdh1/FZR1 has also been reported to localize to
the centrosomes throughout the cell cycle [97], and a recent study indicated that its
centrosomal localization in Drosophila at least is cell-cycle dependent [98]. Interestingly,
when I looked at Cdh1 localization in control human U20S cells, I also found that Cdh1
localized to the centrosomes throughout the cell cycle, and its localization followed a very

specific pattern associated with cell cycle progression (Figure 25).

In early G1, there appeared to be low levels of Cdh1 present at the centrosomes, but as
the cells continued into S and G2, Cdh1 gradually accumulated at the centrosomes. Cdh1
levels at the centrosomes peaked around prophase or metaphase, where it localized in
small quantities at daughter centrioles, and formed ring-like structures around mother
centrioles. Immediately at the metaphase-anaphase transition, most of the Cdh1l
disappeared from the centrosomes. [ speculated that at this point, Cdh1 may relocalize to

replace Cdc20 in the APC/CCdc20 complex elsewhere in the cell, as APC/CCtdhl activation

51



and Cdc20 degradation are known to occur during this timeframe [22,23]. Thus, I
determined that Cdh1 follows very specific localization patterns during the cell cycle in
human cells, and [ hypothesized that Cdh1’s function and activity may be tied to its

localization.

3.7.2 Cdh1 exhibits abnormally high centrosomal levels in NEK7-depleted cells

Following characterization of Cdh1 localization patterns in control cells, I looked at Cdh1
in NEK7-depleted U20S cells. I found astoundingly high amounts of Cdh1 present at the
centrosomes in these cells (Figures 25B and 26A, B). This centrosomal accumulation of
Cdh1 in NEK7-depleted cells appeared to be quite different from the mitosis-specific
accumulation in control cells. Hence, I furthered examined the finer details of Cdh1l
localization using three-dimensional structured illumination microscopy (3D-SIM). I
found that while Cdh1 in control G1 cells did not show a specific localization pattern
within the centrosomes, in control metaphase cells as well as NEK7-depleted cells, Cdh1

seemed to localize alongside the walls of the mother centrioles (Figure 26B).

[ also checked whether Cdh1 could accumulate at the centrosomes in RPE1 cells that had
been treated with NEK7 siRNA and exhibited cilia, but I did not observe any such
accumulation (Figure 26C). This may be a cell type-specific phenotype, as the
environment around the basal bodies in ciliated RPE1 cells is quite different from that of

centrosomes in U20S cells.

3.7.3 PCM-dependent accumulation of Cdh1 in control mitotic cells

Atleastin control cells, | wondered if the mitotic accumulation of Cdh1 at the centrosomes
may be dependent on the expansion of the pericentriolar material (PCM) surrounding the
centrioles. Organization of the PCM in interphase and metaphase is inherently different;
from early mitosis to metaphase, the PCM grows substantially in size for the formation of
the mitotic spindle, and then rapidly disassembles as the cells advance to anaphase. The
core centrosomal protein CEP192 plays a major role in this process; not only is it required

for centriole duplication in interphase, but it also is a crucial component for PCM
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assembly during mitosis. Accordingly, depletion of CEP192 frequently results in the

formation of disorganized spindles [99].

When I co-immunostained mitotic cells with Cdh1 and several centriolar markers, I found
that the outer diameter of the Cdh1 ring was larger than that of CEP152, which is an inner
PCM component, yet the diameter was significantly smaller than that of CEP192 (Figure
27,284, 29A). Based on these data and past studies [100,101], I conclude that Cdh1 tends
to accumulate in the inner to intermediate regions of the PCM, which is consistent with a

recent study on Drosophila Cdh1/FZR1 [98].

Next, [ sought to identify the factors involved in Cdh1 accumulation at the centrosomes
during mitosis. 1 found that although CEP152 seemingly localizes closer to the
centrosomes compared to Cdh1, depletion of CEP152 had no noticeable impact on Cdh1
localization (Figure 28). Similarly, depletion of NEK7 had no noticeable impact on CEP152

localization, suggesting that CEP152 is not involved in Cdh1 accumulation.

To examine the PCM-dependency of Cdh1 centrosomal localization, I depleted CEP192 in
U20S cells in order to inhibit PCM assembly, and quantified the amount of Cdh1 that is
present at the centrosomes in interphase cells, as well as in mitotic cells containing
monopolar spindles that were caused by siCEP192 (Figure 29). Interestingly, I found that
although the centrosomal levels of Cdh1 in interphase cells were unaffected upon CEP192
depletion, most of the mitotic accumulation of centrosomal Cdh1 was lost. This led me to
hypothesize about the existence of two independent populations of Cdhl at the
centrosomes; small quantities of Cdh1 are present at the centrosomes throughout the cell
cycle and are independent of PCM assembly, whereas the mitotic accumulation of Cdh1 at

the centrosomes appears to be largely PCM-dependent.

3.7.4 Centrosomal accumulation of Cdhl in NEK7-depleted cells is PCM-

independent

[ next sought to investigate whether Cdh1 accumulation at the centrosomes in the
absence of NEK7 is PCM-dependent as well. To do so, I compared the amounts of CEP192
and Cdh1 at the centrosomes during interphase in control and NEK7 siRNA-treated cells
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(Figure 30). Similar to a previous study that reported a slight loss in the PCM content in
NEK7-depleted cells [76], | found no significant increase in the amounts of CEP192
present at the centrosomes, even though Cdh1 levels were elevated. This result suggests
that Cdh1l accumulation at interphase centrosomes in the absence of NEK7 is PCM-

independent, and is possibly recruited by other pathways.

