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Preface

The discovery of centrosomes well over 100 years ago has been called as
important as the discovery of the nucleus but it was only recently that research on
centrosomes has moved this central organelle to the forefront of modern research
and has exploded as a result of renewed appreciation, new enthusiasm, and new
methods that are now available to study centrosomes on cellular, molecular, and
genetic levels. Centrosome functions are critically important for cell cycle regu-
lation while centrosome dysfunctions have been implicated in numerous diseases
such as cancer and in disorders such as infertility and other reproductive disorders.

While most frequently described as microtubule organizing centers (MTOCsS),
the recent recognition that centrosomes are critical for cell signaling coordination
and cellular protein degradation, and regulated proteolysis has revolutionized
studies into disorders and in the pathogenesis and progression of diseases.
To cover the wealth of new data on the significant role of centrosomes in cellular
functions and implications in disease, a number of topic-focused review articles
have been written and published in various specialized journals, as the demand for
understanding the direct and indirect functions of this important organelle has
increased in various areas of basic and biomedical research.

This book features a variety of different aspects on classic and modern
centrosome research to cover topics of current interest. Each chapter is written by
internationally recognized experts in their respective fields who have contributed
their unique expertise in specific research areas and include comprehensive and
concise reviews of key topics in the field as well as cell and molecular details that
are important for the specific subtopics. Cutting edge new information is balanced
with background information that is readily understandable for the newcomer and
the experienced centrosome researcher alike. In addition, several articles will raise
awareness of centrosomes in areas that have not yet considered centrosomes
associated with disease including aspects of misguided signal transduction and
several others that may find centrosomes as new targets for therapeutic
intervention.
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Preface

The book includes chapters on

Centriole duplication and inheritance.

Sperm centrioles and abnormalities underlying sperm pathology and infertility.
Centrosomal functions and dysfunctions in cat spermatozoa.
Nuclear-centrosome interactions during fertilization and cell division.

Human centrosomal dynamics during gametogenesis, fertilization, and embryogenesis.
Asymmetric centrosome behavior in stem cell divisions.

Functional associations between the Golgi apparatus and the centrosome.

The centrosome and its role in regulated proteolysis.

Regulation of the centrosome cycle by protein degradation.

Molecular links between centrosome duplication and other cell cycle associated
events.

Regulation of centrosomes by cyclin-dependent kinases.

Disruption of centrosome duplication control and induction of mitotic instability
by the high-risk human papillomavirus oncoproteins E6 and E7.

Centrosomes, DNA damage, and aneuploidy.

Centrosome regulation and breast cancer.

The role of centrosomes in multiple myeloma.

Centrosomal amplification and related abnormalities.

Mechanisms and consequences of centrosome clustering in cancer cells.

The neuronal centrosome as a generator of microtubules for axons and
dendrites.

Centrosomes and cell division in Apicomplexa.

The centrosome life story in Xenopus laevis.

The role of centrosomes in T cells, and concludes with.

Thoughts on progress in the centrosome field.

The topics addressed are selected to be of interest to scientists, students,

teachers, and to all who are interested in expanding their knowledge related to
centrosomes. The volume is intended for a large audience as a reference book on
the subject.

It has been a great pleasure and timely to edit this book on centrosomes and I

would like to sincerely thank all contributors for their outstanding chapters and for
sharing their unique expertise with the centrosome community. I hope that this
book will stimulate further advances in centrosome research and contribute new
insights and appreciation for the role of centrosomes in the basic and biomedical
sciences.

Heide Schatten
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Part 1
Centrosomes in Reproduction



Chapter 1
Centriole Duplication and Inheritance
in Drosophila melanogaster

Tomer Avidor-Reiss, Jayachandran Gopalakrishnan,
Stephanie Blachon and Andrey Polyanovsky

Abstract Centrosomes are conserved microtubule-based organelles that are
essential for animal development. In this chapter, we highlight key centrosomal
proteins and describe the centrosome in the context of several developmental
processes in Drosophila melanogaster. These processes include fertilization,
during which the centrosome mediates the fusion of male and female pronuclei;
development of the embryonic syncytium, where centrosomes act as microtubule-
organizing centers and participate in nuclear division; and the formation of sensory
and motile cilia in the adult, where the centrosome’s centrioles template axoneme
assembly. The study of these processes in Drosophila provides a unique experi-
mental system where classical approaches in genetics and biochemistry can be
used to dissect centrosome biology.

1.1 What are the Challenges in Studying the Centrosome
and Why Use Drosophila?

Like chromosomes and yeast spindle pole bodies (SPB), centrosome numbers in
the cell is strictly controlled. Control of centrosome numbers is achieved by a
process of duplication in which the preexisting structure is used as a means to

T. Avidor-Reiss (DX) - J. Gopalakrishnan - S. Blachon
Department of Cell Biology, Harvard Medical School,

Seeley G. Mudd Building, Room 509A, 250 Longwood Avenue,
Boston 02115, MA, USA
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Sechenov Institute, Russian Academy of Sciences, St. Petersburg, Russia
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(a) Half bridges (b)
: : PCM
Daughter Mother Mother

SPB T ! SPB 22;3:2;: \D centriole

Fig. 1.1 Models for duplication a Yeast spindle pole bodies (SPB Duplication); the half bridge
of the preexisting (mother) SPB serves as a template and nucleation site for the new (daughter)
SPB that is formed in parallel. b Centriole Duplication; the new (daughter) centriole is formed
perpendicularly to the preexisting (mother) centriole and at a significant distance from the surface
of the preexisting centriole

ensure that only a single new structure is formed. Centrosomes consist of two
centrioles surrounded by PCM. Centrosome duplication starts after the two pre-
existing centrioles separate slightly and a new centriole forms near each of the
preexisting centrioles. Centrosome duplication is concluded when each centriole
pair completely separates, along with some of the PCM of the original centrosome.
In each centrosome, the older centriole is also known as the mother centriole and
the new centriole is known as the daughter centriole.

The process of centrosome duplication is conceptually similar to how DNA and
yeast SPB duplicate (Fig. 1.1). DNA duplication starts by splitting into two strands,
which then serve as a template to create a new strand. Yeast SPB duplicate by
splitting into two halves. Each half contains a structure known as the half bridge,
which then serves to template the formation of another half bridge (Jaspersen and
Winey 2004; Jones and Winey 2006). Since, like DNA and SPB duplication, cen-
trosome duplication maintains one preexisting element and creates one new element,
it is thought that centrosomes duplicate in a semi—conservative manner.

Although many of the proteins involved in centrosome duplication have been
recently identified, the critical question of how the centrioles duplicate remains
elusive. Very little is known about the overall mechanism of centriole duplication
(Azimzadeh and Marshall 2010; Nigg and Raff 2009). It has become increasingly
accepted that centriole duplication does not involve a templating mechanism like
in DNA and SPB duplication.

Several lines of observation suggest that de novo formation of the new cen-
trioles takes place at the vicinity of the preexisting centriole.

i) The new centriole is formed perpendicularly to the preexisting centriole.

ii) The new centriole forms at a distance of about 30 nm from the surface of the
preexisting centriole (Anderson and Brenner 1971; Phillips 1967),

iii) The new centriole can have a very different structure from the preexisting
centriole (Phillips 1967).

iv) Under certain conditions, centrioles can form in the absence of a preexisting
centriole (Fulton and Dingle 1971; Rodrigues-Martins et al. 2007b)

v) Several new centrioles can be induced to form simultaneously around the
preexisting centriole by overexpressing centriolar components (Kleylein-Sohn
et al. 2007).
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vi) No proof is available of an intrinsic asymmetry around the preexisting cen-
triole before the onset of centriole duplication

These observations suggest that a yet unidentified mechanism inherent to the
centrosome assures that only one new centriole is formed near a preexisting
centriole (Sluder and Khodjakov 2010).

Analysis of centriole duplication is challenged by a combination of factors.
Centrosomes are essential for development in animals. Centrosomes and centrioles
are in low-abundance, found only in one or two copies per cell, thus challenging
biochemical approaches. Furthermore, new centriole intermediates are few, small,
short-lived, and form too close to the preexisting centriole to be observed as a
distinct entity, making it extremely challenging to study centriole intermediates by
traditional light microscopy (the internal structure of the centriole is beyond the
resolution of standard light microscopy).

Despite these challenges, many proteins involved in centriole duplication have
been identified over the past 15 years. The recent identification of many proteins
involved in centriole duplication opens new ways to overcome these barriers. One
commonly used way is to overexpress the centriolar protein, usually in immor-
talized cells (in vitro), and observe the consequences using microscopy
(Dzhindzhev et al. 2010; Gopalakrishnan et al. 2010; Tang et al. 2009). While
sometimes informative, interpreting overexpression data is problematic due to the
fact that proteins are studied at non-physiological levels. Also, immortalized cells
often have abnormal centrioles, suggesting they already carry mutations that
prevent normal centriole duplication. Therefore, to balance these limitations, it is
important to develop approaches to study centriole duplication in vivo, when
proteins are expressed at physiological levels.

For a number of reasons, Drosophila is ideal for developing such a balanced
approach for studying centriole duplication and centrosome biogenesis:

First: mutants defective in centrosome biogenesis are available (see Table 1.1).
In flies, even null mutations in essential centrosomal proteins are not embryonic
lethal and the fly can often develop to maturity. This is due to maternal contri-
bution which allows the embryo to form centrosomes when they are critical for
development, namely during early embryonic development. Later during pupal
development when the adult fly is forming, maternal contribution becomes
depleted but centrosomes are no longer essential for development. This allows
extensive characterization of defective centrosome biogenesis in the testes and
sensory neurons of pupae (Basto et al. 2006; Blachon et al. 2009; Blachon et al.
2008; Mottier-Pavie and Megraw 20009).

Second: techniques are available to introduce newly-engineered proteins with
modified capabilities into a null mutant background, allowing their specific
function to be studied with expression at near physiological levels and in the
absence of the wild-type protein (Blachon et al. 2008; Gopalakrishnan et al. 2011).
This is especially useful in the study of centrosomes, as many centrosomal proteins
form multiprotein complexes and may have more than one function. The ability to
engineer a mutant that is deficient in one or limited interactions is very insightful
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in identifying the separate functions mediated by a centrosomal protein (Gopala-
krishnan et al. 2011).

Third: it is possible to biochemically isolate centrosomes and centrosomal
complexes from Drosophila embryos to study them ex vivo (Gopalakrishnan et al.
2010; Gopalakrishnan et al. 2011; Kellogg and Alberts 1992; Moritz et al. 1995).
This allows one to study protein interactions under near physiological conditions.
This also opens a window to use purified centrosomal proteins, structures, and
complexes in cell-free experiments that can investigate the individual steps in
centrosome duplication. Ultimately, this can theoretically allow centrosome
duplication and function to be reconstituted using purified components.

Finally: Drosophila centrosomes are formed using conserved proteins and the
overall structure of Drosophila centrosomes is very similar to that of other
organisms, suggesting that the basic mechanisms of centrosome duplication used
in Drosophila are similar to those used in other organisms.

1.2 Centrosomes in Drosophila Development

Centrosomes in Drosophila were studied in some detail in a context of several
developmental processes. In this chapter, we will focus on four processes. The first
two processes take place during early embryonic development: (1) Fertilization,
and (2) Syncytial blastoderm formation. The next two processes occur in differ-
entiated cell types and can be studied during pupal development: (3) Sensory
neuron differentiation, and (4) Spermatogenesis. We will summarize key features
of the centrosome in each of these developmental processes, highlighting unique
properties that have provided insight into the biology of the centrosome.

1.2.1 Fertilization

Fertilization is the process by which the sperm (male gamete) and oocyte (female
gamete) are fused to form a zygote, the first cell of a new organism. In general, a
key step in fertilization is the migration of sperm and oocyte pronuclei toward each
other and their subsequent fusion (Fig. 1.2).

It is generally recognized that in most animals, including Drosophila, the
oocyte does not contain centrioles (Krioutchkova and Onishchenko 1999; Man-
andhar et al. 2005; Sun and Schatten 2007). Instead, oocytes have acentriolar
centrosomes or microtubule organization centers that participate in female meiosis
and in the formation of the female pronucleus (Megraw and Kaufman 2000).
While the oocyte does not appear to have centrioles, it does contain a large amount
of centriolar and PCM proteins within its cytoplasm, enough to form 2'* centro-
somes (Rodrigues-Martins et al. 2007b). These proteins, contributed by the mother
via the oocyte (maternal contribution), are sufficient to support centrosome



1 Centriole Duplication and Inheritance in Drosophila melanogaster 9

Fig. 1.2 Fertilization during mitosis of the zygote (a), the giant centriole (b) and a second
smaller centriolar structure (c) are observed at the two poles. Note that the two pronuclei (blue)
are not mixed and they divide separately in parallel. A low magnification image with small inset
squares outlines the approximate positions of the centriolar structures, which are shown under a
higher magnification in (b and ¢). Embryos were stained with rat anti-a-tubulin (red), and anti—-N-
ter-Asl (purple); 4’-6-diamidino-2-phenylindole (DAPI) stains DNA

Fig. 1.3 Spermatid with a
giant centriole (GC) and a
PCL. Left, giant centriole and
PCL labeled by Ana-1-GFP
(purple). Right, cartoon
depicting the relative location
of the sperm centriolar
structures relative to the
sperm head (H) and tail (T).
(The panel on the Left is
modified from Fig. 1.2b in
(Blachon et al. 2009)

duplication in early embryonic development, a time when the embryonic genome
is not yet fully involved in producing the proteins necessary for development.
On the other hand, the Drosophila sperm contains two centriolar structures. The
first, termed the “giant centriole” (due to its exceptional length) resembles the
distal centriole found in vertebrate sperm and functions to nucleate the sperm
flagellum (Friedlander and Wahrman 1966; Fuller 1993; Krioutchkova and
Onishchenko 1999; Manandhar et al. 2005; Sun and Schatten 2007). A second
centriolar structure associates with the giant centriole and is termed the proximal
centriole-like (PCL) structure due to the fact that, like the vertebrate sperm
proximal centriole, it does not form a flagellum (Blachon et al. 2009) (Fig. 1.3).
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Upon fusion of the sperm and oocyte, the sperm giant centriole recruits PCM
proteins from the surrounding cytoplasm and forms a centrosome. The zygote
centrosome acts as a microtubule organization center and assembles an aster—a
star-like structure consisting of microtubules. These asters are thought to play a
role in bringing together the female and male pronuclei and in orchestrating the
first cell division (Callaini and Riparbelli 1996). In support for the critical role of
centrosomes in zygote biology, it has been reported that interfering with centro-
some biogenesis after fertilization inhibits zygote development (Dix and Raff
2007; Stevens et al. 2007; Varmark et al. 2007).

The role of the PCL after fertilization is currently not known; however, one
attractive hypothesis is that the PCL later becomes the second centrosome of the
zygote. The observation that two centrosomes can be observed after fertilization in
mutant oocytes under conditions that block centrosome duplication supports this
hypothesis (Stevens et al. 2007).

1.2.2 Syncytial Development

Drosophila early embryonic development takes place in a syncytial blastoderm, a
large cell containing many nuclei. In this developmental stage, the embryo
undergoes 13 rounds of nuclear duplication and division without forming indi-
vidual cells surrounded by a plasma membrane; each of these rounds is called a
“nuclear cycle”. For simplicity, we will refer to each dividing unit that includes a
nucleus and its associated centrosomes as a “cell”. At the end of syncytial blas-
toderm development, the nuclei are partitioned into separate cells where they are
surrounded by a plasma membrane (cellular blastoderm stage). This partitioning,
termed cellularization, is mediated by actin, which forms a cleavage furrow (the
structure that mediates the separation of daughter cells).

The syncytial blastoderm is an excellent system where one can do live imaging
of centriole duplication in real time (Fig. 1.4). In the embryonic syncytium, the
nuclear cycle is very rapid (~ 10 min) and many centrioles duplicate synchro-
nously. The nuclear cycle is comprised of two phases: synthesis and mitosis. Early
in synthesis phase, each cell has two centrosomes, each containing one centriole
surrounded by PCM (Callaini and Marchini 1989; Callaini and Riparbelli 1990,
1996; Riparbelli et al. 1997). During synthesis phase, the centriole within each of
the two centrosomes duplicates, generating a new centriole at the vicinity of the
older centriole. At the onset of mitosis, the centrosomes move to opposite poles
such that each future daughter “cell” will inherit one of the of the mother “cell”
centrosomes. During late mitosis, each of the centrosomes that are associated with
one of the nuclei splits into two centrosomes. As a result, each of the daughter
“cells” inherently contains two centrosomes, each with one of the centrioles from
the original centrosome (Fig. 1.5).

The centriole in the Drosophila syncytial blastoderm has a very intriguing
structure. Unlike classic centrioles, which are made of nine triplets of
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Centrosome Start of
with two centrosome
centrioles separation

Centriole
duplication

Fig. 1.4 Live imaging of centriole duplication in the early development of an embryo expressing
the centriolar marker Sas-6-GFP. The start of centriole separation marks the splitting of the
centrosome. The left panel shows low magnification of the centrioles, organized in the right
panels by time. The white square in the panel on the right corresponds to the centrioles displayed
in the left panels. A line distinguishes each centriole. S. B produced this picture
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Fig. 1.5 Centriole duplication and centrosome separation in the syncytial blastoderm. The embryo
expressed the centriolar marker Sas-6-GFP (green) and was stained with an anti-Asl antibody; Asl is a
component of the PCM that is found near the centriole (red). a In early S phase, each of the two
centrosomes contain the PCM protein Asl and have a centriole labeled by Sas-6-GFP. b During S phase
each of the centrioles duplicates to form a daughter centriole (Dc). The daughter centriole is marked with
Sas6-GFP but not Asl. c—f Only one of the centriole pairs is shown. The mother and daughter centrioles
start to separate and the daughter centriole accumulates Asl, finally leading to the formation of two
centrosomes. Note that anti-Asl antibody also lightly labeled the nucleus. S. B produced this picture

(a Vertebrate Mother centriole Procentriole (b) Early fly Early fly embryo
centrosome cross section cross section embryo centrosome centriole cross section
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Fig. 1.6 The fly early embryonic centriole resembles a procentriole. (The fig is modified from
Fig. 1 in (Avidor-Reiss 2010)
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microtubules, centrioles in the syncytial blastoderm are made of nine doublets of
microtubules. In addition, syncytial blastoderm centrioles are shorter than classic
centrioles: ~200 nm long instead of 400-500 nm long observed in vertebrates.
Finally, the centrioles of the syncytial blastoderm have a structure known as the
“cartwheel” within their core, which in vertebrate cells is characteristic of a
young, developing centriole (procentriole) and is absent from mature centrioles.
This raises the hypothesis that syncytial blastoderm centrioles are centriolar
structures arrested in the procentriole stage. It is possible that since the syncytial
blastoderm nuclei divide rapidly and there is no need for cilia formation (see
below), the centrioles do not have the time, nor the need, to develop into their
mature states (Fig. 1.6).

1.2.3 The Drosophila Zygote and Syncytial Blastoderm Develop
Using Proteins Generated in the Mother

Protein deposition in the oocyte that supports early embryonic development is
called maternal contribution. An important implication of the presence of maternal
contribution in Drosophila development is that, despite the fact that an embryo
may be genetically homozygous for a mutation in an essential centrosomal gene, it
will still contain the wild-type protein, allowing it to produce normal centrosomes
as long as the maternal contribution persists. As a result, studying those mutants
cannot reveal the role of centrosomes in early embryogenesis. Indeed, studies
using homozygous mutants for an essential centrosomal gene, have demonstrated
that the fly embryo can develop normally (Basto et al. 2006; Blachon et al. 2008;
Rodrigues-Martins et al. 2007a).

Investigating the role of centrosomes in early embryogenesis requires the study
of an embryo that is produced from an oocyte generated in an environment that is
also mutated. Since flies with mutations in essential centrosomal proteins are
unable to walk, mate, or lay eggs (see below), it is not possible to use embryos
produced by homozygous females. However, this obstacle can be overcome using
other approaches.

One way is to study centrosomal proteins that are essential for aspects of
centrosome function but are not necessary to produce a fertile female. For
example, mutations in centrosomin (Cnn) result in flies that are viable but female
sterile (Megraw et al. 1999; Vaizel-Ohayon and Schejter 1999). Cnn is a PCM
protein that plays an important role in PCM formation and is required for the
centrosome’s activity as a microtubule organization center (Li and Kaufman
1996). Studies of cnn mutants in early embryogenesis reveal an impairment of
several aspects of embryo development that depend on the function of the cyto-
skeleton (Megraw et al. 1999; Vaizel-Ohayon and Schejter 1999). In particular, it
appears that Cnn is essential for the organization of actin into cleavage furrows.
New information suggests that the centrosome functions as a site where Cnn
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interacts with Centrocortin, a protein that is required for cleavage furrow forma-
tion and is localized both to centrosomes and to cleavage furrows (Kao and
Megraw 2009). It is therefore possible that the centrosome functions as a signaling
hub within the cell. At this signaling hub, proteins can interact in order to integrate
information and later move to other domains in the cell where they execute their
function (Alieva and Uzbekov 2008; Wang et al. 2009).

Another way by which to study centrosomes in early embryogenesis is to study
hypomorphic mutations of centrosomal proteins that are essential for centrosome
formation and produce a female that can mate. In this case, the studied protein is
partially functional and missing an activity that is essential specifically for cen-
trosome function during embryogenesis. An example of one such mutation is as/’,
in which the C-terminus of the essential centrosomal protein Asterless (Asl) is
truncated (Blachon et al. 2008). While flies homozygous for the severe loss-
of-function allele asl™“P are unable to walk and mate, as!' generates viable
females that can lay eggs. Analysis of embryonic centrosomes generated from an
asl’ female finds that they initially form asters, but these asters are not stable and
later fall apart ((Varmark et al. 2007) and S. B. unpublished data). In addition,
pronuclei fusion does not take place and embryo development is arrested at the
zygote stage. Similar results were obtained when a hypomorphic mutation of the
Drosophila spd-2 gene was studied, while severe loss-of-function spd-2 mutants
are unable to walk and mate (Dix and Raff 2007; Giansanti et al. 2008).

One can also study centrosomal proteins that are essential for centrosome
formation and produce a female that can mate using genetic tricks. One way to do
so is to make germline clones that lack any particular essential centrosomal protein
from maternal contribution (Stevens et al. 2007). This is done using the dominant
female sterile (DFS) technique (Chou and Perrimon 1996), a variant of FLP-FRT
recombination. In this case, recombination is induced in larvae via a heat shock-
inducible flippase (FLP); as adults, the fly produces homozygous mutant oocytes
that lack the essential centrosomal protein. Study of oocytes that are mutant for
sas-4 or sas-6 after they are fertilized with a wild-type male finds that they possess
two centriolar structures (presumably the giant centriole and PCL) (Stevens et al.
2007). These centriolar structures can nucleate centrosomes and can undergo few
nuclear cycles before embryogenesis is arrested presumably because the centro-
somes cannot duplicate. This suggests that the PCL can form an independent
centrosome and demonstrates that centrosomes are essential for syncytial blasto-
derm development (after their role in zygote pronuclei fusion).

An alternative method to study centrosomes in the syncytial blastoderm is to
inject it with an antibody for a particular centrosomal protein and observe the
consequence (Conduit et al. 2010). A potential problem with this approach is that
when a centrosomal protein forms a complex, binding of an antibody may not only
inactivate its intended protein target, but may also inactivate other proteins found
in the complex.
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Fig. 1.7 Drosophila mechanosensory neuron morphology. a The neuron cell body is filled with
tubulin-GFP. The dendrite is lightly labeled by tubulin-GFP. At the dendrite tip, the cilium is
strongly labeled by tubulin-GFP. Red labels cuticle structures, including the bristle. Blue labels

the Transition zone vicinity. b Diagram of sensory cell dendrite and cilium. (The a panel is
modified from Fig. 7c in (Avidor-Reiss et al. 2004)

(a) (b) (c) (d)

| 15pA

1 Sec

. (- - —

Control ana1meB as/mecD

Fig. 1.8 Drosophila mutants with centriolar or cilia defects are mechanosensory defective.
Displacing a bristle 30 um for one second (a) generates a mechanoreceptor current in control flies
that adapts over the course of the stimulus (b). In contrast, mutations that affect centriole
formation (¢ and d) and thus cannot form mechanosensory cilia have no mechanoreceptor
current. (The a and b panels are modified from Fig. 1.4c in (Avidor-Reiss et al. 2004)

1.3 Centrosomes in Differentiated Cells
1.3.1 Sensory neuron differentiation

In Drosophila, the first cells that develop cilia are the type I sensory neurons
(Fig. 1.7). These neurons mediate the reception of mechano- and chemo-sensory
information and are found in both larvae and the adult fly. One subtype of these
sensory neurons is found on the cuticle of the adult fly and mediate touch sensation
(Fig. 1.7) (Keil 1997). These neurons are bipolar sensory neurons that extend a
dendrite with sensory cilia at their tip in one direction. The sensory cilia are
attached to a cutaneous structure termed the bristle. When the bristle moves due to
mechanical stimuli, the mechanosensory transduction machinery found in the cilia
is activated and a mechanoreceptor current is generated (Fig. 1.8). This current
produces an action potential that is delivered to the brain, transmitting information
regarding touch sensation or proprioception (Avidor-Reiss et al. 2004; Kernan
et al. 1994; Walker et al. 2000).
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The sensory neuron is a product of asymmetrical cell division and it inherits a
centrosome with two centrioles (Gomes et al. 2009; Keil 1997; Seidl 1991). After
the sensory neuron generates a long dendrite, the two centrioles are reorganized
and are found in tandem, one of which is attached to a vesicle. This reorganized
structure appears to migrate along the dendrite until it reaches the distal end, where
the associated vesicle fuses with the plasma membrane to form the sensory cilium
(Seidl 1991). The sensory cilium is composed of a transition zone, also called the
connecting cilium, and the sensory cilia proper, also called the outer segment
(Fig. 1.7b).

1.3.2 Spermatogenesis

Spermatogenesis is the process that takes place in the testes to form mature male
gametes and begins when a sperm stem cell divides asymmetrically to form
another stem cell and a progenitor spermatogonium. The spermatogonium divides
4 times to form 16 spermatocytes. These spermatocytes grow to ~ 30 times their
original size and ultimately undergo two cycles of meiosis to generate 64 sper-
matids. The spermatids, which are first round, undergo a dramatic differentiation
program, called spermiogenesis. The completion of this differentiation program
results in the formation of a sperm cell that is ~2 mm long, a length comparable
to that of the fly itself.

Centrosomes in the Drosophila testes have several interesting properties:

First, unlike the syncytial blastoderm, the centrosome and centrioles of the adult
testes are similar to their vertebrate counterparts (Tates 1971; Tokuyasu 1975).
These centrioles have nine triplet microtubules (Fig. 1.9k). This normal centriolar
structure correlates with the ability of the spermatogenic centrioles to form cilia
and suggests that in ciliated cells, the centriole needs to develop into its mature
state. In this regard, sensory neurons that have cilia also contain centrioles with
triplet microtubules (Keil 1997).

Second, in spermatogenesis, the centrosomes form two types of cilia. During
spermatocyte growth, each of the spermatocyte’s four centrioles forms a primary
cilium-like structure of unknown function (Fig. 1.9b) (Tates 1971). Later in
spermiogenesis, each of these primary cilia is modified to form a motile cilium—
the sperm flagellum.

Third, male meiosis is absolutely dependent on centrosomes. Flies that do not
have functional centrosomes fail to accurately separate genetic material and
mitochondria (Fig. 1.10), one of the reasons why centrosomal mutants are male
sterile. It is currently unclear why centrosomal defects cause abnormalities in male
meiosis but do not disrupt mitosis. However, it is possible that male-specific
meiotic defects are due to the fact that the centrosomes are associated with a
ciliary-like structure that requires centrosomal components for their formation.

Fourth, during spermatocyte growth and spermiogenesis, the centriole elongates
to ~2.5 um, much larger than centrioles found in any other Drosophila tissue or



16 T. Avidor-Reiss et al.

Fig. 1.9 The giant centriole (proximal centriole) and primary cilium (distal centriole) of fly
spermatocytes: A-J serial section electron microscopy analysis of a pair of giant centrioles
organized in an orthogonal relationship. k The cross-section of the daughter centriole from c is
magnified to demonstrate triplet microtubules. j The last cross-section is highlighted to depict the
presence of irregular numbers of doublet microtubules in the primary cilium. TF, transitional
fibers connecting the centriole to the plasma membrane; TM, triplet microtubules; DM, doublet
microtubules; CM, cilium membrane; pc and dc according to Tates: pc, proximal centriole or
basal body and dc, distal centriole

(a) control

Fig. 1.10 Round spermatids formed imminently after meiosis, contain a white nucleus (N) and
dark mitochondria (M) of similar size (a). Centriolar mutants in the spermatid state form nuclei
and mitochondria of variable size (b and c)

those of other organisms (Blachon et al. 2009; Mottier-Pavie and Megraw 2009;
Tates 1971). At particular stage of spermiogenesis these giant centrioles are sur-
rounded by a long and thick PCM (also referred to as the “centriolar adjunct™).
These centrioles provide a very convenient model to study centriole elongation
and several mutants that have shortened giant centrosomes have been described.
Proteins essential for giant centriole elongation include: Bld10, Pocl, and Sas-4
(Blachon et al. 2009; Mottier-Pavie and Megraw 2009).

Fifth, during spermiogenesis, the spermatid cell forms a centriole precursor-like
structure called the PCL (Fig. 1.11a). The PCL has been proposed to be a centriole
intermediate that arrests at the stage before the centriolar microtubules are
assembled. Therefore, by studying how the PCL forms, one can study the early
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Fig. 1.11 Asl is essential for PCL formation. a To determine the relationship between the PCL,
the giant centriole (c¢), and the PCM, the localization of Anal-GFP relative to the centriolar
adjunct protein y-tubulin (Wilson et al. 1997) was analyzed. In early spermatids, y-tubulin labels
the vicinity of the giant centriole along most of its length (i). During the time the Anal labelled
PCL appears, y-tubulin assembles a half ring structure around the giant centriole, which touches
the PCL (ii). At a later stage, the PCL migrates distally and y-tubulin labels the PCL. b To
determine if Asl plays a role in PCL formation we followed maternally contributed giant
centrioles in spermatids of the as/™*” mutant. No PCL is observed near the giant centriole,
demonstrating an essential role for Asl in PCL formation. However, while in early as/™"
spermatids y-tubulin localization appears to be normal, many abnormal y-tubulin rings are found
at the vicinity of the maternally contributed giant centrioles in intermediate asI™*® spermatids.
(The a panel is modified from Fig. 1.2c in (Blachon et al. 2009)

events in centriole biogenesis (Blachon et al. 2009). PCL formation depends on the
function of the centrosomal proteins Plk4, Sas-6, and Asl and it contains the
following centrosomal proteins: Sas-6, Ana2, Anal, Sas-4, BId10, Cnn, and Asl
(Blachon et al. 2009; Mottier-Pavie and Megraw 2009; Stevens et al. 2010b) and
(Fig. 1.11b).

1.3.3 The Drosophila Adult Sensory Neuron and Testes Develop
Using Proteins Generated During Metamorphosis

Unlike early embryogenesis that utilizes maternally contributed proteins, the adult
fly develops during metamorphosis by utilizing proteins synthesized from the
genome of the fly itself. Therefore, by studying sensory neurons and testes in the
pupa or adult, one can study the full impact of a mutation in a centrosomal protein.
Interestingly, flies that have mutations in essential centrosomal proteins and have
no centrosomes can develop to adulthood but die soon after leaving the pupa
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control

asl

Fig. 1.12 Asl is essential for centriole duplication in vivo. Wild-type cells (control) contain both
a mother centriole (M) and its daughter centriole (D). Centrioles are labeled by Anal-GFP
(green); PCM assembled around these centrioles are labeled for y-tubulin (red). In asl loss-of-
function mutant cells, the maternally contributed centrioles elongate but its duplication is
blocked. Modified from (Blachon et al. 2008). (The fig is modified from Fig. 1.5d in (Blachon
et al. 2008)

because they cannot stand on their legs, walk, or fly [defects collectively referred
to as uncoordination (Kernan et al. 1994)]. This uncoordination results from the
fact that flies with centrosomal defects have no mechanosensory cilia and cannot
sense the environment or their body parts.

The germline stem cells found in the testes originate from the first group of cells
that are generated early in embryonic development (pole cells) (Okada 1998).
When germline stem cells divide to form a new stem cell and a spermatogonium,
the older centriole (the maternally contributed centriole) stays in the stem cells
while the newer centriole is inherited by the spermatogonium (Blachon et al. 2008;
Yamashita et al. 2007). A fly that is homozygous mutant for an essential centriole
component and cannot form new centrioles will have functional centrioles in the
germline stem cells that are made using maternal contribution, but will lack these
centrioles in the later progenitors.

Since germline stem cells in the developing Drosophila testes have two
maternally contributed centrioles, some of the first spermatogonium to form can
each inherit one maternally contributed centriole. These centrioles then duplicate
and elongate during spermatogenesis and end up in the first spermatids to form. By
that time maternal contribution of wild-type proteins becomes depleted. Following
maternally contributed centrioles of the spermatogonium and later in spermato-
genesis allows one to dissect the role of a particular protein under circumstances
where a centriole is present (Fig. 1.12). Using this approach, it was found that
maternally contributed centrioles require Sas-4 to elongate but not Asl (Blachon
et al. 2009; Blachon et al. 2008). On the other hand, formation of the PCL can
form in Sas-4 mutants but not in Asl mutants (Blachon et al. 2009) and Fig.
(1.11b).
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1.3.4 Phenotypic Characterization of Centrosomal Mutants

The spermatid flagellum is formed in a unique way from that of sensory cilia
(Avidor-Reiss et al. 2004; Han et al. 2003). Sensory cilia are formed within a
distinct compartment separated from the rest of the cell by a transition zone that is
thought to function as the ciliary gate (Betleja and Cole 2010; Craige et al. 2010;
Omran 2010; Williams et al. 2011). As a result, sensory cilium formation requires
a complex machinery known as the intra-flagellar transport (IFT) (Rosenbaum
2002; Scholey and Anderson 2006). On the other hand, the spermatid flagellum is
formed in the cytoplasm and does not depend on IFT, a process called cytoplasmic
or non-compartmentalized ciliogenesis (Avidor-Reiss et al. 2004; Han et al. 2003).
In flies, this distinction allows phenotypic analysis to rapidly determine if a protein
is an essential centriolar protein, if it is important for compartmentalized cilio-
genesis, or if it is important for the conversion of a centriole into a basal body.

Mutants in essential centriolar proteins will have the following phenotype that
reflects the role of centrioles in their development. Meiosis will be abnormal in
males due to the importance of centrosomes in meiosis, sperm will be nonmotile as
a result of defects in non-compartmentalized ciliogenesis, and adult flies will be
uncoordinated due to defects in compartmentalized ciliogenesis. Such mutants
include Sas-6, Sas-4, Asl, Ana-1, Spd-2, and Plk4 (Basto et al. 2006; Bettencourt-
Dias et al. 2005; Blachon et al. 2009; Blachon et al. 2008; Giansanti et al. 2008;
Martinez-Campos et al. 2004; Rodrigues-Martins et al. 2007a).

Mutations in proteins that are essential for compartmentalized ciliogenesis will not
affect meiosis or sperm motility, but will still result in adult uncoordination due to
defects in compartmentalized ciliogenesis. Examples include mutation in IFT proteins
such as Oseg 1 and 2 as well as IFT88 (Avidor-Reiss et al. 2004; Han et al. 2003).

A third group of centriolar proteins seems to affect compartmentalized and non-
compartmentalized ciliogenesis, but do not have an impact on meiosis. This group
seems to function in the conversion of a centriole into a basal body. Such mutants
include unc (Baker et al. 2004).

1.4 The Role of the Centrosome

Immediately after the discovery of the centrosome by Flemming (1875) and van
Beneden (1876), two major hypotheses regarding its function were postulated.
Boveri hypothesized that the centrosome is a cellular organelle found close to the
nucleus and with paramount importance in cell division. On the other hand, the
Henneguy-Lenhossek theory (1898) claimed that the centrosome and basal body
are the same organelle located in two distinct sites, with the centrosome located at
the cell center near the nucleus, and the basal body existing at the base of the cilia
at the plasma membrane. This theory was the first to emphasize the importance of
the centrosome in cilia formation.
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These two hypotheses were based only on observations of the centrosome and
have remained untested for many years. Recent studies in Drosophila have
allowed these theories to be tested directly. A genetic approach that has been
employed is elimination of the centrosome using mutants and the study of its effect
on cilia formation and cell division. Ideally, one would employ a null mutation in a
centrosome-specific component that is absolutely essential for centrosome for-
mation. Studying the phenotype of these mutants can test if the centrosome is
essential for cell division and/or cilia formation.

Study of fly mutants that block centrosome formation (sas-4 and as!™*®) has
suggested that flies lacking centrosomes die due to mechanosensory defects caused
by a failure to form cilia (Basto et al. 2006; Blachon et al. 2008). These flies also
exhibit a failure in male meiosis and their sperm form without an axoneme. However,
itis important to note that during larval and pupal development, the centrosome does
not play an essential role in cell division; division, though delayed, still takes place.
This argues that, at least in larvae, pupae, and adult files, centrosomes and centrioles
behave in a way consistent with the Henneguy-Lenhossek theory.

Inflies, the oocyte carries a large amount of maternally derived proteins that support
the early development of the embryo. Therefore, analyzing the role of the centrosome
in the early embryo requires the embryo’s mother or oocyte to be mutant (see above).
Interestingly, such studies suggest that centrosomes are vital in the zygote and early
embryo. However, whether this is because centrosomes are essential to mediate
nuclear division is not clear. Regardless, in this developmental stage, fly cells do not
have cilia and it is thus possible that the early embryonic syncytium requires the
centrosome for “cell” division in a way that is consistent with the Boveri hypothesize.
However, an important caveat in this idea is that centrosomes may have an important
function in the early embryo that is neither related to cilia formation nor cell division.
For example, it appears that centrosome function is essential for the migration and
fusion of the gamete pronuclei and in acting as a signaling hub (see above).

1.5 Two Pathways of Centriole Formation

A centriole forms by one of two pathways (Anderson and Brenner 1971; Delattre and
Gonczy 2004; Loncarek and Khodjakov 2009; Loncarek et al. 2007). In the
“acentriolar pathway”, a daughter centriole forms de novo without a preexisting
centriole. This occurs when multiple centrioles are required in a cell or under the
unusual situation when preexisting centrioles are absent. The acentriolar pathway
produces an imprecise number of centrioles. In flies, centrioles can form de novo
when certain centrosomal proteins are overexpressed in oocytes or fertilized
embryos (e.g., PLK4, Asl, and Ana-2) (Peel et al. 2007; Rodrigues-Martins et al.
2007b; Stevens et al. 2010a). To what extent these centrioles are similar to centrioles
that normally form is not clear, but in some cases, they appear to have normal
centriolar structures, have the capacity to recruit PCM proteins, and can form astral
microtubules. Whether, these induced centrosomes can form cilia or mediate meiosis
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is unknown. However, overexpression of centrosomal proteins can also form cent-
riolar structures that are clearly abnormal (Gopalakrishnan et al. 2010; Rodrigues-
Martins et al. 2007a; Stevens et al. 2010a). The capacity to induce centriole formation
by overexpression seems to be tissue-specific and is more prevalent in the oocyte/
embryo than in the testes (Peel et al. 2007; Stevens et al. 2009).

Whether centrioles can form de novo in Drosophila melanogaster without
overexpression of centriolar components is not clear. It was shown that in other
Drosophila species, oocytes assemble a number of cytoplasmic asters after acti-
vation with centrioles and centrosomal proteins (Ferree et al. 2006; Riparbelli and
Callaini 2003). In addition, in sas-4 null mutants that cannot form centrioles, foci
containing centriolar markers appear transiently, suggesting that nascent procen-
trioles form de novo but fail to develop further in the absence of Sas-4 (Gopala-
krishnan et al. 2011).

In the “centriolar pathway”, a preexisting centriole acts as a template to ensure
that only a single daughter centriole is formed per cell cycle. However, it does not
appear to impart structural information to the daughter (Phillips 1967; Rodrigues-
Martins et al. 2007b). Before cell division, centriole duplication under the “centriolar
pathway” results in four centrioles; each mother/daughter centriole pair forms a
centrosome that migrates to one of the cell’s two poles where it helps orient the
mitotic spindle, a structure essential for cell division. Having precisely one centriole
pair in interphase and two centriole pairs during mitosis is believed to be critical for
proper cell division and having too many centrioles can initiate tumorigenesis (Basto
et al. 2008; Cunha-Ferreira et al. 2009; Fukasawa 2007; Ganem et al. 2009).