3.7.5 Role of centriolar satellites in Cdh1 localization

Finally, in an attempt to understand the centrosomal accumulation of Cdh1 in NEK7-
depleted cells, I tried to characterize the Cdh1 localization patterns in control interphase
cells. During interphase, I observed that Cdh1 localized not only at the centrosomes, but
also in small discrete foci near the centrosomes (Figure 25A), which were reminiscent of
centriolar satellite staining. Centriolar satellites are small cytoplasmic granules
surrounding the centrosomes, and they are believed to be required for protein trafficking
to and from centrosomes [102]. To determine whether Cdh1 is associated with centriolar
satellites, I co-immunostained Cdhl with the satellite marker PCM1 (Figure 31A).
Interestingly, I found that many cytoplasmic Cdh1 foci appeared to overlap with PCM1
foci in control interphase cells. Additionally, upon knockdown of PCM1, many of the
cytoplasmic Cdh1 foci disappeared and Cdh1 appeared to substantially accumulate at the
centrosomes (Figure 31B, C), in a pattern very similar to NEK7 depletion. These results
suggest that Cdh1 accumulation in NEK7-depleted cells may be caused due to defective
satellite function, which may be required to transport Cdh1 away from the centrosomes

during G1.
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Figure 25. Localization patterns of the APC/C cofactor Cdh1 in control cells. (A) U20S cells were
transfected with control siRNA for 48 hours, and the cells were fixed and immunostained with
antibodies specific to Cdh1 (green) and Centrin (red). DNA is shown in blue. Insets are magnified views
of the centrosomes. Scale bar: 5 um. The fluorescence intensities of Cdh1 at the centrosomes were
quantified on an arbitrary scale at different cell cycle phases, and are indicated as box plots in (B).

*P<0.05; <P<0.01; n.s. not significant (one tailed t-test).
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Figure 26. Localization patterns of the APC/C cofactor Cdh1 in NEK7-depleted cells. (A) U20S
cells were transfected with NEK7 siRNA for 48 hours, and the cells were fixed and immunostained
with antibodies specific to Cdh1 (green) and Centrin (red). DNA is shown in blue. Insets are magnified
views of the centrosomes. Scale bar: 5 um. (B) RPE1 cells were transfected with control and NEK7
siRNAs for a total of 48 hours, and the control sample was simultaneously released into serum-free
medium. The cells were then fixed and stained with the indicated antibodies. Scale bar: 1 um. (C) U20S
cells were treated with control or NEK7 siRNAs as in (A), and imaged by 3D-SIM to address the
localization of Cdh1 around the centrosomes. The fluorescence intensities of centrosomal Cdh1 are
not comparable between images in (C). Scale bar: 500 nm.

1000

E T . Outer ring diameter
£ sm Protein ) L
< T ! during mitosis
T 600 -
E .I. CEP152 485 + 46 nm
S 400
2 0 Cdh1 628 + 64 nm

0 CEP192 804 £ 105 nm

TR, )
& S

Figure 27. Characterization of Cdh1 centrosomal localization to the PCM in mitosis. U20S cells
were and immunostained with antibodies specific to Cdh1, CEP152, or CEP192, and the approximate
outer diameters of these proteins at mitotic centrosomes was quantified.
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Figure 28. Centrosomal localization of Cdh1 is not affected by CEP152 depletion. (A-E) U20S cells
were transfected with control, NEK7, or CEP152 siRNAs for 48 hours, and the cells were fixed and
immunostained with the indicated antibodies. The fluorescence intensities of Cdh1 and CEP152 at the

centrosomes in interphase (B) and mitotic (C) cells were quantified on arbitrary scales, and are
indicated as box plots in (D, E).
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Figure 29. Mitotic accumulation of Cdh1 at the centrosomes in control cells is PCM-dependent.
U20S cells were transfected with control (A) or CEP192 (B) siRNAs for 48 hours, and the cells were
fixed and immunostained with the indicated antibodies. DNA is shown in blue. Insets are magnified
views of the centrosomes. Scale bar: 5 um. (C) The fluorescence intensities of Cdh1 and CEP192 at the
centrosomes were quantified on an arbitrary scale at different cell cycle phases, and are indicated as
box plots.
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Figure 30. Centrosomal accumulation of Cdh1 in NEK7-depleted cells is PCM-independent. (A)
U20S cells were transfected with control or NEK7 siRNAs for 48 hours, and the cells were fixed and
immunostained with the indicated antibodies. DNA is shown in blue. Insets are magnified views of the
centrosomes. (B) The fluorescence intensities of Cdh1 and CEP192 at the centrosomes were quantified
on an arbitrary scale in interphase cells, and are indicated as box plots. *P<0.05; <P<0.01; n.s. not
significant (one tailed t-test).
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Figure 31. Cdh1 localizes to centriolar satellites in interphase, and is redistributed upon PCM1
inhibition. (A-C) U20S cells were transfected with control or PCM1 siRNAs for 48 hours, and the cells
were fixed and immunostained with the indicated antibodies. DNA is shown in blue. (A) The boxed
area indicates the centrosomes as seen in (B). The fluorescence intensities of Cdh1 at interphase
centrosomes were quantified on an arbitrary scale, and are indicated as box plots in (C).
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4. Discussion