How the mother centriole ensures that only a single daughter centriole forms is
not clear. However, it is readily observed that there is already only one daughter
centriole at the vicinity of the mother centriole by the time a procentriole is
present. Therefore, an approach to address this question is to study proteins that are
involved early in centriole formation when the formation of the procentriole is
initiated. In recent years, extensive proteomic, genetic, and bioinformatic studies
have identified many of the key proteins critical for centriole formation (Andersen
et al. 2003; Avidor-Reiss et al. 2004; Fritz-Laylin and Cande 2010; Goncezy et al.
2000; Keller et al. 2005; Kilburn et al. 2007; Li et al. 2004; Mahoney et al. 2006).
Some of these proteins were analyzed in flies and were shown to function early in
procentriole initiation (Table 1.1). Some of the important discoveries regarding
these proteins that were made using flies are summarized below.

1.6 Identification of Centrosomal Proteins and Mutants
in Drosophila melanogaster

Identification of centrosomal components that play a specific role in centrosome
have been hampered by initial difficulties in obtaining sufficient quantities of
material for biochemical isolation and a lack of clear phenotypes expected from
mutation of essential centrosomal proteins. Over time, several approaches have
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resulted in the identification of Drosophila proteins important for centrosome
biogenesis and function (Table 1.1). This includes the use of anti-centrosomal
antibodies, the use of reverse genetic approaches, and the use of forward genetic
approaches such as the cloning of genes from sterile, mechanosensory, or PCL
mutants.

1.6.1 Anti-Centrosomal Antibodies

Analysis of the centrosomal gene CP190 (Whitfield et al. 1988) was facilitated by
the use of an antibody raised against isolated centrosomes and that were later
found to bind CP190. CP60 was identified as a protein that interacts with CP190
(Kellogg and Alberts 1992). CP190 and CP60 localized to the centrosome in a cell
cycle-dependent manner and their amount at the centrosome was shown to be
maximal during mitosis and was barely detected during interphase. However,
CP190 and CP60 are not centrosome-specific and are also found in the nucleus
during interphase. A mutant for the CP190 gene was identified using standard
genetic approaches and it was found that CP190 is not essential for centrosome
biogenesis or function, but its function in the nucleus is essential for fly viability
(Butcher et al. 2004). RNAi study of CP60 suggests it is also not essential for
centrosome biogenesis or function (Butcher et al. 2004). Orthologs of CP190 and
CP60 have not been identified in vertebrates.

1.6.2 Reverse Genetics

Another way to obtain mutants in centrosomal proteins is to study the Drosophila
ortholog of known centriolar proteins in other organisms. This approach benefits
from the availability of large collections of mutant flies in identified genes. For
example, Sas-4 (Kirkham et al. 2003), Sas-6 (Dammermann et al. 2004; Leidel
et al. 2005), Spd-2 (Kemp et al. 2004; Pelletier et al. 2004), Bld10 (Matsuura et al.
2004) and PLK4 (Habedanck et al. 2005) are all conserved centriolar proteins first
identified in other model organisms.

1.6.3 Bioinformatic subtractive screen for ciliary
and centrosomal proteins

Several centrosomal proteins were identified in a bioinformatic subtractive screen
for ciliary and centrosomal proteins (Avidor-Reiss et al. 2004; Li et al. 2004). Such
a screen is based on the idea that only organisms that have cilia should have ciliary
genes and is used to identify genes that are conserved in organisms with cilia but
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are missing in organisms that lack cilia. Since centrioles are only observed in
ciliated organisms, this screen can also be used to identify centriolar proteins
(Carvalho-Santos et al.; Hodges et al.). Examples of Drosophila centrosomal genes
identified using such approaches are pocl and pocl8 (Keller et al. 2005).

1.6.4 Male Sterile Mutants

The centrosomal mutant asterless (asl) was identified in a study of male sterile
mutants (Bonaccorsi et al. 1998). Unfortunately, for nearly 10 years, it was
incorrectly believed that Asl was solely important for centrosomal function and
aster formation (hence its name: Asterless) while its essential role in centriole
formation remained unknown (Bonaccorsi et al. 1998; Giansanti et al. 2001;
Oliferenko and Balasubramanian, 2002; Varmark et al. 2007; Wakefield et al.
2001). Nonetheless, it was later demonstrated that Asl is instead essential for
centriole duplication and that the absence of aster formation in as/ mutants is
mainly due to a lack of centrioles (Blachon et al. 2008). This finding came from
analysis of as/™“”, a new mutant that was discovered in a mechanosensory mutant
screen (see below). Asl is a conserved centrosomal protein known as Cepl52 in
vertebrates (Blachon et al. 2008; Varmark et al. 2007).

Male sterility is a common phenotype in centrosomal mutants and is a valuable
method to identify centriolar mutants. Male sterility in centriolar mutants can arise
by several distinct mechanisms:

First, centrosomes are essential for male meiosis and flies with abnormal
meiosis will fail to form functional sperm. This type of defect is most commonly
diagnosed by examining spermatids immediately after meiosis by light microscopy
and observing abnormal numbers and shapes of nuclei and mitochondria
(Fig. 1.11) (Bonaccorsi et al. 1998; Li et al. 1998).

Second, the centriole acts in templating the sperm flagellum. As a result,
abnormalities or absences of the centriole translate to abnormalities or absences of
the sperm flagellum. This type of defect is diagnosed by observing that the fly
sperm is not motile, or by electron microscopy analysis where fly sperm cross-
section shows a missing or abnormal axoneme (Baker et al. 2004; Blachon et al.
2008; Mottier-Pavie and Megraw, 2009; Rodrigues-Martins et al. 2007a).

Third, centrosomes are essential for mechanosensory cilia formation (Blachon
et al. 2009; Blachon et al. 2008; Martinez-Campos et al. 2004). In the absence of
normal centrioles, flies have abnormal proprioception and cannot court the female
and mate with her.

Fourth, it is possible that an additional mechanism of male sterility is the failure
to form a normal PCL. If the PCL becomes one of the zygotic centrosomes, it is
expected that a nonfunctional PCL will cause male sterility even if the sperm is
delivered to the oocyte and fertilization takes place. In this case, genes whose
mutations cause PCL failure are expected to fall into a class of interesting mutants
referred to as paternal effect genes (Fitch and Wakimoto 1998).
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In some mutants of centrosomal proteins, such as bld10, sterility is caused by an
abnormal sperm flagellum (Mottier-Pavie and Megraw, 2009). In other mutants,
such as cnn, sterility is a result of meiosis defects followed by abnormal differ-
entiation of the motile sperm (Li et al. 1998). However, in the most severe cen-
trosomal mutants (for example, asl, sas-4, sas-6, plk4, anal) sterility is caused by a
combination of all of these mechanisms; the flies are uncoordinated, fail in mei-
osis, and do not form flagella (Basto et al. 2006; Bettencourt-Dias et al. 2005;
Blachon et al. 2009; Blachon et al. 2008; Martinez-Campos et al. 2004; Rodrigues-
Martins et al. 2007a). While, defects in sperm motility, meiosis, or proprioception
are not restricted to centrosomal mutations, the combination of these three phe-
notypes is a very strong indication of a mutation in a centrosomal protein (see
below).

1.6.5 Mechanosensory Mutants

Several centrosome and basal body-specific proteins were identified by a screen
for mechanosensory mutants. This screen led to the identification of the basal body
protein unc (Baker et al. 2004), the mecB allele of anal (Blachon et al. 2009), and
the mecD allele of asl (Blachon et al. 2008).

A screen for mechanosensory mutants looks for adult lethal mutations that have
no or an abnormal mechanoreceptor current. Since the mechanosensory apparatus
is located in cilia, loss of the centrosome results in a loss of the mechanoreceptor
current. Therefore, as in mutants of genes involved in various aspects of mecha-
notransduction (Chung et al. 2001; Walker et al. 2000), centriolar mutants are
adult lethal and have no mechanoreceptor current (Fig. 1.8).

1.6.6 PCL Mutants

The PCL is a centriolar structure resembling an early intermediate in centriole
biogenesis in its composition and in the genetic pathway that underlies its for-
mation (Blachon et al. 2009). Since the PCL is similar to an early centriolar
intermediate, it was postulated that it should be possible to identify mutants of
genes required in early centriole formation by screening for mutants that do not
form a normal PCL.

Use of this approach led to the discovery of a mutant in the Drosophila ortholog
of Pocl. Since it is thought that the PCL is related to male fertility, male sterile
mutants were screened for PCL defects. PCL presence was scored using a cent-
riolar protein that labels the PCL strongly (Anal). Pocl is a conserved centrosomal
protein found in protists and mammals and its localization suggests that it plays a
role in early centriole formation (Blachon et al. 2009; Keller et al. 2009; Keller
et al. 2005; Pearson et al. 2009).
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Sas-6 Central Centriole
Tetramer tubule

Fig. 1.13 Sas-6 homomers as the building block of centriole central tubule. Sas-6 forms
homomers in the cytosol. These tetramers are hypothesized to polymerize and form the central
tubule of the centriole (Gopalakrishnan et al. 2010). (Illustrated by Iwasa, Janet Haru)

(a) (b)

Fig. 1.14 S-CAP complex. a Sas-4 forms a complex known as S-CAP together with Cnn, Asl,
and D-PLP. This complex also contains CP190 and Tubulin. b S-CAP complexes are tethered to
the centrosome via Sas-4 and contribute to the formation of the PCM (Gopalakrishnan et al. in
press) (The fig is modified from Fig. 1.7 (Gopalakrishnan et al. 2011)

1.7 Identification of Centrosomal Complexes

Drosophila embryos are a rich source for centrosomal protein complexes (Go-
palakrishnan et al. in press; Kellogg and Alberts 1992; Moritz et al. 1995).
Originally, this system was used to isolate CP190 and CP60 complexes, which are
nuclear and centrosomal proteins (Kellogg and Alberts 1992; Kellogg et al. 1995).
Later, this system was used to purify y-TuRC and y-TuSC complexes, which are
found in the cytosol and reside in the PCM (Moritz et al. 1998; Oegema et al.
1999). More recently, drosophila embryos were used to isolate complexes of
specific centrosomal proteins such Sas-6 (Gopalakrishnan et al. 2010) and Sas-4
(Gopalakrishnan et al. in press). Sas-6 forms homomers that are hypothesized to be
the building block of the centriole central tubule (Gopalakrishnan et al. 2010;
Kitagawa et al. 2011; van Breugel et al. 2011) (Fig. 1.13).

Sas-4 forms a complex (named S-CAP) with the centrosomal proteins CNN,
Asl, and D-PLP (Gopalakrishnan et al. 2011) (Fig. 1.14). Interestingly, mutations
in the orthologs of these proteins results in microcephaly, a developmental dis-
order where brain size is severely reduced (Al-Dosari et al. 2010; Bond et al. 2005;
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Kalay et al. 2011; Thornton and Woods 2009). The finding that microcephaly
linked proteins form a common complex may explain why mutations in any of
these lead to the same disorder. The S-CAP complex also contains CP190 and
tubulin (Gopalakrishnan et al. 2011).

Drosophila embryos are also a rich source for centrosomes. These centrosomes
can nucleate microtubules in a cell-free system, allowing the study of the mech-
anisms of astral microtubules formation (Moritz et al. 1995). The function of
centrosomal complexes can be studied further by stripping the centrosome from its
PCM using high salt and then adding embryo extract and purified y-TuRC com-
plexes (Moritz et al. 1998). Stripping the centrosome is also useful to identify the
mechanism of recruiting other centrosomal complexes and was used to show that
Sas-4 is the S-CAP component that tethers the complex to the centrosome (Go-
palakrishnan et al. 2011).
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Chapter 2

Sperm Centrioles and Their Dual Role
in Flagellogenesis and Cell Cycle

of the Zygote

Structure, Function, and Pathology

Hector E. Chemes

Abstract This chapter examines the current knowledge on the role of the sper-
matid centrosome. The dual role of the centrosome as a spermatid basal body that
generates the sperm flagellum and as the nucleation site for sperm aster formation
in the zygote is mirrored in different sperm pathologies in infertile men that are
reviewed in detail. Information is discussed on different sperm centriolar and
centrosomal anomalies that are involved in failed fertilizations or abnormal
development of the embryo. Particular attention is paid to specific centrosomal
anomalies of genetic origin that cause dysfunction of the sperm centrosome with
abnormal assembly of the sperm aster and failed pronuclear apposition and
cleavage of the zygote. The studies highlight the key role played by sperm cen-
trosomes in flagellogenesis and early zygote development and encourage further
investigation on the physiopathology of sperm centrosome-related fertility failures
to fully expose the basic mechanisms involved.

2.1 Centrosomes, Centrioles, and Basal Bodies

Centrosomes are ubiquitous organelles found in eukaryotic cells. They are com-
posed of a pair of barrel-shaped centrioles, hollow cylindrical structures with their
walls composed of nine triplet microtubules in a “pinwheel” arrangement. The
two centrioles, perpendicular to each other (diplosomes), are surrounded by a
dense fibro-granular “cloud” of pericentriolar material (PCM) that constitutes the
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microtubule organizing center (MOCT) of the cell (Fig. 2.1). The PCM is orga-
nized as a framework that supports microtubular motor proteins like kinesins and
dynein, coiled coil proteins, centrin, pericentrin, speriolin, Cdc20 (spindle
checkpoint protein), and NuMA (Nuclear Mitotic Apparatus protein) among about
100 other proteins (reviewed by Schatten and Sun 2009). Centrosomes are
involved in numerous cell functions, among them translocation of signal trans-
duction molecules, movement of cell organelles along microtubules and organi-
zation of the cytoskeleton, mitotic spindle, and zygote sperm aster. Microtubules
do not originate from centrioles themselves but from the y-tubulin ring complex, a
collection of annular structures contained in discrete densities of the PCM
(Figs. 2.1, 2.2). The y-tubulin ring complex serves as nucleation site for tubulin,
the main component of microtubules, polarized structures with a minus end
anchored to the PCM and a distal plus end where microtubules elongate by
polymerization of o- and f-tubulin heterodimers.

Centrioles and basal bodies are structurally similar and functionally intercon-
vertible. In dividing cells, centrosomes organize the mitotic spindle for chromo-
some alignment, duplication, and partition between daughter cells (Fig. 2.2).
During generation of cilia and flagella, centrosomes migrate to the cell periphery
where distal centrioles dock to the cell membrane to become basal bodies from
which ciliary and flagellar axonemes originate. When these cells enter mitosis,
basal bodies move back to the cytoplasm and reconstitute centrosomes. This
alternating dual role is essential to understand the functioning of spermatids and
spermatozoa.

Mammalian spermatozoa are the end product of spermiogenesis, a complex
differentiation process in which organelles of round spermatids undergo a series of
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Fig. 2.2 Mitosis of a guinea
pig spermatogonium. At one
pole of the mitotic spindle a
centriole (C) is surrounded by
dense PCM (inset detail).
Note that the proximal ends
of spindle microtubules

(m) converge toward
nucleation sites on the area
surrounding the centriole (*).
The distal ends of spindle
microtubules (m) are
anchored to metaphase
chromosomes (Chr). Bar
represents 3 pm (This figure
belongs to the author and is
originally reproduced in the
present text)

modifications that result in the elaborated structure of mature spermatozoa. The
Golgi complex develops into the sperm acrosome and mitochondria organize
around the sperm axoneme giving rise to the midpiece (mitochondrial sheath).
Spermatids derive from meiosis II of secondary spermatocytes, the last cells to
divide in spermatogenesis. Since spermatids will not enter a new mitotic cycle,
their centrosomes undergo a functional shift to basal bodies that serve as templates
for the assembly of axoneme doublet microtubules by direct tubulin nucleation on
subunits a and b of distal centriolar triplets. As flagellar axonemes grow, basal
bodies migrate to the cell periphery where distal centrioles dock perpendicular to
the plasma membrane as the axoneme sprouts toward extracellular spaces
(Fig. 2.4a). In successive steps the basal body-flagellar complex invaginates and
attaches to the nuclear envelope at the concave implantation fossa (Fawcett 1981;
Holstein and Roosen Runge 1981). ODF2 (a protein component of sperm outer
dense fibers) is involved in the initial docking of centrioles to membranes
(reviewed by Hoyer-Fender 2010). As spermatid nuclei elongate, acrosomes
occupy their cranial pole while basal bodies take up the caudal pole. This topo-
graphical arrangement is critical for normal sperm development since it defines the
bipolarity of spermatid nuclei and the alignment of heads, midpieces, and tails
along the sperm longitudinal axis. As we will discuss later, alterations in this
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Fig. 2.3 Human sperm
connecting piece. The
proximal centriole (¥),
sectioned at right angle, is
enclosed laterally by
segmented columns (SC) and
cranially by the capitulum
(arrow, C) which is lodged in
the implantation fossa at the
caudal pole of the sperm
head. A dense basal plate
(BP) lines the outer leaflet of
the nuclear envelope at the
implantation fossa. Distal
ends of SC are continuous
with outer dense fibers (ODF)
of the sperm axoneme.
Axonemal microtubules (M)
end cranially in a rarefied
area formerly occupied by the
distal centriole (*%).
Mitochondria (Mi). Bar
represents 0.1 um (Figure 3
was originally published by
Chemes et al. (1999) and
reproduced, modified from
the original, with permission
from the publisher)

migration—attachment of basal bodies—flagella will result in misalignments of the
tail and serious structural and functional sperm anomalies.

The growth of the sperm axoneme is accompanied by complex modifications in
the dense PCM. In its place, new proteins organize in nine longitudinal segmented
columns (SC) and the capitulum (C) of the connecting piece (Fig. 2.3) (Fawcett
1981). SC and C constitute a dense shield that lodges and encloses both centrioles.
The SC are nine cylindrical structures with periodic densities that fuse cranially to
form the capitulum, a curved plate-like disk that links connecting pieces to sperm
heads by its association to basal plates, dense structures that line the outer nuclear
membrane at the implantation fossa. At their caudal end each SC is continuous
with one of the nine outer dense fibers (ODF) that associate to peripheral
microtubular doublets of the growing axoneme. In many mammals, including
humans, the distal centriole vanishes after giving rise to the sperm axoneme,
leaving few remnants in mature spermatozoa.
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A phosphorylated protein complex has been reported that localizes to ODFs,
SC, and C. This complex may regulate sperm centrosomal function through ODF
dephosphorylation and connecting piece disassembly since it has been reported
that dephosphorylation of sperm midpiece antigens initiate aster formation in
rabbit zygotes (Pinto-Correia et al. 1994; Long et al. 1997; Schalles et al. 1998).
Long et al. (1997), Rawe et al. (2008) and Hoyer-Fender (2010) have noted that
the sperm basal body-centriole must first disengage from the connecting piece to
be able to organize the zygote centrosome by recruiting oocyte-derived PCM.
Proteasomes localized to the sperm neck are probably necessary for normal
centriolar release (Woéjcik et al. 2000; Wéjcik and DeMartino 2003; Rawe et al.
2008). The organization of centrioles (basal bodies) docking to cell membranes
and giving rise to microtubular axonemes is an evolutionary conserved mechanism
common to ciliated and flagellated cells. Vashishtha et al. (1996) have studied in
Chlamydomonas the role of KHP1, a kinesin-homologous protein that localizes to
basal bodies and centrioles and possibly acts as a transporter of protein compo-
nents to their distal site of assembly in axonemes or aster microtubules. Prior to
mitosis, flagella are resorbed and basal bodies duplicate to become centrosomes
that occupy Chlamydomonas spindle poles from where aster microtubules radiate.
These observations point to the dual function of basal bodies/centrioles in flagellar
assembly and mitotic spindle formation. Similar phenomena occur after fertil-
ization in humans: flagella detach from sperm heads, and basal bodies (proximal
centrioles) recruit PCM to become the zygote MTOC, from which the sperm aster
and mitotic spindle will assemble. Sutovsky et al. (1996) have reported that after
sperm incorporation into oocytes connecting pieces break down and microtubules
first associate with proximal centrioles to form sperm asters that direct pronuclear
migration and fusion. During this process, capitulum and SC move away and
disintegrate in the cytoplasm. After syngamy, sperm centrioles form the zygote
centrosome that subsequently duplicates and migrates to both poles of the cell to
assemble the mitotic spindle as the embryo enters its first cell cycle.

The need for a functional centriolar complement was demonstrated by Palermo
et al. (1997) and Colombero et al. (1999) who showed that injection of separated
sperm components (head only, separated head and tail, isolated tail) is followed by
oocyte activation and bipronuclear formation, but ultimately results in abnormal
centrosomal function and embryonic mosaicism. They concluded that the integrity
of the sperm head-neck region is essential for human early embryogenesis.
Experimental evidence presented by Comizzoli et al. (2006) points to the
importance of complete centriolar maturation, since aster formation was reduced
after injection of testicular immature spermatozoa when compared to that obtained
with fully mature ejaculated sperm. Recent investigations have shown that the
pericentrosomal area is enriched in proteasomes and may function as a proteolytic
center of the cell. Under conditions of cell stress or proteasome inhibition
increased numbers of proteasomes and ubiquitinated proteins concentrate around
the centrosome forming “aggresomes” (Wéjcik 1997a, b; Fabunmi et al. 2000;
Wéjcik and DeMartino 2003; Rawe et al. 2008). These evidences support an active
proteasome involvement in centrosomal function during early zygote
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development. Alterations in these mechanisms are essential events in the phys-
iopathology of some sperm-related fertilization failures.

2.2 Sperm Pathologies in Infertile Men with
Special Reference to Those Related
to Centrioles and Centrosomes

Teratozoospermia has been reported as an important cause of male infertility. Two
main forms of sperm anomalies can be identified in teratozoospermia (Chemes
2000). The first and more frequent variety consists of heterogeneous combinations
of sperm anomalies randomly distributed in different patients. These alterations are
referred to as non-specific or non-systematic sperm anomalies. They are usually
secondary to andrological conditions of diverse etiologies that affect the testis or
the seminal pathway. No genetic component is present. The second variety is
characterized by a specific phenotype that affects most spermatozoa in all patients
suffering from the same condition. These alterations may be called systematic
anomalies because the sperm phenotype involves specific organelles and repeats in
most spermatozoa. Systematic alterations show family clustering and have proven
or suspected genetic origin. To this variety belong acephalic spermatozoa (Perotti
et al. 1981; Chemes et al. 1987b, 1999), round head acrosomeless spermatozoa
(Holstein et al. 1973; Nistal et al. 1978), the miniacrosome sperm defect
(Baccetti et al. 1991), Dysplasia of the Fibrous Sheath (DFS or stump tail defect,
Chemes et al. 1987a, 1998), and the dynein-deficient axonemes of Primary Ciliary
Diskinesia (PCD, Azfelius et al. 1975). Each of these phenotypes is the conse-
quence of distinctive pathologic mechanisms involving different sperm organelles.

Headless sperm flagella, loose heads, and abnormal head—tail alignment are the
distinguishing features of a human syndrome of genetic origin characterized by
abnormalities in sperm centrioles and the head-neck junction. Later, we will
review what is currently known on this interesting sperm pathology.

Various kinds of defects in centrosomes and cilia have been reported in patients
suffering from “ciliopathies”, a group of disorders of ciliated cells caused by
mutations in different genes (Tammachote et al. 2009). These comprise syndromes
affecting CNS, eyes, kidneys, biliary ducts, respiratory tract, etc. Among them,
lack of dynein arms or other axonemal components is the structural basis of
immotility in respiratory cilia and sperm flagella in patients with PCD (Afzelius
et al. 1975; reviewed by Chemes and Rawe 2003).

As pointed out by Schatten and Sun (2009), even though genetic components
most likely play a role in centrosome pathologies, these can also have acquired
origins, including exposure to a variety of environmental factors or toxic com-
pounds that can disrupt centrosomal function.

Examining the ultrastructure of zygotes and aster development after fertiliza-
tions with abnormal spermatozoa, Sathananthan (1994) and Van Blerkom (1996)
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reported sperm centrosome dysfunctions as a cause of infertility or abortive
embryonic development. More recently, Sathananthan et al. (2001) identified
structural alterations in sperm centrioles of infertile men, including disorganization
or loss of centriolar triplets, loss or abnormal positioning of proximal centrioles,
and intrusion of mitochondria within centrioles. Hewitson et al. (1997) and Rawe
et al. (2008) have also suggested that centrosomal anomalies are responsible for
defective sperm aster formation or microtubule elongation in human post-ICSI
fertilization failures.

Injection of isolated sperm tails (containing the proximal centriole) into oocytes
results in the formation of sperm asters (Van Blerkom and Davis 1995). In later
studies it was demonstrated that the use of heterologous ICSI systems (human—
bovine, human-rabbit) provide objective information on the capacity of sperma-
tozoa to elicit normal aster development and constitute a novel tool to examine
sperm centrosomal function of infertile men (Terada et al. 2002, 2004; Yoshimoto-
Kakoi et al. 2008). Using this technique sperm centrosomal failures were reported
in teratozoospermia and globozoospermia (Nakamura et al. 2002; Terada et al.
2010), the rate of sperm aster formation from infertile men was found to be lower
than that from fertile individuals (Rawe et al. 2002), and Hinduja et al. (2010)
communicated that centrosome proteins centrin, o« and y-tubulin, were reduced in
oligoasthenozoospermic patients. As a consequence of these observations efforts to
develop in vitro methods to restore defective sperm centrosomal function in
humans are underway (Nakamura et al. 2005; Terada et al. 2010).

In summary, centriolar and centrosomal abnormalities are involved in failed
fertilizations or abnormal development of the embryo. However, all these reports
derive from experimental observations or laboratory studies after post-ICSI
fertilization failures and do not identify diagnostic categories of clinical value in
human infertility. We and others have described a human syndrome of genetic
origin in infertile men with systematic teratozoospermia.

In 1987 we published a paper entitled Lack of a Head in Human Spermatozoa
from Sterile Patients: a Syndrome Associated with Impaired Fertilization (Chemes
et al. 1987b). Three adult males were reported who suffered from primary sterility
and presented a characteristic sperm defect that repeated in all semen samples
examined. Most spermatozoa (75-100 %) presented with minute “heads”, no
larger than 1 pum in diameter and negative for the Feulgen reaction, which indi-
cated lack of sperm heads. Two main abnormal configurations could be observed.
Some forms had cephalic ends with minute spherical thickenings containing sperm
centrioles and connecting pieces followed by normally structured midpieces and
flagella (Fig. 2.4d). The other type was similar but without midpieces. In a second
publication, we documented the findings in 10 patients, the largest series published
to date (Chemes et al. 1999). A third abnormal variety could be observed in which
heads were present but abnormally attached to midpieces, with no linear alignment
with the sperm axis (Figs. 2.4c, e). The angles between heads and tails were up to
180°. Normally formed spermatozoa amounted to no more than 1 %. Immature
spermatids in semen showed their flagellum-middle piece complexes abnormally
related or completely divorced from nuclei.
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Fig. 2.4 Ultrastructure of neck attachment misalignments and acephalic spermatozoa. a At an
early stage of spermiogenesis this spermatid still shows a normally positioned basal body (Bb)
anchored to the cell membrane. Acrosomic vesicle (AV). b This elongating spermatid lacks a
nuclear implantation fossa (**), and the flagellar anlage is not attached to the nucleus. ¢ Another
spermatid showing centrioles (Ce) with abnormal implantation into the nucleus. d An acephalic
spermatozoon. There is no head. Centrioles, mitochondrial sheath, and flagellum are normal.
e Spermatid with abnormal angle between head and midpiece. Flagellar attachment is similar to
that depicted in panel c. Bars represent 1 pm (Figure 4 was originally published by Chemes et al.
(1999) and Chemes and Rawe (2010) and reproduced, modified from the original, with
permission from the publishers)

Various earlier publications had reported single patients with similar sperm
phenotypes and identified them as “microcephalic”, “pin-head”, or “decapitated”
spermatozoa (Zaneveld and Polakoski 1977; Nistal et al. 1978; LeLannou 1979;
Perotti and Gioria 1981; Perotti et al. 1981; Baccetti et al. 1984). We introduced the
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term “acephalic spermatozoa” (Chemes et al. 1999) and, in agreement with Perotti
and Gioria (1981), proposed that abnormal head-midpiece alignments originated in
the testis because centrioles failed to attach normally to spermatid nuclei. This failure
could also result from a nuclear defect that interferes with the formation of the
implantation fossa, normal lodging site for the sperm proximal centriole. Nuclei and
flagella develop independently and become separated within the seminiferous
tubules or in the seminal pathway as a consequence of increased instability of the
head-midpiece junction. This interpretation is supported by observations that the
separation or abnormal relations between heads and tails increase due to mechanical
stress in centrifugation or sperm in vitro manipulation (Chemes et al. 1999; Kamal
et al. 1999). The admixture of acephalic spermatozoa and abnormal head-middle
piece connections expresses different degrees of abnormalities of the head—neck
junction with acephalic forms representing the most extreme situation. In most cases
the sperm neck was the preferred region where cleavage between heads and mid-
pieces took place. In occasional reports separation resulted from dissociation
between proximal and distal centrioles (Holstein et al. 1986) or due to other sperm
defects at more distal locations. The study of a testicular biopsy in one of our patients
confirmed that alterations started very early during testicular spermiogenesis with
abnormal relations between spermatid nuclei and tails (Fig. 2.4) that resulted in
abnormal lateral implantations or completely independent development. When
present, heads implanted at abnormal angles on the middle piece. The caudal nuclear
pole of elongating spermatids appeared as a protruding area without an implantation
fossa to lodge the proximal centriole.

We had previously shown (Chemes et al. 1978) that in early human spermio-
genesis the spermatid nucleus differentiates a cranial pole where the Golgi com-
plex attaches to form the acrosome. Shortly after, the centriole-flagellum complex
approaches the opposite pole of the nucleus and attaches to it. Acephalic sper-
matozoa derive from the failure of this caudal migration, while some acrosomeless
spermatozoa result from the lack of proper attachment of the Golgi complex to the
cranial pole of the spermatid nucleus (Zamboni 1992). The unusual case described
by Aughey and Orr (1978), with round acrosomeless heads and acephalic sper-
matozoa in the same patient indicate that these two abnormal mechanisms have
combined, suggesting that there are different pathologies derived from an abnor-
mal differentiation of the bipolar nature of spermatid nuclei. In very recent studies
(Alvarez Sedo et al. 2012) we have found that failures of proper Golgi attachment
to nuclei are indeed accompanied by frequent failures in head-tail connections.

In one of the reported patients, that had around 1 % normal spermatozoa in his
ejaculate, it was possible to follow the evolution of seminal profiles over an
extended period, before, during, and after pharmacologic suppression of sper-
matogenesis. Testosterone propionate treatment was instituted to achieve oligo-
azoospermia in an attempt to promote expansion of the clone of normal sperma-
tozoa during spermatogenic recovery that follows testosterone administration.
However, sperm morphology did not change along the course of spermatogenic
regression-recovery, the percentage of normal spermatozoa remained very low,
and about 99 % of all newly formed spermatozoa were again acephalic.
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The uniform pathologic phenotype, its origin as a consequence of a systematic
alteration during spermiogenesis, the fact that seminal characteristics remain
constant along clinical evolution and even after pharmacologic induction of germ
cell depletion-repopulation and the familial incidence reported in men and bulls
(Bloom and Birch 1970; Baccetti et al. 1989, Chemes et al. 1999) indicate that this
distinctive phenotype is a centrosome-related primary sperm defect that results
from an abnormal spermatogenic programming of genetic origin. Very recently,
Liska et al. (2009) and Kierszenbaum et al. (2011) reported mutations in Centrobin
and IFT88, two sperm proteins that localize to spermatid centrioles and manch-
ettes. Both phenotypes show separation of centrioles from their normal nuclear
attachment site, disruption of head—tail coupling, and spermatid decapitation. No
communication of similar mutations in humans is available to date.

All reported patients suffered from long standing primary sterility. In some cases
acephalic forms predominate, which makes impossible any attempt at assisted
reproduction (LeLannou 1979; Perotti et al. 1981; Holstein et al. 1986; Chemes et al.
1987b, 1999; Baccetti et al. 1989; Toyama et al. 2000). However, in other patients there
were good numbers of nucleated forms with alterations in the head-midpiece align-
ment. This opened the way to consider their use in oocyte microinjections. In the first
reported attempt, nucleated spermatozoa were microinjected into four good quality
metaphase II oocytes (Chemes etal. 1999). All of them fertilized and formed pronuclei,
but zygotes remained at the pronuclear stage and degenerated before syngamy and
cleavage (Fig. 2.5). Comparable results were communicated by Saias Magnan et al.
(1999) and Rawe et al. (2002), but this last report also documented high fhCG plasma
levels followed by preclinical abortions when microinjected spermatozoa were
rigorously selected avoiding anomalies of the head-neck junction. When these
abnormal spermatozoa were used in a heterologous bovine—human ICSI system, sperm
asters either failed to form or had an arrested development (Fig. 2.5, Rawe et al. 2002).
The first births in this condition were reported by Porcu et al. (2003) and, more recently,
two successful ICSI attempts in one of our patients were followed by pregnancies and
births of healthy children (Coco et al., manuscript in preparation). These dissimilar
results indicate variations in the degree of abnormalities of the head—neck junction,
some of them compatible with normal centrosomal function.

Various observations have demonstrated the ultrastructural integrity of proxi-
mal centrioles in spermatozoa with defects of the head—tail attachment (Baccetti
et al. 1989; Chemes et al. 1999). In the search for the nature of this centrosome
abnormality we realized that there was dissociation between the function of both
centrioles. While distal centrioles successfully completed development of flagellar
axonemes, proximal centrioles were unable to attach normally to spermatid nuclei
and failed to reconstitute zygotic centrosomes. This type of functional dissociation
between both centrioles has its counterpart in PCD (Primary Ciliary Diskinesia or
Immotile Cilia Syndrome) where the function of proximal centrioles is preserved
(immotile PCD spermatozoa fertilize oocytes when microinjected) while distal
centrioles generate abnormal sperm axonemes. This double function and dissoci-
ated pathology is an interesting dualistic model underscoring a high degree of
autonomy between proximal and distal centrioles.
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Fig. 2.5 a, a’ Spontaneous post-ICSI fragmented zygotes after failure of syngamy that followed
microinjection of spermatozoa with neck anomalies. In A two pronuclei are clearly seen (arrows).
b heterologous ICSI. Normal sperm aster formation (tubulin green fluorescence) after injection of
a normal human spermatozoon into a bovine oocyte. b’ When a spermatozoon with neck
anomalies is microinjected the sperm aster fails to form. The sperm flagellum (tubulin green
fluorescence) is still associated with the male pronucleus. a, a’, original magnification X400; b,
b’, bars represent 25 pm (These figures were originally produced by Chemes et al. (1999) and
Rawe et al. (2002) and are reproduced, modified from the original, with permission from the
publishers)

What impaired mechanisms can account for centrosomal dysfunction? The proxi-
mal centriole must disengage from the connecting piece to be able to reconstitute the
zygote centrosome. Long et al. (1997) characterized a phosphorylated protein complex
from sperm ODF and connecting pieces that may be involved in the regulation of sperm
centrosomal activity after connecting piece disassembly, and Pinto Correia et al.
(1994) reported that dephosphorylation of sperm connecting piece antigens is required
for initiation of aster formation in rabbit oocytes. Centriole release after fertilization
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Fig. 2.6 Proteasomes and fertilization. a, a’ Zygote obtained after in vitro fertilization of bovine
oocytes in control conditions. a Proteasomes (green fluorescence) are concentrated on both
pronuclei. a’ Complete development of sperm aster (tubulin red fluorescence) and fully apposed
pronuclei (blue fluorescence). b Bovine oocyte after IVF in the presence of E446 anti proteasome
antibodies delivered by the Chariot reagent (Rawe et al. 2008). An intense labeling of
proteasomes (green fluorescence) is seen on the cytoplasm of the zygote and concentrated on the
sperm connecting piece (arrow, boxed area). B': Detail at higher magnification. Strong
proteasome concentration (green fluorescence) covers the connecting piece close to sperm
nucleus (blue fluorescence). b’ Same area as b'. Failure of microtubule polymerization and sperm
aster formation (tfubulin red fluorescence). The sperm connecting piece and flagellum are clearly
seen and the nucleus (blue fluorescence) has not decondensed. Bars represent 20 pm (a, a’, b) and
5 pum (b, b”’) (Figure 2.6was originally produced by Rawe et al. (2008) and modified by Chemes
and Rawe (2010), and is reproduced with permission from the publishers)

may involve various mechanisms including ubiquitin-mediated proteolysis of selected
targets by 26S proteasomes recently localized near the centrosome in the neck region of
human spermatozoa (Wéjcik et al. 2000; Rawe et al. 2008). A reduction below 20 and
40 % of control values was found in the activities of proteasome enzymes
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Chymotrypsin and Peptidylglutamyl peptidase indicating that proteasomes of
spermatozoa with neck abnormalities were endowed with deficient proteolytic
machineries (Morales et al. 2004; Rawe et al. 2008). The important role of these
organelles is also supported by Platts et al. (2007) who reported that the major cellular
system negatively disrupted in teratozoospermia was the ubiquitin—proteasome
pathway. We hypothesized that the failure of centriolar release after sperm penetration
was due to insufficiency of proteasome-dependent proteolytic disassembly of the
sperm connecting piece. In bovine IVF experiments with pharmacologic and immu-
nologic neutralization of proteasomes, aster development and pronuclear apposition
were markedly inhibited (Fig. 2.6), (Rawe et al. 2008). Proteasomes and polyubiq-
uitinated proteins were recruited around the sperm connecting piece. These
conglomerates (“aggresomes”, Johnston et al. 1998, see Fig 2.6b, b’) may represent
failed attempts to overcome proteasome insufficiency when their capacity to degrade
ubiquitinated proteins is exceeded. These findings point to the male complement
of proteasomes as probably involved in the release of a functional centriole after
proteolytic degradation of the sperm connecting piece. Similar features have been
reported by Rawe et al. (2008) in zygotes from couples with spontaneous post-ICSI
fertilization failure.

The assembly of such a complex structure as the sperm neck, with centrioles
encased by a shield of dense proteins organized in the connecting piece and its
sequential disassembly into the zygote are processes for which pathways still have
to be successfully worked out. The studies summarized in this chapter highlight
the central role played by the sperm neck ubiquitin—proteasome system in early
zygote development and encourage further investigation on the physiopathology of
sperm-related fertility failures to fully expose the basic mechanisms involved.

Acknowledgments This chapter was the result of extensive review of the literature on sperm
centrosomes and centrosome-related sperm pathologies, including previous publications of our
group, in particular Chemes et al. 1978, 1987b, 1999; Rawe et al. 2002, 2008.
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Chapter 3
Centrosomal Functions and Dysfunctions
in Cat Spermatozoa

Pierre Comizzoli and David E. Wildt

Abstract The cat sperm centrosome is a paternally inherited organelle essential to
successful fertilization and early embryo development. While there are structural
and functional commonalities with other mammals, we have discovered original
traits in the cat sperm centrosome that have offered new insights into sperm
maturation as well as possible treatments for certain types of infertility. In contrast
to ejaculated counterparts, cat testicular spermatozoa contain an immature cen-
trosome preventing the formation of a large sperm aster post fertilization, which
increases the incidence of early arrest in embryonic development. Emerging
techniques that involve cellular desiccation or preservation in a liquid environment
can adversely impact centrosomal properties of normal, mature spermatozoa.
Most importantly, our investigations of the sperm centrosome in the cat model
(1) re-emphasize the significance of this organelle in achieving successful repro-
duction and (2) are laying groundwork for overcoming centrosomal immaturity or
dysfunctions using gamete micromanipulations or alternative, new in vitro sperm
maturation systems.

3.1 Introduction

Our laboratory has strongly advocated for the need to expand reproductive
knowledge beyond traditional animal models, especially laboratory and livestock
species (Comizzoli et al. 2010; Wildt et al. 2010). Such a comparative approach is
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essential to appreciate the diversity of reproductive mechanisms and to speed the
discovery of therapies that allow the more efficient treatment of infertility,
including in humans. We, and others, have found a striking number of morpho-
logical and physiological phenomena in the domestic cat that are relevant to
addressing fertility issues in both men and women. Among the commonalities
between the cat and human are the temporal profiles of folliculogenesis and oocyte
maturation (Pelican et al. 2006; Comizzoli et al. 2011) as well as the expression of
teratospermia, a condition whereby >60 % of ejaculated spermatozoa are pleio-
morphic (Pukazhenthi et al. 2006).

More recently, we have both characterized and examined the significance of cat
sperm centrosome—the paternally inherited organelle essential to successful fer-
tilization (via sperm aster formation) and early embryo development (Schatten and
Sun 2011). The first centrosomal study in the cat occurred almost 30 years ago
with transmission electron microscopy confirming the presence of a pair of sperm
centrioles in the neck region with the more distal centriole clearly undergoing
various degrees of degeneration compared to the intact, proximal counterpart
(Sato and Oura 1984; Schmehl and Graham 1989). This ultrastructure was similar
to other observations made in non-rodent mammals, including the sheep, bull,
rhesus monkey, and human (for review see Manandhar et al. 2005). Interestingly,
there have been few studies about centrosomal function in felids or in carnivores in
general. In our recent studies (Comizzoli et al. 2006), we first confirmed that the
cat sperm centrosome played a critical role in fertilization and early embryo
development. Specifically, we determined that proper sperm aster formation is
mainly directed by the paternal centrosome and is crucial for pronuclear migration
and apposition as well as first mitotic spindle formation, as has been shown in
other species (Schatten and Sun 2011). We also discovered that a larger size cat
sperm aster correlates well with early embryo developmental success to the
blastocyst stage (Comizzoli et al. 2006), as has been observed in bovine (Navara
et al. 1996) and human (Terada et al. 2002, 2010) systems.

Besides increasing our fundamental base of knowledge, the characterizations of
normal centrosomal structure and function in the cat can have applied relevance to
addressing certain fertility issues. These conditions are significant in that sperm
centrosomal dysfunctions have been identified to contribute to infertility in men
(Van Blerkom and Davis 1995). There have been a few investigations of centro-
somal functions involving heterologous human sperm injections into bovine or
rabbit oocytes (Terada et al. 2002). However, the etiology of centrosomal
dysfunctions remains poorly understood, and means for mitigation are still lacking
(Schatten and Sun 2011; Terada et al. 2010).

The objective of this review is to highlight the value and detailed findings of
sperm centrosomal studies, specifically in the domestic cat model. Such studies are
providing new insights into the role of this organelle, a better understanding of its
dysfunction, and potential means for overcoming such biological anomalies that
may have relevance to improving human reproductive health.
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3.2 Centrosomal Immaturity in Cat Testicular Spermatozoa

Spermatozoa extracted from the seminiferous tubules of testicular tissue as well as
epididymal and ejaculated cat spermatozoa have a similar-shaped head region that
contains highly compacted chromatin with a low incidence (<5 %) of DNA
damage (Comizzoli et al. 2006). Labeling of the long midpieces with Mitotracker
Green reveals that mitochondria occupy most of the area between the head and the
flagellum (Fig. 3.1a). The sperm centrosome is easily detectable by the presence of
centrin, a common centrosomal protein, in both centrioles located between the
head and the midpiece. Centrin appears equally abundant in testicular (Fig. 3.1b)
as well as in ejaculated (Fig. 3.1c) spermatozoa.

The first role of the sperm centrosome after fertilization is to organize the
formation of microtubules into a sperm aster that enables both maternal and
paternal pronuclei to migrate and undergo syngamy (Schatten and Sun 2011). The
formation of a large sperm aster occurs about 5 h after sperm penetration into
oocytes in vitro (Comizzoli et al. 2006; Jin et al. 2011; Xu et al. 2011).
As previously observed in the bovine system (Navara et al. 1996), cat sperm aster
morphology is highly reflective of developmental potential. Specifically, pronu-
clear migration is accelerated in the presence of a larger size sperm aster that, in
turn, promotes the first cleavage division (no later than 26 h post-penetration) that
eventually encourages embryonic development to the blastocyst stage (Table 3.1;
Comizzoli et al. 2006). More specifically, we measured a 50 % increase in
advanced embryo formation in the presence of a large diameter sperm aster
(Comizzoli et al. 2006). The source of spermatozoa influences the capacity to
develop asters of varying size. For example, a primary reason that testicular
spermatozoa fail to fertilize or experience delayed first cleavage and compromised
embryo development is due to inability to produce an aster or one of normal, large
size (Table 3.1; Comizzoli et al. 2006). Additionally, we have routinely observed
that about 25 % of all motile cat spermatozoa from ejaculates or the epididymis
consistently produced small asters. Given the clear immaturity of centrosomes in
cat testicular spermatozoa, it is expected that earlier sperm stages also contain
immature centrosomes, as has been observed in the rabbit (Tachibana et al. 2009).

Based on studies in the porcine system, it is known that nucleation activity of
the sperm centrosome influences microtubule length by attracting y-tubulin
(Sun et al. 2001). But this mechanism is complex and not well understood. Dys-
functional centrosomes in human and non-human primate testicular or ejaculated
spermatozoa lead to blocked pronuclear stage formation post insemination
(Hewitson et al. 1996; Palazzo et al. 2000; Nakamura et al. 2001). By contrast,
centrosomal dysfunctions in cat testicular spermatozoa do not result in complete
impediments as illustrated by some minimal embryo development (Comizzoli
et al. 2006). For the cat, this condition appears to be more of a centrosomal
immaturity (with poor nucleation capacity) rather than a true dysfunction.
According to previous studies, centrosomal maturation has been defined as the
change in microtubule nucleation potential occurring as cells generally pass
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Fig. 3.1 Structure of cat spermatozoa (Sperm head DNA stained with Hoechst 33342).
Mitotracker Green staining of the midpiece (a), centrin immunostaining (arrow) in testicular (b),
and ejaculated (c) spermatozoa. Bar = 5 pm

through specific phases of the cell cycle (Palazzo et al. 2000). Although this theory
remains to be tested in the cat, we suspect that sperm centrosomes in this species
do not contain essential proteins, which have been argued to provoke complete
maturation of this organelle in other species (Manandhar and Schatten 2000;
Palazzo et al. 2000; Goto et al. 2010). Rather, our functional comparisons of
spermatozoa recovered from the testis, epididymis, and ejaculate point to a full
centrosomal maturation being acquired during epididymal transit. This matura-
tional phenomenon likely is associated with the accumulation of new cytosolic
proteins and/or protein phosphorylations in this region of the male reproductive
tract (Axnér 2006).

3.3 Causes of Centrosomal Dysfunctions in Cat Spermatozoa
3.3.1 Impact of Teratospermia

The high proportion (>60 %) of abnormal spermatozoa in the ejaculates of certain
felid species, populations, or individuals can be a significant cause of infertility
through a host of functional failures, including from cells with apparently normal
structure (Pukazhenthi et al. 2006). Nonetheless, Penfold et al. (2003) have
demonstrated that morphologically normal cat spermatozoa recovered from a
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Table 3.1 Presence of centrosome (centriole pairs detected by centrin immunostaining) and
assessment of centrosomal functions (sperm aster formation after sperm injection and success of
embryo development) for different types of fresh spermatozoa or after various preservation
approaches

Centrin  Proportion ~ Embryo Source
labeling of large development
sperm aster
Epididymal spermatozoa + >75 % ~35 % blastocysts  Pers. obs.
(from cauda or ductus
deferens)
Ejaculated spermatozoa + >75 % ~35 % blastocysts  Comizzoli et al.
(2006)
Testicular spermatozoa + 0 % Arrest at the 16-cell Comizzoli et al.
stage (2006)
Abnormal spermatozoa from  + 0 % Arrest at the 16-cell  Pers. obs.
teratospermic ejaculate stage
Normal spermatozoa from + >75 % ~35 % blastocysts  Pers. obs.

teratospermic ejaculate

Epididymal or ejaculated + >75 % ~35 % blastocysts ~ Comizzoli et al.
spermatozoa post-freezing (2006)
Epididymal or ejaculated + 0 % Arrest at the 16-cell Pers. obs.;
spermatozoa post-drying stage Ringleb
et al. (2011)
Epididymal or ejaculated + >T75 % Arrest at the 16-cell Pers. obs.;
spermatozoa preserved stage Murakami
in liquid et al. (2005)

teratospermic ejaculate can undergo normal fertilization and early embryo
developmental events when microinjected into a conspecific oocyte. We confirmed
these results by detecting the presence of normal sperm aster formations after
injecting structurally normal spermatozoa from teratospermic ejaculates into cat
oocytes (Table 3.1). Simultaneously, we observed that malformed spermatozoa
from the same teratospermic semen had dysfunctional centrosomes based on the
formation of small sperm asters and arrested early embryonic development
(Table 3.1). This malfunction occurred even though a normally appearing cen-
triole pair was detected in these pleiomorphic cells (Table 3.1). These observations
in the cat are analogous to what occurs in some cases of human teratospermia
where poor centrosomal function is due, for instance, to abnormal alignment of the
head-flagellum junction (Manandhar et al. 2005; Nakamura et al. 2005). However,
human centrosomal aberrations in teratospermic human ejaculate have been
associated with lower expression of pericentriolar proteins, including centrin
(Manandhar et al. 2005; Nakamura et al. 2005). This finding has not been apparent
in the cat, although a search for alternative centrosomal proteins that might be
involved in cat teratospermia is a worthy target for future study.
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3.3.2 Impact of Classical and Emerging
Preservation Techniques

Spermatozoa are commonly exposed to a variety of perturbations for the purposes
of evaluation, processing, freezing, and practical use. Classical freeze-preservation
approaches that rely on exposing these cells to cryoprotectant, osmotic, and
cooling/freezing/thawing stressors are well known to adversely affect the quality
of cat spermatozoa (Pukazhenthi et al. 2006). However, the use of a slow freezing
(circa —1°C/min) method has been shown to retain both normal centrosomal
structure and function (Comizzoli et al. 2006; Table 3.1). There has been growing
interest in the scientific community in preserving male gametes via freeze-drying,
desiccation, or in a liquid environment at supra-zero temperatures. While prom-
ising, these methods easily compromise sperm motility, thereby complicating the
ability to select spermatozoa that have functional centrosomes. Interestingly,
freeze-drying apparently is not detrimental to centrosomal functions of non-human
primate (Sanchez-Partida et al. 2008) and bovine (Hara et al. 2011) spermatozoa.
However, primate spermatozoa that are simply desiccated in trehalose appear to
lose fertilization potential (Klooster et al. 2011). These important and contradic-
tory findings deserve more thorough validation, especially as Ringleb et al. (2011)
recently determined that the injection of freeze-dried cat spermatozoa into oocytes
leads to limited early embryo development. We have also confirmed the com-
promised sperm aster formation using desiccated spermatozoa (dried at ambient
temperature in trehalose) that were injected into conspecific oocytes (Table 3.1).
We suspect that both phenomena are due to altered centrosomal functions. One
study has also demonstrated loss in centrosomal capacity after storing cat sper-
matozoa in alcohol (Murakami et al. 2005). However, recently, we have effectively
preserved cooled (4 °C) cat spermatozoa for up to 2 weeks in a 2 M trehalose
solution while successfully retaining DNA integrity, centrosomal structure (pres-
ence of centrin), and function (sperm aster formation; Table 3.1).

3.4 Mitigating Centrosomal Immaturity and Dysfunctions
3.4.1 Sperm Micromanipulations and Selections

It is possible to use sonication and micromanipulation to replace an immature
centrosome from a non-functioning testicular spermatozoon with a mature coun-
terpart from an ejaculated cell. These reconstructed cat spermatozoa have bio-
logical viability, at least in capacity to develop into blastocysts in vitro (Comizzoli
et al. 2006). Interestingly, such re-built spermatozoa are comprised of a head and
centrosome/midpiece that are sufficiently proximate to ensure adequate interac-
tion, pronuclear alignment, and linear migration no different from that observed
after microinjecting an intact (un-reconstructed) spermatozoon (Van Blerkom and
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Davis 1995). Confirmation that the sperm head remains adjacent to the centro-
some/midpiece is also demonstrated by absence of arrest during the first cell cycle
(Palazzo et al. 2000). These observations are important in illustrating that it is
possible to replace the centrosome of one spermatozoon with that of another while
ensuring the effective reorientation and elongation of the microtubule array toward
the female pronucleus, which is known to be a good indicator of sperm aster
quality (Navara et al. 1996). This observation naturally leads to considering the
potential of this approach as a therapeutic remediation strategy in certain cases of
male infertility. This prospect has already been proposed in humans with positive
results (Emery et al. 2004). In the latter study, sperm heads detached from the
respective flagella were co-injected into oocytes which resulted in a normal
pregnancy. In our laboratory, we also envision substantial promise in centrosomal
replacement across spermatozoa from different species. For example, we have
studied sperm form and function in more than 25 felid species, many of which are
endangered and teratospermic (Pukazhenthi et al. 2006). It would be intriguing to
determine if centrosomes transferred from a normospermic species to spermatozoa
from males that produce high proportions of malformed cells can be used to boost
fertility or genetic management of rare individuals or populations.

Lastly, improving the sperm selection before microinjection might be another
solution to avoid injecting cells with centrosomal issues. It is now possible to
predict centrosomal function on the basis of midpiece morphometry as measured
using a high magnification device. This process known as intracytoplasmic,
morphologically selected sperm injection (IMSI) has been reported in humans
(Ugajin et al. 2010) and is under development in cats.

3.4.2 Centrosomal Maturation In Vitro

Given that centrosomal maturity and normal function are acquired as testicular
spermatozoa pass through the epididymis, then a priority is to learn significantly
more about maturational processes within this region. Our knowledge on this
subject is rudimentary for all species. For the cat, epididymal epithelial cells
secrete factors (including hypotaurine or alkaline phosphatase) that impart phys-
iological changes and could permit the sperm centrosome to complete maturation
(Axnér 2006). However, a lack of information on specific mechanisms and pro-
teins has made it impossible to artificially mature testicular spermatozoa in vitro
for subsequent assisted reproduction use in any species. We are currently inves-
tigating centrosomal function and the presence of centriole maturation markers,
such as cenexin (Lange BM and Gull K 1995) and speriolin (Goto et al. 2010), in
spermatozoa isolated from different regions of the cat epididymis. We hope that
resulting knowledge can be used to develop in vitro maturation protocols that
could promote centrosomal maturation in testicular gametes and/or overcome
functional deficits in spermatozoa regardless of source.
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3.5 Conclusions

Clearly, the centrosome is a sperm organelle critical to both fertilization and
embryogenesis and is a significant factor in male-related infertility. To date, the
sperm centrosome in most species studied (including the domestic cat) share
similar structural properties. Primarily, these include a pair of centrioles with
centrin labeling and the distal centriole degenerating. Our studies reveal that
epididymal transit is essential to normal functionality of this organelle in cats.
In the absence of appropriate maturational conditions, an adequately sized sperm
aster fails to develop after fertilization which leads to embryo developmental
arrest. Results also reveal that the centrosome can be highly sensitive to envi-
ronmental alterations. For example, some but not all methods of sperm preser-
vation can adversely affect centrosome functionality. The cat and felids in general
appear to be particular useful models for centrosomal studies due to the tendency
of individuals (or species) to produce high numbers of malformed spermatozoa, as
in men. Centrosomal dysfunctions are prevalent in these pleiomorphisms, thereby
offering interesting models for testing remediation approaches. Based on pre-
liminary findings, we believe it will be possible to provoke centrosomal maturation
of immature (testicular) spermatozoa or overcome deficits in abnormally shaped
cells using micromanipulation-cellular reconstruction and/or new in vitro culture
systems. These approaches could have widespread application to animal models,
endangered species, and human reproductive health.
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Chapter 4

Nuclear-Centrosome Relationships
During Fertilization, Cell Division,
Embryo Development, and in Somatic Cell
Nuclear Transfer Embryos

Heide Schatten and Qing-Yuan Sun

Abstract Nuclear—centrosome relationships are critical for synchronized cell cycle
progression. During fertilization and syngamy, centrosome—nuclear relationships
are important for pronuclear migration and to allow synchronized maturation of the
sperm nucleus into the male pronucleus and of the sperm’s centriole—centrosome
complex into a division-competent centrosome that is able to separate chromosomes
precisely into the dividing daughter cells. Abnormalities in nuclear—centrosome
interactions are among the underlying causes for male and female factor infertility,
for developmental disorders, and disease. Centrosome—nuclear abnormalities are
also encountered in somatic cell nuclear transfer (SCNT) embryos when centrosome
reprogramming is defective. The present review is focused on 1) The sperm cen-
triole—centrosome complex and associations with the sperm nucleus before fertil-
ization; 2) Centrosome—nuclear relationships during pronuclear/zygote stage, cell
division, and embryo development; and 3) Centrosome—nuclear interactions and
centrosome reprogramming abnormalities in SCNT embryos.
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4.1 Introduction

Structural and functional relationships between the nucleus and centrosomes are
critically important for successful fertilization, accurate cell division, and proper
embryo development. In somatic interphase cells, centrosomes are closely asso-
ciated with the nuclear surface and structural centrosome—nuclear relationships
have also been shown for C. elegans embryos (Meyerzon et al. 2009) while studies
to explore the structural and functional centrosome-nuclear relationships in
mammalian embryo cells are still only at the beginning.

Is has been well shown in somatic cell systems that precise nuclear—centrosome
synchrony is essential for mitosis and cytokinesis when centrosomes, microtu-
bules, and chromosomes need to interact precisely to fulfill mitotic checkpoint
licensing and coordinate chromosome separation for accurate cell division
(reviewed in Schatten 2008 and Chaps. 8, 9, 10, and 11 of this book). In the
developing embryo, centrosomes and the nucleus have to coordinate both sym-
metric and asymmetric cell divisions to distribute cellular components and cell fate
determinants to the dividing daughter cells which is important for cell differenti-
ation. As our previous reviews have addressed the role of centrosomes in oocyte
maturation (Schatten and Sun 2011b), fertilization (Schatten and Sun 2009a,
2009b, 2010, 2011a, 2011c), and male factor infertility (Schatten et al. 2011) we
will focus the present review on 1) The sperm centriole—centrosome complex and
associations with the sperm nucleus before fertilization; 2) Centrosome—nuclear—
synchrony during pronuclear/zygote stage, cell division, and embryo development;
and 3) Centrosome—nuclear interactions and reprogramming abnormalities in
somatic cell nuclear transfer (SCNT) embryos.

4.2 The Sperm Centriole—Centrosome Complex
and Associations with the Sperm Nucleus
Before Fertilization

In non-rodent mammalian systems, the sperm contains one proximal and one distal
centriole that are organized perpendicular to each other (Fig. 4.1) and located
within the sperm’s connecting piece between the midpiece and the sperm’s
nucleus. Only the proximal centriole is associated with the sperm nucleus and
surrounded by a small amount of centrosomal proteins including 7y-tubulin and
centriole-associated centrin as well as other newly discovered centrosomal com-
ponents (Goto et al. 2010) for which functions remain to be determined (reviewed
in Schatten and Sun 2011a, 2011b, 2011c). The distal centriole is associated with
the sperm tail and its functions primarily include organization and assembly of
sperm tail microtubules. The close association and functional relationships of the
proximal centriole with the sperm nucleus has been assessed on structural levels
before fertilization and it becomes clearly apparent after fertilization when the
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: Distal
Proximal centriole
centriole

Fig. 4.1 Schematic representation of non-rodent sperm: showing sperm head with DNA and
nuclear matrix proteins and the centriole complex. The sperm’s centriole complex consists of two
perpendicularly oriented centrioles. The centriole close to the nucleus is termed the proximal
centriole and contains sparse centrosomal material that will become important for microtubule
nucleation of sperm aster, zygote aster, and mitotic apparatus in the fertilized oocyte while the
centriole associated with the sperm tail (distal centriole; basal body) will not participate in the
embryo’s microtubule formations and will be subjected to degeneration along with the sperm tail
after fertilization

sperm head decondenses and the centriole—centrosome complex matures within
the zygote to become a division-competent centrosome that forms the mitotic
spindle poles and separates chromosomes equally to the dividing daughter cells, as
detailed in Sect. 3 of this chapter.

Excellent electron micrographs are available on the centriole complex in human
sperm that have been presented in several original papers and review articles
(Chemes 2000; Chemes and Rawe 2003; Mitchell et al. 2006; Rawe et al. 2002;
Rawe and Chemes 2009; Sathananthan et al. 1991, 1996, 2001; Sathananthan
1997, Sathananthan 2009) displaying clear structural associations between the
sperm nucleus and the proximal centriole. Examples are presented in Chaps. 2 and
5 of this book (by Hector E. Chemes and A. Henry Sathananthan, respectively),
providing remarkable detail of normal structure and structural abnormalities in the
proximal centriole-sperm nucleus associations that impact fertilization. Structural
abnormalities and dysfunctions associated with male factor infertility have been
documented and it has also been shown that in some cases of infertility centriole—
nuclear detachment sites are impaired (Liska et al. 2009; Kierszenbaum et al.
2011). While morphological abnormalities have clearly been identified as under-
lying causes for sperm centriole—centrosomal dysfunctions, molecular abnormal-
ities have been determined by using a variety of molecular methods including
immunoblotting techniques (Bohring and Krause 2003; reviewed in Schatten and
Sun 2009a, 2009b). Several studies have been performed on human sperm that
correlate decreased p-tubulin and decreased centrin to lower fertilizability in
humans (Hinduja et al. 2008; 2010) and correlated below-normal quantities to
decreased sperm aster formation and developmental capacity, as also discussed by
Comizzoli and Wildt in Chap. 3 of this book.

While recent research has focused on the sperm’s centrosome complex as
causes of infertility, studies related to nuclear components within the sperm
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nucleus have been sparse which may in part be related to the density of the sperm
nucleus that has made experimental and analytical approaches difficult (reviewed
in Johnson et al. 2011). The mature sperm nucleus is distinguished from other
nuclei by its extreme chromatin condensation state which is achieved during
spermiogenesis when the majority of histones are replaced by protamines, small
basic proteins that are bound to sperm DNA and become cross-linked through the
formation of disulfide bridges when spermatozoa transit through the epididymis
(reviewed in Delbés et al. 2010). Proper chromatin compaction is important for
male factor fertility in which accurate protamine, histone, and nuclear matrix
component functions are essential. Only recently has it been possible to dissect
structural aspects within the sperm nucleus and it has clearly been shown that
nuclear matrix components are present in sperm (reviewed in Johnson et al. 2011)
which opens up speculations that the nuclear mitotic apparatus (NuMA) protein
may exist within the sperm nucleus. The multifunctional protein NuMA has been
best studied in somatic cells (reviewed in Sun and Schatten 2006) and it has been
shown that it plays important roles as nuclear matrix protein in interphase and as
centrosome-associated protein during meiosis and mitosis (reviewed in Sun and
Schatten 2006). We do not yet know when NuMA functions become important for
sperm nuclear functions and for nuclear—centrosome relationships but we know for
certain that it plays an important role in the decondensing sperm pronucleus after
fertilization (reviewed in Sun and Schatten 2006; Alvarez-Sedo et al. 2011; Sch-
atten et al. 2012) which will be addressed in Sect. 2 of this chapter. To better
understand yet unexplained causes of male factor infertility it will be important to
determine new methods to better analyze nuclear components in sperm that play a
role in nuclear—centrosome synchrony after fertilization.

4.3 Centrosome-Nuclear Relationships During Pronuclear/
Zygote Stage, Cell Division, and Embryo Development

A schematic representation of the nuclear and centriole—centrosome cycle within
the first embryonic cell cycle is shown in Fig. 4.2a—d and described in the figure
legend. Significant changes in sperm chromatin structure begin immediately after
fertilization when protamines are replaced by histones and several epigenetic
modifications take place (Chao et al. 2012). Sperm chromatin becomes decon-
densed and the sperm nucleus matures into the male pronucleus while the sperm-
derived centriole—centrosome complex matures by recruiting and accumulating
centrosomal components from the sperm-activated oocyte (reviewed in Schatten
and Sun 2010, 2011a, 2011c¢).

Intimate structural and functional relationships between nuclear and centro-
some proteins are important to fulfill cell cycle-specific functions including
microtubule organization, chromosome alignment, and chromosome separation
during the embryo’s first cell cycle (reviewed in Schatten 2008; Schatten and Sun
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(b) == (c)

Fig. 4.2 a-d: schematic representation of the nuclear and centriole—centrosome cycle within the
first embryonic cell cycle. a Sperm aster formation from the sperm-derived proximal centriole—
centrosome complex; DNA and the nuclear matrix protein NuMA are localized in the nucleus;
b duplication of centrioles at pronuclear stage; ¢ duplicated centriole—centrosome complex
separates and migrates around the zygote nucleus, relocating to opposite poles to form the centers
of the mitotic spindle poles; NuMA becomes a centrosome-associated protein and participates in
the formation of the spindle poles by forming a crescent around the centrosome area facing
chromosomes; d mitosis of the first cell cycle

2011a, 2011c); synchronized centrosome and nuclear maturation within the fer-
tilized oocyte is critical for all subsequent cell divisions within the developing
embryo. Nuclear—centrosome cell cycle synchronization has been studied in detail
for the S phase in somatic cells which correlates to the pronuclear stage in the
zygote embryo cell and to the S phases of all cells in the developing embryo when
synchronized DNA and centrosome duplication takes place. In somatic cells,
critical regulatory processes have been identified including activation of CDK2-
cyclin E (Okuda et al. 2000; Tokuyama et al. 2001; Ferguson and Maller 2010)
and other cell cycle-specific proteins (reviewed in Chap. 8 of this book by Fisk and
in Chap 11 of this book by Boutros). In addition, centrosome-related protein
degradation becomes important, as detailed in Chap. 8 of this book by Fisk and in
Chap. 9 of this book by Posser and Fry.

In normal cell cycles synchronization is tightly controlled through cell cycle
checkpoints, coordinated signal transduction cascades, and several other regula-
tory processes that, while well-studied in somatic cells, remain only partly
explored in embryo cells during preimplantation development. We do know that
the maturation promoting factor (MPF) and mitogen-activated protein kinase
(MAPK) are important for nuclear maturation and both are important for regula-
tion of several cell cycle events during oocyte maturation, in the fertilized embryo
cell, and in the embryo’s first cell cycle (reviewed in Fan and Sun 2004; Snook
et al. 2011) but we do not know details on cell cycle checkpoints and regulatory
processes that drive centrosome maturation and dispersion of nuclear proteins into
the cytoplasm for subsequent specific functions during cell cycle progression of
the first and subsequent cell cycles in embryonic cells. It is clear that synchronized
signaling of nuclear and centrosome dynamics is important to ensure accurate
participation in the mitotic process during first and subsequent cell divisions.
Studies have begun to investigate the regulation of NuMA as one of the essential
nuclear and centrosome-associated proteins important for successful fertilization
and embryonic cell divisions.
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NuMA is a multifunctional 236 kDa protein that in interphase is a component
of the nuclear matrix, a proteinaceous network that plays a role in DNA organi-
zation. NuMA’s specific roles in the nucleus are only partly understood (reviewed
in Sun and Schatten 2006) while significantly more studies are available on
NuMA'’s functions as centrosome-associated protein in mitosis (reviewed in Sun
and Schatten 2006). We do not yet know whether NuMA plays a role in sperm
DNA organization and nuclear decompaction in the zygote embryo but we know
that the nuclear matrix is important for DNA replication in the zygote (reviewed
by Yamauchi et al. 2011; Johnson et al. 2011). Research on the sperm’s nuclear
matrix has accelerated in recent years, and it has been proposed that non-genetic
male factor infertility problems may be related to nuclear matrix instability
(reviewed in Johnson et al. 2011), contributing to transgenerational non-genetic
instability. It has further been shown that chronic exposure of sperm to low doses
of specific toxins is correlated with an altered nuclear matrix protein profile and
includes abnormal chromatin condensation (Codrington et al. 2007a, 2007b) which
affects fertilization and embryo development and may also affect nuclear matrix-
centrosome interactions and nuclear—centrosome synchronization. This and other
examples indicate the effects of non-genetic components on the nuclear matrix that
may affect synergistic interactions with centrosomes and may have implications in
male factor infertility.

NuMA is an important link in synchronizing nuclear and centrosome matura-
tion events after fertilization; studies in somatic cells have shown that NuMA
requires precise regulation including regulation by cyclin B to move out of the
nucleus into the cytoplasm during prophase and associate with mitotic centro-
somes to stabilize centrosome-microtubule interactions for the formation of the
mitotic apparatus. NuMA is not associated with the interphase centrosome; it
strictly serves as nuclear protein in interphase and becomes a centrosome-asso-
ciated protein only in mitosis (reviewed in Sun and Schatten 2006). NuMA is
highly insoluble in the nucleus but at the time of nuclear envelope breakdown
NuMA becomes hyperphosphorylated by p34°“? which allows dispersion of
NuMA into the cytoplasm and subsequent translocation to the spindle poles in a
dynein-mediated process. NuMA remains associated with the spindle poles until
anaphase; it dissociates from spindle poles after dephosphorylation as a result of
Cdk1 inactivation and loss of cyclin B that occurs by proteasome-mediated deg-
radation (Gehmlich et al. 2004).

Most of the studies on NuMA have been performed in somatic cells while only
a few detailed studies are available for embryonic cells. Our recent studies in
human oocytes showed a requirement for dynein to mediate NuMA translocation
to the spindle poles during first mitosis (Alvarez Sedé et al. 2011; Schatten et al.
2012). In the MI and MII meiotic spindles NuMA was localized to the meiotic
spindle poles and displayed abnormalities in aged oocytes. It also displayed
abnormalities in fertilized oocytes in which sperm decondensation failed which
coincided with abnormal NuMA immunofluorescence staining patterns and sug-
gests that NuMA abnormalities are associated with fertilization failures. Dispersed
NuMA fluorescence staining patterns were seen in male and female pronuclei in
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normal fertilization (Liu et al. 2006; Alvarez-Sedo6 et al. 2011; Schatten et al.
2012).

Detailed studies on NuMA before and after fertilization will be important to
determine whether NuMA dysfunctions play a role in male-factor infertility,
embryo abnormalities, and whether NuMA dysfunctions at this early stage of an
embryo’s development will result in adulthood diseases, as misregulation of
NuMA can result in the formation of multipolar mitoses which are hallmark
features for cancer development and progression (Kammerer et al. 2005; reviewed
in Sun and Schatten 2006). In this context it is also worth noting that NuMA
becomes extensively modified after herpes simplex virus (HSV) infection which
induces solubilization and relocalization of NuMA (Yamauchi et al. 2008); it may
affect subsequent NuMA dynamics that may play a role in mitotic abnormalities
underlying diseases such as cancer.

Close attachment between the centrosome and the nucleus is important for
coordinated pronuclear migration and apposition of male and female pronuclei and
formation of the zygote aster that evolves into the mitotic apparatus to separate the
parental genomes equally to the dividing daughter cells (reviewed in Schatten and
Sun 2009a, 2009b, 2010, 2011a, 2011c). The structural associations of centro-
somes with the nucleus have been described in somatic cells (Meyer et al. 2011)
and studies in C. elegans have explored the mechanisms of centrosome—nuclear
relationships but only sparse information is available on such structural and
functional relationships in mammalian embryo cells. In C. elegans, ZYG-12,
SUN-1, and LIS-1 interact with dynein to contribute to the attachment of cen-
trosomes to the nucleus in early development and it was proposed that recruitment
of dynein to the cytoplasmic surface of the nuclear envelope is critical for the
attachment of centrosomes (Malone et al. 2003; Meyerzon et al. 2009); two genes,
zyg-12, and sun-1 were shown to be essential for centrosome attachment and
embryonic development in this system (Fridkin et al. 2004; Malone et al. 2003). It
was further proposed that the inner nuclear membrane and nuclear lamina proteins
are involved in centrosome—nucleus attachment (Askjaer et al. 2002; Galy et al.
2006). In C. elegans, Meyerzon et al. (2009) described a novel role for nuclear
lamina proteins in centrosome attachment to the nuclear envelope. The mecha-
nisms described for nuclear—centrosomal attachment in C. elegans have been
explored for the first few cell divisions in early embryogenesis but may be different
during later development, as ZYG-12 is not required for later stages of embryo-
genesis. These studies in C. elegans provide important steps toward understanding
embryonic centrosome—nuclear attachment mechanisms while we still know only
little about such molecular mechanisms for mammalian embryos.

In fibroblast cells, it was shown that lamin and the integral inner nuclear
membrane protein emerin are involved in centrosome attachment, as fibroblasts
from emerin-defective human patients or lamin A/C mutant mice displayed cen-
trosome detachment phenotypes (Lee et al. 2007; Salpingidou et al. 2007). Emerin
is present at both the inner and outer nuclear membrane and it was determined that
emerin interacts with tubulin which led to the proposed model that emerin on the
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outer nuclear envelope directly interacts with microtubules to attach the centro-
some to the nuclear envelope (Salpingidou et al. 2007).

Another nuclear protein of interest regarding centrosome—nuclear relationships
is the multifunctional structural protein 4.1R that localizes within nuclei, at the
nuclear envelope, and in the cytoplasm. It has recently been shown that 4.1R, the
nuclear envelope protein emerin and the intermediate filament protein lamin A/C
co-immunoprecipitate in human cells and that its depletion affects the distribution
of NuMA as well as other nuclear proteins (Meyer et al. 2011). These studies
extend on the previous findings in different cell systems reporting that emerin
couples centrosomes to the nuclear envelope (Markiewicz et al. 2006; Salpingidou
et al. 2007). Meyer et al. showed that the functional effects of 4.1R deficiency
included disruption of its association with emerin and A-type lamins and an
increase in nucleus—centrosome distances, affecting centrosome—nuclear envelope
association (Meyer et al. 2011). Previous reports had shown that 4.1 binds NuMA
and contributes to the organization of the nucleoskeleton and nuclear membrane
proteins; it plays a role in the attachment of centrosomes to the nucleus in C.
elegans (Meyerzon et al. 2009; Simon and Wilson 2011). While we do not yet
have a complete understanding of the processes and molecular interactions
involved in nucleus—centrosome attachments, the role of nuclear proteins in cen-
trosome attachment to the nucleus is beginning to emerge although our current still
fragmented knowledge has been derived from different cell systems and different
mechanisms may be employed in different cell systems. Because protein 4.1R is
also integral to mitotic spindle and centrosome assembly and structure (Krauss
et al. 2004, 2008) it may further allow us to generate new insights into nuclear—
mitotic centrosome relationships as an important step toward understanding cell
cycle-specific nuclear—centrosome synchronization.

As mentioned above, the synchronized distribution of centrosomal and genetic
material to the dividing daughter cells is facilitated by the tight association of
centrosomes with the nucleus; this interaction is important for all cells in the
developing embryo and the close association also allows synchronized distribution
of critical cellular components to the dividing daughter cells. The role of cen-
trosomes during embryo development includes gathering and distribution of cel-
lular components including critical cell fate determinants to the dividing daughter
cells. Such cell fate determinants differ in different systems (reviewed in Knoblich
2010) but substantial evidence exists that they are transported along microtubules
during interphase and distributed to the differentiating blastomeres during sub-
sequent cell divisions. It includes cytoplasmic factors such as transcripts of
developmental genes, eventually resulting in different gene activity; the inheri-
tance of mRNA localized at centrosomes has been described for Ilyanassa
(Lambert and Nagy 2002; Kingsly et al. 2007).

Transport along microtubules to centrosomes is also utilized for protein deg-
radation which has been described for embryonic stem cell divisions, allowing
asymmetric inheritance of proteins destined for different degradation in the
dividing daughter cells (reviewed in Chap. 8 of this book by Fisk).
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4.4 Centrosome-Nuclear Interactions and Reprogramming
Abnormalities in Somatic Cell Nuclear Transfer Embryos

The tight structural connections of the centrosome with the nucleus are also
apparent in nuclear isolations in which the centrosome is typically co-isolated
along with the nucleus unless specific centrosome—nucleus separation methods are
employed. This close connection becomes important for SCNT embryos in which
an oocyte is enucleated and genomic material is replaced with a somatic cell
nucleus that also contributes the nucleus-associated centriole—centrosome com-
plex, thereby providing the centrosomal core structure that is normally contributed
by sperm during fertilization. Like the somatic cell nucleus, the somatic cell’s
centriole—centrosome complex needs to be reprogrammed in SCNT to fulfill
functions that are normally carried out by the blended sperm—oocyte centrosomal
complex (reviewed in Schatten et al. 2009a, 2009b) which includes formation of
the mitotic apparatus during cell division. Reprogramming of the somatic cell’s
centrosome complex depends on regulation by the enucleated oocyte to provide
components that are important for embryonic centrosome cell cycles. While
reconstructed SCNT eggs provide an ideal analysis system for centrosome regu-
lation very few studies have been performed so far on centrosome regulation in the
SCNT embryo system. However, studying the complexities between requirements
for embryonic cells compared to somatic cells may bring about further insights
into centrosome biology and correlations between nuclear—centrosome
interactions.

Live births resulting from SCNT reconstructed embryos have been obtained for
most animal species; however, in most cases the success rate is limited to 1-5 %
which indicates incompatibilities of the oocyte to reprogram the somatic cell
nucleus and its associated centrosomal complex. Indeed, our studies in porcine
SCNT reconstructed eggs revealed that 39.4 % of reconstructed eggs displayed
centrosomal abnormalities during the first cell cycle (Zhong et al. 2007) as
determined by y-tubulin and/or centrin-2 and correlated microtubule staining
patterns. These centrosomal mitotic abnormalities may result in developmental
abnormalities or contribute to cellular pathologies that may be manifested as
adulthood diseases later in life. Reprogramming of somatic cell centrosomes
begins shortly after SCNT within the first embryonic cell cycle which spans ca.
24 h and is a very short time for centrosomal reprogramming considering that
somatic cell centrosomes are different from reproductive cell centrosomes, perhaps
containing different centrosomal compositions and different capabilities to perform
cell cycle-specific functions that are precisely provided by regulatory factors in the
somatic cell cytoplasm for somatic cell cycles; centrosome functions may require
different regulation in embryonic cells.

Centrosomal abnormalities may account for abnormal cell divisions during
different stages of development and may be part of the cellular incompatibilities
that allows only 1-5 % of reconstructed embryos to develop to full term resulting
in healthy offspring. Details and thoughts on the possible reasons underlying
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centrosomal incompatibilities are provided in our more detailed previous review
on SCNT (Schatten and Sun 2009a).

The case may be made that in the 10 times smaller somatic cell the require-
ments for somatic (donor) cell centrosomes are likely to be different compared to
those in the huge reconstructed egg of about 100 pm. We know from somatic cell
studies that microtubule lengths and numbers are regulated by changes in y-tubulin
recruitment to the centrosome (reviewed in Schatten 2008). As the sperm con-
tributes only a small amount of y-tubulin to the regular fertilization process most
of the y-tubulin components come from the oocyte after fertilization. We do not
yet have detailed information on the recruitment of y-tubulin from the oocyte to
the somatic cell centrosome complex which may differ from recruitment to the
sperm centrosome during normal fertilization resulting in abnormal microtubule
formations in SCNT reconstructed eggs.

While we do not yet know the underlying causes for centrosomal abnormalities
in SCNT reconstructed embryos, our knowledge of nuclear reprogramming has
increased in recent years (reviewed in Prather 2000; Sun and Schatten 2007;
Schatten and Sun 2009a) and we now have indications that nuclear matrix dys-
functions may play a role in the low success rate following SCNT, as nuclear
matrix dysfunctions impacts DNA replication (reviewed by Yamauchi 2011) and it
may also impact centrosome functions. As NuMA is part of the nuclear matrix,
NuMA-derived spindle abnormalities have been reported for cancer cells (Kam-
merer et al. 2005); NuMA dysfunctions may be among the reasons for the mul-
tipolar spindle pole formations that we find in SCNT porcine embryo cells (Zhong
et al. 2007).

To study the contributions of spindle pole centrosomal components in SCNT
eggs, Zhong et al. (2005) used intraspecies and interspecies SCNT reconstructed
eggs to determine specific centrosomal components that are contributed by the
donor cell centrosome complex and the donor cell nucleus. This study used mouse
MII oocytes as recipients, mouse fibroblasts, rat fibroblasts, or porcine granulosa
cells as donors to produce intraspecies and interspecies nuclear transfer embryos.
Specifically, to study NuMA dynamics in SCNT reconstructed eggs, a specific
NuMA antibody was employed that did not recognize NuMA protein of mouse
oocytes but recognized NuMA in porcine granulosa cells, thereby being able to
distinguish NuMA contributed by the oocyte and donor. The results clearly
showed that NuMA was localized to the donor cell nucleus and was translocated
out of the nucleus into the cytoplasm followed by translocation to the mitotic
spindle poles where donor cell NuMA participated in spindle pole formation
during first mitosis in SCNT eggs. Further analysis of NuMA translocation out of
the nucleus in porcine SCNT eggs (Liu et al. 2006) revealed that NuMA was
contributed by fetal fibroblast donor cells to reconstructed porcine eggs and it took
about 6 h after nuclear transfer before NuMA could be visualized with immuno-
fluorescence microscopy, indicating a lag period for NuMA reprogramming by the
reconstructed egg which is significantly longer than NuMA detection in decon-
densing sperm nuclei that takes place within minutes after fertilization (Liu et al.
2006). This study concluded that cytoplasmic factors in the recipient porcine



4 Nuclear—Centrosome Relationships 69

oocyte were able to remodel the donor cell’s NuMA although it took 6 h for the
remodeling to take place.

While we do not yet know the exact molecular composition of the zygotic
centrosome and we also do not yet know how it compares to the interphase
somatic cell centrosome and to the centrosome in reconstructed eggs we know that
precise regulation is important for centrosome functions. Phosphorylation plays a
significant role in centrosome functions and we know from cancer cell centro-
somes that abnormal increases in phosphorylation results in increased microtubule
nucleation with consequences for abnormal spindle formation (Lingle et al. 1998).
In somatic cells, NuMA is in part regulated by cyclin B (reviewed in Sun and
Schatten 2006) but the regulation of NuMA is still unknown for mammalian
embryonic cells. It is possible that the NuMA-related abnormalities that we found
in human oocytes (Alvarez-Sed6 et al. 2011; Schatten et al. 2012) may have been
the result of inaccurate regulation by the fertilized ooplasm. It is also possible that
NuMA may be part of the sperm’s nuclear matrix that may play a role in nuclear
matrix instability and dysfunctions (reviewed by Johnson et al. 2011).