4.1 NEK7 and the cell cycle

NEK7 has been reported to be required for many different cellular processes, suggesting
that it acts upon and regulates many different substrates, and may itself lie under complex
cell cycle control. A recent study identified many different interactors of NEK7 using a
proteomics-based approach, and these proteins were found to be involved in several
other processes not previously reported for NEK7, such as mitochondrial regulation,
intracellular protein transport, and DNA repair [103]. It was also shown that NEK7 could
phosphorylate several of its binding partners, suggesting that it acts as a multifunctional
kinase. However, the specific roles of NEK7 and NEK7-mediated phosphorylation events
in the cell cycle have not yet been identified, making it difficult to clarify the significance

of NEK7 in specific biological processes.

Here, I characterized the impact of NEK7 upon cell cycle progression by analyzing the
effects of NEK7 depletion in cycling cells. Through my research, I propose that NEK7 plays
crucial roles in the expression and stability of various G1 proteins, as well as in the
regulation of APC/CCdhl activity and localization, both of which contribute to a timely
transition from the G1 to S phase. My results demonstrate that NEK7 may play an integral
and indispensable role in progression through the G1 phase and subsequent commitment

to the rest of the cell cycle.

4.2 Therole of NEK7 in G1 progression

During G1 progression in cycling cells, the expression levels of various cyclins and activity
levels of cyclin/CDK complexes determine whether the cells will proliferate or become
quiescent (Figure 32). Another factor that affects this decision is the activity of the E3
ubiquitin ligase APC/CCdhl which regulates the expression levels of cyclins and other

regulatory proteins through intricately linked feedback loops.
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In my study, [ showed that NEK7 is required for the timely expression of various cyclins,
CDKs, and other cell cycle-regulated proteins. In the absence of these cyclin/CDK
complexes, cells lacking NEK7 are inevitably arrested in the G1 phase, presumably before
they can pass the restriction point (Figure 32). APC/CCdh1 also appears to remain active in
NEK7-depleted cells, and the inhibition of APC/CCdhl jnactivation may further contribute
to the G1 arrest [22,23].

Restriction point

siControl Early G1 Late G1 S
Cyclin D-CDK4/6 Cyclin E-CDK2 Cyclin E-CDK2

APC_!'C“'"” El:ti\:’ity APC,-"(C”'“ acti\nty ‘vlf

G1 arrest
siNEK7 Early G1 Late G1
Cydiih D-CDK4/6 Cyclin E-CDK2 cyclin e-Cik2
APC/Coant getivity APC/Ctdh getivity Cydlin A-Cok2

Figure 32. Depletion of NEK7 inhibits G1 progression. (Top) Schematic of how progression through
G1 and the G1/S transition are regulated in control cells. During early G1, increases in cyclin D/CDK4
and cyclin D/CDK6 activity are necessary to pass the restriction point, and these complexes are
subsequently inactivated in later G1. The G1/S transition largely depends on cyclin E/CDK2 activity,
and inactivation of APC/C¢dhl s essential for S phase entry. Towards S phase, cyclin A replaces cyclin E
in the complex with CDK2 to complete DNA replication. (Bottom) In the absence of NEK7, the
expression of various cyclins is inhibited; in particular, expression of the early G1 cyclin D is blocked.
Low levels of cyclin D could lead to an arrest at the restriction point. In the absence of cyclin D/CDK4
or cyclin D/CDK®6 activity, expression of late G1 cyclins and CDKs is also reduced. Additionally, the
inactivation of APC/CCdhl js inhibited, which also contributes to the G1 arrest in NEK7-depleted cells.

4.2.1 What are the targets of NEK7 in G1?

Not many substrates of NEK7 have yet been identified, although it has been suggested
that NEK7 can phosphorylate several of its interactors. Despite their similar sizes and
high sequence similarity (87%) in the kinase domains, NEK6 and NEK7 do not share any

common interactors with the exception of NEK9, which also functions as an upstream
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activator of both NEK6 and NEK7 [103,104]. However, it has been proposed that these

two enzymes have opposing kinase activities in the cell cycle [91].

NEK6 and NEK7 are known to have common substrates. Both kinases were found to be
able to phosphorylate microtubules in vitro [68], although the functional significance of
these modifications was not determined. NEK6 and NEK7 could also phosphorylate
p70S6K at T412 [105], which is a ribosomal kinase that functions in the mTOR signalling
pathway, and promotes protein synthesis and cell proliferation upon activation. NEK6 at
least was shown to be required for the activation of p70S6K, which suggests that NEK7

could act in a similar manner.

It is likely that NEK7 can phosphorylate many more substrates for the regulation of
several processes in G1 progression and the G1/S transition. It would be very informative
to perform a comprehensive screening of proteins that can be phosphorylated by NEK7,

in order to further elucidate its functions.

4.2.2 What pathways is NEK7 involved in?

NEK? is likely to be a mitotic-inactive kinase [90,91], and my studies indicate that NEK7
is activated sometime during G1 or the G1/S transition. Based on these and past data, it
is likely that NEK7 is involved in at least one or more pathways essential for G1

progression and the G1/S transition.