Taken together, while we have started to analyze nuclear—centrosome rela-
tionships and centrosome-nuclear reprogramming more detailed studies are needed
to determine how the somatic cell centrosome becomes remodeled to fulfill the
functions of the embryo’s blended centrosome that contains precise amounts and
compositions of centrosomal proteins that are precisely regulated by the fertilized
oocyte to serve embryo-specific functions including symmetric and asymmetric
cell divisions during embryo differentiation and development.

4.5 Conclusion and Future Perspectives

Numerous lines of evidence have established the importance of centrosome—
nuclear interactions and synchronized cell cycle progression to ensure accurate
fertilization, zygote formation, and cell divisions during embryogenesis. However,
most of our knowledge of centrosome—nuclear regulation comes from somatic
cells and more research is needed to study abnormalities underlying male and
female factor infertility problems and developmental abnormalities related to
dysfunctions in centrosome—nuclear interactions.
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Chapter 5

Human Centrosomal Dynamics During
Gametogenesis, Fertilization,

and Embryogenesis and Its Impact

on Fertility: Ultrastructural Analysis

A. Henry Sathananthan

Abstract A review of the human centrosome at the beginning of life is presented,
based on our research over the past 25 years at Monash on gametes, fertilization,
and embryos in conjunction with our pioneering work on human in vitro fertil-
ization (IVF) and assisted reproduction. The digital images are mainly based on
fine structure presentations from published work, conference, and Web
presentations.

5.1 Introduction

The centrosome has been an enigma in cell biology for over 120 years, discovered
by Theodore Boveri (1900). Some cells have centrioles within the centrosome
complex but others do not. Oocytes, some rodents, some flies, and plants do not
have centrioles. We now know that centrioles originate from the sperm cell at
fertilization in humans (Sathananthan et al. 1991, 1996, 2006; Sathananthan 1991,
1997, 1998; Schatten 1994, 2008; Simerly et al. 1995; Sutovsky and Schatten
1999; Palermo et al. 1997) and in most animals from round worms to primates,
who obey Boveri’s rule; unfortunately, Boveri’s brilliant work (Fig. 5.1) and its
impact on infertility was not recognized for over a 100 years (Sathananthan et al.
2006). The role of the centrosome in mitosis of the embryo, organizing the first
mitotic spindle and initiating the process of human development is now well
established (Sathananthan et al. 1996; Sathananthan 1997, 1998). It is also
involved in organizing the cytoskeleton, establishes cell polarity, and plays a role
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Fig. 5.1 Theodore Boveri (1887, 1901)—The father of the centrosome and his predictions,
based on his research on Ascaris and the sea urchin. Right Ascaris centrosome in a spermatocyte
TEM x200,000. Note its remarkable resemblance to the human centrosome (Sathananthan et al.
20064, b)

in cytokinesis during the cell cycle (Fig. 5.2). The centrosomal cycle is closely
integrated with the chromosomal cycle in embryonic and somatic cells (Mazia
1987). It plays a significant role in the cell cycle and cell division in most cells.
Like chromosomes, centrioles are self-replicating organelles which duplicate
during interphase, when they are located close to the nucleus. The process of egg
activation by sperm and initiation of embryonic cleavage was little understood,
until we discovered the important role of the centriole in humans in 1991(Satha-
nanthan et al. 1991; Sathananthan 1991). We first detected a centriole in a human
embryo in 1986 (Chen and Sathananthan 1986) and this prompted us to investigate
this organelle in the following years. Pioneering work on centrosomes originated
in Australia in the early 1990s.

5.2 Ultrastructure

Transmission electron microscopy (TEM) is still the best way to study centrioles,
which are minute organelles (~2 pm in diameter), barrel-shaped, and presenting a
unique ‘9 + 0’ organization of microtubules (MTs) resembling a pin-wheel.
Centrioles are typically surrounded by pericentriolar material (PCM) that nucleates
MTs in somatic cells (Figs. 5.3, 5.4). The centriole and PCM complex (centro-
some) becomes functional in the oocyte only after fertilization, when the sperm
centrosome forms a sperm aster and the duplicated zygote centrosome forms the
zygote aster (Sathananthan et al. 1996; Schatten 1994; Simerly et al. 1995).
Centrosomes are oftentimes indirectly localized using fluorescent microscopy
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Fig. 5.2 The centrosome or cell center organizes the cell cytoskeleton and mitotic spindles
composed of MTs. It also establishes the polarity of the cell. Note organelles located between
MTs, which act as guide rails. Courtesy Late Professor P. Motta, Rome

(FM) to label MTs surrounding functional centrosomes (Fig. 5.5) or with anti-
bodies specific to proteins associated with centrioles and PCM, such as alpha
tubulin or centrin (Schatten 1994, 2008; Simerly et al. 1995; Sutovsky and Sch-
atten 1999). Centrioles have been traced in all stages of preimplantation
embryogenesis by TEM and even in embryonic stem cells; the sperm centriole is
undoubtedly the precursor of centrioles in all fetal and adult somatic cells (Sa-
thananthan et al. 1996; Sathananthan 1997). The maternal centrosome is greatly
reduced in human oocytes, unlike in mouse oocytes that contain dominant
maternal centrosomal material without centrioles. Hence, mice can easily develop
parthenogenetically. Only one dominant, functional centrosome, paternal or
maternal, is required to ensure normal development. The inheritance of two cen-
trioles, as in dispermic fertilization, leads to abnormal development of the ensuing
triploid embryos that may develop to term in humans.

5.3 Methodology

Our studies over three decades are based on the examination of human gameto-
genesis, gametes, and embryos at fertilization and during preimplantation devel-
opment, where over 300 normal bipronuclear and abnormal tripronuclear
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Proximal end
of daughter
centriole

Proximal end
of mother
centriole

- Distal end
“—of daughter
centriole

AP Distal end of mother
centriole

Fig. 5.3 Centrosome structure in an animal cell at the end of G1-phase, beginning of S-phase.
From “a” to “j”, electron microscopy images (top line—serial sections of daughter centriole,
second line—selected sections of mother centriole, scale bar 200 nm) illustrating different
centrosome structures shown on the centrosome scheme—“k”. MC—mother (mature) centriole,
DC—daughter centriole; PC—procentriole; PCM-—pericentriolar material (pericentriolar
matrix); A—microtubule of triplet; B—microtubule of triplet; C—microtubule of triplet; H—
hook of C microtubule; MTD—A-B microtubule duplex (in distal part of centriolar cylinder);
ITC—internal triplets connections system; CS—cartwheel structure (axis with spokes); PCS—
pericentriolar satellite (=sub-distal appendage); HPCS—head of pericentriolar satellite; SPCS—
stem of pericentriolar satellite (connected to three triplets in this case); SS—striated structure of
pericentriolar satellite stem; MT—microtubule; AP—appendage (=distal appendage); HAP—
head of appendage; R—rib. (Courtesy Uzbekov and Prigent 2007)
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Fig. 54 A mammalian
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complex that nucleate
microtubules along with
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embedded in the PCM.
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microtubule anchoring _ ;
complex (Schatten 2008) / i

cleavage-stage embryos were examined by routine TEM. Centrosomes were also
examined in several mature and immature oocytes during IVF, and 25 sperm
samples (fertile and infertile) to characterize maternal and paternal centrosomes.
Early cleavage-stage embryos were examined by serial sectioning up to the
hatching blastocyst stage. Our investigation also extended to oogonia in fetal
ovaries, testis and testicular biopsies, and embryonic stem cells. TEM is the best
method currently available to reveal the structure of centrioles within centrosomes.
Most other studies use confocal fluorescent microscopy (FM) to reveal chromo-
somes and microtubules (MTs) by immunocytochemistry (Schatten 1994; Simerly
et al. 1995) or labeling of centrosomes with specific antibodies for proteins-like
alpha tubulin and centrin associated with centrioles. These images elegantly
demonstrate whole asters, spindles, and chromosomes, while TEM demonstrates
the fine structure of the centrosome in serial sections. These two techniques are
complimentary in the visualization of nearly all components of meiotic and mitotic
figures in oocytes and early embryos. Locating centrosomes in oocytes and
embryonic cells is both laborious and time-consuming in serial sections. They are
usually found close to the nucleus during interphase and located at spindle poles in
mitosis. It is, however, easier to locate the sperm centriole which is found below
the basal plate in the neck of the sperm cell (Fig. 5.6). An optimal method to
analyse sperm centrioles is by cutting a pellet of sperm which allows visualization
of centrioles in all planes of sectioning. Our atlas (Sathananthan 1996) and website
www.sathembryoart.com show some of these images.
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Fig. 5.5 Rhesus fertilization after ICSI (fluorescent microscopy). The sperm aster (left) is
associated with the centrosome associated with the male pronucleus (M). The female pronucleus
(F) is attracted to the male but has not decondensed yet. The first mitotic bipolar spindle (right)
shows chromosomes at metaphase. Note distinct sperm tail in both fluorescent images. The
monkey is similar to the human in centrosomal inheritance and dynamics, like most animals are
(Courtesy Dr. Laura Hewitson, USA)

5.4 Gamete Centrosomes

Only one functional centrosome is required in either gamete for normal fertil-
ization and embryo development. It is either the paternal (as in humans and most
other animals) or maternal (as in rodents such as mice). Therefore, there is a
reduction or inactivation of the centrosome in one of the gametes—sperm or egg.
Those with dominant paternal centrosomes obey Boveri’s rule of centrosomal
inheritance postulated in 1890 (Boveri 1900), while rodents present the exception
to the rule where the maternal centrosome is dominant (Schatten 1994). Humans
and most other animals (including sea urchins, roundworms, and farm animals)
follow Boveri’s rule with respect to centriole inheritance and dynamics during
early development (Sathananthan et al. 1991, 1996; Sathananthan 1997)

5.5 The Paternal Centrosome (Centriole)

In humans, the sperm centrosome also shows partial reduction during spermio-
genesis, when round spermatids metamorphose into motile sperm cells (Satha-
nanthan et al. 1996, 2001; de Kretser and Kerr 1994; Holstein and Roosen-Runge
1981; Manandhar et al. 2000). The round spermatid contains two centrioles in the
centrosome complex, like most other somatic cells, while the mature sperm cell
has only one centriole—the proximal (PC) concealed in a ‘black box’ in the sperm
neck (connecting piece) beneath the basal plate (Figs. 5.7, 5.8, 5.9, 5.10, 5.11,
5.12, 5.13, 5.14). The distal centriole (DC) is committed to the formation of the
flagellar axoneme in the elongated spermatid and is reduced to a vestige in mature
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Fig. 5.6 Mature sperm:
ultrastructure—
(Sathananthan 1996)

A acrosome (black), AC
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(tail), R ribs, TS transverse

sections MP
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sperm and is apparently non-functional. The PC retains its typical ‘9 + 0’ orga-
nization of triplets of MTs presenting the classical pinwheel structure; it is
inherited by the embryo, while the DC is represented by a few disorganized
peripheral MTs with a central doublet extending from the midpiece (MP) axoneme
to the lower limit of the PC (Figs. 5.7, 5.8, 5.9), where it terminates in an accu-
mulation of dense PCM (Sathananthan et al. 1996, 2001; Sathananthan 1997; de
Kretser and Kerr 1994; Holstein and Roosen-Runge 1981). For this reason it is
argued that the DC cannot function as a true centriole (Zamboni 1992; Zamboni
and Stefanini 1970). The DC is more disorganized cranially and less so caudally
toward the flagellar axoneme in the MP, as revealed in serial transverse sections
(Sathananthan 1996; Manandhar et al. 2000). Apart from the centriole, there are
other structures associated with both the PC and DC. The PC is hidden in a vault or
‘black box’ composed of the capitulum situated immediately beneath the basal
plate and is flanked laterally by nine segmented columns that merge with the nine
outer dense fibers surrounding the MP axoneme and the MT of the DC that are
closely associated with the dense fibers (Figs. 5.6, 5.7). For an excellent review of
sperm neck structure see Zamboni (1992). The sequence of events in spermio-
genesis and oogenesis is also available on the Web www.sathembryoart.com.
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Midpiece

Fig. 5.7 Sperm centrosome TS and LS (TEM). The proximal centriole (PC) is hidden in a ‘black
box’ beneath the basal plate and flanked by nine segmented columns. It shows the typical ‘9 + 0’
structure of microtubule (MT) triplets. Note disorganized MTs of distal centriole (DC) and
centriolar adjunct of PC (right) x65,000 (Sathananthan et al. 1996)
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Fig. 5.8 Spermiogenesis and centrioles: The sperm neck region contains the proximal and distal
centrioles. The latter gives rise to the axoneme and becomes a vestige in mature sperm, while the
former persists as the functional centriole that is passed on to the embryo. Both are hidden in a

“black box” composed of segmented columns, capitulum, and basal plate (Courtesy Prof. David
deKretser, 1996)
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The segmented columns show a complex structure in cross-sections of the neck
region, where the centriolar adjunct (CA) extends laterally from the PC (Figs. 5.7,
5.13). The CA is a tuft of MTs that shows a disorganized triplet structure and may
represent an attempt to form an axoneme by the PC (de Kretser and Kerr 1994).
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Fig. 5.9 Elongating spermatids: centrioles.These spermatids (early and late) show nuclear
condensation and centrioles. The proximal centrioles (PC) are closer to the nucleus, while the
distal centriole (DC) is organizing the axoneme (A). The two centrioles form the paternal
centrosome x17,000, x85,000 (www.sathembryoart.com)

Fig. 5.10 Centrioles are usually associated with nuclei and Golgi complexes in early stages of
spermatogenesis, directing secretion and polarizing the cells. In spermatids they migrate toward
the basal pole away from the Golgi before spermiogenesis. C centrioles, G golgi, N nucleus.
x10,200, x85,000 www.sathembryoart.com

The PC is associated with finely-granular PCM along its length (Fig. 5.7), which
resembles the MT—nucleating PCM in zygote centrosomes (Sathananthan et al.
1996; Sathananthan 1997, 1998). This material is also found within the PC and
gamma-tubulin has been reported in both locations in somatic cell centrioles
(Figs. 5.3, 5.4).
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Fig. 5.11 Round spermatids
showing centrioles,

(C). They duplicate (left) and
migrate to the pole opposite
the acrosome, prior to
spermiogenesis (right)

A acrosome cap N nucleus.
x3,400, x85,000
(www.sathembryoart.com)

5.6 The Maternal Centrosome

Unlike the sperm centrosome, the centrosome in the mature human oocyte is both
reduced and inactivated to become nonfunctional in the meiotically arrested oocyte
(Figs. 5.15, 5.16). The metaphase II spindle, at either pole, neither contains cen-
trioles nor dense, granulovesicular, centrosomal material that clearly nucleate MT in
mouse oocytes (Fig. 5.17), which do contain a functional maternal centrosome.
Centrioles are generally absent in mammalian oocytes and are also not found in
mouse sperm (Sathananthan 1996; Manandhar et al. 2000). Although the mature
human oocyte has no visible centrosome, a functional centrosome with two typical
centrioles is found in fetal oogonia (Fig. 5.15), which conforms to those of other
somatic cells (Sathananthan et al. 2000, 2006). These are, as usual, juxta-nuclear in
position, have PCM which nucleate MTs and seem to organize the oogonial cyto-
skeleton (a true centrosome). Therefore, reduction and loss of the maternal cen-
trosome has to occur either during oogenesis or in the final stages of oocyte
maturation when the first polar body (PB1) is abstricted, as in starfish oocytes
(Sluder and Rieder 1993). We have examined several maturing oocytes by TEM and
have not yet located a centriole in PB1, nor in immature germinal vesicle oocytes. It
seems possible that the human follows the starfish pattern of maternal centrosomal
reduction since both follow Boveri’s rule of paternal centrosomal dominance and
inheritance. The sequence of events of centriologenesis during spermiogenesis and
oogenesis are also available on the Web www.sathembryoart.com
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Fig. 5.12 Spermatogenesis: Centriolar dynamics images of centrioles, single and duplicating, in
spermatogenic cells at interphase. Note dense pericentriolar material. RS round spermatids, SO
spermatogonium, S/ primary spermatocyte x85,000, x102,000 www.sathembryoart.com

5.7 The Zygote Centrosome

The zygote centrosome appears to be a blending of both paternal and maternal
components as revealed by fluorescent microscopy (FM) and TEM and more
recently by molecular studies (Sathananthan et al. 1996; Schatten 1994, 2008;
Simerly et al. 1995; Sutovsky and Schatten 1999). There appears to be a pro-
gressive addition of granular PCM around the duplicated sperm centriole from the
pronuclear stage to syngamy, soon after fertilization (Sathananthan et al. 1996;
Sathananthan 1997, 1998). This PCM nucleates MTs of the sperm monoaster after
sperm fusion and incorporation (Figs. 5.18, 5.19), which duplicates to form the
two poles of the first bipolar mitotic spindle (Figs. 5.20, 5.25). Two centrioles
compose the heart of the zygote centrosome soon after its release from the ‘black
box’. The sperm centriole is duplicated, while acquiring increasingly dense PCM
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» ¥

b ok, P e
Fig. 5.13 Spermatid centrosomes TEM: The spermatid has two functional centrioles (left), while
mature sperm (right) have only one centriole, the proximal centriole (PC) (centrosomal
reduction). The distal is a vestige. Note centriolar adjunct (CA) on the right with microtubules
x85,000 (www.sathembryoart.com)

Fig. 5.14 Disorganized distal centriole in midpiece and tail axonemes in transverse sections. The
centriole has disorganized microtubules (MTs) surrounded by nine dense fibers and mitochondria.
Note MT doublet within midpiece showing axoneme, dense fibers, and mitochondria (left). Tails
show the fibrous sheaths as well and the 9 + 2 organization of MTs (a—-d) x87,500, x70,000
(www.sathembryoart.com)


http://www.sathembryoart.com
http://www.sathembryoart.com

5 Human Centrosomal Dynamics 85

Fig. 5.15 Functional centrosome in a fetal oogonium. The centrosome has two typical centrioles
with PCM (right), like in somatic cells. It is lost or reduced in the oocyte during oogenesis but its
fate is unknown. Is it abstricted into the first polar body during maturation? x10,500, x87,500
(Sathananthan et al. 2000)

Fig. 5.16 Mature oocyte at metaphase Il (TEM): the centrosome is absent or reduced at the
spindle poles. Microtubules terminate in the egg cortex, abruptly. Note chromosomes at the
equator and cortical granules in the cortex. x8,500, x15,400 (Sathananthan 1998)

that nucleates MTs, thus becoming a functional centrosome. This is the forerunner
of all centrosomes in embryonic, fetal, and adult somatic cells (Sathananthan et al.
1996). An extensive MT network is formed by the sperm aster (Fig. 5.5), which
reorganizes the whole cytoskeleton of the oocyte soon after sperm incorporation,
as revealed by FM (Schatten 1994; Simerly et al. 1995). This aster is initially
directed toward the female pronucleus (FPN) and may be involved in drawing the
FPN toward the male pronucleus (MPN) to take up a more centralized position in



86 A. H. Sathananthan

Fig. 5.17 Mouse centrosomes. The sperm has no centrosome (centriole) in its neck, since the
maternal centrosome is dominant (right). Note functional centrosome composed of fine
granulovesicular material in the mouse oocyte, nucleating MTs. Note differences in sperm
structure compared to that of humans x7,000, x50,000

Fig. 5.18 Mouse centrosomes. The sperm has no centrosome (centriole) in its neck, since the
maternal centrosome is dominant (right). Note functional centrosome composed of fine
granulovesicular material in the mouse oocyte, nucleating MTs. Note differences in sperm
structure compared to that of humans x7,000, x50,000

the ooplasm at the bipronuclear stage of fertilization (Sathananthan et al. 1996;
Sathananthan 1996, 1997). Further, the sperm centriole is already associated with
some PCM and this could act as a template to attract maternal centrosomal
material (such as gamma-tubulin). Thus both paternal and maternal centrosomes
are actively engaged to produce a composite zygote centrosome. This activation
could be mediated by sperm cytosolic factors and the Ca™ transient that occurs
soon after sperm-egg fusion at the onset of fertilization (Schatten 1994; Simerly
et al. 1995; Sutovsky and Schatten 1999). A Ca*" activated protein, associated
with the sperm centrosome, might be also involved in its release and activation.
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Fig. 5.19 Centrioles in monospermic embryos (TEM): Zygote centrioles associated with a
sperm aster soon after fertilization. It is now functional with duplicated centrioles and PCM (red)
nucleating MTs (left). A classic image of a juxta-nuclear centrosome in an eight-cell blastomere
(right). The centriole is located in the heart of the centrosome. The zygote centrosome is
replicated and perpetuated in embryos, fetal, and adult cells. Every cell has two centrioles.
Colored by computer x50,000, x170,000 (Sathananthan et al. 1966)

Fig. 5.20 Bipolar spindle at syngamy in a dispermic ovum showing centrioles at either pole
(red). Note chromosomes (blue) at the equator and few outside the spindle zone, composed of
MTs. Mitochondria are green. Computer coloured. x12,750 (Sathananthan and Edwards 1995)

5.8 Centrioles in Embryos

Embryos cleave by repeated mitoses involving centrosomes. Descendants of the
sperm centrosome were found at every stage of preimplantation development and
were traced from fertilization through the first four cleavage cell cycles to the
morula and hatching blastocyst stages (Sathananthan et al. 1996; Sathananthan
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1997). Single or double centrioles (diplosomes) were associated with nuclei at
interphase (Figs. 5.21, 5.22), when they were often replicating or occupying
pivotal positions on spindle poles during mitoses (Fig. 5.20). Sperm remnants
were sometimes associated with centrioles and were found at most cleavage
stages. Centrioles were also seen in trophoblast, embryoblast, and endoderm cells
in blastocysts. PCM was associated with most centrioles and nucleated spindle
MTs indicating their functionality. We were fortunate to detect three centrioles in
an ICM cell of a blastocyst (Fig. 5.23).

5.9 Centriolar Duplication

According to Boveri’s classical theory (Boveri 1900), the centrosome is a self-
duplicating organelle. The replication of centrioles has been reported in detail in
our previous publications (Sathananthan et al. 1996; Sathananthan 1997). It occurs
during interphase, beginning at the pronuclear stage prior to syngamy and later at
embryonic interphases. They duplicate only once during each cell cycle and the
daughter centriole arises as a perpendicular outgrowth of the parent (Mazia 1987,
Uzbekov and Prigent 2007) it is seen to grow progressively and acquires PCM as it
migrates toward the poles of the mitotic spindle. Such immature centrioles have
less PCM and do not nucleate MTs. There is also dense material within each
centriole, as was seen within the sperm centriole. However, we have also observed
a centriole at a spindle pole at syngamy, which appeared as an annular conden-
sation of dense material devoid of MTs. This, called a procentriole, elongates by
accretion of tubulin material to its free end and the pin-wheel arrangement of MT
triplets gradually appears in this dense ring. Classically, in cell division, two
diplosomes (two doublet centrioles) are formed from an original pair of centrioles
and take up positions at opposite poles of the mitotic spindle (Uzbekov and Prigent
2007; Alieva and Uzbekov 2008). We have observed two centrioles, sometimes
one, at a spindle pole during syngamy and at later cleavage (Figs. 5.21, 5.22) and
in two instances a single centriole at the opposite pole. It is obvious that due to
technical difficulties we are not detecting one of the pair of centrioles at each pole.
We have detected three centrioles in an ICM cell of a blastocyst (Fig. 5.23). It is
very likely that centriolar duplication occurs in early embryonic cells that is very
much like that observed in somatic cells, and diplosomes so formed migrate to
opposite poles of the spindle. These centrioles are very likely the ancestors of
those seen in fetal and adult somatic cells and can be demonstrated in embryonic
stem cells, as well. As expected, the behavior of centrosomes during the formation
of the bipolar mitotic figure is similar to that in cell cycles of somatic cells, as
expected (Fig. 5.25).
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Fig. 5.21 Dispermic embryos a Sperm aster of a 1-cell embryo showing pronuclear envelope
(NE) breakdown and duplicated centrioles (C). b Bipolar spindle at syngamy in a 1-cell embryo
showing a centriole at one pole. c—e Anaphase spindle in an 8-cell blastomere. ¢ Centriole at one
pole d centriole at opposite pole. e Three supernumerary centrioles on the side of spindle—Is this
centrosomal amplification, a prelude to cancer? x8,500, x20,400, x51,000, x20,400 (Sathananthan
et al. 1999)

5.10 Molecular Aspects

Several attempts have been made to unravel the molecular structure of somatic
centrosomes (Uzbekov and Prigent 2007; Alieva and Uzbekov 2008; Sathananthan
et al. 2002; Fouquet et al. 1998; Fuller et al. 1995; Anderson 1999). Biochemically
they are complex structures associated with a diversity of different proteins. The
sperm centrosome has specific regulatory proteins, such as centrin, pericentrin,
gamma tubulin, associated with disulfide bonds, sulfhydryl, and phosphates among
other molecules. The zygote centrosome containing duplicated centrioles and
maternal gamma-tubulin is further added to the PCM in the ooplasm to compose a
functional centrosome (Fig. 5.24) when the centrosome forms the sperm mono-
aster. Both centrioles (mother and daughter) then duplicate again and move to
opposite poles establishing a bipolar spindle at syngamy, the first mitosis of the
human embryo (Fig. 5.25). This ensures the cleavage of two equal blastomeres
completing the first cell cycle. Centrin is a universal, centrosomal protein playing a
key role in centriolar duplication; it occurs in pericentriolar material (PCM) in
fibers linking centrioles to one another. Clearly, more research is needed to
characterize the proteins associated with centrosomes, especially in gametes and
embryos.
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Fig. 5.22 Centrioles in a normal 2PN embryo a two-cell blastomere. b Centriole located
pivotally in a dividing four-cell blastomere. ¢ Double centriole in a three-cell blastomere, located
next to its nucleus d Centriole in a eight-cell blastomere x25,000, x8,500 x20,000 (Sathananthan
et al. 1996)

Fig. 5.23 Centriolar duplication in ICM cells of blastocysts. When centrioles duplicate at the
onset of mitosis, the daughter centriole grows from the side of the mother, as is usual. Three of
the four centrioles are shown on the left and two on the right during duplication. Note abundance
of PCM around typical centrioles (right) x85,000 (www.sathembryoart.com)
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Fig. 5.24 Abnormal centrioles in sperm of infertile men with OATS. The functional centriole is
absent or abnormal in the‘black box’. Note peculiar material in adjacent cytoplasmic droplet
x 85,000 (Sathananthan 1996)

Fig. 5.25 Centrosome: molecular dissection. The sperm centrosome is unravelled, expanded,
and everted in the zygote. The binding of Ca** ions to centrin during activation is thought to
release the sperm centrosome (Courtesy Schatten 1994)

5.11 Sperm Centrosomes and Infertility
In 1991, we postulated a hypothesis that if a defective male centrosome is inherited

by a human oocyte, it might lead to abnormal cleavage and compromise embry-
onic development, a new dimension in the assessment of infertility (Sathananthan
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et al. 1991, 1996, 2001; Sathananthan 1991, 1997). Such centrioles are present in
poorly motile or immotile sperm, commonly used in ICSI. Since the distal cen-
triole gave rise to the sperm axoneme during spermiogenesis, it is logical to
suppose that the proximal centriole that is inherited by the embryo could cause
aberrant mitosis, as both are derived from the same mother centriole in spermatids.
Our hypothesis was based on defects observed in the proximal centriole in the neck
of sperm from motile, poorly motile, and immotile sperm samples (Sathananthan
1996; Sathananthan et al. 2001). Our TEM studies also indicate that the majority
of sperm (80-90 %) from oligoasthenospermic men present centrosomal defects
involving the centriole, PCM, and even the ‘black box’ surrounding the centro-
somal complex. It is easier to detect centriolar MT defects than to assess aber-
rations of the PCM associated with the centriole. Both components are important
in the overall assessment of the sperm centrosome. Centriolar aberrations may also
be found in a few normal sperm and conversely normal centrioles could be located
in a few poor quality sperm with 0-10 % motility. Of course, defects in the
axoneme of sperm tails have been extensively documented.
The main aberrations of the sperm PC organization are

disorganization of the MT triplet structure

loss of MTs within triplets (doublets and singlets)

loss of MT triplets (half and partial centrioles)

total loss of the centriole

displacement of the centriole from its vault within the ‘black-box’
aberrant distribution of PCM—difficult to assess

disorganization of the ‘black box’ components

Intrusion of mitochondria into the neck region

Intrusion of vesicular elements and dense bodies within the centriole
double centrioles with single or double axonemes

Some of these aberrations are portrayed in Fig. 5.26 and in our atlas
(Sathananthan 1996).

Normal centriolar configuration is essential to ensure duplication and the
functionality of the centrosome to organize embryonic spindles. There is now
increasing clinical evidence to support our hypothesis that poor sperm correlates
with poor embryos (Sathananthan 2009; Asch et al. 1995; Vandervorst et al. 1997,
Chatzimeletiou et al. 2008; Van Blerkom 1996; Hinduja et al. 2010; Hewitson
et al. 1997; Navara et al. 1995). A variety of chromosomal aberrations have been
documented in early human embryos, such as aneuploidy, polyploidy, and
mosaicism (Munne 2006) that could partly be attributed to centrosomal dysfunc-
tion. Centrosomal defects can lead to failure in fertilization, and cause embryonic
arrest through the formation of abnormal spindles and the accumulation of chro-
mosomally abnormal cells that derive from them (Fig. 5.27). These are some of
the causes of early embryo loss in assisted reproduction causing infertility.
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Fig. 5.26 Sperm centrosome inheritance. The centriole (a—e, left) and aster (a-h, right) is
inherited at fertilization, duplicated and moves to either pole of a bipolar spindle to establish the
first mitotic spindle, at syngamy (bipolarization). Note sperm tail attached to centrosome. The
diagrams also show sperm incorporation, bipronuclear association, and nuclear disorganization,
2nd polar body extrusion at fertilization and the first cleavage. Sathananthan et al. (1996) TEM;
Courtesy Simerly et al. (1995) FM
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Fig. 5.27 Abnormal multinucleated IVF embryos A. One-cell (fragmented) B. two-cell
(micronucleated) and C,D. three-cell embryos (multinucleated). Such defects reflect chromo-
somal aberrations that could be caused by centrosomal dysfunction. x6,000, x4,000
www.sathembryoart.com

5.12 Centrosomes and Cancer

Boveri predicted the possible role of the centrosome in cancer (Munne 2006) based
on his studies on abnormal early development in the sea urchin following dis-
permic fertilization, where he proposed an explanation for the origin of aneuploidy
in cancer through asymmetric mitoses and/or multipolar mitoses due to an
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Fig. 5.28 Bipolar anaphase spindle in a monospermic ovum with chromosomes (blue) at either
pole, which will divide into two cells (left). Tripolar anaphase spindle in a dispermic ovum with
chromosomes at each pole, which will cleave into three cells (right). Mitochondria (green) are
excluded from the spindle zone. Computer colored x10,000, x8,000 (Sathananthan and Edwards
1995; Sathananthan et al. 1999)

abnormal increase of centrosomes. Our research on human dispermic fertilization
clearly shows three pronuclei (two male and one female) and the formation of two
sperm asters and tripolar spindles (Fig. 5.28) and often bipolar spindles, as well
(Sathananthan and Edwards 1995; Sathananthan et al. 1999). Boveri’s and recent
work on fruit flies (Boveri 1914; Salisbury 2005; Basto et al. 2008) show that
centrosome amplification can initiate tumor formation. Many cells with extra
centrosomes initially form multipolar spindles, which later become bipolar. Cen-
trosomal amplification was also evident in human dispermic embryos (Fig. 5.21)
which may be considered a prelude to cancer in humans? Aneuploidy is often
encountered in human IVF embryos, as well as polyploidy (Munne 2006). This is
an important area of research that needs to be pursued. Fortunately, we do not
transfer dispermic embryos in IVF, but aneuploidy is a problem and may originate
from either sperm or egg, which is now well documented. However, IVF children
and young adults have a very slight risk of cancer according to a Reuters Health
survey, conducted by Swedish pediatricians
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5.13 Centrosomes in Embryonic Stem Cells

We have documented centrosomes in embryonic stem cells (ESCs), establishing
their role in cell division and cell polarity (Sathananthan et al. 2002). These ESCs
are pluripotent, diploid, self-reproducing cells, derived from the inner cell mass
(ICM) of the blastocyst; they are capable of differentiating into all three germ
layers, thus to any cell type of the human body. They are also capable of spon-
taneous differentiation and in essence are somatic cells with typical centrosomes,
though with a much more simplified structure than ICM cells of blastocysts. This
we attributed to cell de-differentiation.

5.14 Problems with Cloning

One of the challenges of modern reproductive technology is therapeutic cloning
and reproductive cloning in mammals, including primates. Cloning or somatic cell
nuclear transfer (SCNT) into enucleated oocytes to produce blastocysts, ESC and
offspring has not been very successful, even in mice or monkeys (Sathananthan
2009; Simerly et al. 2004). There are evidently problems with centrosomal com-
patibility, cell cycle asynchrony, nuclear reprogramming, and genomic imprinting
after SCNT, where a diploid somatic cell is electro-fused with or injected into a
haploid enucleated oocyte and activated to develop. The oocyte is at metaphase 11
of meiosis, while the somatic cell is at interphase of mitosis with two centrioles,
closely associated with its nucleus. Further, the oocyte centrosome is absent or
inactive, while the somatic centrosome is functional and forms the bipolar spindle
to initiate mitosis in the cloned cell. Abnormal MT formations were reported in
monkey SCNT constructs but not in the bovine constructs (Simerly et al. 2004).

5.15 Conclusion and Future Directions

It is essential that the fundamental concepts of human fertilization and embryo-
genesis be clearly understood and applied to the new technologies of assisted
reproduction. We need to explore further centrosomal dysfunction in embryos
derived from poor quality sperm used in ICSI and follow these up during cleavage,
implantation, and in offspring. We need to identify sperm with possible centro-
somal defects in poor sperm samples with little or no motility, using specific
antibodies for proteins associated with sperm centrosomes, before sperm injection
by ICSI. Gamete aneuploidies and chromosomal defects, including DNA frag-
mentation, need to be closely monitored in assisted reproductive technologies
(ART), since they will contribute to abnormal embryo development. It must be
also remembered that the centrosome and chromosomal cycles are closely
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intertwined in each cleavage cycle. We can now identify nuclear defects in live
sperm using high powered lenses, but the centrosome is beyond resolution.

If we can correlate centrosomal dysfunction to sperm motility, we might find a
non-invasive method of sperm selection, particularly for ICSI in cases of severe
male infertility.
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Chapter 6
Asymmetric Centrosome Behavior
in Stem Cell Divisions

Therese M. Roth, Yukiko M. Yamashita and Jun Cheng

Abstract Stem cells are well known for their self-renewal ability and differen-
tiation potential. It is critical to regulate stem cell self-renewal and differentiation,
both during fast growth in development and tissue homeostasis in adulthood. One
way to maintain tissue homeostasis is through asymmetric stem cell division, in
which centrosomes play an important role in establishing mitotic spindles by
acting as a microtubule organization center (MTOC). In this chapter, the asym-
metric behavior of centrosomes during stem cell division will be discussed based
on their structural, behavioral, and developmental asymmetry.

6.1 Structural and Functional Asymmetries
of the Centrosome

Centrosomes were discovered more than 100 years ago as a cytoplasmic organelle
that is often located at the center of the cell. They are known to contribute to
various cellular processes, particularly cell migration and cell division, through
their involvement in the organization of microtubules (MTs). The centrosome is
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composed of a pair of centrioles and their surrounding pericentriolar material
(PCM) (Bettencourt-Dias and Glover 2007). The centriole duplication cycle, as
shown by electron microscopy, implies that there is a fundamental intrinsic
asymmetry in the age of centrioles. The centrosome cycle includes four main
phases: disengagement of the two centrioles, nucleation of the daughter centrioles,
elongation of the daughter centrioles, and separation of the new centrosomes.
Therefore, within one centrosome, there will always be one older centriole, which
was assembled at least one cell cycle prior to, and one younger centriole that was
assembled during, the current cell cycle. Furthermore, the “age” of the centrosome
can be denoted by the “age” of older centrioles within the centrosome: “the
mother centrosome” contains a centriole that was assembled at least two cell
cycles prior and a centriole that was assembled in the current cell cycle, while “the
daughter centrosome” contains a centriole that was assembled in one cell cycle
prior and a centriole that was assembled in the current cell cycle. The age of the
centrioles, and by extension the age of the centrosome, affect their maturity and
function (Yamashita 2009a). In addition to the asymmetric composition of mother/
daughter centrosomes, there are cellular effectors that concentrate on the centro-
some in a cell cycle-dependent manner (Bornens 2002).

The centrosomes display functional and behavioral asymmetry, primarily due to
structural asymmetry in the mother centrioles. Prior to centrosome duplication, the
mother centriole has distal and surrounding subdistal appendages along its proximo-
distal axis, while similar appendages are not found in the daughter centriole (Sluder
2005). Therefore, after centrosome duplication the mother centriole of the mother
centrosome, which contains the appendages, is more mature compared to the mother
centriole of the daughter centrosome throughout most of the cell cycle (Vorobjev and
Chentsov Yu 1982). As the distal and subdistal appendages are major MT-anchoring
sites, the mother centrosome has a greater capability to initiate and organize
cytoplasmic MTs (Bornens 2002). Furthermore, vertebrate primary cilia can only
grow from the mature mother centriole in the centrosome, and after cell division the
cell that inherited the oldest centriole (i.e. the cell that inherited the mother centro-
some) usually grows a primary cilium first (Anderson and Stearns 2009). Proteins
that specifically localize to the appendages have been identified. For example,
e-tubulin and ODF2 asymmetrically localize to the mother centriole, while centrobin
asymmetrically localizes to the daughter centrosome (Chang et al. 2003; Chang and
Stearns 2000; Nakagawa et al. 2001; Zou et al. 2005) (Fig. 6.1).

A group of proteins are known to play important roles in centriole-duplication
and PCM recruitment during centrosome biogenesis. In C. elegans, the kinase ZYG-1
(a functional ortholog of protein kinase PLLK4) is involved in centrosome formation
through phosphorylating SAS-6 (Kitagawa et al. 2009). It has been shown that SAS-4
and SAS-6 are required for centriole duplication in C. elegans (Dammermann et al.
2004; Kirkham et al. 2003), Drosophila melanogaster (Basto et al. 2006) and humans
(Leidel and Gonczy, 2005), and polo kinase and centrosomin (Cnn) are localized to
the centrosome and important for PCM recruitment (Yamashita 2009b). Cnn is
asymmetrically incorporated into the PCM and the rate of Cnn incorporation is
responsible for regulating the size of the centrosome (Conduit et al. 2010). Therefore,
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Fig. 6.1  Centrosome duplication cycle: the intrinsic centrosome asymmetry. Prior to
centrosome duplication, a cell has a single centrosome (named mother centrosome) containing
one “older” centriole (i.e., the mother centriole) and one “newer” centriole (i.e., the daughter
centriole). The mother centriole (black) has distal and subdistal appendages (black branches),
while the daughter centriole (red) does not. Preparing for centrosome duplication, two centrioles
disengage from each other and then each centriole begins duplicating with new centrioles (gray
and purple) nucleating by their sides. At a certain time point, the two pairs of centrioles separate
from each other, forming two centrosomes. The mother centrosome contains the original mother
centriole (black), and the daughter centrosome contains the original daughter centriole (red). The
daughter centrosome is in her unmatured state at this time point, and will take time (e.g., by the
end of current cell cycle or even next cell cycle) to become fully matured. After cell division, the
mother centrosome is inherited by one daughter cell. In the other daughter cell, the original
daughter centriole in the daughter centrosome matures as the “new” mother centriole with
developed appendages (red branches), and the matured daughter centrosome can be denoted as
the mother centrosome upon entry into the next cell cycle

the mother centrosome typically organizes a greater amount of Cnn than the daughter
centrosome, since mother centrosomes are more mature and begin incorporating Cnn
earlier. Furthermore, centrosomes behave asymmetrically during abscission, the last
stage of cytokinesis (Gromley et al. 2005; Kuo et al. 2011). It has been shown that in
Hela cells the mother centriole moves very close to the midbody right before abscission
(Piel et al. 2001), and secretory vesicles carrying components required for abscission
move to the site of abscission from the cell containing the daughter centrosome,
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leading to the inheritance of the midbody ring by the cell with the mother centrosome
(Gromley et al. 2005; Kuo et al. 2011). The cell containing the mother centrosome was
found to have multiple midbody derivatives through numerous successive cell divi-
sions (Kuo et al. 2011). Multiple pathways have been discovered to alleviate the over-
accumulation of midbody derivatives: they could be either digested by autophagy or
released from cells (Kuo et al. 2011; Pohl and Jentsch 2009).