The most upstream protein to be affected in the absence of NEK7 is cyclin D, which
exhibited reduced expression levels even in early G1 in NEK7-depleted cells. Mitogen-
activated protein kinase (MAPK)-mediated signalling is perhaps the best-studied
activator of cyclin D gene expression during early G1 [106], suggesting NEK7 may play a
role in at least one or more of the growth factor signalling pathways regulating the
transcriptional activation of cyclin D. Further evidence for NEK7 being involved in growth
factor-mediated signalling is the formation of primary cilia in NEK7-depleted RPE1 cells,
a phenotype that is characteristic of cells arrested in GO/G1 upon serum starvation.
Another signalling network that may be affected by NEK7 is the mTOR pathway, which
plays a complex role in G1 progression by regulating cyclin E/CDK2 activity levels [3].
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Additionally, although not much is currently known about the transcriptional regulation
of the CDK2 gene, my results suggest that NEK7 may function upstream of CDK2 gene

transcription, or alternatively, it may directly or indirectly regulate CDK2 protein stability.

4.2 NEK7 and the centrosome cycle

The initiation of centriole duplication is tightly linked to the decision of the cell to enter
the cell cycle, which occurs at the G1/S transition. Considering that NEK7 is required for
progression through G1 and the G1/S transition, it is not surprising that the depletion of
NEK7 can inhibit procentriole formation at the earliest stages, and also induce
ciliogenesis under certain conditions (Figure 33). Accordingly, I found that various
procentriolar proteins exhibited very low expression in NEK7-depleted cells, which are
caused in part due to the G1 arrest, and in part due to APC/CCdhl-mediated proteasomal
degradation. However,; although NEK7 can localize to the centrosomes in small quantities,

there is no evidence so far about whether it regulates the centrosomes directly.

4.3 Cdh1 and the centrosomes

Some particularly interesting phenotypes that I observed were the localization patterns
of Cdh1 at the centrosomes during the cell cycle, especially the high accumulation of Cdh1
at the centrosomes in NEK7-depleted cells. These results raise important questions about

the significance and functions of centrosomal Cdh1.

4.3.1 How is Cdh1 recruited to the centrosomes?

Upon characterization of the centrosome-associated populations of Cdh1, I found that
small populations of Cdh1 remain associated with the centrosomes at all times, and Cdh1
gradually accumulates at the centrosomes as the cell cycle progresses, reaching peak
levels around prometaphase or metaphase. This mitosis-specific accumulation of Cdh1 is
largely due to expansion of the PCM around the centrosomes, as depletion of the PCM

protein CEP192 was sufficient to remove most centrosomal Cdh1 in mitotic cells. In
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Drosophila, it has been shown that Cdh1/FZR1 localizes at mitotic centrosomes through
direct interaction with Spd2, which is a CEP192 orthologue [98]. However, the domain in
Spd2 that is necessary for interaction with Drosophila Cdh1/FZR1 is absent in human
CEP192, and likewise, I could not detect an interaction between human CEP192 and Cdh1
proteins (data not shown). This suggests that another PCM component may interact with

Cdh1 for its centrosomal accumulation during mitosis.

During interphase, centrosomal levels of Cdh1 were found to be lower than in mitosis,
however, many Cdh1 foci that were associated with centriolar satellites were observed.
Indeed, depletion of the satellite protein PCM1 caused the disappearance of the satellite-
associated Cdh1 foci and an increase in the amount of Cdh1 at the centrosomes, a pattern
which was reminiscent of NEK7-depleted cells. This suggests that in cycling cells,
centriolar satellites may be required for trafficking Cdh1 away from the centrosomes.
Indeed, previous studies have shown that PCM1 depletion caused relocalization of several
satellite proteins to the centrosomes [107]. Thus, it is possible that the increased
centrosomal levels of Cdh1 in NEK7-depleted cells may be due to defective centriolar
satellite-mediated protein trafficking. However, the molecules responsible for anchoring

Cdh1 at the centrosomes remain to be identified.

4.3.2 What is the significance of centrosomal Cdh1?

One obvious question is whether Cdh1 exists in a complex with APC/C at the centrosomes,
and if so, whether centrosomal APC/CCdh1 js active or inactive. The protein Emil, which
can bind to and inhibit both APC/C activators Cdc20 and Cdh1 [26,108], has been shown
to localize to the spindle pole in a complex with APC/C during early mitosis [109], where
it inhibits centrosomal APC/C to prevent degradation of spindle pole-associated cyclins
and premature mitotic exit. Hence, I hypothesize that the PCM-associated Cdhl seen
during mitosis might be kept inactive in a complex with APC/C and Emil. Following
chromosome segregation and activation of APC/CCdhl it is possible that it disperses
throughout the cytoplasm to target various substrates, which may explain the
disappearance of Cdh1 from the centrosomes. In the next cell cycle, APC/CCdhl remains
active until the G1/S transition, wherein Emil stably binds and irreversibly inactivates

APC/CCdh1 to commit cells to enter the cell cycle [9,27,28].
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One of the more important implications of my study is that the abnormally high levels of
centrosomal Cdh1l in NEK7-depleted cells represent an active APC/CCdhl at the
centrosomes. This raises several important possibilities. The centrosomes have long been
recognized as hubs for localized proteasomal degradation of ubiquitinated proteins [110].
Thus, it is possible that centrosomal APC/C¢dh1in G1-arrested cells serves to rapidly mark
various substrates for destruction to prevent proliferation. Another possible function of
centrosomal APC/CCdhl may be to inhibit centriole duplication, as it could potentially
occupy and block the assembly sites of new procentrioles. Thus, APC/C¢dh1 could perform
several important functions at the centrosomes both in cycling cells as well as G1-arrested

cells lacking NEK7.