6.2 Stem Cells and Asymmetric Stem Cell Division

The balance between stem cell self-renewal and differentiation is critical for
sustaining tissue growth during early development, repairing damaged tissue after
injury, and maintaining tissue homeostasis during adulthood (Morrison and
Kimble 2006; Morrison et al. 1997; Watt and Hogan 2000). Failure to regulate the
number and function of stem cells has been speculated to lead to tumorigenesis
due to the over-proliferation of stem cells or tissue aging/degeneration due to a
decline in stem cell functions (Brunet and Rando 2007; Clarke and Fuller 2006;
Clevers 2005; Kirkwood 2005; Rando 2006). Asymmetric stem cell division
creates one daughter cell that retains a stem cell identify and a daughter cell that
undergoes differentiation, thereby precisely balancing self-renewal and differen-
tiation. There are two major regulatory mechanisms that ensure asymmetric stem
cell division: extrinsic and intrinsic fate determinants.

6.2.1 Asymmetric Stem Cell Division Regulated
by Extrinsic Fate Determinants

Many stem cells reside in a microenvironment, or niche, that provides extrinsic fate
determinants that specify stem cell identity (Morrison and Spradling 2008). These
extrinsic fate determinants, locally secreted within the stem cell niche, promote the
ability of stem cells to self-renew and/or repress their differentiation. The Drosophila
male germline stem cell (GSC) niche is among the best studied of these systems,
where stem cells undergo asymmetric stem cell divisions in the context of the stem
cell niche. The male GSC niche is composed of hub cells and cyst stem cells (CySCs,
also known as cyst progenitor cells). The hub cells are located at the apical tip of the
testis, to which the GSCs and the CySCs attach via adherens junctions (Hardy et al.
1979; Raymond et al. 2009). Hub cells secret the ligand Unpaired (Upd), which
specifies the stem cell identity through activating JAK-STAT signaling pathways
within GSCs and CySCs (Kiger et al. 2001; Leatherman and Dinardo 2008, 2010;
Tulina and Matunis 2001). GSCs divide asymmetrically, producing one GSC and one
gonialblast, and CySCs also divide asymmetrically, producing one CySC and one
cyst cell (Cheng et al. 2011; Yamashita et al. 2003) (Fig. 6.2a).
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Fig. 6.2 Asymmetric stem cell division regulated by extrinsic/intrinsic fate determinants.
a Asymmetric stem cell division regulated by extrinsic fate determinants. The extrinsic fate
determinants (brown) are short ranged and localized within the stem cell niche, promoting self-
renewal and/or repressing differentiation. Stem cells (blue) are located inside the niche, receiving
fate determinants and maintaining stem cell function. Upon stem cell division, the mitotic spindle
is stereotypically positioned so that the two daughters will be placed either inside or outside the
stem cell niche, becoming either stem cell or differentiating cell. b Asymmetric stem cell division
regulated by intrinsic fate determinants. The polarity of the stem cell is established by intrinsic
fate determinants (brown) preferentially localized on the apical end of the cell. Upon cell
division, self-renewal and differentiating factors are segregated so that self-renewal factors are
concentrated at the apical end and differentiating factors are localized at the basal end. After cell
division, one daughter cell receiving self-renewal factors maintains self-renewal ability while the
other daughter cell acquiring differentiating factors differentiates

6.2.2 Asymmetric Stem Cell Division Regulated
by Intrinsic Fate Determinants

Asymmetric stem cell division can also be achieved through the asymmetric
segregation of intrinsic fate determinants (Knoblich 2008; Yamashita et al. 2010).
Before/during cell division, intrinsic fate determinants are asymmetrically local-
ized in the stem cell, and then unequally segregated into two daughter cells after
the completion of mitosis, leading to the asymmetric fates of the two daughter cells
(Fig. 6.2b). Drosophila neural stem cells, also known as neuroblasts (NB), provide
one of the best-studied examples of the regulation of asymmetric stem cell division
by intrinsic fate determinants (Knoblich 2008; Prehoda 2009). In NBs, apical-basal
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polarity is established by different sets of molecules. The apical cortex of neuro-
blasts is bounded by Par and Pins complexes. The Par complex consists of
Bazooka (PAR3), Par6, and atypical protein kinase C (aPKC), while the Pins
complex consists of Partner of Inscuteable (Pins), Discs large (Dlg), and Goi.
Proteins bound to the basal cortex of NBs include Miranda, Prospero, Brain tumor
(Brat), and Numb. The orientation of the mitotic spindle is directed along the
apical/basal axis, generating an apical daughter cell and a basal daughter cell that
receive different fate determinants and asymmetric fates: the one receiving apical
determinants remains a NB and the other, which receives basal determinants,
becomes the ganglion mother cell (GMC), respectively. It was found that the ratio
of apical to basal determinants also plays an important role in determining the
distinct fates of the daughter cells (Cabernard and Doe 2009). In experiments
where spindle orientation was disrupted, apical determinants were partitioned
between two daughter cells, while the basal determinants were segregated asym-
metrically into only one daughter cell, resulting in two NBs. Recently, Doe and
colleagues found that the position of the cleavage furrow, which leads to the
segregation of determinants, is not solely dependent upon the mitotic spindle, but
is also correlated with the polarity proteins, particularly the Pins complex at the
apical tip (Cabernard et al. 2010).

6.3 Asymmetric Behavior of Centrosomes in Stem Cells

In recent years, due to the centrosome’s important role in organizing the mitotic
spindle and directing mitotic spindle orientation in dividing cells, it has been
increasingly recognized that it plays critical roles in cell divisions. Recent pro-
gresses in studying centrosome behavior during asymmetric stem cell divisions
make it clear that the structural asymmetry of mother and daughter centrosomes is
an important underlying mechanism by which stem cells coordinate their fate and
cellular asymmetry. A few examples of asymmetric centrosome behaviors during
stem cell divisions will be discussed below.

In Drosophila male GSCs, the mother centrosome stereotypically remains at the
apical side of the stem cell near the hub, while the daughter centrosome migrates to
the basal end of the cell, setting up a centrosome orientation perpendicular to the hub
(Yamashita et al. 2003; Yamashita et al. 2007). This stereotypical centrosome ori-
entation ensures asymmetric GSC division; one daughter cell retains stem cell
identity containing the mother centrosome, while the other daughter cell inheriting
the daughter centrosome undergoes differentiation (Fig. 6.3a). This stereotypical
centrosome orientation and asymmetric centrosome inheritance requires centroso-
min (Cnn). Cnn, an integral centrosome component, is important in PCM recruitment
and normal astral microtubule function (Dobbelaere et al. 2008; Megraw et al. 2001).
If cnn is mutated, most PCM components cannot properly localize to the centrosomes
(Conduit et al. 2010). In cnn mutant flies, male GSCs display abnormal centrosome
orientation and show an almost random mother/daughter centrosome inheritance
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(Yamashita et al. 2007). Electron micrographs showed that there are indeed more
astral microtubules around the mother centrosome than the daughter centrosome in
wild type GSCs, presumably explaining the asymmetrical positioning and motility of
the mother/daughter centrosomes. Furthermore, centrosome separation in GSCs
occurs unusually early, suggesting that GSCs could take advantage of the difference
in motility and/or stability of mother versus daughter centrosomes to position the
daughter centrosome at the basal side of the cell, thus ensuring asymmetric stem cell
division, and thus their asymmetric inheritance. Similarly, in the mammalian neo-
cortex, the mother centrosome is preferentially inherited by the neural progenitor cell
while the daughter centrosome is largely associated with the differentiating neuron
(Wang et al. 2009). Strikingly, this centrosome asymmetry is closely related to the
stem cell fate and maintenance. In the event of RNAi knockdown of ninein, a
component of subdistal appendages in the mature centrosome, this asymmetric
centrosome inheritance is disrupted, resulting in the depletion of the neural pro-
genitors (Fig. 6.3b).

Another interesting example is found in Drosophila NBs. NBs undergo
asymmetric stem cell division, generating two daughter cells with unequal sizes.
During mitosis, spindle orientation is critical and must be in line with the polarity
axis of the NB to ensure an asymmetric division (Rebollo et al. 2007; Rusan and
Peifer 2007); pulling forces acting on the astral MTs work to determine the
position of the mitotic spindle and are responsible for the differences in NB
daughter cell sizes (Neumuller and Knoblich 2009). However, contrary to the
centrosome inheritance in fly GSCs and mammalian neural progenitors, the
daughter centrosome is consistently retained by the stem cell while the mother
centrosome is inherited by the GMC (Conduit and Raff 2010; Januschke et al.
2011). To achieve this, Cnn is downregulated in the mother centrosome and the
MTOC activity of the mother centrosome is reduced, while the level of Cnn is
maintained in the daughter centrosome and the daughter centrosome functions as
MTOC every cell cycle (Conduit and Raff 2010). Instead of relying on the passive
maintenance of the MTOC, fly NBs utilize this elaborate mechanism of actively
regulating the MTOC of each centrosome every cell cycle to achieve asymmetric
centrosome segregation and inheritance, implying that NBs do have a reason to do
so, although such a reason has yet to be elucidated (Fig. 6.3c).

The asymmetric centrosome segregation and inheritance during asymmetric stem
cell divisions implies that stem cells do have reason(s) to inherit one particular
centrosome over the other, provoking further studies to understand the biological
meaning of this phenomenon. One possible explanation is that the mother/daughter
centrosomes asymmetrically harbor fate determinants, so that the daughter cell
inheriting the “stemness”-promoting centrosome remains as the stem cell, while the
other daughter cell receiving the “differentiation”-initiating centrosome differenti-
ates. For example, in mollusc embryos, certain mRNAs asymmetrically associated
with the centrosome are asymmetrically distributed during division, producing two
daughter cells with asymmetric fates (Lambert and Nagy 2002).



106 T. M. Roth et al.

Hub cell Hub cell Hub cell

Germline @ Germline

(@)

Self-renew
stem cell stem cell

Daughter centrosome

Goniablast
(differentiation)

(b)

Ventricular zone

Mother centrosome

Daughter centrosome

=

(c) Par and Pins complexes
®
* Neuroblast Self-renew

Daughter centrosome

=

Mother centrosome

Neuroblast

MNumb/Pros/BratMiranda complex

6.4 The Loss of Asymmetry of Centrosomes Relates
to Centrosome Dysfunction and Tumorigenesis

As described above, the structural asymmetry between the two centrosomes is
important in many cellular processes during cell divisions. The intriguing questions
are, when cells contain extra centrosomes, whether this asymmetry is still main-
tained, and if not, how the extra centrosomes affect the cellular processes. Basto and
colleagues answered these questions through driving centriole overduplication in
fruit flies by overexpressing SAK, a protein kinase critical for initiating centriole
duplication (Basto et al. 2008). Although the adult animals with SAK overexpression
are viable and fertile, their development is significantly delayed and the mitosis
period is longer. Cells with extra centrosomes initially form multipolar mitotic
spindles, but later on almost all multipolar spindles become bipolar by metaphase,
leading to normal partitioning of the chromosomes into two daughter cells. This
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<« Fig. 6.3 Asymmetric centrosome segregation and inheritance during asymmetric stem cell
division. a Drosophila germline stem cells divide asymmetrically and the mother centrosome is
inherited by the stem cell daughter. At the center of the stem cell niche, hub cells produce
external fate determinants within the niche. The mother centrosome (black) locates close to the
stem cell-hub interface while the daughter centrosome (red) is mostly found to be at the basal
side. During mitosis, germline stem cells form stable and stereotypical oriented mitotic spindles
with mother/daughter centrosome asymmetrically positioned. After cell division, one daughter
cell receiving the mother centrosome maintains contact with the hub cell and retains self-renewal
ability. The other daughter cell receiving the daughter centrosome is displaced away from the hub
and starts differentiation. b Radial glial progenitors in the ventricular zone of the mouse neocortex
divide asymmetrically, and the self-renewing daughter inherits the mother centrosome (black).
The centrosome in radial glial progenitor locates very close to the ventricular zone. Upon cell
division, a mitotic spindle with asymmetric centrosomes forms at the surface of the ventricular
zone. Therefore, the self-renewing radial glial progenitor inherits the mother centrosome, while
the daughter centrosome is received by the differentiating cell. ¢ Drosophila neuroblasts divide
asymmetrically, but the daughter centrosome is received by the self-renewing daughter while the
mother centrosome is retained by the differentiating daughter. Intrinsic self-renewal fate
determinants, such as Par and Pins complexes, form a crescent (brown) and localize at the apical
end; and differentiation-promoting proteins, such as Numb/Pros/Brat/Miranda complex, form the
basal crescent (yellow). Upon cell division, the daughter centrosome (red) locates near the apical
crescent and the mother centrosome (black) positions near the basal crescent. Therefore, this
spindle positioning leads to asymmetric segregation of centrosomes and intrinsic fate
determinants, producing one self-renewing neuroblast in a larger size with the daughter
centrosome and one differentiating ganglion mother cell in a smaller size with the mother
centrosome

process, formation of a bipolar spindle in a cell containing more than two centro-
somes, requires a functional spindle assembly checkpoint, which inhibits the ana-
phase-promoting complex, and thus delays mitotic exit. This study showed that
centrosome overamplification does not necessarily lead to multipolar cell division,
leading to genomic instability, as has been suggested as a possible underlying
mechanism that explains frequent centrosome overamplification in cancer cells.
Interestingly, however, an unusually high percentage of NBs undergo symmetric
division upon overamplification of centrosomes (Basto et al. 2008).

Almost a century ago, abnormalities in centrosome number were hypothesized
to result in chromosomal alternations due to a failure in equal partitioning of the
genome, triggering cancer development. This seemed to fit well with the obser-
vation that many cancer cells often show centrosome overamplification. Multiple
lines of evidence have since shown that genetic alterations and instability are
involved in tumor development and cancer, but the causative relationship between
centrosome abnormalities and genetic alterations in cancer development remained
elusive. A recent study provided the first critical evidence that genomic instability
might not be the reason for tumor formation upon centrosome dysfunction
(Castellanos et al. 2008). The authors systematically examined the tumor-forming
ability of cells derived from fly brain upon transplantation to a host fly abdomen.
Cells defective in centrosome function (such as mutants of dsas-4, polo or aurA)
resulted in tumor formation, but without significant changes in the cellular DNA
content. Instead, these cells with defective centrosomes showed a failure in
asymmetric NB division. Critically, cells defective in genome stability (such as
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mutants of atm, a gene required for the DNA damage checkpoint) did not cause
any tumor formation upon transplantation. These results led the authors to propose
that the defective genomic stability upon centrosome dysfunction is not the cause
of tumor formation; instead, centrosome dysfunction causes tumors through dis-
turbing asymmetric stem cell divisions (Castellanos et al. 2008).

Because of its duplication mechanism during centriole biogenesis, the centro-
some displays inherent asymmetry in cellular processes. Now we know several
examples in which centrosome asymmetry is integrated into a higher level of
asymmetry, i.e., fate, during stem cell divisions. While it is tempting to speculate
that centrosome asymmetry is a universal mechanism for cells to divide asym-
metrically, such assumptions and underlying mechanisms remain to be elucidated.
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Chapter 7

Functional Associations Between the Golgi
Apparatus and the Centrosome

in Mammalian Cells

Breanne Karanikolas and Christine Siitterlin

Abstract The pericentrosomal positioning of the mammalian Golgi apparatus has
been observed for many years, but, until recently, its functional significance
remained unclear. Several studies have now demonstrated that there are associations
between the Golgi and the centrosome that are critical for the establishment of cell
polarity, the organization of the centrosome, and proper cell cycle progression. In this
chapter, we will review the major factors that control the positioning of the mam-
malian Golgi apparatus next to the centrosome. We will also discuss the functional
associations between the Golgi and the centrosome during interphase, when there is
physical proximity between these two organelles, and during mitosis, when the
physical Golgi-centrosome proximity is temporarily lost.

7.1 Introduction

The region next to the centrosome is a major site of membrane trafficking in
mammalian cells (De Matteis and Luini 2008; Wilson et al. 2011). The most
prominent organelle in this area is the Golgi apparatus, which is composed of
stacks of 6-8 flattened membrane cisternae. Individual Golgi stacks are laterally
connected to form the so-called Golgi ribbon, in which regions with tight cisternae
packing (‘compact zones’) are separated by connecting tubular elements
(‘non-compact zones’). Newly synthesized proteins are delivered via anterograde
transport from the Endoplasmic Reticulum (ER) to the cis face of the Golgi
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apparatus, where protein sorting occurs. Proteins and lipids destined for the
endosomal/lysosomal system, the cell surface, or the extracellular space transit the
cisternae of the Golgi stacks in a directional manner and are glycosylated in a step-
wise process. In contrast, proteins that have “escaped” from the ER are recycled
back to the ER by retrograde transport. In the most trans cisternae, the Trans Golgi
Network (TGN), cargo molecules are packaged into transport carriers for delivery
to their final destinations.

In addition to the Golgi apparatus, elements of the ER-Golgi Intermediate
Compartment (ERGIC) have been detected in the pericentrosomal region (Marie
et al. 2009). As the name implies, the ERGIC is a dynamic organelle at the interface
between ER exit sites and the cis Golgi, which functions as a major site of post-ER
protein sorting. Interestingly, the pericentrosomal domain of the ERGIC appears to
be independent of the Golgi, maintaining its close association with the centrosome
under conditions when Golgi membranes are dispersed (Marie et al. 2009).

The Endocytic Recycling Compartment (ERC) is also found in the pericen-
trosomal region (Lin et al. 2002). This organelle, which is morphologically and
functionally distinct from the early endosome, is a collection of tubular endosomes
concentrated near the centrosome. It is involved in the vesicle-mediated transport
of proteins and lipids that are endocytosed and then targeted either to the lysosome
or recycled back to the plasma membrane. For example, some cell surface pro-
teins, such as transferrin and low-density lipoprotein receptors, use this pathway:
they are first endocytosed, then separated from their respective ligands, and finally
recycled back to the cell surface via the ERC.

The placement of multiple distinct trafficking organelles next to the centrosome
indicates that this particular localization may be advantageous for a mammalian cell.
One obvious benefit is the convergence of trafficking compartments with the
microtubule network, which facilitates efficient vesicle-mediated transport to the cell
center and the cell periphery. In addition, the close proximity of the Golgi, the
ERGIC, and the ERC facilitates the rapid exchange of cargo among these com-
partments. For example, when TGN resident proteins, such as TGN38, escape from
the Golgi to the cell surface, they are recycled back to the TGN via the ERC (Ghosh
et al. 1998). This trafficking route is also used by bacterial toxins (Mallard et al.
1998). For instance, Shiga toxin is taken up by endocytosis, but avoids lysosomal
destruction by trafficking from the ERC to the TGN, and finally to the ER, where it is
released into the cytoplasm to inhibit ribosomal activity. Interestingly, under con-
ditions when normal recycling pathways are blocked, transferrin receptor travels
from the ERC to the pericentrosomal ERGIC and then back to the plasma membrane
(Marie et al. 2009). Thus, the pericentrosomal region of the cell appears to serve as a
trafficking “hub” that promotes efficient cargo transfer between organelles.

While seen in some eukaryotes, including mammals, frogs, fish, and the unicel-
lular amoeba Dictyostelium (Distel et al. 2010; Rehberg et al. 2005; Reilein et al.
2003; Thyberg and Moskalewski 1999), a pericentrosomal Golgi ribbon is not
universal (Wilson et al. 2011). In fact, Golgi membranes of many lower eukaryotes
are organized as isolated, unconnected membrane stacks, or individual cisternae
distributed throughout the cytoplasm. These Golgi membranes are fully functional
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for protein transport. In the yeast Saccharomyces cerevisiae, for example, individual
Golgi cisternae are dispersed throughout the cytosol (Preuss et al. 1992; Rambourg
et al. 2001). In the fission yeast Schizosaccharomyces pombe, Golgi mini-stacks
exist, but they are distributed throughout the cytoplasm and do not form a single
connected Golgi ribbon (Chappell and Warren 1989). Interestingly, studies in
Drosophila have shown that Golgi organization can be cell type-specific (Stanley
etal. 1997). In pre- and post-cellularized Drosophila embryos, as well as in S2 tissue
culture cells, Golgi membranes appear as dispersed punctate structures that corre-
spond to isolated Golgi mini-stacks (Kondylis and Rabouille 2009; Stanley et al.
1997). These mini-stacks localize close to the transitional ER, forming a unit for
translation and transport that is also seen in Toxoplasma, Plasmodium and plants
(Kondylis and Rabouille 2009). However, the Drosophila Golgi has also been
observed as unstacked cisternae during distinct stages of development, or as a ribbon-
like structure in spermatids, indicating that Golgi membranes can be organized
differently within the same organism (Kondylis and Rabouille 2009).

In this chapter, we will focus on the spatial and functional relationship between
the Golgi and the centrosome in mammalian cells. We will first discuss the
mechanism by which Golgi membranes are positioned in the pericentrosomal
region. We will then review studies on the functional connections between the
Golgi and the centrosome in interphase, including the role of the pericentrosomal
Golgi in directional protein secretion and cell polarization. Finally, we will discuss
the link between the Golgi and the centrosome during mitosis, the stage of the cell
cycle when the physical Golgi—centrosome connection is temporarily lost due to
extensive Golgi fragmentation and dispersal.

7.2 Mechanisms of Golgi Positioning in Interphase
Mammalian Cells

Although not essential for the typical function of the Golgi in protein and lipid
transport, the positioning of the Golgi apparatus in mammalian cells next to the
centrosome is actively maintained (Table 7.1). The preservation of this specific
localization involves both the microtubule and actin cytoskeletal networks and
their associated motor proteins and regulators (Brownhill et al. 2009). These
cytoskeletal networks are linked to the Golgi by binding to either structural Golgi
proteins, such as Hook3, or by directly associating with specialized phospholipids
in the Golgi membranes, such as PtdIns(4,5)P, (Godi et al. 1998; Walenta et al.
2001). Both microtubule- and actin-associated motor proteins have been detected
on the Golgi. Because microtubule motors actively contribute to the positioning of
the Golgi apparatus, they will be discussed in detail. In contrast, Golgi-localized
actin-associated motor proteins will not be covered because they function pre-
dominantly in the movement of vesicles to and from the Golgi, and do not seem to
control Golgi localization.
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A typical mammalian cell contains two distinct populations of microtubules, which
both originate in the pericentrosomal region. About half of cellular microtubules are
nucleated and anchored at the centrosome, from which they extend radially toward the
plasma membrane (Efimov et al. 2007). The other half are nucleated at the Golgi, from
which they form an asymmetrical array, with their plus ends extending predominantly
toward the leading edge of the cell (Chabin-Brion et al. 2001; Efimov et al. 2007;
Vinogradova et al. 2009). Golgi-nucleated microtubules associate with CLASP pro-
teins, which are recruited by the peripheral TGN protein GCC185 (Efimov et al. 2007).
The binding of CLASP proteins to these microtubules increases their overall stability,
which, together with their enhanced acetylation and tyrosination, explains why they
are more difficult to depolymerize (Chabin-Brion et al. 2001; Efimov et al. 2007,
Rivero et al. 2009; Thyberg and Moskalewski 1999).

Microtubules play a critical role in the organization and positioning of the Golgi
apparatus (Thyberg and Moskalewski 1999). Their depolymerization by treatment
with the compound nocodazole leads to the loss of the pericentrosomal Golgi ribbon,
which is converted into mini-stacks at ER exit sites (Cole et al. 1996; Rogalski and
Singer 1984). These mini-stacks are fully functional for protein processing and
secretion, and are reminiscent of the ER-Golgi units of Drosophila. Upon nocodazole
removal, microtubules repolymerize and promote the reassembly of the Golgi ribbon
through active transport of Golgi mini-stacks toward the cell center. Interestingly,
Golgi reassembly after treatment with nocodaozle occurs in two distinct steps that are
each dependent on a different microtubule population (Miller et al. 2009). In the first
step (Golgi- or G-phase), Golgi mini-stacks spread along microtubules and fuse into
larger structures in the cell periphery. This step is dependent on Golgi-nucleated
microtubules and does not occur in CLASP-depleted cells, in which this microtubule
subset is absent. In the second step (centrosome- or C-phase), peripheral Golgi
clusters are transferred from the cell periphery to their normal position next to the
centrosome. This translocation of Golgi membranes to the cell center requires cen-
trosome-nucleated microtubules and still takes place in CLASP-depleted cells, in
which the fusion of mini-stacks in the cell periphery is prevented (Miller et al. 2009).
In these cells, Golgi mini-stacks are positioned normally adjacent to the centrosome,
but they are unable to form an interconnected ribbon. Thus, Golgi-nucleated
microtubules are responsible for the integrity and morphology of the Golgi ribbon,
whereas centrosome-nucleated microtubules determine the localization of Golgi
membranes next to the centrosome (Miller et al. 2009).

Microtubules serve as tracks for the movement of Golgi membranes, but the
actual locomotive force for the G- and C-stages of Golgi assembly is provided by
the microtubule motor proteins dynein and kinesin (Miller et al. 2009). Microtu-
bule motors are mechano-chemical enzymes that transport cargo along microtu-
bule tracks, with dyneins moving toward microtubule minus ends, and kinesins
generally moving toward plus ends. Dyneins associate with the Golgi apparatus
and are important for Golgi organization and positioning (Allan et al. 2002;
Thyberg and Moskalewski 1999). Disrupting their function by depleting dynein or
ATP from the cytosol blocked the directional movement of the Golgi toward the
centrosome, producing a Golgi fragmentation phenotype (Corthesy-Theulaz et al.
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1992). In addition, knock-out mice for cytoplasmic dynein 1 (CD1), a TGN-
associated dynein (Fath et al. 1994), developed into the blastocyst stage before
embryonic death and reabsorption. Cells recovered from this CD1 knockout
blastocyst had fragmented Golgi membranes in the form of peripheral mini-stacks
(Harada et al. 1998). Another dynein family member, cytoplasmic dynein 2 (CD2),
also localized to the Golgi apparatus, although its distribution was more ubiquitous
than that of CD1 (Vaisberg et al. 1996). Blocking CD2 function by microinjection
of a specific monoclonal antibody resulted in the conversion of the Golgi ribbon
into peripheral mini-stacks. Similarly, interfering with the function of the minus-
end directed kinesin family member KIFC3 caused Golgi fragmentation (Xu et al.
2002). These experiments provide strong support for a role of minus-end directed
microtubule motors in Golgi organization and position.

The motor protein kinesin, which, in general, moves toward microtubule plus-
ends, are also important for the maintenance of Golgi organization. Indeed, ki-
nesins have been proposed to provide an opposing force to dyneins. Similar to
what has been observed for dyneins, various kinesin family members localize to
the Golgi (Allan et al. 2002; Gyoeva et al. 2000; Lippincott-Schwartz et al. 1995;
Thyberg and Moskalewski 1999). Their RNAi-mediated knockdown resulted in
the collapse of the Golgi into a circular body in the cell center, with reduction in
the overall size, number, and spreading of Golgi cisternae (Feiguin et al. 1994).
Thus, a balance between dynein and kinesin activity may be the critical deter-
minant for the pericentrosomal organization of the Golgi ribbon.

In addition, there are reports implicating the actin cytoskeleton in the mainte-
nance of a pericentrosomal Golgi apparatus. Disruption of actin filaments, spe-
cifically of branched actin structures, resulted in a collapse of Golgi morphology
(di Campli et al. 1999). Under these conditions, Golgi cisternae remained in a
stacked conformation, but they were swollen and condensed around the nucleus
(Valderrama et al. 1998). This phenotype was reminiscent of Golgi morphology in
cells with disrupted kinesin activity, suggesting that actin filaments, just like ki-
nesins, may be antagonistic to dynein activity. It is possible that actin filaments
oppose dynein activity by attaching to the plasma membrane, generating tension
and encouraging lateral spreading of Golgi membranes.

Actin can also control Golgi organization through its interacting proteins
spectrin and ankyrin, which have both been detected on the Golgi (Beck 2005;
Beck et al. 1994, 1997; Devarajan et al. 1996; Fath et al. 1994; Stankewich et al.
1998). Spectrin is a cytoskeletal protein that is known to control membrane
organization, stability, and shape by linking membranes to motor proteins or other
cytoskeletal elements. Spectrin binds to membranes via the adaptor protein
ankyrin, which itself associates with integral membrane proteins or membrane
phospholipids. Membrane-bound spectrin-ankyrin complexes are cross-linked by
short actin filaments, creating a flexible meshwork across the surface of a mem-
brane (De Matteis and Morrow 2000; Godi et al. 1998). At the plasma membrane,
the spectrin network has been found to promote the formation of specialized
membrane domains by preventing the free diffusion of integral membrane proteins
(Holleran and Holzbaur 1998). Spectrin and ankyrin may have an analogous role
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on the Golgi and maintain the integrity of this organelle by restricting access of
Golgi resident proteins to budding transport vesicles (Holleran and Holzbaur,
1998). Furthermore, Golgi-associated spectrin may serve as a scaffold for the
recruitment of signaling proteins from the cytosol. The actin-related protein Arpl
is a good example for such a spectrin-binding protein (Holleran et al. 2001).
Spectrin-dependent recruitment of Arpl, a central component of the dynactin
complex, to the Golgi may allow this protein to control dynein activity and con-
tribute to the regulation of Golgi positioning.

Golgi and centrosome-associated proteins also control the pericentrosomal
positioning of the Golgi. Loss of either Golgin-160, GMAP210 or Golgin-84, all
putative structural Golgi proteins, resulted in the dispersal of Golgi membranes
into ER-associated mini-stacks, producing a phenotype that is reminiscent of no-
codazole-treated cells (Diao et al. 2003; Yadav et al. 2009). Dispersal of Golgi
membranes was also observed in cells depleted of the centrosomal protein
TBCCDI1 (Goncalves et al. 2010). Interestingly, in these cells, the centrosome was
mislocalized away from the nucleus. In conclusion, diverse groups of proteins are
involved in, and required for, the proper positioning of the Golgi apparatus next to
the centrosome (Table 7.1), suggesting that sustaining this specific localization
may be important for cell homeostasis.

7.3 A Role for the Pericentrosomal Golgi Apparatus
in Cell Polarity

Cell polarity is a feature of eukaryotic cells that allows them to carry out their
specialized functions. For example, neurons depend on their polarization to
transmit electrical signals from one cell to the next, whereas epithelial cells use
their polarized organization to protect the body from its environment. The Golgi
apparatus and the centrosome both have independent roles in the establishment of
cell polarity. Golgi membranes control the sorting of proteins, which is important
for their delivery to the leading edge of a cell (Bergmann et al. 1983). This so-
called directional transport is a prerequisite for cell polarization, and was recently
shown to involve Golgi-nucleated microtubules (Bergmann et al. 1983; Rivero
et al. 2009). When Rivero and colleagues selectively disrupted this subset of
microtubules, there were defects in cell polarization and migration (Rivero et al.
2009). Golgi membranes also recruit the Ste20-like kinase YSKI1, a protein kinase
required for Golgi organization and cell polarization (Preisinger et al. 2004). A
pathway that involves the interaction between STK25, the mouse homolog of
YSKI1, and the Golgi protein GM130 is also required for Golgi organization and
polarization in cultured neurons and in vivo (Matsuki et al. 2010).

Like the Golgi, the centrosome has long been anticipated to play an important role
in cell polarization. In many migrating cells, including fibroblasts and macrophages,
the centrosome localizes between the nucleus and the leading edge (Kupfer et al.
1982; Nemere et al. 1985), suggesting that the position of the centrosome may
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determine the direction of cell polarization. This idea is further supported by a recent
study in Ptk2 cells, in which laser ablation of the centrosome caused a block in cell
migration and cell polarization (Wakida et al. 2010). However, a leading role of the
centrosome does not appear to be universal. In a study comparing centrosome
position in migrating CHO and Ptk cells, the centrosome was localized toward the
front of the nucleus in CHO, but not in Ptk cells (Yvon et al. 2002). In addition, there
are conflicting results on the role of the centrosome in migrating neurons. Several
studies have attributed a leading role to the centrosome in directing migration (Hi-
gginbotham and Gleeson 2007; Tsai and Gleeson 2005), but recent results from
Zebrafish neurons showed that there was no correlation between centrosome posi-
tioning and cell migration (Distel et al. 2010). Indeed, it was found that the centro-
some of migrating THN neurons often trailed the nucleus. Thus, additional
experiments are needed to determine the exact role of the centrosome itself in cell
polarization.

Interestingly, several studies support an additional role for the Golgi-centrosome
relationship in the establishment of cell polarity. First, Bisel and colleagues reported
that the Golgi and the centrosome move together toward the leading edge of
migrating cells (Bisel et al. 2008). This coordinated movement of both organelles
required the reorganization of Golgi membranes, which was mediated by ERK1-
dependent phosphorylation of the peripheral Golgi protein GRASP65. In a second
study, a role for the pericentrosomal Golgi ribbon in cell polarization and migration
was identified (Yadav et al. 2009). By depleting the structural Golgi proteins Golgin-
160 or GMAP210, Yadav and colleagues found that the Golgi ribbon was converted
into dispersed mini-stacks. In these cells, normal protein transport to the cell surface
occurred, but there was a specific block in directional transport toward the leading
edge. As a consequence, cells did not polarize and migrate, indicating that a peri-
centrosomal Golgi ribbon is important for cell polarization. A third study asked
directly whether it is Golgi organization or Golgi position that is important for cell
polarization (Hurtado et al. 2011). Hurtado and colleagues expressed a specific
domain of the Golgi scaffolding protein AKAP450, which resulted in the separation
of a functional, interconnected Golgi ribbon from the centrosome. Intriguingly, these
cells were unable to migrate in a wound-healing assay, indicating that the Golgi—
centrosome proximity is necessary for directional protein transport and cell polari-
zation. This study demonstrates for the first time that the physical proximity between
the Golgi and the centrosome in interphase mammalian cells is important for cell
polarization and is therefore of great functional significance.

7.4 Other Functional Interactions Between the Golgi
and the Centrosome in Interphase

In addition to this emerging role for the Golgi—centrosome interaction in cell
polarization, there are at least two other molecular associations between these two
organelles during interphase. First, there are cellular functions that are performed
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by the Golgi and the centrosome. The most prominent example is the nucleation of
microtubules that we discussed previously. Interestingly, microtubule nucleation at
the Golgi and the centrosome depends on the same protein, the large scaffolding
protein AKAP450, which associates with both organelles and recruits y-tubulin as
the microtubule nucleation factor (Rivero et al. 2009). Similarly, the y-tubulin
binding protein CdkSRAP2 has been detected on both organelles and may have a
complementary role in microtubule nucleation (Wang et al. 2010). There are
several other proteins, including myomegalin, Golgin-97, FTCD (58 K), and
CAP350 that associate with both organelles (Hagiwara et al. 2006; Hoppeler-Lebel
et al. 2007; Takatsuki et al. 2002; Verde et al. 2001), but the functional signifi-
cance of their specific localizations is not known.

Another example for a common function of the Golgi and the centrosome is
their role as signaling platforms. For instance, several proteins controlling cell
cycle progression have been detected at the centrosome. These include the kinase
complex Cdkl1-Cyclin B, which is required for entry into mitosis (Jackman et al.
2003) and centriolin, which controls cytokinesis and entry into S-phase (Gromley
et al. 2003). In addition, signaling molecules, such as the protein kinases PKA and
NRD, proteasomal subunits, and cytoskeletal elements, such as actin and Arp2/3,
associate with the centrosome (Diviani et al. 2000; Hubert et al. 2011; Wigley
et al. 1999). Similarly, Golgi membranes host a large number of signaling mole-
cules. For instance, components of the ras and src pathways have been detected on
the Golgi apparatus (Bard et al. 2002; Chiu et al. 2002; Wilson et al. 2011). In
addition, cell cycle regulators, such as the mitotic cyclin B2 and the cytokinesis
regulator Nir2, localize to the Golgi (Jackman et al. 1995; Litvak et al. 2004). It is
clear that many of these Golgi- and centrosome-associated signaling molecules
fulfill functions that are unrelated to the primary roles of the Golgi or the cen-
trosome. Therefore, similar to the enrichment of membrane trafficking organelles
in the pericentrosomal region, it may be beneficial for a cell to place signaling
components in close proximity in its center.

A second association between the Golgi apparatus and the centrosome concerns
the regulatory crosstalk between these two organelles. For instance, there is a
signaling pathway by which the Golgi apparatus influences, and even controls, the
proper organization and function of the centrosome (Kodani and Siitterlin 2008).
This pathway involves the cis Golgi protein GM 130, which forms a complex with
the small GTPase Cdc42 and its specific guanine nucleotide exchange factor Tuba
at the Golgi (Kodani et al. 2009; Kodani and Siitterlin 2008). Interfering with
GM130, Tuba or Cdc42 causes the formation of a disorganized and non-functional
centrosome, suggesting that each of these three proteins is required for the
maintenance of normal centrosome morphology. It is not known at this point
whether additional signaling molecules are involved in this pathway, and how the
signal is transduced from one organelle to the other.

The mechanism(s) that support the functional interactions between the Golgi
and the centrosome are only beginning to be understood. As discussed above, cell
polarity appears to depend on the physical Golgi—centrosome proximity. However,
for other common functions, such as protein localization and signaling, the
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importance of proximity between these organelles has not been tested. It will be
interesting to address these questions in the future by expressing the AKAP450
domain that successfully disrupts Golgi—centrosome vicinity while leaving Golgi
organization and functionality intact (Hurtado et al. 2011).

7.5 Functional Interactions Between the Golgi
and the Centrosome in Mitosis

At the onset of mitosis, the Golgi apparatus of mammalian cells undergoes
extensive reorganization. During this process, Golgi membranes lose their asso-
ciation with the centrosome, and are fragmented and dispersed throughout the
cytoplasm. This fragmentation process is initiated in G2 with the disconnection of
the non-compact zones of the Golgi ribbon and the generation of isolated, peri-
centrosomal mini-stacks (Colanzi et al. 2007; Feinstein and Linstedt 2007). This
step depends on the recruitment of the mitotic kinase Aurora A to the centrosome,
which, when blocked, prevents Golgi fragmentation and entry into mitosis (Persico
et al. 2010). Next, in prophase, the isolated Golgi mini-stacks are converted into
tubular vesicular elements, called Golgi “blobs”. This step is mediated by the
MAP kinase pathway components Rafl, MEK1, and Erklc (Acharya et al. 1998;
Colanzi et al. 2003b; Shaul and Seger 2006). Finally, Golgi “blobs” are broken
down into the so-called Golgi “haze” by a mechanism that involves the protein
kinases Plk1 and Cdc2 (Colanzi et al. 2003a; Lowe et al. 1998; Wei and Seemann
2009; Siitterlin et al. 2001). Upon completion of mitosis, Golgi fragments reas-
semble into the ribbon through the G- and C-stage steps that we have discussed
previously for experimentally induced Golgi fragmentation (Miller et al. 2009).
During this entire multi-step Golgi disassembly process, Golgi membranes remain
separate and distinct from the ER (Jokitalo et al. 2001; Pecot and Malhotra 2004).

A number of studies support the existence of a functional link between the
Golgi and the centrosome during mitosis. For example, mitotic Golgi reorgani-
zation, during which the physical Golgi—centrosome connection is lost, was found
to be necessary for the regulation of cell cycle progression. When Golgi frag-
mentation was prevented by microinjection of GRASP65-related reagents, cells
arrested in G2 and did not enter mitosis (Siitterlin et al. 2002). Preisinger and
colleagues obtained similar results when they overexpressed GRASP65 (Preisinger
et al. 2005). The inhibitory effect of GRASP65 on mitotic entry was only seen with
wild-type GRASP65, and not with a non-phosphorylatable mutant, indicating that
excess GRASP65 may titrate out the activity of a kinase important for Golgi
fragmentation. Similarly, inhibiting the membrane fission protein CtBP3/BARS
prevented mitotic Golgi fragmentation and blocked cells from entering mitosis
(Hidalgo Carcedo et al. 2004).

There are several possible explanations for the link between Golgi fragmentation
and mitotic entry. First, the conversion of the Golgi ribbon into smaller fragments
may facilitate the equal partitioning of this single-copy organelle into the two
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daughter cells. Second, fragmentation may promote the release of mitotic signaling
components that are normally sequestered on Golgi membranes. For example,
ACBD3, a critical regulator of numb signaling, is released from the Golgi during
mitotic fragmentation to promote asymmetric cell division (Zhou et al. 2007). Third,
an intact Golgi ribbon may cause steric hindrance during centrosome maturation and
restrict centrosome movement necessary for mitotic spindle formation.

In addition, there is support for an association between mitotic Golgi mem-
branes and the mitotic spindle. In a careful live imaging study, Shima and col-
leagues detected the enrichment of mitotic Golgi fragments at spindle poles,
indicating that the mitotic spindle may facilitate the ordered inheritance of Golgi
fragments into daughter cells (Shima et al. 1998). Spindle poles were also found to
contain factors that are important for Golgi ribbon formation (Wei and Seemann
2009). In this study, cells were induced to divide asymmetrically, with both
spindle poles segregating into only one of the two daughter cells. Under these
conditions, the pericentrosomal Golgi ribbon reformed only in the spindle pole-
containing daughter cell, and not in the daughter cell that lacked a spindle pole.
This result supports the notion that Golgi ribbon determinants associate with
spindle poles for their inheritance into the daughter cells; however, the nature of
these ribbon determinants is not known. Finally, Golgi proteins appear to control
the formation of the mitotic spindle. Three functionally diverse, Golgi-associated
proteins have been identified as having a role in mitotic spindle formation. These
proteins include the poly-ADP ribosylase Tankyrase (Chang et al. 2005), the
peripheral Golgi protein GRASP65 (Siitterlin et al. 2005) and the phosphoinositide
phosphatase Sacl (Liu et al. 2008). RNAi-mediated depletion of each of these
proteins resulted in multi-polar spindles and defects in cell cycle progression.
Furthermore, GM130 was found to be required for meiotic spindle formation
during mouse oocyte maturation (Zhang et al. 2011). However, the mechanisms by
which these diverse proteins regulate spindle formation are not understood.