In conclusion, my study strongly suggests that NEK7 is an important kinase involved in
the regulation of G1 phase progression and the G1/S transition. In the future, it would be
worthwhile to identify and characterize the direct downstream targets of NEK7, as well
as the pathways in which it plays important roles. Since NEK7 has already been reported
to be upregulated in various cancers, the strong G1 arrest that is induced upon NEK7

depletion makes it a promising candidate for the development of various anticancer drugs.
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Figure 33. Depletion of NEK7 inhibits procentriole assembly. (Top) Centriole duplication involves
the expression and recruitment of several procentriolar proteins at the base of the mother centriole
(M) towards late G1. As the cells progress through the G1/S transition and complete S phase, the
procentrioles elongate and mature to form daughter centrioles (D). (Bottom) In the absence of NEK7,
low levels of G1 cyclins could lead to an arrest at the restriction point, which induces ciliogenesis. Cdh1
can accumulate near the walls of the centrioles in these conditions, which may lead to the degradation
of procentriolar proteins, thus inhibiting procentriole formation.
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5. Current and Future Studies

In this section, I will briefly introduce what is currently known about the core proteins
that are required for centriole assembly, and how they might contribute to formation of
centriolar microtubules. I will also detail some of the novel interactors of the centriolar
protein CEP120 thatIidentified during my research, and the possible significance of these

interactions.

My primary research interests involve the assembly of the triplet microtubule structures
that are unique to centrioles, however, most of the molecular mechanisms that are
involved in their assembly remain elusive due to various experimental limitations. Thus,
[ would like to close my thesis with a discussion on our current understanding of the
factors that may play roles in the formation of centriolar triplet microtubules, and what

questions still remain to be answered.

5.1 Core centriolar proteins required for human centriole formation

The hierarchical recruitment of the “core” proteins required for centriole duplication in
humans has been well-characterized (Figure 34), however, we are far from understanding
how centriole duplication occurs at a molecular and structural level. For instance, many
of the proteins involved in centriole duplication are larger in size than the average
cytoplasmic protein (on the order of 60-400 kDa), and may contain large coiled coil as
well as disordered regions [111]. Many centrosomal proteins are often insoluble or
unstable when expressed on their own, and this renders it near-impossible to
characterize them structurally. As a consequence, while some of the interactions between
the core centrosomal proteins have been mapped out, we are still unable to locate most
of these proteins on the 3D maps of centrioles that have been reconstructed using
cryoelectron microscopy [112]. Thus, further characterization of the molecular features

and interactions of centriolar proteins is necessary.
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Of all the centriolar proteins, the structural significance of SAS-6 in centriole assembly is
the least ambiguous. SAS-6 is capable of forming dimers via a long coiled coil region, and
the SAS-6 dimers can assemble together in a 9-fold radially symmetric manner [40,41].
These SAS-6 oligomers primarily constitute the cartwheel structure that is often observed
at the proximal regions of daughter centrioles. On the other hand, even though the protein
STIL (which interacts with SAS-6) is known to be an essential protein for procentriole

assembly, its structural roles remain unknown.

The functional significance of the microtubule-binding protein CEP135 has until now
been somewhat controversial, as various studies claim different roles for CEP135 in
centriole duplication [43,113,114], however, these differences may boil down to
organism-specific requirements. Interestingly, a recent study has indicated that Bld10,
which is the CEP135 homologue in Chlamydomonas reinhardtii, plays a role in the
stabilization of SAS-6 cartwheels [44], suggesting that human CEP135 may also have

similar functions.

Lastly, CPAP and CEP120, which are both microtubule-binding proteins, play a joint role
in controlling the formation and elongation of centriolar microtubule structures [46,49].
Centriolar microtubules are some of the slowest-growing microtubule structures found
in human cells, and a recent study on CPAP suggested that its association with
microtubules limited their growth rates [115]. CEP120 appears to function in similar
ways as CPAP, as overexpression of either CPAP or CEP120 results in overly long centrioles
[48]. In C. reinhardtii, the UNI2 gene has been identified to be a putative orthologue of
human CEP120 (Figure 35), and mutation of this gene causes an incomplete transition of
triplet to doublet microtubules near the transition zone, resulting in defective flagella
containing triplet microtubules instead of the usual doublets [116]. This suggests that
CEP120/UNIZ may play a more conserved role in the assembly of centriolar
microtubules; on the other hand, no orthologue for CPAP has been identified in C.

reinhardetii.
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Figure 34. Essential proteins required for procentriole formation in humans. The microtubule-
interacting proteins CPAP, CEP120, and CEP135 localize along the walls of both the mother and
daughter centrioles, and are presumably required for the recruitment of outer centriolar components
CEP192 and CEP152 (and possibly CEP295) to the centrioles. CEP192 and CEP152 localize in a ring
along the outer walls of the mother centriole (M), and are required to recruit the kinase PLK4, which
can phosphorylate multiple substrates to trigger formation of the daughter centriole (D). STIL can be
phosphorylated by PLK4 and interact with SAS-6, and these two molecules localize at the cartwheel.
Following cartwheel assembly, several other centriolar proteins are recruited to the centrioles which
facilitate centriole elongation and maturation. Black lines between proteins indicate previously
characterized interactions. Red lines indicate phosphorylation.
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Figure 35. Alignhment between human CEP120 and C. reinhardtii UNI2. The proteins CEP120 and
UNI2 share a conserved domain which has been identified to be a coiled coil region, suggesting that
they may share functional similarities.
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5.2 Novel interactions of CEP120 with centriolar proteins

In an effort to better understand how centriolar proteins might be spatially arranged in
the cartwheel and the surrounding microtubules, I built a comprehensive map of all the
interactions that have been reported for the proteins required for the centriole

duplication pathway (part of this map is shown in Figure 36).
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Figure 36. Mapping the interaction domains of centriolar proteins. A summary of the interacting
domains that have been identified for SAS-6, STIL, CEP135, CPAP, and CEP120 [39,43,48,49,117]. The
sizes of the proteins and their relative orientation to each other are indicated by the numbers on either
side, “1” representing the N-terminal for each protein. The sizes of all the proteins are to scale. Blue
boxes indicate conserved domains, green boxes indicate coiled coil regions, and red boxes indicate
microtubule-binding domains. Interactions between pairs of proteins are depicted as curved
connectors.

In particular, [ was trying to identify a function for the N-terminal region of STIL spanning
residues 26-360, which is highly conserved in vertebrates. CEP120 appeared to be a likely
candidate that could interact with STIL, as it could potentially localize near the N-terminal
region of STIL based on my protein interaction mapping (Figure 36). Thus, I decided to
check whether CEP120 could form a complex with STIL.

Accordingly, I amplified the CEP120 gene product from total human mRNA and inserted

it into a Flag vector for co-immunoprecipitation (Co-IP) with HA-STIL constructs in
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HEK293T cells. Co-IP analyses showed that full length HA-STIL could indeed interact with
Flag-CEP120 (Figure 37). Furthermore, deletion mutants of HA-STIL indicated that the
interacting regions of STIL with CEP120 were likely to be either in N-terminal region or
middle regions of STIL, as deletions of these regions showed reduced binding with Flag-

CEP120.

Additionally, I found that CEP120 could interact not only with STIL, but also with the
centriolar proteins SAS-6 and CEP135, which has not been previously reported. This
suggests that CEP120 may have a much larger part to play in the assembly of centrioles,

although further studies need to be performed to elucidate its exact functions.
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Figure 37. A novel interaction between CEP120 and STIL. (A) Schematic of the STIL deletion
constructs that were used for co-immunoprecipitation (Co-1P) assays with Flag-CEP120 in HEK293T
cells. The right column shows a summary of the interactions. (B) HEK293T cells were co-transfected
with an empty Flag vector (-) or Flag-CEP120 and the indicated STIL constructs. Flag-CEP120 was
immunoprecipitated using Flag antibodies. Total cell lysates and the immunoprecipitated fractions
were analyzed by immunoblotting using the indicated antibodies.
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Figure 38. CEP120 interacts with several procentriolar proteins. (A-D) HEK293T cells were co-
transfected with the indicated vectors. Flag-CEP120 (A-C) or HA-STIL (D) were immunoprecipitated
using antibodies against the Flag or HA epitopes. Total cell lysates and the immunoprecipitated
fractions were analyzed by immunoblotting using the indicated antibodies.
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Figure 39. CEP120 interacts with several centriolar proteins. A summary of the centriolar
interactions determined previously (black arrows) and identified in this study (red arrows).
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5.3  Centriolar triplet microtubules: How are they assembled?

Centrioles are highly conserved organelles that are best-defined by the uniquely
symmetric array of nine sets of triplet microtubules, and they are found in most
eukaryotes, with the notable exception of most land plants. Centriolar triplet
microtubules are not like conventional microtubules found in the cell; high resolution 3D
reconstructions of centrioles from various organisms have revealed that the individual
protofilaments of the A-tubule have highly variable curvatures which result in some
“flattening” of the A-tubule [112,118], and the B- and C-tubules are composed of less than
13 protofilaments and do not close completely. The structural basis for the formation of
triplet microtubules is not very well understood, largely due to the technical limitations

of purifying and visualizing centriolar microtubules.
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Figure 40. The formation and regulation of centriolar triplet microtubules is largely unknown.
Many questions remain to be answered regarding how centriolar triplet microtubules are assembled,
such as: (i) How are the A-tubules nucleated? (ii) How are the individual A-, B-, and C-tubules formed?
(iii) What are the essential proteins required for triplet microtubule formation? (iv) What is the
tubulin isotypes and modifications required for formation of the individual tubules? (v) What is the
composition of the protein linker connecting the C-tubule and the next A-tubule? (vi) How are the
lengths of individual tubules regulated?
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Some of the larger questions about triplet microtubule assembly that remain unanswered
are summarized in Figure 40. Various clues exist in past literature that may aid us in
understanding the molecular mechanisms at play during centriolar microtubule growth,
however, many more studies need to be performed in order to support these hypotheses.
For example, the a- and B-tubulins in humans are composed of various isotypes which are
highly divergent in their C-terminal tails [119], and it has been suggested that the post-
translational modifications of these tails may play a part in the assembly of centriolar and
ciliary microtubules [120]. Indeed, the triplet microtubules of centrioles have been found
to be rich in acetylated and glutamylated tubulins, which have been suggested to
somehow contribute to the high stability of these microtubules. Although whether these
post-translational modifications exist on all the tubulin proteins of a single centriole, or
on individual tubules, or even on individual protofilaments of specific tubules is not yet

known.