7.6 Conclusion and Perspective

While a unique physical association between the mammalian Golgi apparatus and the
centrosome has been observed over many years, recent studies have found that these
two organelles are also linked functionally (Table 7.2). Such interactions occur
primarily during interphase, when the Golgi and the centrosome are in close vicinity.
During this stage of the cell cycle, the Golgi—centrosome interaction is important for
cellular processes, such as the establishment of cell polarity, the nucleation of
microtubules, and the control of centrosome structure and function. Other functional
Golgi—centrosome interactions are independent of organelle proximity and occur
during mitosis, when the physical proximity is disrupted. These include the regu-
lation of mitotic entry and post-mitotic reassembly of the Golgi ribbon.

It has been a challenging task to determine which characteristic of the peri-
centrosomal Golgi apparatus is important for the regulation of processes such as
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Table 7.2 Reported functional associations between the Golgi and the centrosome in mamma-
lian cells

Regulatory functions of Dependent on References

Golgi-centrosome organelle

interactions proximity?

Interphase: adjacent Golgi and centrosome

Cell polarization Yes Hurtado et al. (2011), Yadav et al. (2009)
Signaling Platforms Not known Doxsey et al. (2005), Wilson et al. (2011)
Centrosome organization Not known Kodani et al. (2009), Kodani and Siitterlin

(2008); Wilson et al. (2011)
Mitosis: separated Golgi and centrosome

Mitotic entry Proximity has to be Hidalgo Carcedo et al. (2004), Preisinger
disrupted et al. (2005), Siitterlin et al. (2002)
Golgi ribbon formation Not known Wei and Seemann (2009)
Spindle formation Not known Chang et al. (2005), Liu et al. (2008),
Siitterlin et al. (2005), Zhang et al.
(2011)

cell polarization. Either the ribbon structure, or the position, or both, could be
contributing regulatory elements. To distinguish between these possibilities, one
would want to separate the two organelles without losing their structural and
functional integrity—i.e. to position an intact, interconnected Golgi ribbon away
from the centrosome. One can think of at least three different ways to achieve this
goal. First, a genetic screen could be performed, in which mutants that display a
physical separation of the Golgi and the centrosome are selected. However, Golgi—
centrosome proximity has predominantly been observed and studied in mamma-
lian cells, and such a genetic approach would therefore be highly complicated.
Second, small molecules could be screened for the specific phenotype of dis-
rupting Golgi—centrosome proximity. Natural compounds, such as Brefeldin A,
Norrisolide, and Ilimaquinone have been widely used to understand different
aspects of Golgi regulation (Guizzunti et al. 2006; Lippincott-Schwartz et al. 1989;
Takizawa et al. 1993). However, to date, there is no compound that separates the
intact Golgi ribbon from the centrosome. We have recently identified a natural
compound with a completely novel Golgi disrupting activity (Schnermann et al.
2010). This molecule, by the name of MacFarlandin E, converts the Golgi ribbon
into small fragments, but does not disperse them. The identification of a compound
with this remarkable and novel Golgi modifying activity gives hope that there may
be a compound that can specifically mislocalize the Golgi ribbon without altering
its overall organization and functionality. Third, interfering with Golgi-localized
proteins by RNAi-mediated depletion or by overexpression of dominant negative
forms could disrupt the Golgi—centrosome proximity. A recent study has suc-
cessfully used this approach. By overexpressing a fragment of the Golgi-associated
scaffolding protein AKAP450, Hurtado and colleagues managed to move the Golgi
ribbon away from the centrosome. Under these conditions, cell polarity and cell
migration was significantly reduced, demonstrating for the first time that the
pericentrosomal position of the Golgi ribbon is critical for the regulation of cell
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polarity (Hurtado et al. 2011). This system can now be used to test the effects of a
physical separation of the Golgi and the centrosome on cellular processes that are
controlled by the Golgi—centrosome interaction.

It is important to extend these observations from mammalian cells to organisms
that do not have a pericentrosomal Golgi apparatus, and that may therefore lack
functional Golgi—centrosome interactions. Obviously, such organisms must have
developed alternative mechanisms to control important processes such as polari-
zation. A straightforward means to achieve directional protein transport in the
absence of a pericentrosomal Golgi is to deliver mRNA to specific ER-Golgi
subunits for localized protein translation, sorting, and transport. This system is
utilized by yeast, in which mRNAs encoding for membrane proteins are trans-
ported along the acto-myosin network to the bud tip, prior to local translation and
delivery to the plasma membrane (Takizawa et al. 2000). Similarly, in Drosophila
embryos, the mRNA of the developmental protein Gurken is positioned so that its
translation and modification is restricted to a subset of ER-Golgi subunits (Herpers
and Rabouille 2004). Alternatively, it is possible that the specific pericentrosomal
positioning of the Golgi apparatus is a reflection of increased evolutionary com-
plexity in higher organisms, providing an additional level of regulation required
for cellular processes specific to these organisms.
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Chapter 8

Many Pathways to Destruction: The Role
of the Centrosome in, and Its Control

by Regulated Proteolysis

Harold A. Fisk

Abstract Centrosome duplication must be precisely regulated to ensure the
production of a bipolar mitotic spindle. As with other cell cycle events, irreversible
protein destruction is critical for the fidelity of centrosome duplication, and the
failure to properly destroy any of several critical centrosome regulators leads to
the production of excess centrosomes that interfere with bipolar spindle assembly.
Many pathways that regulate the degradation of these critical regulators are found
at centrosomes, and in some cases the destruction occurs at the centrosome. This
chapter discusses the various degradation machineries found at centrosomes, and
some of the many aspects of centrosome biology that are controlled by protein
degradation.

8.1 Introduction

Regulated protein destruction is a key event in many cell cycle transitions, in part
because of its irreversibility. As well-known examples, the transition from meta-
phase to anaphase is controlled by the proteasome-dependent destruction of
securin, the molecule responsible for preventing premature activation of the cysteine
protease separase that destroys sister chromatid cohesion, and the exit from mitosis
is triggered by the proteasome-dependent destruction of cyclin B and other proteins.
When all goes well, regulated protein destruction contributes to a coordinated cell
cycle that culminates in the assembly of a bipolar mitotic spindle that partitions a
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single copy of the duplicated genome and one centrosome into each of two daughter
cells. Like the genome the single centrosome must be duplicated, and to ensure
formation of a bipolar mitotic spindle must not be duplicated again until the fol-
lowing cell cycle. Just as regulated proteolysis prevents the re-initiation of DNA
replication, failing to properly destroy critical centrosome regulators leads to the
production of excess centrosomes. Many aspects of centrosome duplication and
function are controlled by protein degradation, and multiple protein degradation
pathways are found at centrosomes, and in some cases the relevant destruction event
occurs explicitly at centrosomes. Here, we discuss the various degradation
machineries found at centrosomes, and the many ways in which centrosome biology
is controlled by protein degradation.

8.2 The Centrosome

The centrosome is best known as a microtubule organizing center (MTOC).
Centrosomes consist of a pair of centrioles, which are cylinders composed of
nine radially symmetric triplet microtubules [reviewed in (Adams and Kilmartin
2000; Tsou and Stearns 2006)]. The central centriole pair is surrounded by a
pericentriolar matrix (PCM) that is responsible for microtubule nucleation. As
MTOC:s, centrosomes function as spindle poles during mitosis, and in order to
ensure faithful chromosome segregation centrosome number must be strictly
controlled to ensure the assembly of a bipolar mitotic spindle (Fisk et al. 2002).
Centrosome number is controlled through the tightly regulated process of cen-
trosome duplication wherein a single new centriole is assembled at a site
adjacent to each existing centriole [reviewed in (Azimzadeh and Marshall 2010;
Pike and Fisk 2011)]. Centrosome duplication has many analogies with DNA
replication, both of which are semi-conservative processes initiated by Cdk2. A
vast amount of work in the past handful of years has identified a large number
of centriolar and centrosomal proteins whose activities are coordinated to ensure
that only two new centrioles are assembled in any given cell cycle [reviewed in
(Pike and Fisk 2011)]. A proteomic analysis of the human centrosome identified
hundreds of proteins (Andersen et al. 2003), while comparative genomics
identified a set of genes likely to encode proteins that specifically function at
basal bodies, cilia, and flagella (Li et al. 2004), and a combination of the two
approaches using green algae identified a core set of centriolar proteins (Keller
et al. 2005). Genome wide RNAIi studies in C. elegans identified a core set of
genes required for the assembly of new centrioles (Delattre et al. 2006; Pelletier
et al. 2006), and live cell imaging in embryos led to the assignment of these
proteins into an ordered centriole assembly pathway that is conserved in
organisms as distinct as ciliated protazoa and humans (Delattre et al. 2006;
Pelletier et al. 2006; Dammermann et al. 2004; Leidel and Gonczy 2005;
O’Connell 2002; Kemp et al. 2004): Cdk2 regulates the targeting of Spd-2, the
first protein known to arrive at the site of centriole assembly. The Zygl protein
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kinase is recruited to this site, which leads to recruitment of a Sas-5/Sas-6
complex that forms a hollow cylinder that recruits Sas-4, which determines
centriole length and leads to assembly of centriolar microtubules. Many of these
proteins have mammalian orthologs that regulate centriole assembly: Cdk2
triggers centrosome duplication, and both cyclin A and cyclin E direct Cdk2 to
relevant centriolar substrates including NPM/B23 (Okuda et al. 2000), CP110
(Chen et al. 2002), and Mpsl (Kasbek et al. 2007) [reviewed in (Hinchcliffe and
Sluder 2002)]. Cepl192, the human ortholog of SPD-2 regulates centriole
assembly and binds to Plk4 (Franck et al. 2010), the distant relative and pre-
sumptive functional counterpart to ZYG-1. Plk4 then leads to recruitment of
hSas6, the human ortholog of Sas-6 (Strnad et al. 2007; Kleylein-Sohn et al.
2007), and CPAP/CENP-J, the human ortholog of Sas-4, (Tang et al. 2009;
Schmidt et al. 2009; Kohlmaier et al. 2009), regulates centriole length. How-
ever, there are important differences between worms and humans. Notably,
hSas6 forms the hub of a cartwheel structure that serves as a template around
which a centriole is assembled, rather than the hollow tube seen in C. elegans,
and vertebrate centrioles contain triplet microtubules rather than singlets.
Moreover, in humans many additional proteins not found in worms regulate
centriole assembly. For example, recruitment of Plk4 to the site of centriole
assembly additionally requires the human ortholog of D. melanogaster asterless,
Cepl52 (Cizmecioglu et al. 2010; Hatch et al. 2010; Dzhindzhev et al. 2010),
and centriole assembly and elongation involves additional factors such as
Cepl35 (Kleylein-Sohn et al. 2007; Kim et al. 2008), y-tubulin, and CP110
(Kleylein-Sohn et al. 2007; Spektor et al. 2007), as well as J- and &- tubulins
(Chang and Stearns 2000; Chang and Giddings 2003), Mpsl (Kasbek et al.
2007; Yang et al. 2010; Fisk et al. 2003), Centrin 2 (Yang et al. 2010; Salisbury
et al. 2002), hPoc5 (Azimzadeh et al. 2009), and Cep76 (Tsang et al. 2009),
among others.

While a combined proteomics and comparative genomics study found just 18
core centriole proteins in the unicellular green algae C. reinhardtii (Keller et al.
2005), proteomics analysis estimated at least 150 proteins present at the human
centrosome (Andersen et al. 2003). One interesting feature of the centrosomal
proteome is that many components of the proteasome were found at centro-
somes. Indeed, several centriole assembly factors whose overexpression leads to
the production of excess centrosomes have been shown to be controlled by
proteasome-dependent degradation, including Mpsl (Kasbek et al. 2007, 2010;
Fisk and Winey 2001), Plk4 (Guderian et al. 2010; Cunha-Ferreira et al. 2009),
and Sas6 (Strnad et al. 2007), and failure to properly control degradation of
these proteins causes the production of excess centrioles within a single cell
cycle, also known as centrosome re-duplication. Moreover, many E3 ubiquitin
ligases have been implicated in the control of centrosome function, as have
ubiquitin-independent proteasome degradation and non-proteasomal proteolysis.
In this chapter we will review the evidence linking these pathways to centro-
some function.
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8.3 The Ubiquitin Proteasome System

The proteasome is the major site of degradation for misfolded or damaged pro-
teins, as well as for cell cycle regulators whose destruction drives cell cycle
transitions. Initially described as macropain, ingestin, or the multicatyltic pro-
teinase, the term proteasome was coined in 1988 (Arrigo et al. 1988). The func-
tional proteasome within the cell is generally thought to be the 26S particle, and
consists of a catalytic 20S core particle and either of two regulatory particles
[reviewed in (Murata et al. 2009; Navon and Ciechanover 2009; Ravid and
Hochstrasser 2008; Tomko 2011). The 20S particle is a roughly 700 kDa hollow
cylinder formed by twenty eight subunits, two copies each of seven o and seven 0
subunits. The o and /3 subunits are assembled into four rings, with the peptidase
activity coming from three of the B subunits. The o subunits form the outer two
rings of the 20S particle and the B subunits form the inner two rings, such that in
the assembled 20S particle access to the proteolytic core is limited by the narrow
opening afforded by the « subunits. Thus, insertion into the proteasome of proteins
destined for degradation is regulated by either the 19S or 118 regulatory particles
[reviewed in (Murata et al. 2009; Tomko 2011)].

The 118 particle regulates proteasome activity by making it more selective for
small peptides, and is thought to be involved in substrate processing during antigen
presentation. In contrast, the 19S particle contains many ATPase activities, dis-
plays chaperone activity in vitro, binds to proteins that have been covalently
modified with ubiquitin, and is thought to unfold proteins to allow their degra-
dation by the proteasome [reviewed in (Tomko 2011)]. In general, proteins that are
degraded by the proteasome are targeted for degradation through ubiquitylation,
and thus the pathway leading up to proteasome degradation is often referred to as
the ubiquitin proteasome system (UPS) [reviewed in (Ravid and Hochstrasser
2008)]. Ubiquitin is expressed as a precursor protein (either polyubiquitin, or a
fusion with an unrelated protein such as UBCEPS80 that is a fusion of ribosomal
protein S27a and ubiquitin) that is proteolytically processed to generate free
ubiquitin. Free ubiquitin is then transferred to one or more lysine residues on target
proteins through an enzymatic cascade. In the only ATP-dependent step of
substrate ubiquitylation, free ubiquitin is coupled to the active site cysteine of an
El, or ubiquitin-activating enzyme. Ubiquitin is then transferred from the E1 to the
active site cysteine of an E2, or ubiquitin-conjugating enzyme. In the final step an
E3 enzyme or ubiquitin ligase transfers ubiquitin to a lysine on the substrate
protein [reviewed in (Ravid and Hochstrasser 2008; Rotin and Kumar 2009;
Simpson-Lavy et al. 2010).

There are many types of E3 ligases that fall into two major classes, the HECT-
(Homology to the E6-AP C-Terminus) and RING-type ligases [reviewed in (Rotin
and Kumar 2009)]. In the case of the HECT-type ligases, ubiquitin is transferred to
an active site cysteine in a HECT domain containing protein as an intermediate in
the transfer of ubiquitin to substrate [reviewed in (Rotin and Kumar 2009)]. In
contrast, RING-type ligases do not form this covalent intermediate with ubiquitin,
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but rather use a RING domain containing protein to bring an E2 into intimate
association with substrates [reviewed in (Rotin and Kumar 2009; Skaar and
Pagano 2009). RING-type ligases are multi subunit complexes that consist of a
core scaffold that bridges a protein containing an E2-binding RING domain with a
variety of targeting factors that bind to substrates. In the Skp/Cullin/F-box (SCF)
E3 ligase, Cull acts as a scaffold for Skp1, which recruits both the RING domain
protein Rbx1 and one of several F-box proteins that determines substrate speci-
ficity [reviewed in (Skaar and Pagano 2009)]. Because F-box proteins typically
bind to phosphorylated proteins, substrate phosphorylation is generally the trigger
for SCF-dependent degradation. In the anaphase promoting complex/cyclosome
(APC/C) E3 ligase, the Cullin-like Apc2 protein serves as a scaffold for eleven
other subunits, including the RING domain protein Apcl1 that recruits the E2, and
either Cdc20 or Cdhl that determine substrate specificity (van Leuken et al. 2008).
Phosphorylation can also regulate the binding of substrates to the APC/C, although
unlike the SCF, phosphorylation more often prevents APC/C-dependent degra-
dation (Simpson-Lavy et al. 2010).

8.4 Centrosomes as a Site of Action for the Proteasome

In 1993 the proteasome was seen to associate with spindle fibers (Amsterdam et al.
1993), leading to the suggestion that it regulated the cell cycle by degrading
mitotic cyclins, and was later observed to associate with mitotic spindle poles
(Wojcik et al. 1995). In 1996 it was recognized that treatment of cells with
proteasome inhibitors promotes the formation of large cytoplasmic aggregates that
contained both proteasome components and ubiquitylated proteins. These aggre-
gates were located at a perinuclear region in close proximity with Golgi and were
hypothesized to represent cellular proteolysis centers (Wojcik et al. 1996).
Subsequently termed aggresomes (Johnston et al. 1998), these proteolysis centers
were shown to be highly regulated structures containing proteasomes and chap-
erones that are assembled at the centrosome in response to misfolded or damaged
proteins (Corboy et al. 2005) through dynein-mediated microtubule-dependent
transport (Johnston et al. 2002). The association of proteasomes with MTOCsS is
evolutionarily conserved, as it was recently shown that aggresomes form and
colocalize with the spindle pole body (SPB) when exon 1 of the human Huntington
protein is expressed in budding yeast (Wang et al. 2009). Many cellular proteins
destined for degradation have been found at centrosomes, including p53 and
Hsp70 in cells expressing adenoviral EIA/E1B proteins (Brown et al. 1994), and
misfolded nucleoprotein from the influenza virus (Anton et al. 1999). However,
this is not unique to cell cycle regulators targeted for degradation in virally
infected cells, and in 1998 it was found that misfolded cystic fibrosis transmem-
brane conductance regulator accumulated at centrosomes, together with the
molecular chaperones thought to be responsible for its presentation to the pro-
teasome (Johnston et al. 1998; Loo et al. 1998).
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These initial investigations on aggresomes concentrated on the degradation of
damaged or misfolded proteins, and contributed to a view of centrosomes as
command centers where regulators mingle but do not reside (Doxsey 2001;
Schatten 2008). However, with respect to proteasomal degradation the centrosome
is more than simply a gathering point for critical regulators or a point of execution
for degradation. In 1999 the 20S proteasome core, 19S and 11S regulatory sub-
units, ubiquitin, and several molecular chaperones were shown to concentrate at
centrosomes and co-fractionate with y-Tubulin independently of aggresome for-
mation (Wigley et al. 1999), suggesting that all of the protein unfolding and
proteolysis activities required for proteasome-dependent degradation are normally
localized to centrosomes. Indeed, it was soon shown that the proteasomes present
at centrosomes were fully active in protein degradation (Fabunmi et al. 2000).
Moreover, during mitosis in embryonic stem cell divisions, proteins destined for
degradation are transported along microtubules to the maternal centrosome, so that
these proteins are asymmetrically inherited to produce one daughter cell that is
relatively cleansed of damaged proteins (Fuentealba et al. 2008). As discussed
below, the proteasome is the site of regulated destruction of many cell cycle
regulators, as well as a site of accumulation for the major regulators of protein
degradation. Because many aspects of centrosome biology are controlled by reg-
ulated proteolysis, it seems likely that the proteasome and its regulators represent
bona fide resident centrosome proteins. Several components of the UPS were
found in the centrosomal proteome (Andersen et al. 2003), including the ubiquitin
precursor protein UBCEP80, the ubiquitin-activating enzyme UBEI, one beta
subunit of the 20S particle, and seven subunits of the 19S particle. The centro-
somal proteome study classified candidate proteins using a statistical method based
on how closely their fractionation profile correlated to that of bona fide centrosome
proteins (Andersen et al. 2003). The extraordinarily high correlation of UBE1 with
the centrosome suggests that the core of the UPS is resident at centrosomes.
Moreover, proteolysis appears to play a role in MTOC assembly and function that
is conserved throughout eukaryotes. The budding yeast 19S proteasome cap
subunit Rptdp (McDonald and Byers 1997) and the ubiquitin-like Dsk2p have
been shown to be required for the initiation of SPB duplication (Biggins et al.
1996), and modulating ER-dependent degradation can suppress the SPB duplica-
tion defects caused by mutations that result in misfolding of two transmembrane
SPB proteins (McBratney and Winey 2002).

8.5 Proteasomal Degradation Pathways at the Centrosome

Classically, proteins to be degraded by the proteasome are first modified by
ubiquitylation, and there is a huge diversity in the motifs that dictate how a
protein is ubiquitylated [reviewed in (Ravid and Hochstrasser 2008)]. The E3
ligases responsible for the bulk of cell cycle degradation are the RING-type SCF
and APC/C (Skaar and Pagano 2009), although both HECT-type ligases
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(Rotin and Kumar 2009) and other classes of RING ligases such as the Forkhead
and RING domain (FHA-RING) proteins are also involved in cell cycle control
(Brooks and Heimsath 2008).

8.6 HECT-Type Ligases and the Centrosome

There is little data suggesting that HECT-type ligases regulate centrosome biol-
ogy. However, E6-AP, the quintessential HECT E3 ligase, is recruited to aggre-
somes upon proteasome inhibition (Mishra et al. 2009), although no association of
E6-AP with the centrosome has been reported under normal conditions. In con-
trast, the HECT-type ligase Smurf2 has been reported to localize to centrosomes
(Osmundson et al. 2008). However, several spindle checkpoint proteins localize to
centrosomes at the same time, and Smurf2 depletion inhibits the spindle assembly
checkpoint, suggesting that the centrosomal localization may not be directly rel-
evant to centrosome biology per se. Accordingly, it is not yet clear whether there is
any centrosomal significance for the presence of HECT-type ligases at
centrosomes.

8.7 APC/C and the Centrosome

Soon after its discovery in 1995, subunits of the APC/C were reported to localize
to mitotic centrosomes in human cells (Kurasawa and Todokoro 1999; Tugendr-
eich et al. 1995), and mutations in makos, which encodes the fruit fly Cdc27, an
APC/C subunit, enhance centrosomal defects seen in polo mutants (Deak et al.
2003). In human cells Cdcl4a, the phosphatase that regulates Cdhl, localizes
predominantly to centrosomes (Bembenek and Yu 2001), and Cdc20 was shown to
dynamically associate with mitotic centrosomes in a microtubule-independent
manner (Kallio et al. 2002). Moreover, the Cdc20 binding protein Speriolin is
required for centrosomal localization of Cdc20 during spermatogenesis (Goto and
Eddy 2004), and the ability of the Cdc20 inhibitor RASSFI1A to block Cdc20
activity requires its localization to centrosomes (Song et al. 2005), implicating
centrosomes in the control of the APC/C.

Accordingly, it is perhaps not surprising that the first protein shown to be
degraded specifically at centrosomes is the APC/C substrate cyclin B. The initial
indication that cyclin B degradation was subject to spatial as well as temporal
control came from cell fusion studies showing that spindles in fused cells exit
mitosis independently despite being in a common cytoplasm, demonstrating local
control over cyclin B degradation (Rieder et al. 1997). In support of this con-
clusion, cyclin B degradation was shown to be required for mitotic exit in syncytial
fruit fly embryos (Su et al. 1998), despite previous observations that cyclin B is not
completely degraded in early embryos (Edgar et al. 1994). Cyclin B degradation
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was subsequently shown to initiate specifically at centrosomes in both fruit fly
embryos (Huang and Raff 1999; Raff et al. 2002) and human cells (Clute and Pines
1999). In flies it was shown that this spatial destruction of cyclin B is regulated
by the distribution of Vihar, an E2 enzyme responsible for ubiquitylation of
APC/C substrates (Mathe et al. 2004). Vihar localizes to centrosomes and is itself
an APC/C substrate that disappears first from centrosomes. Interestingly, Vihar
degradation leads to the auto-deactivation of APC/C at centrosomes, releasing the
APC/C from centrosomes to initiate the subsequent waves of cyclin B degradation
elsewhere along the spindle and in the cell (Mathe et al. 2004). The human
ortholog of Vihar, UbcH10, also localizes to centrosomes and its overexpression
leads to precocious degradation of cyclin B, centriole amplification, and aneu-
ploidy (van Ree et al. 2010). UbcH10 is also elevated in human tumors, and its
overexpression in mice promotes tumor formation (van Ree et al. 2010).

Several other centrosome-associated APC/C substrates have been described,
including L2DTL, the human ortholog of fly lethal (2) denticleless (Pan et al.
2006), microtubule associated protein CKAP2 (Seki and Fang 2007), Ninein-like
protein (NIp) (Wang and Zhan 2007), hSas6 (Strnad et al. 2007), and Nek2 (Hames
et al. 2001, 2005). Nlp regulates centrosome maturation, and is critical for chro-
mosome segregation and cytokinesis. Nlp is an APC/C substrate whose levels peak
at G2/M due to the combined activities of Cdc20 and Cdhl (Wang and Zhan
2007). However, Plkl phosphorylation prevents the interaction of Nlp with
y-Tubulin and leads to the release of Nlp from centrosomes, which is required for
proper centrosome maturation and spindle assembly (Casenghi et al. 2003), sug-
gesting that cytoplasmic Nlp may be the relevant APC/C substrate. Similarly,
hSas6 is targeted for APC/C-dependent degradation by binding to Cdhl at G2/M
(Strnad et al. 2007), but because hSas6 can only be incorporated into centrioles at
G1/S this degradation must largely occur in the cytoplasm. Regardless, increasing
hSas6 levels causes centriole overproduction (Strnad et al. 2007), and the Cdhl-
dependent degradation of hSas6 at G2/M ensures that its levels are low in the
subsequent G1/S when procentrioles form. In contrast, the degradation of Nek2
has been shown to occur explicitly at centrosomes. Nek2A is targeted for
destruction through its cyclin A-type D-box in early mitosis (Hames et al. 2001).
Nek2 is targeted to centrosomes via centriolar satellites, but once at centrosomes is
rapidly exchanged via APC/C-dependent degradation (Hames et al. 2005). That
Nek2A degradation occurs at centrosomes was demonstrated using FRAP analysis,
which showed that either proteasome inhibition or expression of non-degradable
Nek2 mutants greatly reduced the rate of recovery of GFP-Nek2A at centrosomes
(Hames et al. 2005); had Nek2A been released from centrosomes and degraded in
the cytoplasm, the recovery would not have been expected to change in response to
preventing Nek2A degradation.

In addition to APC/C-dependent regulation described above in proliferating
cells, the APC/C has functions at centrosomes in differentiated cells as well. Cdc20
is enriched at the centrosomes in neurons, and its RNAi-mediated depletion
impairs the formation of dendritic arbors (Kim et al. 2009). The relevant Cdc20
substrate was shown to be Idl, and the APC-dependent degradation of Idl at
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centrosomes was shown to promote dendrite growth and elaboration. The cen-
trosomal localization of Cdc20 was shown to be critical for this activity through an
elegant series of experiments involving rescue from RNAIi depletion using a Cdc20
mutant lacking residues responsible for its accumulation at centrosomes that was
artificially targeted to centrosomes (Kim et al. 2009) via the pericentrin and
AKAP450 centrosome targeting (PACT) domain (Gillingham and Munro 2000).

8.8 SCF and the Centrosome

Skpl (Freed et al. 1999; Gstaiger et al. 1999) and Cull (Freed et al. 1999) have
been shown to localize to the centrosome in mammalian cells, and the F-box
protein fTrCP was found in the centrosomal proteome (Andersen et al. 2003).
Moreover, several candidate F-box proteins were also found at centrosomes,
suggesting the existence of multiple centrosomal SCF complexes (Freed et al.
1999). Interestingly, centrosomal targeting of Skpl and Cull may be regulated by
modification with NEDDS, a ubiquitin-like protein (Freed et al. 1999). Antibodies
against Skp1 or Cull block centriole separation in an in vitro assay using X. laevis
egg extracts, and proteasome inhibitors block centriole separation and centrosome
duplication in X. laevis embryos, suggesting that SCF function is directly relevant
to centrosome assembly (Freed et al. 1999). Cyclin E is critical for the initiation of
centrosome duplication, and in addition to resulting in polyploidy and centrosome
overduplication in mice, Skp2 deletion leads to the elevation of cyclin E and the
Cdk inhibitor p27Kipl (Nakayama et al. 2000). Similarly, in fruit flies, mutations
in genes encoding either the F-box protein Slimb (the fly ortholog of STrCP)
(Wojcik et al. 2000) or SkpA (Murphy 2003) lead to centrosome overproduction.
Because cyclin E has many functions in centrosome duplication, and has been
shown to be degraded in an SCF-dependent manner (Dealy et al. 1999; Wang et al.
1999), failure to degrade cyclin E might explain excess centrosomes in mice
lacking Skp2 and flies lacking Slimb or SkpA. In contrast, excess p27 would be
predicted to suppress centrosome duplication by inhibiting Cdk2, suggesting that a
Cdk inhibitor might be the relevant SCF substrate in the X. laevis in vitro centriole
assembly assay (Freed et al. 1999). However, excess cyclin E could not rescue the
centriole duplication defect caused by the inhibitory Skpl or Cull antibodies
(Freed et al. 1999), and excess centrosomes were still observed in skpa cyc E
double mutant flies (Murphy 2003), suggesting that additional centrosomal SCF
substrates whose degradation controls centrosome duplication remained to be
identified.

While it seems likely that excess cyclin E contributes to centrosome defects in
SCF-deficient cells, it was recently shown that Plk4 is regulated by SCF-dependent
degradation. Overexpression of Plk4 leads to centriole overproduction (Kleylein-
Sohn et al. 2007; Habedanck et al. 2005), demonstrating that the control of cen-
trosome duplication requires tight regulation of the levels of Plk4. The Cull
subunit of the SCF localizes to the maternal centriole, where it antagonizes
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Plk4-dependent centriole overproduction (Korzeniewski et al. 2009), and Plk4 is
regulated by the Slimb/fTrCP F-box protein in both flies (Rogers et al. 2009;
Cunha-Ferreira et al. 2009) and humans (Guderian et al. 2010) [reviewed in
(Sillibourne and Bornens 2010)]. SCF-dependent degradation is typically stimu-
lated by substrate phosphorylation, and in the case of Plk4 it is an autophospho-
rylation event that promotes Slimb/SfTrCP binding (Guderian et al. 2010).
Accordingly, autoactivation of Plk4 ensures its own destruction, limiting the levels
of active Plk4 as part of the regulation of the initiation of centriole assembly.

SCF has additionally been shown to control centrosome homeostasis through
the cyclin F-dependent degradation of CP110. Despite being the protein for which
the F-box was named, cyclin F remained an orphan protein until MudPIT analysis
showed that it bound to Skpl and Cull in an F-box independent manner, and to
CP110 in an F-box dependent manner (D’ Angiolella et al. 2010). Interestingly, the
binding of CP110 to the F-box in cyclin F is not regulated by phosphorylation as is
typical for other SCF ligases, but rather by an RxL cyclin-binding motif in CP110.
Regardless, either the depletion of cyclin F or the expression of a CP110 mutant
that fails to bind cyclin F leads to centrosome overproduction, punctuating the
importance of SCF function in controlling centrosome homeostasis (D’ Angiolella
et al. 2010).

8.9 BRCA1 and the Centrosome

The BRCA1 breast cancer susceptibility gene encodes a RING domain protein that
has E3 ligase activity when bound to its partner BARDI1 [reviewed in (Parvin
2009; Deng 2006)]. In 1998 BRCA1 was seen to associate with mitotic centro-
somes (Hsu and White 1998), and in 1999 it was shown that mice with a targeted
deletion of BRCA1 exon 11 undergo centrosome amplification (Xu et al. 1999).
It was later shown that BRCA1 binds to y-Tubulin to regulate its recruitment to
centrosomes (Hsu et al. 2001). BRCA1 binds to y-Tubulin, and overexpression of
the BRCA1 y-Tubulin binding domain displaces endogenous BRCA1 from cen-
trosomes and dominantly interferes with the centrosomal recruitment of y-Tubulin
(Hsu et al. 2001). Only hypophosphorylated BRCA1 was capable of binding to
y-Tubulin (Hsu et al. 2001), and it was subsequently shown that Aurora A phos-
phorylates BRCA1 and inhibits its centrosomal functions (Ouchi et al. 2004;
Sankaran et al. 2007). In a search for relevant centrosomal targets of BRCA1 E3
ligase activity, BRCA1 was found to monoubiquitylate y-Tubulin in vitro at lysine
48 (Starita et al. 2004). The ubiquitylation of y-Tubulin by BRCAI requires the
BRCA1 RING domain (Starita et al. 2004) and its E3 ligase activity (Sankaran
et al. 2006), as well as its partner BARDI that is localized to centrosomes
throughout the cell cycle (Sankaran et al. 2006). While BRCA1 appeared to
ubiquitylate other proteins in isolated centrosomes, y-Tubulin would appear to be
largely responsible for the centrosomal functions of BRCAI, because expression
of a K48R mutant y-Tubulin that could not be ubiquitylated caused a dominant
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increase in centrosome amplification that phenocopied BRCAI inactivation
(Starita et al. 2004). However, BRCA1 no doubt has other centrosomal functions.
For example, Nlp was recently identified in a yeast two-hybrid screen designed to
identify novel BRCAI interacting proteins (Jin et al. 2009). Nlp and BRCA1
physically interact, and BRCAI is required for the centrosomal localization of Nlp
(Jin et al. 2009). BRCA1 depletion leads to a loss of Nlp from centrosomes and to
enhanced Nlp degradation, presumably because BRCA1 negatively regulates Plk1,
which is elevated in BRCA1-depleted cells (Jin et al. 2009).

8.10 Ubiquitin-Independent Proteasomal Degradation
at Centrosomes

Interestingly, although the 26S proteasome is typically thought to be the active
proteasome species within the cell, the major cellular proteasome species is the
20S proteasome that makes up 1 % of total cellular protein [reviewed in (Zetter
and Mangold 2005). Moreover, it has recently been estimated that as much as
20 % of cellular protein can be degraded independently of ubiquitylation (Baugh
et al. 2009). While some disordered regions within proteins can allow direct access
to the 20S proteasome (Baugh et al. 2009; Tsvetkov et al. 2010), such as is the case
for p53 p21, c-fos and c-jun [reviewed in (Zetter and Mangold 2005; Tsvetkov
et al. 2010; Jariel-Encontre et al. 2008)], ubiquitin-independent degradation can
also be conferred by cellular or viral factors. For example the 20S-dependent
degradation of p53 is regulated by NAD(P)H quinonie oxidoreductase (NQO1),
which prevents its association with the 20S proteasome, while pRb family mem-
bers and IxBo are targeted to the proteasome by the cytomegalovirus protein pp71
and the HTLV Tax protein, respectively, independently of ubiquitylation
[reviewed in (Zetter and Mangold 2005; Jariel-Encontre et al. 2008)].

Relative to centrosomes, the most relevant ubiquitin-independent degradation
pathway is mediated by ornithine decarboxylase antizyme (OAZ). Initially char-
acterized as a regulator of polyamine biosynthesis, OAZ binds to ornithine
decarboxylase (ODC), and the ODC/OAZ complex is targeted to the proteasome
by binding to the same recognition site on the 19S regulatory subunit as ubiqui-
tylated proteins; however, ODC degradation occurs completely in the absence of
ubiquitylation [reviewed in (Zetter and Mangold 2005)]. OAZ has a handful of
other substrates, including Smadl, SNIP1, Aurora A, and cyclin D1 [reviewed in
(Jariel-Encontre et al. 2008)], many of which are also degraded via ubiquitin-
dependent routes. It was recently demonstrated that both OAZ and its antagonist
antizyme inhibitor (AZI) are found at centrosomes, and that OAZ activity
suppresses centrosome amplification (Mangold et al. 2008). This could not
be explained by the known OAZ substrates, and suggested that OAZ promoted the
degradation of some protein whose proper degradation restricted centrosome
duplication, and it was recently shown that OAZ regulates centrosome duplication
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by targeting Mps1 for proteasome-dependent degradation. Mpsl is a multifunc-
tional protein kinase (Fisk 2011) that localizes to centrosomes (Kasbek et al. 2010;
Fisk et al. 2003; Fisk and Winey 2001; Liu et al. 2003; Tyler et al. 2009) and
participates in several aspects of centrosome duplication [reviewed in (Pike and
Fisk 2011)] including procentriole assembly (Yang et al. 2010; Kasbek et al. 2010)
and centriole maturation (Yang et al. 2010). These centrosomal activities of Mpsl
are controlled by an Mpsl degradation signal (MDS) that promotes the protea-
some-dependent degradation of Mpsl at centrosomes and whose function is sup-
pressed by Cdk2 phosphorylation (Kasbek et al. 2007). While Cdk2 has been
shown to antagonize the APC/C-dependent degradation of Cdc6 to limit DNA
replication (Mailand and Diffley 2005), the MDS has no known APC/C or SCF
targeting motifs (Kasbek et al. 2007). However, while Mps1 may be dispensable
for centriole assembly (Pike and Fisk 2011), preventing its degradation at cen-
trosomes causes centriole overproduction (Kanai et al. 2007; Kasbek 2009), and
Mpsl thus fits the expectation of an OAZ substrate. Indeed, OAZ binds to Mpsl
via the MDS, and targets Mpsl for proteasome-mediated degradation at centro-
somes (Kasbek et al. 2010). Increasing OAZ activity promotes degradation of the
centrosomal pool of Mpsl and causes a delay in centriole assembly, while
decreasing OAZ activity increases the level of the centrosomal Mpsl pool and
causes Mpsl-dependent centrosome reduplication (Kasbek et al. 2010). This
degradation appears to occur specifically at centrosomes, because Cdk2 has little
affect on the whole cell levels of Mpsl, and because the centrosomal levels of a
version of Mpsl tethered to centrosomes via the PACT domain show proteasome-
and Cdk2-dependence that reflect that of the endogenous protein (Kasbek et al.
2007). Interestingly, cytoplasmic Mpsl levels are controlled by a D-box in its
N-terminus that can bind to both Cdc20 and Cdhl and promote its APC/C-
dependent degradation (Cui et al. 2010). This suggests that APC/C could cooperate
with OAZ to control centrosome duplication by limiting the amount of cytoplas-
mic Mpsl available for delivery to centrosomes. However, as discussed above the
APC/C is present at centrosomes, suggesting the possibility that multiple inputs
might control the degradation of Mpsl at centrosomes.

8.11 Non-Proteasomal Degradation Pathways
at the Centrosome

In addition to the proteasome-dependent degradation pathways discussed above,
there are many additional proteolytic activities that have been localized to centro-
somes and/or shown to regulate centrosome biology. One striking example is the
protease separase, initially described for its role in destroying the cohesin ring at
anaphase onset [reviewed in (Nasmyth 2005)]. In addition to its role in regulating
sister chromatid cohesion, separase has been shown localize to centrosomes and
regulate centriole disengagement both in vitro and in vivo (Tsou and Stearns 2006).
It was further shown that centriole disengagement requires the catalytic activity of
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separase, but does not require sister chromatid disjunction (Tsou et al. 2009).
Separase-dependent centriole disengagement during mitosis is required for timely
centriole replication in the following cell cycle. Both cells lacking separase and cells
expressing a catalytically inactive mutant show a variety of centrosome duplication
defects that range from asynchronous centriole replication to a complete failure to
replicate centrioles (Tsou et al. 2009). Some centriole disengagement and replica-
tion is observed in cells lacking separase activity, because Plk1 also contributes to
centriole disengagement. Downregulation of either separase or PlIk1 causes a similar
phenotype, while their co-depletion completely blocks both centriole disengage-
ment during mitosis and centriole replication in the subsequent cell cycle (Tsou et al.
2009). While it was not initially clear whether the centriolar substrate(s) of separase
could be the same as those involved in sister chromatid cohesion, recent studies have
shown that cohesin subunits localize to centrosomes and likely do regulate centriole
engagement. Scc1/Rad21 localizes to centrosomes in a manner regulated by Aurora
B and PIk1, and its presence at centrosomes prevents premature centriole disen-
gagement (Nakamura et al. 2009). Interestingly, centrosomal localization of Rad21
requires its cleavage by separase (Gimenez-Abian et al. 2010), and while the nature
of this requirement is not clear, it demonstrates that Sccl/Rad21 is a separase
substrate that is relevant for the regulation of centriole engagement. Depleting any of
the cohesin subunits Sccl/Rad21, Smcl, or Smc3 results in multipolar mitosis as a
result of premature centriole disengagement, and the defects in centriole disen-
gagement are direct rather than representing some indirect consequence of defects in
sister chromatid cohesion (Beauchene et al. 2010; Diaz-Martinez et al. 2010).
However, while the role of separase in centriole engagement may involve the same
substrates as sister chromatid cohesion, it does not appear that cohesin regulates
centriole disengagement in the same way that it regulates sister chromatid dis-
junction, because Sccl/Rad21l does not localize to centrosomes until after its
cleavage by separase (Simmons Kovacs and Haase 2010).