There are also open questions about whether additional tubulin families play a part in
centriolar microtubule assembly. a- and -tubulin form irreversibly linked heterodimers
that serve as the building blocks of all microtubules, and y-tubulin forms complexes with
several other molecules to facilitate the nucleation of microtubules; these three tubulin
families are found ubiquitously in all eukaryotes [121]. However, additional tubulin
families such as 8- and e-tubulins have been identified in recent decades, and it is slowly
becoming evident that they may indeed be involved in the formation of centriole-specific
doublet or triplet microtubules [122-126]. More and more tubulin families are being

identified in different organisms with time, but their roles remain largely unknown [127].

For my future research, I would like to pursue a more detailed investigation about the
formation of centriolar triplet microtubules in various organisms. In particular, I would
like to focus upon the nucleation and the formation of the individual A-, B-, and C-tubules,
and the possible roles of tubulin modifications, or of §- and e-tubulin in their assembly. I
hope that many new and exciting discoveries are made in this niche field in the upcoming

years.
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6. Materials and Methods

6.1 Cell culture and transfection

Human U20S cells were obtained from the ECACC (European Collection of Authenticated
Cell Cultures), and have been authenticated by STR profiling in ECACC. Telomerase-
immortalized human RPE1 (hTERT-RPE1) cells were obtained from Clontech. U20S and
RPE1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) and Dulbecco’s
modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) respectively, supplemented
with 10% fetal bovine serum (FBS), and penicillin/streptomycin at 37°C in a 5% CO:
incubator. The lines were mycoplasma free, as confirmed by Hoechst 33258 staining.
Transfection of siRNA or DNA constructs into U20S and RPE1 cells was performed using
Lipofectamine RNAiMAX (Life Technologies) or Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instruction. Unless otherwise noted, transfected cells
were analysed 48 hours after transfection with siRNA and 24 hours after transfection

with DNA constructs.

6.2 RNA interference and plasmids

The following siRNAs were used: Silencer® Select siRNA (Life Technologies) against the
CDS of NEK7 (s44316), CEP192 (s226819), and PCM1 (s10128 and s10129). Custom
siRNAs were used against the 3’ UTR of NEK7 (5'-GCA UUU GUA AAC UUA AAA ATT-3")
and the CDS of CEP152 (5’-GCG GAU CCA ACU GGA AAU CUA TT-3").

The following plasmids were used: pFlag-NEK7 RR (subcloned from the pFlag-CMV2-
NEK?7 vector gifted by Andrew M. Fry), pEBTet-GFP-STIL, pcDNA3-PLK4-APEST-Flag (a
gift from Hiroyuki Mano), pCMV5-HA-STIL WT, pCMV5-Myc-SAS-6. pCMV5-HA-STIL
constructs were subcloned from the pCMV5-HA-STIL WT vector using PrimeSTAR
mutagenesis basal kit (TaKaRa).
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6.3  Cell cycle synchronization and flow cytometric analysis

For cell synchronization at prometaphase, cells were treated with 100 ng/ml nocodazole
for 16 hours, and released in fresh medium. For cell synchronization at S phase, cells were
treated with 2 mM thymidine for 16 hours, and released in fresh medium. For flow
cytometric analyses, cells cultured on dishes were trypsinized, washed twice with PBS,
and fixed in 70% cold ethanol at -20° for >3 hours. The fixed cells were then washed with
PBS and incubated with Muse™ Cell Cycle Reagent at room temperature (RT) for 30
minutes. The DNA contents of the cells were then measured using Muse™ Cell Analyzer

(Merck Millipore).

6.4 Antibodies

The following primary antibodies were used in this study: Rabbit polyclonal antibodies
against STIL (Abcam, ab89314, immunofluorescence (IF) 1:500, immunoblotting (IB)
1:1000), GFP (MBL, #598, IF 1:500), NEK7 (Bethyl Laboratories, A302-684A, IB 1:1000),
Centrin-1 (Abcam, ab11257, IF: 1:500), CPAP/CENP-J (Proteintech, 11517-1-AP, IF 1:500,
IB 1:1000), Cdc20 (Bethyl Laboratories, A301-1804A, IB 1:500), IFT88 (Proteintech,
13967-1-AP, IF 1:100), CEP192 (Bethyl Laboratories, A302-324A, IF 1:500), CEP152
(Bethyl Laboratories, A302-324A, IF 1:500), HA-tag (Abcam, ab9110, IF 1:500), PCM1
(Sigma, HPA023370, IF 1:500); mouse monoclonal antibodies against p21 Wafl/Cip1
(Cell Signalling Technology, DCS60, IF 1:500, IB 1:1000, a gift from Masato Kanemaki),
Centrin-2 (Millipore, 20H5, IF 1:1000), SAS-6 (Santa Cruz Biotechnology, Inc., sc-81431,
WB 1:1000), PLK4 (Merck Millipore, clone 6H5, MABC544, IF 1:300), Flag-tag (Sigma,
F1804, IF 1:1000, WB 1:1000), Cdh1/FZR1 (Abcam, ab89535, IF 1:100, WB 1:500),
acetylated- a-tubulin at K40 (Sigma, 611B1, IF 1:500) and «-tubulin (Sigma, DM1A, WB
1:2000). The CDK and cyclin antibodies were used from the CDK and Cyclin Antibody
Sampler Kits (Cell Signalling Technology, #9868 and #9869 respectively) as per
recommended dilutions. The following secondary antibodies were used: Alexa Fluor 488
goat anti-mouse IgG (H+L) (Molecular probe, 1:500), Alexa Fluor 568 goat anti-rabbit IgG
(H+L) (Molecular probe, 1:500) for IF; Goat polyclonal antibodies-HRP against mouse IgG
(Promega, W402B, 1:10000), rabbit IgG (Promega, W401B, 1:10000) for WB. Centrin-1
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(rabbit) and Centrin-2 (mouse) antibodies were used as centriolar markers. Acetylated-

a-tubulin at K40 (mouse) and IFT88 (rabbit) antibodies were used as ciliary markers.

6.5 Immunofluorescence

For indirect immunofluorescence microscopy, cells cultured on coverslips were fixed
using ice-cold methanol for 10 minutes at -20°C. The cells were then washed with PBS
three times, and incubated for blocking with 1% BSA in PBS/0.5% TritonX-100 (PBSX)
for 30 minutes at room temperature (RT). The cells were then incubated with primary
antibodies for 3 hours at RT, washed with PBSX once and PBS three times, and incubated
with secondary antibodies for 1 hour at RT. The cells were thereafter washed with PBSX
twice, stained with 0.2 pg/ml Hoechst 33258 in PBS for 5 minutes at RT, washed again

with PBS and mounted onto glass slides.

Counting of immunofluorescence signals was performed using an Axioplan2 fluorescence
microscope (Carl Zeiss) with a 100x/1.4 NA plan-APOCHROMAT objective. Data
acquisition for the images was performed using a DeltaVision Personal DV-SoftWoRx
system (Applied Precision) equipped with a CoolSNAP CH350 CCD camera. The images
were acquired as serial sections along the Z-axis and stacked using the ‘quick projection’
algorithm in SoftWoRx. The signal intensities for centrosomal proteins were quantified
using the Data Inspector tool in SoftWoRx. The captured images were processed using
Image]. Unless otherwise noted, all immunofluorescence analyses were repeated at least

three times.

3D-SIM images were taken by the Nikon N-SIM imaging system with Piezo stage, Apo TIRF
100x oil objective lens (NA 1.49), excitation wavelengths 488 and 561 nm, and iXon DU-
897 EMCCD camera (Andor Technology Ltd.). The images were collected at 100 nm Z-

steps.

77



6.6 Immunoblotting

For preparation of cell lysates for immunoblotting, the cells were collected and lysed by
vortexing at 4°C in lysis buffer (20 mM Tris/HCl pH 7.5, 100mM NaCl, 0.5% NP40, 1 mM
EDTA, 1 mM DTT and 1/1000 protease 26 inhibitor cocktail (Nacalai Tesque, Inc.)).
Lysates were cleared by centrifugation for 10 minutes at 13000 rpm at 4°C and the
supernatants were collected for immunoblotting. SDS-PAGE was performed using 6-12%
polyacrylamide gels, followed by transfer on Immobilon-P membrane (Millipore
Corporation). The membranes were probed with the primary antibodies, followed by
incubation with their respective HRP-conjugated secondary antibodies (Promega).
Washes were performed in PBS containing 0.02% Tween (PBST). The signals were
detected by a Chemi Doc XRS+ (BioRad) and band intensities were calculated using the
inbuilt Image Lab software (BioRad). Unless otherwise specified, all immunoblotting
analyses were repeated at least three times. The antibody against a-tubulin was used as

a loading control.

6.7 Immunoprecipitation

For preparation of cell lysates for immunoprecipitation (IP), the cells were collected and
lysed in ice-cold lysis buffer by vortexing at 4°C, and the lysates were cleared by
centrifugation for 10 minutes at 13,000 rpm. For immunoprecipitation, whole cell lysates
were incubated with Flag or HA antibodies conjugated to agarose for 2 hours at 4°C; the
bead were then washed three times with lysis buffer before loading onto an SDS-

acrylamide gel.

6.8 Invitro Kinase assay and mass spectrometry

For the in vitro kinase assay, U20S or HEK293T cells were transfected with pCMV-Flag-
NEK7 constructs using Lipofectamine 2000. The cells were harvested after the indicated
amount of time, and lysed by vortexing in lysis buffer. The cleared supernatant was
immunoprecipitated with beads conjugated to Flag antibodies. The beads were washed

three times with lysis buffer, and then incubated with or without the indicated bacterially-
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purified proteins in 20 pl kinase buffer containing 10 mM MgClz, 30 uM ATP and 5 puCi [y-
32P] ATP for 30 minutes at 30°C. The proteins were separated by SDS-PAGE, stained with
SimplyBlue™ SafeStain (Invitrogen), and phosphorylation was visualized by

autoradiography (Typhoon FLA 9000, GE Healthcare).

For mass spectrometry analysis, the STIL fragments phosphorylated by Flag-NEK?7 in vitro
were digested into shorter peptides in solution by trypsin. The peptides were

subsequently desalted and analysed by a nanoLC-ESI-Q-TOF mass spectrometer.
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