There are many other examples of non-proteasomal protease activities that
regulate centrosome biology, and inhibition of non-proteasomal proteases leads to
aberrant centriole elongation (Korzeniewski et al. 2010). Although the main
compound used in that study, Z-L3VS, is a proteasome inhibitor, other proteasome
inhibitors could not induce centriole elongation as potently. Moreover, the ability
of Z-L3VS to induce centriole elongation correlated with its ability to inhibit
cleavage of casein, which is not a proteasome substrate and was not greatly
affected by other proteasome inhibitors. Although neither the specific proteases
whose inhibition promotes centriole elongation nor any explicit protease substrates
were identified, a directed RNAi screen identified several centriole assembly
factors that enhanced or suppressed the effect of Z-L3VS. This screen not only
validated the recently described roles of CPAP/CENPJ and CP110 in centriole
elongation (Tang et al. 2009; Kohlmaier et al. 2009), but also uncovered several
additional proteins involved in the control of centriole length. Although it is not
clear whether all of these proteins represent substrates of non-proteasomal pro-
teolysis, two of these proteins, FOP and CAP350 were stabilized in Z-L; VS treated
cells (Korzeniewski et al. 2010).
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While the Z-L3VS study did not identify specific proteases, caspase-2 (Narine
et al. 2010), tripeptidyl-peptidase II [TPP II; (Stavropoulou et al. 2005)], and
membrane type-1 matrix metalloproteinase [MT1-MMP; (Golubkov et al. 2005a)]
have been reported at centrosomes. While no substrates were identified for cas-
pase-2 or TPP II, TPP II is overexpressed in Burkitt’s Lymphoma where it pro-
motes centrosome amplification and mitotic infidelity (Stavropoulou et al. 2005).
However, a relevant centrosomal substrate has been identified for MT1-MMP.
Although best known for its pericellular activities, MT1-MMP was shown to traffic
to the centrosome subsequent to its endocytosis (Golubkov et al. 2005a), where it
directly cleaves centrosomal pericentrin (Golubkov et al. 2005b), leading to
mitotic spindle abnormalities and aneuploidy (Golubkov et al. 2005a; Golubkov
et al. 2005b). Overexpression of MT1-MMP leads to the accumulation of peri-
centrin cleavage fragments, multipolar spindles, and aneuploidy, and pericentrin
cleavage fragments are observed in tumor biopsies (Golubkov et al. 2005b).
MMPs have long been known to play a role in tumorigenesis through their
cleavage of extracellular matrix proteins, which has clear implications for tumor
metastasis. However, the ability of MT1-MMP to cleave pericentrin at centro-
somes suggests that MMPs may additionally play a role in the establishment of
aneuploidy, and it will be interesting to determine to what extent the centrosomal
effects of MT1-MMP contribute to its ability to promote cellular transformation
and tumorigenesis (Soulie et al. 2005).

8.12 Other Relevant Degradation Events

Recent studies suggest that proteasome activity may have a very broad role in
centriole assembly and function. Protein phosphatase 2A (PP2A) was recently
shown to control centrosome duplication in flies (Kotadia et al. 2008) and worms
(Kitagawa et al. 2011; Schlaitz et al. 2007; Song et al. 2011), and in worms it does
so at least in part through the proteasome-dependent control of the levels of Sas-5
(Song et al. 2011), although degradation of Sas-5 per se was not demonstrated.
Interestingly, it now appears that the STIL protein is the human Sas-5 ortholog,
based on its similarity to D. melanogaster Ana2 (Stevens et al. 2010). STIL/hSas5
was recently shown to regulate the function of CHFR (Castiel et al. 2011), a
RING-type E3 ligase [reviewed in (Brooks and Heimsath 2008)] responsible for
the regulation of the antephase checkpoint, a newly emerging checkpoint that
prevents entry into mitosis in the absence of sufficient cellular energy and/or
arrests mitosis in response to mitotic stress [reviewed in (Chin and Yeong 2010)].
CHEFR was found to be upregulated in STIL depleted cells, leading to inhibition of
proliferation and multiple centrosome defects, likely through the degradation of
the CHFR substrate Plk1 (Castiel et al. 2011). While CHFR has not been reported
to localize to centrosomes, the regulation of CHFR by STIL/hSas5 implicates
centrosomes in the control of CHFR and the antephase checkpoint. It further
suggests that centriole assembly factors may both be controlled by and control
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protein degradation pathways. In addition, proteasome inhibitors lead to an
accumulation of ubiquitylated centrosomal proteins including y-Tubulin, TUB-
GCP4, NEDDI1, Ninein, pericentrin, dynactin, and PCM-1 (Didier et al. 2008).
This accumulation is independent of microtubules, suggesting that the centrosome
is the normal site for degradation of these proteins. The accumulation of these non-
degraded proteins reduces the ability of centrosomes to form microtubule asters,
suggesting that proteasome activity regulates the turnover of centrosome proteins
in order to regulate centrosome homeostasis, and may further suggest a potential
role in centrosome maturation.

Moreover, noncentrosomal degradation events are also relevant to centrosome
homeostasis. Emil is an APC/C inhibitor that keeps the APC/C inactive during S
and G2, but must be inactivated for cells to enter mitosis. In mitosis Emil is
phosphorylated by Cdk1, after which it can be targeted by fTrCP/Slimb for SCF-
dependent degradation (Margottin-Goguet et al. 2003). Expression of nonde-
gradable Emil causes delayed activation of the APC/C and prolonged stabilization
of APC/C substrates, which leads to metaphase arrest followed by mitotic catas-
trophe and centrosome amplification (Margottin-Goguet et al. 2003). Although
Emi does not directly regulate either a centrosomal degradation pathway or sub-
strate, such non-centrosomal events can nonetheless have a major impact on
centrosome homeostasis, and there are likely to be other non-centrosomal events
that more directly impact centrosome biology.

8.13 Conclusions and Prospective

As discussed above, proteolysis controls centrosome duplication and function at
many levels and through many pathways. While the role of proteolysis in MTOC
assembly and function appears to be conserved throughout eukaryotes, there are
clearly mysteries yet to be solved. For example, no Rpt4p substrate involved in SPB
duplication in yeast has been identified, so the degree to which proteolysis controls
the function of non-centriole containing MTOCSs remains unclear, and if proteolysis
plays a major role in SPB duplication and/or function that role remains to be
identified. While this review is intended to be as inclusive as possible, there are
certain to be other degradation pathways and events not discussed here that are
relevant to centrosomes and/or SPBs. While some may be known but regrettably
overlooked here, there are likely more that are not yet known. It seems likely that the
story of centrosomal degradation has not completely unfolded, and that much about
the control of centrosome biology by regulated protein destruction remains to be
uncovered. In fact, the observation in worms that PP2A controls the levels of Sas-5
in a proteasome-dependent manner (Song et al. 2011) suggests that regulated deg-
radation may be a common feature of centriole assembly factors, even if their
degradation has not yet been studied. Interestingly, despite initial searches that
suggested there was no human ortholog of Sas-5, the STIL protein is likely to be the
human Sas5 ortholog based on its similarity to the fly Ana2 (Stevens et al. 2010),
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and whether this core centriole assembly factor is regulated by degradation across
species is an open question. Given that phosphorylation is often the trigger for SCF-
dependent degradation, it is tempting to speculate that PP2A removes a phosphate to
antagonize SCF-dependent degradation. However, it has not yet been demonstrated
that Sas-5 is degraded, and PP2A can also promote SCF-dependent degradation as it
does for c-myc (Sears 2004). The role of PP2A in the control Sas-5 therefore can’t be
predicted, and it will be exciting to watch the story of regulated Sas-5 degradation
develop. Moreover, at least three factors that can cause centriole overproduction in
human cells, Mps1, Plk4, and hSas6, are regulated by degradation. Whether proteins
such as Ana2 and Asterless that can cause centrosome re-duplication in flies (Ste-
vens et al. 2010) are also controlled by regulated degradation is also not yet known.
Given how critical it is for centrosome duplication to occur just once each cell cycle,
it seems likely that regulated degradation will ultimately be shown to be a common
feature of centriole assembly factors.
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Chapter 9
Regulation of the Centrosome Cycle
by Protein Degradation

Suzanna L. Prosser and Andrew M. Fry

Abstract Irreversible protein destruction is a key regulatory mechanism controlling
progression through the cell cycle. This is orchestrated by ubiquitin ligases, the two
most prominent of which in the cell cycle are the anaphase promoting complex/
cyclosome (APC/C) and the Skpl/Cullin/F-box (SCF) protein. Through targeting
specific proteins for timely degradation, these complexes not only ensure accurate
control of the cell cycle, but also ensure precise regulation of the centrosome dupli-
cation cycle. Disruption of the centrosome cycle can lead to formation of aberrant or
supernumerary centrosomes that in turn contribute to cell division errors and genetic
instability. Recent progress has revealed that protein degradation mechanisms are
central to many aspects of centriole biogenesis. By strictly regulating the abundance of
core centriole assembly proteins, the number of new centrioles formed within each cell
cycle is tightly controlled. Moreover, protein destruction is equally important in
ensuring that centrioles of the correct length are formed, while licensing of centriole
duplication, which occurs during mitosis, is also controlled by protein degradation.
The major ubiquitin-mediated degradation events that ensure fidelity of the centro-
some cycle will be considered in this chapter.

9.1 Introduction: Protein Degradation in Cell Cycle Control

The cell cycle describes a sequential order of events that culminate in cell division.
These events are driven by oscillations in the level of cyclin-dependent kinase (Cdk)
activity (Nurse 2000). However, phosphorylation is a rapidly reversible form of

S. L. Prosser - A. M. Fry (D<)

Department of Biochemistry, University of Leicester,
Lancaster Road, Leicester LE1 9HN, UK

e-mail: amf5@le.ac.uk

H. Schatten (ed.), The Centrosome, DOI: 10.1007/978-1-62703-035-9_9, 157
© Humana Press, a part of Springer Science+Business Media, LLC 2012



158 S. L. Prosser and A. M. Fry

regulation and does not alone provide a robust mechanism to ensure that cells do not
go backwards in the cell cycle. Cells have therefore evolved a second control
mechanism to provide directionality and ensure that events keep moving forwards,
that is the irreversible destruction of proteins (Murray 2004). Cyclins are the
archetypal example of proteins that accumulate and then are abruptly destroyed in a
cell cycle-dependent manner and these determine the oscillations in Cdk activity
(Glotzer et al. 1991). However, many other proteins are similarly destroyed at spe-
cific times when their continued presence would be detrimental to further cell cycle
progression. Most cell cycle-dependent protein degradation is mediated by the 26S
proteasome. However, recognition by the proteasome requires tagging of the sub-
strate protein with polyubiquitin chains, a process that involves an E1 ubiquitin
activating enzyme, an E2 ubiquitin conjugating enzyme, and an E3 ubiquitin ligase
(Hershko and Ciechanover 1998). It is the E3 ligase that determines substrate
specificity and there are two RING-family E3 ligases in particular that regulate cell
cycle transitions, namely the anaphase-promoting complex/cyclosome (APC/C),
and the Skp1/Cullin/F-box (SCF) protein (Skaar and Pagano 2009).

The APC/C is a large multisubunit complex, containing at least 15 different protein
components (Peters 2006). Its catalytic core consists of a cullin subunit, Apc2, and a
RING-H2 protein, Apcl1. Together, these facilitate the transfer of ubiquitin from the
E2 enzyme onto the substrate. However, substrate recognition by the APC/C also
requires one of two APC/C co-activator proteins, Cdc20 or Cdhl, which directs the
APC/C to specific substrates at defined points in the cell cycle. The substrates them-
selves have particular amino acid sequence motif’s, such as a D-box or KEN-box, which
enable the APC/C-co-activator complexes to identify them. The APC/C was originally
discovered for its role in the degradation of Cyclin B that promotes the transition from
metaphase to anaphase (Glotzer et al. 1991). However, it is also required at this time for
the proteolysis of securin that triggers sister chromatid separation. In fact, the APC/C
degrades many cell cycle control proteins, including kinases, such as the Aurora
kinases, Polo-like kinases (Plks), and NIMA-related kinases (Neks), along with pro-
teins involved in regulating mitotic spindle formation and DNA replication.

Importantly, the activity of the APC/C is cell cycle regulated with high activity
from mitosis to late G1 and low activity from S-phase to late G2. Activity during
early mitosis, from prophase to metaphase, is associated with APC/C<?°, whereas
activity from anaphase to late G1 is associated with APC/C®™"!. In addition to
co-activator binding, APC/C activity is controlled by phosphorylation and inhibitor
proteins, such as Emil or the mitotic checkpoint proteins, Mad2, and BubR1. The
fact that both co-activators and inhibitors of the APC/C are themselves subject to cell
cycle-dependent degradation adds a further layer of control to the system.

In contrast to the APC/C, the SCF is active throughout the cell cycle, but its
ability to ubiquitylate its substrates depends on their post-translational modifica-
tion, which only occurs at specific times in the cell cycle (Cardozo and Pagano
2004). Substrate modification allows recognition by an F-box protein, of which
about 70 have been identified in humans, with Skp2, Fbxw7, and -TrCP having
the most well-defined roles in regulating the cell cycle. In addition to an F-box
protein, the SCF also consists of a cullin subunit, Cull, a RING-H2 protein, Hrt/
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Rbx1, and a linker subunit, Skpl, that, as in the APC/C, catalyze the transfer of
ubiquitin from the E2 enzyme to the substrate.

9.2 The Centrosome Cycle

Being a single copy organelle, the centrosome is duplicated just once during each
cell cycle. Hence, cells enter mitosis with two centrosomes that give rise to two
spindle poles. This process ensures both spindle bipolarity and inheritance of a
single centrosome by each daughter cell. The centrosome cycle must therefore
proceed in a timely fashion that is carefully coordinated with the cell cycle. Failure
to coordinate these events could lead to the generation of supernumerary centro-
somes and genetic instability (Nigg 2007; Tsou and Stearns 2006).

The centrosome cycle can be viewed as four discrete steps: centriole duplication,
centrosome maturation, centrosome disjunction, and centriole disengagement.
Centriole duplication commences in S-phase with the appearance of procentrioles
lying perpendicular and in very close proximity to the proximal ends of the existing
centrioles. This association establishes the tight orthogonal arrangement of the
parental and progeny centrioles that is maintained through to late mitosis. The two
procentrioles elongate in a proximal to distal direction, reaching full length in G2. In
late G2, centrosome maturation (or enlargement) occurs through recruitment of
additional pericentriolar material (PCM) in preparation for the increased microtu-
bule nucleating activity required in mitosis. However, the duplicated centrosome,
now containing four centrioles, still continues to act as a single microtubule orga-
nizing center due to the presence of a loose tether that links the proximal ends of the
parental centrioles throughout interphase. As cells progress from G2 into mitosis,
centrosome disjunction occurs and the tether is severed. The physical separation of
the two centrosomes in space is driven by motor proteins and ultimately gives rise to
the two poles of the mitotic spindle. The centrosome cycle is completed with cen-
triole disengagement in late mitosis. Each centriole pair, residing at the spindle poles,
loses its tight orthogonal attachment, thereby licensing centriole duplication in the
next cell cycle. As cells enter G1, the pair of now disengaged centrioles become
tethered once again through their proximal ends regenerating the single microtubule
organizing center typical of an interphase cell.

Together, these events are subjected to strict spatial and numerical control to
ensure that the centrosome cycle occurs once and only once per cell cycle (Nigg
and Stearns 2011). In line with the classical cell cycle, the centrosome cycle is also
subject to control by both reversible phosphorylation and irreversible protein
degradation (Fig. 9.1). It has been known for more than a decade now that com-
ponents of both the APC/C and SCF ubiquitin ligases localize to the centrosome
putting them in position to directly regulate events of the centrosome cycle (Freed
et al. 1999; Raff et al. 2002). Indeed, mechanistic details are now beginning to
emerge about how the process of protein degradation controls different events of
the centrosome cycle, as described below.
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Fig. 9.1 APC/C and SCF activity during the centrosome cycle. The cell begins the centrosome
cycle in G1 with one centrosome, consisting of a pair of centrioles loosely tethered at their proximal
ends by a proteinaceous linker (black strands). The older, mother, centriole (black cylinder) is
structurally distinct from the younger, daughter, centriole (brown cylinder) as it has additional
appendages at its distal end; it is also associated with the bulk of the PCM (green). As the cell
progresses into S-phase, centrosome duplication commences with the appearance of procentrioles
(pink cylinders) at the proximal ends of the existing centrioles, a positioning that dictates the tight
orthogonal arrangement of an engaged centriole pair, and which is maintained until late mitosis. The
procentrioles elongate as the cell moves through G2, reaching full length at mitosis. At the G2/M
transition, the linker between the original mother and daughter is lost, allowing the two centrosomes
to move apart and form the poles of the bipolar mitotic spindle. At anaphase, centriole
disengagement occurs, thereby licensing duplication in the subsequent cell cycle. Many key
centrosomal proteins are regulated by protein degradation to ensure the fidelity of the centrosome
cycle. The APC/CC*? is active from early mitosis until anaphase, when the APC/CC! become
active until late G1. The SCF is active throughout the cell cycle, being directed to its targets via their
phosphorylation and subsequent recognition by specific F-box proteins

9.3 Regulation of Centriole Duplication by Protein
Degradation

9.3.1 Regulation of Centriole Biogenesis

Early studies into the molecular control of centriole duplication revealed an
essential requirement for Cdk2 (Hinchcliffe et al. 1999; Matsumoto et al. 1999;
Lacey et al. 1999; Meraldi et al. 1999). This important discovery provided the first
clue for how cells ensure that when they enter mitosis they will have duplicated
both their DNA and centrosome. Cdk2 is activated at the G1/S transition through
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association with first, Cyclin E, and later, Cyclin A. Cyclins E and A are subjected
to control by cell cycle-dependent degradation: Cyclin E by the SCF, in con-
junction with the F-box protein, Fbxw7, and Cyclin A by the APC/C, in con-
junction with first Cdc20, and later Cdhl. Cdk2 activity is also regulated by the
inhibitor, p27, though this is degraded by the SCF, in conjunction with Skp2, at the
onset of S-phase. Hence, cell cycle control of Cdk2 is mediated in large part by
protein degradation and provides a neat mechanism to couple the onset of DNA
replication and centriole duplication. However, while Cdk2 substrates that regulate
DNA replication have been well characterized, validated substrates that promote,
or possibly even inhibit, centrosome duplication remain frustratingly elusive.

Despite the uncertainty over how Cdk2 promotes centriole duplication, the
molecular events of centriole assembly are now beginning to emerge (Bettencourt-
Dias and Glover 2007; Loncarek and Khodjakov 2009; Strnad and Gonczy 2008).
In brief, a core set of five proteins that are sufficient for centriole assembly was first
identified in C. elegans; these include four structural proteins, SPD-2, SAS-4,
SAS-5, and SAS-6, and a protein kinase, ZYG-1 (Pelletier et al. 2006; Leidel et al.
2005; Delattre et al. 2006; Delattre et al. 2004; Dammermann et al. 2004). SPD-2
and ZYG-1 act upstream of SAS-5 and SAS-6 to promote the assembly of a central
tube. Singlet microtubules are then built on this tube under the action of SAS-4 to
generate the simple centrioles typical of this organism. In higher eukaryotes,
additional components are involved; however, these same five proteins have been
highly conserved and also play crucial roles in the biogenesis of more complex
centrioles. So, for example, SAS-6, together with the Bld10p/Cepl135 protein,
forms the cartwheel structure that assembles at the proximal end of a growing
centriole and defines its 9-fold symmetry (Hiraki et al. 2007; Kitagawa et al. 2011;
Nakazawa et al. 2007; van Breugel et al. 2011), SAS-5/Ana-2/STIL proteins are
required for initiation of procentriole assembly (Stevens et al. 2010; Tang et al.
2011), while SAS-4/CPAP contributes to centriole elongation(Kohlmaier et al.
2009; Schmidt et al. 2009; Tang et al. 2009). Importantly, it is becoming clear that
almost all these proteins are regulated at the level of protein degradation to ensure
numerical and spatial control of centriole biogenesis.

Crucially, it would appear that many of these centriole assembly proteins are
rate limiting with their expression level tightly regulated by protein degradation
(Fig. 9.2). Perhaps the best studied of these so far is the polo-like kinase, Plk4, or
SAK, which are the human and Drosophila orthologues of the C. elegans ZYG-1
kinase, respectively. Typical of these rate limiting proteins, Plk4 localizes to
centrioles and experimental manipulation of Plk4 expression alters centriole
numbers. So, downregulation of Plk4 leads to loss of centrioles over successive
cell divisions, while overexpression leads to the formation of multiple procentri-
oles that form in a rosette around a single parent centriole (Bettencourt-Dias et al.
2005; Kleylein-Sohn et al. 2007; Habedanck et al. 2005). Plk4 levels also regulate
centriole formation via the de novo assembly pathway, which occurs in the
absence of a pre-existing centriole (Eckerdt et al. 2011; Peel et al. 2007; Rodri-
gues-Martins et al. 2007).
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Fig. 9.2 Control of centriole biogenesis and elongation by ubiquitin ligases. Procentriole
formation is dependent upon both Plk4 and SAS-6. Excess amounts of either protein leads to the
formation of multiple procentrioles in a rosette arrangement around a single centriole. Their
abundance is therefore strictly controlled to ensure only one procentriole forms per existing
centriole. SCFFT™Y targets Plk4 for destruction while SCE™™?, which is itself regulated by
Plk4, targets SAS-6 for destruction. Procentriole elongation occurs as the cell progresses through
S and G2 phases, and is regulated by the positive and negative regulators, SAS-4/CPAP and
CP110, respectively. Excess SAS-4/CPAP leads to excessively long centrioles, while, conversely,
loss of CP110 causes the same phenotype. However, the abundance of both proteins is strictly
regulated, by the APC/CC™! for SAS-4/CPAP, and SCF<¥" F for CP110

Plk4 activity is regulated in large part then at the expression level and spe-
cifically by degradation, which is catalyzed by the SCF ubiquitin ligase, in con-
junction with the -TrCP (also called Slimb in Drosophila) F-box protein. f-TrCP
was in fact demonstrated to have an important role in regulating centrosome
duplication in Drosophila and mice well before the identification of Plk4 (Wojcik
et al. 2000; Guardavaccaro et al. 2003), and has also been shown to localize to
centrioles. It is now clear that f-TrCP interacts with Plk4 via a conserved f-TrCP
binding motif on Plk4 and that mutation of this site, or depletion of -TrCP, leads
to Plk4 stabilization and centriole overduplication (Cunha-Ferreira et al. 2009;
Rogers et al. 2009). As indicated above, the SCF recognizes its substrates fol-
lowing their post-translational modification, usually phosphorylation. In this case,
Plk4 regulates its own degradation through autophosphorylation at a number of
sites within a multiphosphodegron, within which lies the pB-TrCP-binding site
(Cunha-Ferreira et al. 2009; Rogers et al. 2009; Guderian et al. 2010; Holland et al.
2010). Plk4 stability is therefore under direct control of its own activity providing
an important negative feedback mechanism that presumably helps to limit cen-
triole duplication to once per cell cycle.

Interestingly, Plk4 activity does not peak at the time of centriole biogenesis in
S-phase; instead, it remains at a relatively low level throughout interphase due to
the stimulation of its own degradation. In contrast, Plk4 is stabilized in mitosis
allowing its activity to rise at this point in the cell cycle. This stabilization can be
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explained by a peak in expression in mitosis of the protein phosphatase 2A (PP2A)
regulatory subunit, Twins, which promotes dephosphorylation of the sites in Plk4
required for S-TrCP to bind (Brownlee et al. 2011). Plk4 does, though, also have a
role in cytokinesis (Rosario et al. 2010); hence, its stabilization in mitosis may
serve the purpose of cytokinesis, rather than centriole duplication. On the other
hand, overexpression of Twins promotes centriole amplification in a manner
analogous to Plk4 overexpression. This would suggest then that the activity of Plk4
in mitosis promotes centriole duplication in the ensuing S-phase.

A similar control to that described above exists in C. elegans where PP2A
promotes centriole duplication through stabilizing the levels of not only ZYG-1,
the Plk4 orthologue, but also SAS-5 (Song et al. 2011). This raises the prospect of
course that SAS-5 levels are also controlled by phospho-dependent protein deg-
radation, although at the current time the mechanism for this is unknown. Over-
expression of the human SAS-5 orthologue, STIL, a microcephaly-related protein,
promotes centriole overduplication while depletion inhibits centriole duplication
(Tang et al. 2011). Furthermore, depletion of STIL blocks the centriole overdu-
plication that occurs in response to Plk4 overexpression suggesting that STIL acts
downstream of Plk4, in a manner that is analogous to the model in C. elegans that
places SAS-5 downstream of ZYG-1.

Another key rate limiting step for centriole biogenesis is the expression level of
SAS-6. As for Plk4 and SAS-5, the abundance of SAS-6 directly influences the
rate of centriole formation with depletion from human cells resulting in centriole
loss over successive cell cycles and overexpression inducing centriole overdu-
plication (Leidel et al. 2005; Strnad et al. 2007). SAS-6 and SAS-5 play a
mutually-dependent structural role in centriole assembly, and it would appear that
strict control over the expression of both proteins is required to ensure that only
one new procentriole forms per parental centriole. In this respect, it would seem
odd that overexpression of one or the other is sufficient to drive centriole over-
duplication unless the proteins also mutually regulate the stability of each other.
The levels of SAS-6 do oscillate during the cell cycle, with the protein accumu-
lating from late G1 until it is degraded in mitosis. Consistent with this, SAS-6 is
targeted for degradation by the APC/C“™™ through a KEN-box located at the C-
terminal end of the protein (Strnad et al. 2007; Puklowski et al. 2011). While
degradation of SAS-6 helps to limit the number of procentrioles seeded per
parental centriole to one, maintaining low SAS-6 levels in G1 may also prevent
centriole duplication commencing too early in the cell cycle (Strnad et al. 2007).

In addition to the APC/C™' | the SCF also targets SAS-6 for degradation via
the Fbox protein, Fbxw5. Depletion of Fbxw5 from cells causes an increase in
SAS-6 levels, centriole amplification, and multipolar spindles, while overexpres-
sion inhibits centriole formation and reduces the half-life of SAS-6 (Puklowski
et al. 2011). Fbxw5 can bind SAS-6 and promote its ubiquitination, although a
degron in SAS-6 has yet to be identified and it is unclear whether recognition by
Fbxw5 depends on SAS-6 phosphorylation. Crucially, the levels of Fbxw5 are
regulated by the APC/C, targeting it for degradation in mitosis, before the protein
accumulates at the G1/S transition. However, with Fbxw5 present in S-phase, its
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binding to SAS-6 must be regulated to prevent complete degradation of SAS-6.
Indeed, it appears that phosphorylation of Fbxw5 on Ser-151 by Plk4 somehow
suppresses its ability to ubiquitinate SAS-6, preventing degradation. Thus, the low
levels of Plk4 present in interphase may be sufficient to regulate the abundance of
SAS-6 by controlling the ability of Fbxw5 to target SAS-6 for degradation.
However, as Fbxw5 depletion only partially rescues the loss of centrioles caused
by Plk4 depletion, Fbxw5 cannot be the only Plk4 target involved in centriole
assembly (Puklowski et al. 2011). This leaves open the possibility that Plk4 may
phosphorylate other centriole assembly factors, such as SAS-4/CPAP, SAS-5/
STIL, Cep152, or even SAS-6 directly (Hatch et al. 2010; Kitagawa et al. 2009), to
promote centriole biogenesis.

9.3.2 Regulation of Centriole Length

After procentrioles are formed in S-phase, they elongate in a proximal to distal
direction, reaching full length in G2 or mitosis. It was originally thought that
centriole length was restricted principally by kinetic constraints, with the centriolar
structural components unable to stably form a longer structure than that already
observed in the mother centriole. However, a number of studies have now shown
that centriole length is also regulated through proteolysis (Kohlmaier et al. 2009;
Schmidt et al. 2009; Tang et al. 2009; Korzeniewski et al. 2010; Vidwans et al.
2003). SAS-4/CPAP and CP110 localize to the distal ends of growing procentri-
oles and were first described as forming a cap under which the elongating cent-
riolar microtubules were inserted (Kleylein-Sohn et al. 2007). They have since
been shown to have potentially opposing roles as positive and negative regulators,
respectively, of centriole length. Indeed, overexpression of SAS-4/CPAP induces
excessive centriole elongation, while it is depletion of CP110 that has a similar
consequence (Schmidt et al. 2009; Tang et al. 2009; Korzeniewski et al. 2010). Not
surprisingly, then, the abundance of each protein is again carefully regulated by
cell cycle-dependent degradation.

SAS-4/CPAP is absent in G1, with levels gradually increasing from early S-
phase to mitosis. As cells exit mitosis, SAS-4/CPAP protein levels fall, concurrent
with decreased abundance of SAS-6. As SAS-4/CPAP binds to Cdhl, but not
Cdc20, and contains a functional KEN- and D-box, it is likely to be a target of
APC/CC"! . If SAS-4/CPAP levels are not controlled, for example, due to over-
expression of wild-type or a non-degradable mutant, extended microtubule fila-
ments are generated with properties that are highly reminiscent of elongated
centriolar structures. In fact, both parental centrioles and procentrioles undergo
elongation in the presence of excess SAS-4/CPAP, with no increase in overall
centriole numbers (Schmidt et al. 2009). SAS-4/CPAP contains both tubulin
dimer- and microtubule-binding domains, along with an ability to destabilize
microtubules (Cormier et al. 2009; Hsu et al. 2008), suggesting that SAS-4/CPAP
is able to regulate the assembly of centriolar microtubules. Indeed, mutation of the
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site via which SAS-4/CPAP binds tubulin dimers inhibits the formation of the
elongated centrioles induced by overexpression of the wild-type protein (Tang
et al. 2009).

CP110 caps the distal ends of centrioles (Kleylein-Sohn et al. 2007), where it
participates in restricting the length of the growing centriole and/or regulates
primary cilia generation. Depletion of CP110 leads to microtubule extensions
growing from both parental centrioles and procentrioles similar to those seen upon
SAS-4/CPAP overexpression (Schmidt et al. 2009; Tang et al. 2009). Additionally,
loss of CP110, or a protein that interacts with it, CEP97, induces the aberrant
formation of primary cilia in cycling cells, while in quiescent cells, enforced
expression of CP110 suppresses primary cilium assembly (Spektor et al. 2007).
Furthermore, depletion of the centriolar kinesin, Kif24, causes the loss of CP110
from mother centrioles, inducing cilia formation but not elongated centrioles per se
(Kobayashi and Dynlacht 2011). Through an unbiased screen, CP110 was iden-
tified as an interacting partner and substrate of Cyclin F (D’ Angiolella et al. 2010).
Cyclin F, also called Fbxol, is the founding member of the F-box protein family,
being the first protein in which the F-box motif was described (Bai et al. 1996).
CP110 and Cyclin F interact on centrioles in G2, with CP110 subsequently ub-
iquitylated by SCF"™ ¥ and degraded (D’Angiolella et al. 2010). Depletion of
Cyclin F, or expression of a stable CP110 mutant unable to bind Cyclin F, leads to
both multipolar spindles and asymmetric, bipolar spindles with lagging chromo-
somes. If Cyclin F and CP110 were silenced together these phenotypes were
prevented (D’Angiolella et al. 2010). Potentially, Cyclin F also regulates CP110
levels to limit centrosome duplication to once per cell cycle, as depletion of CP110
prevents Plk4-induced centriole amplification (Kleylein-Sohn et al. 2007). How-
ever, CP110 levels may be controlled in mitosis so that cells enter the following
cell cycle with low CP110 abundance to allow primary cilium formation if the cell
enters quiescence.

9.4 Regulation of Centrosomes in Mitosis by Protein
Degradation

9.4.1 Centrosome Maturation and Disjunction

The onset of mitosis is accompanied by major changes in centrosome organization.
First of all, the PCM increases dramatically in size in a process known as cen-
trosome maturation. This includes a substantial increase in the amount of y-tubulin
and its associated partners leading to an overall increase in the microtubule
nucleation capacity of the centrosome (Khodjakov and Rieder 1999). Both Plk1
and Aurora A are required for centrosome maturation and, although the precise
pathways for this remain to be defined, it almost certainly involves regulation of
multiple centrosomal components (Haren et al. 2009; Kettenbach et al. 2011). At
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around the same time, the filamentous intercentriolar linker that has held the two
parental centrioles in close proximity throughout interphase disassembles in a
process known as centrosome disjunction. This leaves the two pairs of duplicated
centrioles as distinct and independent structures that can now be moved to opposite
poles of the cell through the action of microtubule-based motor proteins, such as
Eg5. Again, this process is phosphorylation-dependent, with the kinases, Nek2 and
SIK2, directly phosphorylating centriolar linker proteins, and with these two
kinases themselves the downstream targets of phosphoregulation involving Plk1
and Mst2, in the case of Nek2, and PKA, in the case of SIK2 (Ahmed et al. 2010;
Mardin et al. 2011; Mardin et al. 2010; O’Regan et al. 2007).

To date, protein degradation has not been strongly implicated in regulating the
onset of either centrosome maturation or disjunction. The remodeling of micro-
tubule organization that occurs upon mitotic onset may be due in part to dis-
placement of the ninein-like protein, Nlp, which anchors y-tubulin ring complexes
to the centrosome in interphase, but not mitosis (Casenghi et al. 2003). Dis-
placement of Nlp occurs in response to Plkl, and possibly Nek2, phosphorylation
(Casenghi et al. 2003; Rapley et al. 2005); however, Nlp is also targeted for
degradation by the APC/C in a manner that may require phosphorylation by Cdk1
(Wang and Zhan 2007; Zhao et al. 2010). That said, it seems unlikely that the rapid
change in centrosome size associated with maturation is in any way dependent on
Nlp degradation. The centriole linker proteins, C-Napl and rootletin, are also
displaced from the centrosome following phosphorylation, but in this case there is
no evidence that these proteins are degraded (Bahe et al. 2005; Mayor et al. 2002).
Indeed, as mitosis is a relatively short event and cells need to reestablish the
interphase centrosome architecture from the beginning of G1, then it makes sense
for the cell to retain what are often very large proteins. C-Napl, for example,
immediately loads back onto centrosomes at the end of mitosis presumably as a
result of its dephosphorylation (Mayor et al. 2002).

In contrast, many of the regulators that trigger these two events are degraded at
some point after mitotic entry and this may also be very important to allow rapid
reassembly of the centrosome structure in G1. Nek2, Plkl, and Aurora A are all
targeted by the APC/C for proteasomal-mediated degradation. Interestingly, Nek2
is degraded earlier than these other kinases in a manner that is independent of the
spindle assembly checkpoint (Hayes et al. 2006). This requires Cdc20, although in
the case of Nek2 degradation the role of Cdc20 is to promote its ubiquitylation
rather than its recruitment to the APC/C (Kimata et al. 2008). Plk1 and Aurora A
are degraded much later in mitosis presumably reflecting their requirement for
additional mitotic processes, such as spindle organization, chromosome segrega-
tion, and cytokinesis. Their degradation is mediated by the APC/C in partnership
with its other co-activator, Cdhl (Floyd et al. 2008). The importance of Plk1 and
Aurora A degradation for completion of cytokinesis and cell division is well
established and almost certainly explains why interfering with APC/C*! function
late in mitosis leads to multinucleated cells and centrosome amplification (Kim
et al. 2011; Wang and Kung 2011).
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9.4.2 Centriole Disengagement

The final step in the centrosome cycle occurs in late mitosis when, at each spindle
pole, the centriole pair loses its tight orthogonal attachment. This process, origi-
nally called disorientation but now more commonly referred to as disengagement,
is a key licensing step for the next round of centriole duplication that will take
place in the subsequent cell cycle. While we know very little about the nature of
the “glue” that binds procentrioles to their parents, pathways that regulate dis-
engagement are beginning to emerge and, as for centriole duplication, there are
key roles for protein degradation.

Intriguingly, much of what has been learned about the regulation of disen-
gagement has come from the educated guess that the process of disengagement is
not dissimilar to that of sister chromatid segregation that also occurs in late
mitosis. The separation of sister chromatids results from the APC/C***-mediated
degradation of securin. This releases the cysteine protease, separase that in turn
cleaves the Sccl/kleisin subunit of cohesin. Having found that APC/C activity is
required for centriole disengagement in an in vitro disengagement assay estab-
lished in Xenopus egg extracts, Tsou and Stearns hypothesized that separase may
also play a key role in centriole disengagement (Tsou and Stearns 2006).
Remarkably, they found that blocking separase activity in the egg extracts, either
with an excess of cyclin B that can bind and inhibit separase or non-degradable
securin, prevented centriole disengagement. A number of additional studies have
since provided persuasive evidence that release of active separase is what triggers
centriole disengagement in human cells (Thein et al. 2007; Tsou et al. 2009). Thus,
activation of the APC/C and destruction of securin at the metaphase-anaphase
transition provides an elegant mechanism of coupling the centrosome cycle with
the cell division cycle. Moreover, it ensures that the two centrioles within a single
spindle pole do not split apart until after the onset of chromosome segregation.

An obvious question is what separase cleaves to trigger centriole disengage-
ment. To separate sister chromatids, it cleaves the cohesin ring that encircles the
DNA sisters (Peters et al. 2008; Nasmyth 2011). It is not clear, though, how a ring
could hold centriole pairs together. Although one can conceive of concatenated
rings acting as a chain between the two centrioles, the most obvious solution, at
least at first, was that separase has a distinct target at the centrosome. However,
there is increasing evidence now for the existence of cohesin subunits at the
centrosome and Stemmann and colleagues have elegantly demonstrated that
ectopic cleavage of engineered cohesin rings can trigger centriole disengagement
(Schockel et al. 2011). This highly provocative finding argues strongly that the
cohesin ring may indeed represent both the sister chromatid and centriole pair
“glue” explaining why separase triggers both events simultaneously at the onset of
anaphase. However, the centrosomal protein, kendrin/pericentrin, has recently
been proposed as an alternative separase target whose cleavage promotes centriole
disengagement (Matsuo et al. 2012).
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Further coupling of sister chromatid separation and centriole disengagement is
afforded by the mitotic kinase, Plk1, which also plays a role in both processes. In the
case of sister chromatids, Plkl promotes the displacement of cohesin rings from
chromosome arms in early mitosis by phosphorylating the Scc3/SA2 subunit of
cohesin presumably leading to ring opening, while separase then cleaves the centro-
meric cohesin at the metaphase-anaphase transition (Peters et al. 2008; Nasmyth
2011). Regarding centriole disengagement, cells in which separase had been geneti-
cally deleted still completed disengagement, albeit with much delayed kinetics (Tsou
et al. 2009). This delayed disengagement was absolutely dependent on Plk1. More-
over, it has now been found that arrest of cells in G2 through inhibition or depletion of
Cdkl1 leads to premature centriole disengagement and that loss of either separase or
Plk1 can block this event (Loncarek et al. 2010; Steere et al. 2011; Prosser et al. 2012).

The role of the APC/C in promoting centriole disengagement through triggering
degradation of securin and release of active separase is now clear. Indeed, the
premature disengagement that occurs in G2 arrest relies on the untimely activation
of the APC/C that occurs in response to Cdkl inhibition (Prosser et al. 2012).
Moreover, oscillation of APC/C activity during cell cycle arrest may explain the
repeated rounds of centriole disengagement and reduplication that leads to cen-
trosome amplification. Normally, during G2, the APC/C is held inactive by the
inhibitor, Emil (Di Fiore and Pines 2007). However, Emil is itself subject to
degradation triggered by the SCFA-TreP ubiquitin ligase in response to phosphor-
ylation of Emil by Plkl (Hansen et al. 2004; Moshe et al. 2004). Thus, in the
presence of sufficient Plk1 activity, Emil is degraded during prolonged arrest and
the APC/C becomes active. In this sense, Plkl acts upstream of the APC/C and
separase in centriole disengagement. However, there is growing evidence that, as
in the case of sister chromatid separation, Plkl may also have an APC/C and
separase independent role (Prosser et al. 2012), although whether this also involves
direct phosphorylation of cohesin proteins is an intriguing question for the future.

Ithas been proposed that disengagement is a prerequisite for subsequent duplication
because it frees up the site on the lateral wall of the parental centriole from which new
procentrioles grow (Tsou and Stearns 2006). In other words, assuming that procen-
trioles emerge from a highly specific “birth-site” on the parental centriole and that
there is only one such site per centriole, then while it is occupied another centriole
cannot grow. While this is an elegant model, there is much to be learned about what
defines the birth-site and why, when proteins like Plk4 or SAS-6 are overexpressed,
centrioles can start growing from adjacent positions on the parental centriole.

9.5 Perspectives

As we begin to reveal the complex networks that regulate the centrosome duplication
cycle, a few general paradigms are becoming clear. First, there is intimate coupling
between the control of the DNA replication cycle and the centrosome cycle. This
“cell cycle control” includes the use of many of the same regulatory enzymes, be
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they involved in phosphorylation or ubiquitination, and ensures that each centriole
duplicates only once per cell cycle. Second, centriole biogenesis appears to be
exquisitely sensitive to the expression level of centriole assembly factors. The extent
of transcription, translation, and degradation of these proteins must be in perfect
balance to ensure “copy number control”, i.e., that only a single procentriole is
nucleated by each parental centriole (Nigg 2007). Third, localization is critically
important with the centrosome acting as the primary site of localization for both
substrates for degradation and components of the ubiquitylation system, including
E2 and E3 enzymes. This may also provide a mechanism for localized degradation
that can be temporally, as well as spatially, separated from degradation throughout
the rest of the cell (Mathe et al. 2004). Hence, the centrosome is not only under the
control of degradation processes but can itself regulate such events.

Considerable advances have clearly been made in recent years into the molecular
regulation of the centrosome duplication cycle and the role that protein degradation has
in this process. However, much still remains to be learned; for example, what Plk4
phosphorylates in mitosis to regulate centriole assembly, what regulates the recogni-
tion of SAS-6 by Fbxw35, what controls expression of SAS-5, and what are the targets of
separase and Plk1 that regulate centriole disengagement. With the current rapid rate of
progress, one can expect answers to these and other related questions in the near future.
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Chapter 10

Molecular Links Between Centrosome
Duplication and Other Cell
Cycle-Associated Events

Kenji Fukasawa

Abstract The centrosome duplicates once in each cell cycle, and the duplication
proceeds in coordination with other cell cycle events. Thus, centrosome duplica-
tion must crosstalk with other cell cycle events, including the growth signaling and
DNA replication. Recent studies have identified several pathways that link the
receptor tyrosine kinases (RTKs) activation and initiation of centrosome dupli-
cation. The molecular mechanisms of how those pathways link the RTK activation
and initiation of centrosome duplication will be discussed in the first part of this
chapter. Because centrosome duplication occurs at the time of S-phase entry, there
is a mechanism that couples the initiation of centrosome duplication and DNA
replication, and cyclin-dependent kinase 2 (CDK2)-cyclin E kinase complex is
known to play a key role. In the second part of this chapter, through focusing of the
p53-p21 pathway, the regulatory mechanisms underlying the coupling of initiation
of centrosome duplication and DNA replication, and how loss of p53 leads to
overduplication of centrosomes (centrosome amplification) will be discussed.
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10.1 Link Between Activation of Growth Factor Receptors
and Initiation of Centrosome Duplication: The Roles
of the Rho-ROCK II Pathway and STAT
Transcriptional Factors

When RTKSs are activated by growth factor binding, they transmit the growth
signals to a number of different pathways, and cells commence cell cycling pro-
cesses. Because centrosome duplication is a cell cycle-dependent event, it is
reasonable to predict that the activated RTKs also signal to initiation of centro-
some duplication. It has been known that there is a close link between the acti-
vation of RTKs and initiation of centrosome duplication. For instance, in certain
cell types, addition of epidermal growth factor (EGF) can rather rapidly induce
physical separation of paired centrioles, which is an initial event of centrosome
duplication (Sherline and Mascardo 1982). In the experimental system using
Chinese hamster ovary cells that are cell cycle-arrested by exposure to DNA
synthesis inhibitors, centrosomes continue to duplicate, resulting in generation of
>3 centrosomes (centrosome amplification), but when serum is depleted from the
media, centrosomes are no longer able to undergo duplication. Moreover, cen-
trosomes resume duplication and reduplication in those arrested cells upon addi-
tion of serum or EGFs to the media (Balczon et al. 1995). It has also been known
that oncogenic (constitutive) activation of RTKs such as the Met receptor leads to
centrosome overduplication and amplification (Kanai et al. 2010; Nam et al. 2010;
Fukasawa 2011).

What is the molecular pathway(s) that link the activation of RTKs occurring at cell
membrane to the initiation of centrosome duplication occurring near the nuclear
membrane? This question has recently been answered at least in part by the identi-
fication of ROCK II kinase as a key positive regulator of centrosome duplication
(Ma et al. 2006) (Fig. 10.1). ROCK II is one of two members of the ROCK Ser/Thr
kinase family. ROCK II is primed for activation by binding of GTP-bound Rho small
GTPase (Rho-GTP): Rho binding disrupts the interaction between the kinase domain
and autoinhibitory domain of ROCKII, freeing the kinase domain (Leung et al. 1996;
Matsui et al. 1996). Rho cycles between an active GTP-bound state and inactive
GDP-bound state, and many RTKs, when activated by the ligand binding, promote
the exchange for Rho-bound GDP to GTP via activating the Rho guanine nucleotide
exchange factors (Rho-GEFs) (Etienne-Manneville and Hall 2002). ROCK II was
found to localize to centrosomes, and ectopic expression of the ROCK II mutant
that lacks the negative regulatory domain (hence its activity is independent from
Rho-binding) promotes initiation of centrosome duplication in a kinase activity and
centrosome localization-dependent manners. Moreover, depletion of ROCK 1I
results in significantly delayed initiation of centrosome duplication, indicating that
ROCK II plays a critical role in the timely initiation of centrosome duplication. Of
note, although the initiation of centrosome duplication is delayed in the ROCK II-
depleted cell, they eventually duplicate because of the functional replacement by
ROCK I, another member of the ROCK family, that shares ~65 % overall identity
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Fig. 10.1 The Rho-ROCK II and CDK2/cyclin E-NPM pathways link the RTK activation and
initiation of centrosome duplication. The RTKs activated by the binding of growth factors
activates Rho-GEFs, which in turn promotes exchange of Rho-GDP to Rho-GTP. Rho-GTP is
then recruited to centrosomes, and binds to ROCK 1II at centrosomes. In late G1 phase, CDK2-
cyclin E is activated, and phosphorylates NPM/B23 likely at centrosomes. NPM/B23 acquires a
high binding affinity to ROCK II upon phosphorylation by CDK2-cyclin E, and binds to and
superactivates ROCK II. The super activated ROCK 1I then triggers initiation of centrosome
duplication. At the same time, CDK2-cyclin E targets proteins, including pRB which inhibits E2F
transcriptional factor through direct binding. Upon phosphorylation by CDK2-cyclin E, pRB
dissociates from E2F, resulting in activation of E2F and consequentially initiation of DNA
replication

with ROCK II (Nakagawa et al. 1996). ROCK I also localize to centrosomes, and is
implicated in proper positioning of centrosomes (Chevrier et al. 2002). ROCK I is
dispensable for initiation of centrosome duplication as long as ROCK 1II is present.
However, in the absence of ROCK II, ROCK I comes into replace the ROCK II
function to promote centrosome duplication, but not as efficiently as ROCK II,
resulting in the delay in the initiation of centrosome duplication. The reason behind
the inefficient triggering of centrosome duplication by ROCK I is that unlike ROCK
I, ROCK I cannot be super activated by nucleophosmin binding (discussed in details
below) (Ma et al. 2006).
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ROCK II is present at centrosomes throughout the cell cycle, and activated Rho
(Rho-GTP) proteins are found at centrosomes much more than the inactive Rho
(Rho-GDP) proteins (Kanai et al. 2010). Thus, Rho is likely recruited to centro-
somes as Rho-GTP (after activation by Rho-GEFs), and binds to ROCK 1I at
centrosomes. There are three major Rho isoforms, RhoA, B and C, and they share
85 % sequence identity (Etienne-Manneville and Hall 2002), yet each isoform is
known to function in the specific cellular events (Wheeler and Ridley 2004).
Although all isoforms are capable of binding and activating ROCK 1II in vitro,
RhoA and RhoC, but not RhoB, are involved in the regulation of centrosome
duplication. For instance, ectopic expression of constitutively active forms of
RhoA (RhoA-V14) as well as RhoC (RhoC-V14) leads to promotion of centro-
some duplication, while expression of RhoB-V14 has no effect on centrosome
duplication (Kanai et al. 2010). The inability of RhoB to function in the regulation
of centrosome duplication appears to be in part by its inability to localize to
centrosomes. Although the primary target of RhoA and RhoC appears to be
ROCK I for the regulation of centrosome duplication, both RhoA and RhoC are
required for centrosome duplication. For instance, depletion of either RhoA or
RhoC alone results in inhibition of centrosome duplication. Since expression of
excess RhoA in the RhoC-depleted cells as well as expression of excess RhoC in
the RhoA-depleted cells allow centrosome duplication, it is likely that RhoA and
RhoC comprise the total amount of Rho proteins necessary for activating ROCK II
(especially those present at centrosome) to promote centrosome duplication (Ka-
nai et al. 2010). However, it remains as a possibility that RhoA and RhoC may also
activate distinct targets in addition to ROCK II for promoting centrosome
duplication.

Because activated RTKSs signals to a number of pathways, the pathways other
than the Rho-ROCK II pathway may also be involved in the promotion of cen-
trosome duplication. For instance, activation of many RTKs leads to upregulation
of STAT (signal transducer and activator) transcriptional factors. The activity of
STAT?3 has been shown to be essential for centrosome duplication by inducing the
expression of some key centrosomal proteins such as PCM-1 and y-tubulin (Metge
et al. 2004). STAT3 induces expression of those proteins not by direct upregula-
tion of the transcription of the respective genes, but does so indirectly likely by
upregulating other transcriptional factor(s). STATS, another member of the STAT
family, has also been shown to promote centrosome duplication via inducing
expression of Aurora-A (also known as STK15 and BTAK) (Hung et al. 2008),
which is a positive regulator of centrosome duplication (Zhou et al. 1998). This
study shows that the ligand-activated EGF receptor is translocated into the
nucleus, and recruited to the AT-rich sequence sites of the Aurora-A promoter
through interacting with STATS.

In sum, RTKSs activated by growth factor binding transmit the signal to cen-
trosomes to duplicate through activation of the Rho-ROCK II pathway and tran-
scriptional induction of the key centrosomal proteins and positive regulatory
protein(s) essential for centrosome duplication. It should be noted here that other
downstream pathways of RTKs may also function to link the RTK activation and
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initiation of centrosome duplication. For instance, the Ras-MAPK pathway and
Akt (protein kinase B) pathway are both implicated in the regulation of centro-
some duplication (Fukasawa and Vande Woude 1997; Zeng et al. 2010; Nam et al.
2010). Further studies should reveal the underlying mechanisms of the regulation
of centrosome duplication by these pathways.

Overexpression and oncogenic mutation of RTKs are highly common in various
types of cancers. It had been known that chromosomes become destabilized in
cells transformed by oncogenically activated RTKs, but such a phenomenon had
been belittled as an indirect consequence of the continuous firing of growth sig-
nals. However, the recent findings described above indicate that oncogenic acti-
vation of RTKs influences chromosome stability more directly than previously
being thought via induction of centrosome amplification through upregulation of
the Rho-ROCK II pathway and possibly other pathways as well as STAT-
dependent transcription. Considering that chromosome instability plays a critical
role in tumor progression, and centrosome amplification is one of the major causes
of chromosome instability in cancer cells, induction of centrosome amplification
and consequential destabilization of chromosomes should be appreciated as one of
the key oncogenic activities of many RTKs.

10.2 Link Between Activation of Initiation of Centrosome
Duplication and DNA Replication: The Roles
of CDK2-Cyclin E and p53

As described in other chapters, CDK2-cyclin E plays a key role in the initiation of
centrosome duplication (Hinchcliffe et al. 1999; Lacey et al. 1999; Tarapore et al.
2002). In normal cells, initiation of centrosome duplication occurs at the time of S-
phase entry. Because CDK2-cyclin E is also a key triggering factor for DNA
replication (Dulic et al. 1992; Koff et al. 1992), the coupling of initiation of
centrosome duplication and DNA replication is at least in part achieved by the late
G1-specific activation of CDK2-cyclin E resulting from the temporal increase of
cyclin E expression. One of the targets of CDK2-cyclin E is nucleophosmin (NPM/
B23). NPM/B23 is involved in the regulation of centrosome duplication both
positively and negatively (Okuda et al. 2000; Grisendi et al. 2005; Ma et al. 2006),
and CDK2-cyclin E-mediated phosphorylation of NPM/B23 on Thr199 residue
simultaneously switches off the negative regulatory function and switches on the
positive regulatory function. By the mediation of the Thr199-phosphorylated
NPM/B23, the CDK2-cyclin E pathway and Rho-ROCK II pathway come together
to trigger initiation of centrosome duplication (Fig. 10.1). ROCK 1I is not fully
activated by the Rho binding: Rho binding results in only 1.5-fold increase in the
kinase activity (Amano et al. 1996). NPM/B23 physically interacts with
Rho-bound ROCK II (the NPM/B23-binding region of ROCK II is located near the
kinase domain, and is masked by the negative regulatory domain in the nascent
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form of ROCK II, and thus NPM/B23 cannot bind to Rho-unbound ROCK II), and
ROCK I is super activated (5-10-fold higher than unbound ROCK II) by the
NPM/B23-binding (Ma et al. 2006). Although unphosphorylated NPM/B23 can
bind to ROCK II, NPM/B23 acquires a significantly higher binding affinity to
ROCK 1II upon Thr199 phosphorylation. Under a physiological condition where
the protein concentrations are limited, especially the Rho-bound ROCK II at
centrosomes, phosphorylation-dependent upregulation of the ROCK II-NPM/B23
interaction becomes essential. Indeed, most (if not all) of the ROCK II-bound
NPM/B23 in cells are Thr199-phosphorylated. The superactivation of ROCK II by
NPM/B23 binding is critical for the timely initiation of centrosome duplication,
and is the primary downstream event of CDK2-cyclin E for the initiation of
centrosome duplication. For instance, downregulation of the CDK2 activity either
by expression of the dominant negative CDK?2 or by depletion of cyclin E and
cyclin A results in complete inhibition of centrosome duplication (Hanashiro et al.
2008), but introduction of the Rho-independent constitutively active ROCK II
mutant can override the inhibition of centrosome duplication by inactivation of
CDK?2 in a NPM/B23 binding-dependent manner (Hanashiro et al. 2011). To sum
up, in late G1, NPM/B23 acquires a high binding affinity to ROCK II by CDK2-
cyclin E mediated phosphorylation, and binds to and superactivates the Rho-bound
ROCK II, which in turn rapidly acts on the centrosomal target(s) to initiate cen-
trosome duplication. At the same time, CDK2-cyclin E targets proteins like Rb to
initiate DNA replication, and thus initiation of centrosome duplication and DNA
replication occurs in a coordinated manner.

Because CDK2-cyclin E plays a key role in the initiation of centrosome
duplication, the proteins that control the CDK2/cyclin E activity are also expected
to be critically involved in the regulation of centrosome duplication. The p53
tumor suppressor protein and its transactivation target p21“*"/“P! (p21) CDK
inhibitor are the well-known regulatory proteins of the CDK2 activity (Sherr and
Roberts, 1999). The involvement of p53 in the regulation of centrosome dupli-
cation was initially recognized by the observations that cells and tissues from
p53-deficient mice show a high frequency of centrosome amplification resulting
from overduplication of centrosomes (Fukasawa et al. 1996, 1997). The sub-
sequent studies have revealed how p53 participates in the regulation of centrosome
duplication. p53 and p21 are known to present at a basal level in cycling cells,
monitoring untimely activation of CDK2-cyclin E in early to mid Gl phase
(Minella et al. 2002; Nevis et al. 2009). When cyclin E expression is induced at
late G1, the concentration of active CDK2-cyclin E complexes rapidly increases to
the level beyond the capacity of the p53-p21 monitoring system, leading to ini-
tiation of centrosome duplication as well as DNA replication. Indeed, overex-
pression of exogenously introduced cyclin E in cells harboring wild-type p53 (and
thus, continual activation of CDK2-cyclin E beyond the capacity of the p53-p21
monitoring system) results in initiation of centrosome duplication in early G1
phase (Mussman et al. 2000). In the absence of p53, p21 cannot be transactivated,
hence allowing fortuitous activation of CDK2-cyclin E in early and mid-Gl1.
Because Rho-bound ROCK 1II are already available in early G1, CDK2-cyclin E
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prematurely triggers initiation of centrosome duplication through phosphorylation
of NPM/B23 and consequential superactivation of ROCK II. However, because
initiation of DNA replication requires many CDK2-cyclin E-independent events,
CDK2-cyclin E can trigger DNA replication only after those events are completed,
and thus the presence of active CDK2-cyclin E shortens the G1 duration for only
few hours (Dulic et al. 1992; Koff et al. 1992). Thus, loss or mutational inacti-
vation of p53 leads to uncoupling of initiation of centrosome duplication and DNA
replication (Fig. 10.2). However, because uncoupling of initiation of centrosome
duplication and DNA replication in cells lacking functional p53 depend on
occurrence of “accidental” premature activation of CDK2-cyclin E, apparently the
cells lacking functional p53 do not always experience the uncoupling of these two
events, but in a long term, the majority of the p53-negative cells in a given
population will experience uncoupling of centrosome duplication and DNA
replication.

10.3 Loss of p53 and Centrosome Amplification

As described in other chapters, centrosome amplification leads to a high frequency
of mitotic spindle defects and consequentially chromosome segregation errors.
Centrosome amplification occurs frequently in various types of cancers, and is
thought to be the major cause of chromosome instability in cancer cells (D’ Assoro
et al. 2002; Fukasawa 2005). Initially, induction of centrosome amplification by
loss of p53 was identified in cells and tissues of p53-deficient mouse (Fukasawa
et al. 1996, 1997). The mechanism of how loss of p53 leads to centrosome
amplification was explored by the experimental system often referred to as
“centrosome amplification (reduplication) assay”, in which centrosomes undergo
multiple rounds of duplication exposed to DNA synthesis inhibitors such as the
DNA polymerase inhibitor (i.e., aphidicolin) and ribonucleotide reductase inhib-
itors (i.e., hydroxyurea (HU)), resulting in generation of amplified centrosomes.
However, centrosome reduplication in the cell cycle-arrested cells occurs effi-
ciently only when p53 is either inactivated or lost (Tarapore et al. 2001). In normal
cells, p53 is upregulated in response to the physiological stress associated with the
prolonged arrest by the ARF-mediated inhibition of Mdm?2 (Sherr 2006) as well as
DNA damages inflicted by the inhibitors by ATM/ATR- as well as Chk1/Chk2-
mediated phosphorylation (Taylor and Stark 2001), leading to an increase in the
intracellular level of p21, which in turn inhibits CDK2. Without the activity of
CDK?2, centrosome reduplication cannot be initiated. In contrast, in cells lacking
functional p53, there will be no inhibitory mechanism for the CDK2 activity in
response to the physiological and genotoxic stresses, and fortuitous activation of
CDK2 leads to centrosome reduplication. This observation helped understanding
the mechanism of how loss of p53 could lead to centrosome amplification
(Fig. 10.3). Even under a normal growth condition/environment, cells are con-
stantly subjected to internal as well as external stresses that temporarily halt cell
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cycling irrespective of the p53 status (i.e., imbalance or deprivation of critical
molecules such as dNTPs similar to the situation experimentally induced by HU
treatment). In such cases, centrosomes reduplicate if cells lack functional p53,
leading to centrosome amplification. Once the stress-causing problems are
resolved, those cells resume cell cycling with amplified centrosomes.
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«Fig. 10.2 The p53-p21 pathway monitors the premature activation of CDK2-cyclin E during G1
phase to ensure the coordinated initiation of centrosome duplication and DNA replication. CDK2-
cyclin E is a triggering factor for both DNA replication and centrosome duplication. In normal
cells, the basal levels of p53 and its transactivation target p21 monitor the premature activation of
CDK2-cyclin E. In late G1, CDK2-cyclin E is activated by a temporal increase in cyclin E
expression to the level beyond the p53-p21 monitoring capacity, and trigger initiation of both
centrosome duplication and DNA replication (a). Initiation of DNA replication requires many
CDK2-cyclin E-independent cellular events (white arrows) in addition to the CDK2-cyclin E-
dependent events (black arrows). In contrast, initiation of centrosome duplication requires only
few CDK2-cyclin E-independent cellular events (i.e., activation of ROCK II by Rho-binding) in
addition to the CDK2-cyclin E-dependent events. Thus, constitutive activation of CDK2-cyclin E
to the level beyond the p53-p21 monitoring capacity by cyclin E overexpression, centrosomes
initiate duplication rapidly, while initiation of DNA replication occurs only after the completion
of the CDK2-cyclin E-independent events. Thus, initiation of centrosome duplication and DNA
replication is uncoupled (b). In the absence of p53, there would be no monitoring function to
prevent premature activation of CDK2-cyclin E, and fortuitous activation of CDK2-cyclin E in
early to mid Gl rapidly triggers centrosome duplication, but not DNA replication until the
CDK2-cyclin E-independent events are completed. Thus, if p53 is lost or inactivated, cells
experience uncoupling of initiation of centrosome duplication and DNA replication (c)

In mouse cells, loss or inactivation of p53 alone is sufficient to induce
centrosome amplification at high frequencies (Fukasawa et al. 1996; Wang et al.
1998). However, it is not the case for human cells; inactivation/depletion of p53 in
human primary fibroblasts by either expression of the dominant negative mutant
pS53 or small interfering RNA sequence targeting p53 does not efficiently induce
centrosome amplification (Duensing et al. 2000; Bunz et al. 2002; Kawamura et al.
2004). Human cells are known to differ from mouse cells in the degrees of
stringency in the regulation of cyclin E expression (Botz et al. 1996; Ekholm et al.
2001). In human cells, cyclin E expression is more strictly controlled than mouse
cells, and occurs in a narrow window of late G1, and when cell cycle progression is
halted, the activity of CDK2-cyclin E is tightly suppressed, and thus centrosome
duplication remains blocked (Kawamura et al. 2004). In contrast, in mouse cells,
cyclin E expression is relatively promiscuous, often showing the increased levels
of cyclin E and active CDK2-cyclin E in the early-mid G1 (Mussman et al. 2000).
In the absence of p53, the untimely activated CDK2-cyclin E is free from the p21-
mediated inhibition, and triggers centrosome reduplication. In support of this
scenario, loss of p53 together with cyclin E overexpression efficiently and syn-
ergistically induces centrosome amplification in human cells (Kawamura et al.
2004). These observations explain why the studies examining human cancer tis-
sues have repeatedly shown conflicting results for the association between p53
mutation and chromosome instability (or centrosome amplification); while many
studies detected a positive association between p53 mutation and chromosome
instability/centrosome amplification, many failed to do so. The finding of the
synergistic actions of p53 mutation and cyclin E overexpression for induction of
centrosome amplification in human cells suggests that centrosome amplification
(and consequential chromosome instability) by p53 mutation in tumors can be
profoundly affected by the status of cyclin E expression and the activity of CDK2-
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Fig. 10.3 Loss of p53 and centrosome amplification. Cells in any given populations and even
under the optimal growth conditions are subjected to physiological and genotoxic stresses,
resulting in the cell cycle arrest in a p53-independent manner. In cells with functional p53, p53 is
upregulated by various mechanisms during the arrest. p53 then upregulates p21, which effectively
inhibits CDK2. Without the activity of CDK2, newly duplicated centrosomes cannot undergo
reduplication. In contrast, in cells lacking functional p53, p21 cannot be upregulated during the
arrest, and if the active CDK2 is available, newly duplicated centrosomes undergo reduplication,
resulting in centrosome amplification. Once the stress-causing problems are resolved, those cells
will resume cell cycling with amplified centrosomes

cyclin E. The careful examination of bladder cancer specimens has revealed that
this is indeed the case (Kawamura et al. 2004). This study shows that the occur-
rence of centrosome amplification parallels with increased frequencies of p53
mutation and cyclin E overexpression, and the multivariate analysis of the bladder
cancer specimens in respect to status of p53, cyclin E expression and chromosome
instability/centrosome amplification shows that there is a strong association
between concomitant occurrence of p53 mutation and cyclin E overexpression and
chromosome instability/centrosome amplification, but p5S3 mutation or cyclin E
overexpression alone is not significantly associated with chromosome instability/
centrosome amplification. Because cyclin E overexpression is frequent in many
types of tumors (Keyomarsi and Herliczek 1997), the univariate analysis of p53
and chromosome instability/centrosome amplification tends to give a positive
association. However, if cyclin E overexpression is a rare event in the tumor types
under examination, the association between p53 mutation and chromosome
instability/centrosome amplification will likely be weak. In support, it has been
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shown that upregulation of E2F activity, which can be equated to the activation of
CDK2-cyclin E, synergistically induces chromosome instability (aneuploidy) with
p53 mutation in lung carcinomas (Karakaidos et al. 2004). Moreover, considering
that chromosome instability is the driving force for acquisition of more malignant
phenotypes, it is also consistent with the earlier studies showing that concomitant
occurrence of cyclin E overexpression and p53 mutation strongly correlates with
poor prognosis of renal pelvis, ureter, and gastric carcinomas (Furihata et al. 1998;
Sakaguchi et al. 1998).

10.4 Other CDK2 and p53 Modulators and Centrosome
Amplification

Because of the involvement of p53 in the regulation of centrosome duplication, the
proteins that control the stability of p53 is expected to participate in the regulation
of centrosome duplication, and aberrant expression/activity of such proteins leads
to centrosome amplification. For instance, Mdm?2, an E3 ubiquitin ligase that
promotes degradation of p53 (Haupt et al. 1997; Kubbutat et al. 1997), is fre-
quently overexpressed in various types of cancers, especially in those retaining
wild-type p53 (Momand and Zambetti 1997). When MDM?2 is overexpressed in
mouse cells harboring wild-type p53, the level of p53 decreases, leading to effi-
cient induction of centrosome amplification (Carroll et al. 1999).

Besides the p53-p21 pathway, the activity of CDK2 is also controlled by other
CDK inhibitors, including p27%"" and p16(INK4a). Both p275"?! and p16(INK4a)
have been implicated in the regulation of centrosome duplication. For example,
centrosome amplification associated with DNA damage requires downregulation
of p27%iP! in certain cell types such as neuroblastoma cells (Sugihara et al. 2006).
Loss of pl6(INK4a) has also been shown to induce centrosome amplification
(McDermott et al. 2006). In both cases, uncontrolled activation of CDK2-cyclin E
was detected, which likely contributes to generation of amplified centrosomes.

10.5 Conclusion

It has been known that centrosome duplication occurs in coordination with other cell
cycle-associated events. Thus, it is logical to predict that there are pathways that link
centrosome duplication and the other cell cycle-associated events, including the
RTK activation and DNA replication, and recent studies have started to identify those
pathways. Regarding the molecular link between the RTK activation and centrosome
duplication, the roles of the Rho-ROCK II pathway and STAT pathway were mainly
discussed. However, the activated RTKs transmit the cell cycle signals to many
downstream pathways, and other pathways may play equally important roles to link
the growth stimulation and centrosome duplication, which remains to be determined
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in the future studies. As described in this chapter, the key cell cycle-associated
events, including centrosome duplication, are linked by the common regulatory
proteins and pathways, and that many of those regulatory proteins are oncogenic and
tumor suppressor proteins frequently mutated in cancers (Fukasawa 2007). Muta-
tional activation or inactivation of those regulatory proteins can lead to uncoupling of
centrosome duplication from other cell cycle-associated events, which lays a ground
for occurrence of centrosome amplification, and consequentially destabilization of
chromosomes, and thus profoundly influences the tumor development.
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Chapter 11
Regulation of Centrosomes
by Cyclin-Dependent Kinases

Rose Boutros

Abstract In eukaryotic cells, each cell division cycle involves two distinct rep-
lication cycles. These are the chromosomal DNA replication and the centrosome
replication cycles. Progression through the cell division cycle is regulated by the
activities of the cyclin—cyclin-dependent kinase complexes. These enzymes con-
trol both DNA replication and centrosome replication and ensure that the two
cycles occur in synchrony.

11.1 CDK-Cyclins and Cell Cycle Progression

Cyclin-dependent kinases (CDKs) are a large family of serine/threonine protein
kinases. The founding member, Cdc2 was identified in genetic screens from yeast
as a mutant that caused cell division cycle defects (Russell and Nurse 1986). The
human homologue (CDK1) was subsequently identified by its ability to rescue the
yeast Cdc2 mutants (Lee and Nurse 1987). There are now 11 known genes that
encode CDKs and nine genes that encode CDK-like proteins in mammalian cells
(Malumbres and Barbacid 2005). The protein products of the best characterised
CDKs control progression through the cell division cycle, in complex with their
regulatory subunits, the cyclins (Fig. 11.1). Binding of a cyclin to a CDK induces a
conformational change within the active site of the CDK and allows the kinase to
become activated (Bourne et al. 1996; De Bondt et al. 1993). Thus, cell cycle
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Fig. 11.1 Progression through the cell division cycle is controlled by the activities of specific
CDK-cyclin complexes at each phase

progression is believed to be driven primarily by combinations of these CDKs and
their cyclin partners.

Cyclins are a diverse family of proteins, all of which contain a stretch of 150
amino acids termed the ‘cyclin box’ (Malumbres and Barbacid 2005). They were
first identified in marine invertebrates as proteins whose abundance oscillated
during the cell cycle (Evans et al. 1983). There are at least 29 genes encoding
cyclins in human cells, although not all have known CDK partners (Malumbres
and Barbacid 2005). Those cyclins that do have known CDK partners and that
regulate progression through the cell cycle fall into four major classes: D, E, A,
and B type cyclins (Satyanarayana and Kaldis 2009). The D type cyclins bind
CDK4 and CDKG6 in G1 phase, the E type cyclins bind CDK2 at the G1-S phase
transition, the A type cyclins bind CDK2 during S phase and CDK1 during G2
phase and the B type cyclins bind CDKI1 during the G2-M transition and early
mitosis (Satyanarayana and Kaldis 2009) (Fig. 11.1).

11.1.1 Regulation of CDK-Cyclin Activities

The catalytic activities of CDKs are tightly regulated in a strict spatio-temporal
manner by a number of complementary mechanisms, including cyclin binding,
changes in cyclin levels (determined by gene expression and proteolysis), protein
phosphorylation and dephosphorylation, binding to CDK inhibitors, and subcel-
lular localisation (Morgan 1995; King et al. 1996; Booher et al. 1989).
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Fig. 11.2 Regulation of CDK-cyclin activity by phosphorylation. Phosphorylation of CDK on
T14 and Y15 by the Weel and Mytl kinases keeps the complex inactive. Dephosphorylation of
these two residues by the CDC25 phosphatases activates the complex. Phosphorylation of one
further residue, T161 within the activation loop of CDK is required for full activation of the
complex. Once activated, CDK-cyclins can phosphorylate and activate their downstream
substrates

Successive oscillations of cyclin levels throughout cell division control the
overall activity of a given CDK-cyclin complex during each cell cycle phase.
Cyclin protein levels are regulated by a balance between gene expression and
protein degradation. Cyclin E for example, is expressed during a very narrow
window at the G1-S transition. It becomes rapidly expressed in late G1 phase and
then degraded very soon after forming a complex with CDK2, by ubiquitin-
mediated proteolysis (Clurman et al. 1996; Won and Reed 1996). In contrast,
Cyclin A is more stable throughout the cell cycle. It is expressed from early S
phase and its protein levels continue to increase throughout S and G2 phase, during
which the proteins complexes with CDK2 and CDKI1, respectively. Cyclin A is
then rapidly degraded during prometaphase (Hunt et al. 1992; Pines and Hunter
1990). Cyclins have also been reported to contribute to the substrate specificity of
each CDK-cyclin complex (Peeper et al. 1993).

Phosphorylation of both CDK and cyclin subunits has been shown to regulate
the level of activity of CDK-cyclin complexes. Phosphorylation of three critical
residues (corresponding to T161, T14 and Y15 in mammalian cells) regulate CDK
activity (Morgan 2007) (Fig. 11.2). T14 and Y15 phosphorylation by the Weel
and Mytl kinases keep the complex in an inactive form (Malumbres and Barbacid
2005). The opposing activities of the CDC25 protein phosphatases, which
dephosphorylate CDK on these two residues, activate the complex (Fig. 11.2).
Three CDC25 isoforms exist in mammalian cells (CDC25A, B and C), all of which
co-operate to regulate the activities of the various CDK-cyclin complexes
throughout cell division (Boutros et al. 2006, 2007), and all of which are found at
the centrosome (Schmitt et al. 2006; Bonnet et al. 2008; Shreeram et al. 2008).
Phosphorylation of T161 on CDK by CDK-activating kinase (CAK) is required for
full activation of the kinase (Kaldis 1999) (Fig. 11.2).

CDK activities are also regulated by CDK inhibitors. These bind to and inac-
tivate CDKs, either prior to the requirement of their activity or in response to
cellular stress signals, such as DNA damage. Mammalian cells have a number of
CDK inhibitors, including p21, p27 and p57, which inhibit CDK2 and p15, pl6,
p18 and p19 which inhibit CDK4 and CDK6 (Morgan 2007).
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Some cyclins contain sequences that target them and their CDK partner to
specific subcellular localisations. For example, cyclin B1 encodes a cytoplasmic
retention sequence whose phosphorylation triggers the nuclear localisation of
CDKl-cyclin B1. This is essential for phosphorylation of nuclear lamina A which
triggers the breakdown of the nuclear envelope in prophase (Li et al. 1997).
Recently, the A and E type cyclins have been found to encode centrosome
localisation sequences that target these proteins to the centrosome (Matsumoto and
Maller 2004; Pascreau et al. 2010).

11.2 CDK Control of the Centrosome

Each cell inherits a single centrosome at the end of cell division and a single copy
of DNA. In order for accurate chromosome segregation during the next cell
division, both the chromosomal DNA and the centrosome must replicate, once.
Centrosome replication thus commences with DNA replication at the G1-S phase
transition. CDK2-cyclin E in the nucleus initiates DNA replication through
phosphorylation of the Retinoblastoma (Rb) protein and activation of the E2F
transcription factor (Stevaux and Dyson 2002). Similarly, CDK2-cyclin E at the
centrosome is believed to initiate centrosome replication by phosphorylation of its
centrosome substrates, such as nucleophosmin (Hinchcliffe and Sluder 2002).

11.2.1 CDK2-Cyclin E/Cyclin A Control of Centrosome
Replication

The first step in centriole replication is centriole disorientation—the loss of
orthogonal association between the mother and daughter centrioles—in late Gl
phase. This process was shown to be dependent on CDK2-cyclin E. Centriole
disorientation was found to occur in late G1 phase in isolated mammalian cells that
were incubated with control Xenopus egg extracts containing normal CDK2-cyclin
E activity but not in extracts that had been treated with the CDK2-cyclin E
inhibitors p21 or p27 (Lacey et al. 1999).

Centriole disorientation is followed in early S phase, by the appearance of small
procentriole structures oriented at right angles to the original centrioles, that
elongate during S phase. Under normal cell cycle conditions, only one procentriole
forms perpendicular to each existing centriole (Tsou and Stearns 2006). However,
if cells are arrested in S phase for prolonged periods, by inhibitors of DNA or
protein synthesis for example, multiple procentrioles can form next to each
existing centriole through repeated cycles of centrosome replication (Balczon et al.
1995). This experimental uncoupling of centrosome replication from DNA repli-
cation was exploited in a series of reports in 1999 that demonstrated that the
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formation of procentrioles in S phase is dependent on the activity of CDK2. The
Sluder laboratory used Xenopus egg extracts and sperm nuclei to demonstrate that
cells incubated with control egg extracts could form multiple centrosomes fol-
lowing S phase arrest with the DNA polymerase inhibitor aphidicolin. However,
cells incubated with egg extracts containing recombinant Xic-17%’, a CDK2—cyclin
E inhibitor, did not undergo repeated rounds of centrosome replication (Hinchcliffe
et al. 1999). The Stearns lab used S phase-arrested Xenopus embryos in which
individual blastomeres were microinjected with p21 or p27. Compared to control
non-injected blastomeres that underwent multiple rounds of centrosome doubling,
repeated centrosome doubling was not observed in blastomeres from the same
embryo that had been microinjected with the CDK?2 inhibitors (Lacey et al. 1999).
Similar observations were made in mammalian cells. Nishida and colleagues
demonstrated that Chinese hamster ovary (CHO) cells that were arrested in S
phase by hydroxyurea treatment had high levels of CDK2 and could undergo
repeated centrosome replication, whilst cells arrested in G1 phase by mimosine
treatment had low levels of CDK2 and could not undergo multiple rounds of
centrosome replication (Matsumoto et al. 1999). In addition, blocking CDK2
activity in S phase-arrested cells by treatment with roscovitine or butyrolactone or
expression of p21 significantly inhibited the formation of extra centrioles (Mat-
sumoto et al. 1999). The Nigg laboratory used hydroxyurea-arrested CHO cells to
demonstrate a role for the Retinoblastoma (Rb)-E2F transcription factor pathway
in centrosome reduplication (Meraldi et al. 1999). They found that CDK2 in
complex with cyclin A, rather than cyclin E, was necessary for centrosome
reduplication in this system (Meraldi et al. 1999).

More recent evidence for a requirement for CDK2 in centrosome replication
came from a study on p53—/— CHO cells, which formed multiple centrin foci
following G1/S arrest with hydroxyurea. These centrin foci were found to repre-
sent procentrioles that could mature into functional centrosomes and were
dependent on the presence of active CDK2 (Prosser et al. 2009). We have also
found that overexpression of the CDK-cyclin activator CDC25B in G1/S-arrested
U20S cells results in multiple centrosomes formed within a single S phase
(Boutros et al. 2007). We found that centrosome re-replication in these cells could
be blocked by specific inhibition of CDK2 but not CDKI1 activity (R Boutros,
unpublished data).

CDK2 in complex with cyclin E and/or cyclin A therefore appears to be
required for the initiation of centrosome replication. However, the exact mecha-
nism for this is unclear. And the findings that CDK2 knockout mice are viable
suggest that other kinases, most likely CDK1, can take on the role of CDK2 in both
centrosome replication and DNA replication (Berthet et al. 2003; Ortega et al.
2003). Nonetheless, a number of kinase targets for CDK2—cyclins E/A in cen-
trosome replication have been identified to date, which suggest that CDK2 exerts
its effects on centrosome replication through the timely phosphorylation of its
substrates. The polo kinase 4 (PLK4), also essential for centrosome replication,
functions in co-operation with CDK?2 (Habedanck et al. 2005).
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Fig. 11.3 The centrosome and DNA replication cycles. Both are initiated by the activity of CDK2-
cyclin E at G1/S and maintained by CDK2-cyclin A in S/G2 phases. CDK1-cyclin B coordinates
centrosome maturation with nuclear envelope breakdown and chromosome condensation at G2/M.
Known centrosomal CDK?2 substrates NPM, Mps1 and CP110 are shown (pink)

11.2.2 CDK2 Centrosomal Substrates

Once the importance of CDK2-cyclin E in centrosome replication was established,
efforts turned to identifying its centrosomal targets. At least three centrosome
proteins have been found to be directly phosphorylated by CDK2 in complex with
cyclin E and/or cyclin A. These are Nucleophosmin (NPM) (Okuda et al. 2000),
Monopolar spindle 1 (Mpsl) (Fisk and Winey 2001), and Centrosome Protein of
110 kDa (CP110) (Chen et al. 2002) (Fig. 11.3).

11.2.2.1 NPM

To identify centrosomal CDK2-cyclin E targets, the Fukasawa laboratory performed
an in vitro Kinase reaction using centrosomes isolated from quiescent 3T3 mouse
fibroblast cells, as substrate (Okuda et al. 2000). A single protein in the centrosome
prep was found to be phosphorylated by CDK2-cyclin E and was identified as NPM
(Okuda et al. 2000), also known as B23, a previously identified component of
nucleolar granules (Yung et al. 1985). NPM was found to be recruited to the cen-
trosomes during mitosis and remained at the unreplicated centrosome in early G1
phase, but was then lost following centrosome replication (Okuda et al. 2000).
Microinjection of antibodies to NPM or overexpression of either a deletion mutant
(NPMA186-239) or a non-phosphorylable mutant (NPM-T199A) of NPM blocked
centrosome replication (Okuda et al. 2000; Tokuyama et al. 2001). The NPM-T199A
mutant also remained associated with the centrosomes throughout the cell cycle and
resulted in the formation of monopolar spindles in mitosis (Tokuyama et al. 2001).
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NPM localises between the centriole pair of the mother centrosome in G1 phase
to negatively regulate centrosome replication (Okuda et al. 2000; Grisendi et al.
2005). In late G1 phase, NPM is phosphorylated by CDK2—cyclin E on T199. This
triggers its dissociation from the centrosome and its relocalisation to the nucleus
and the start of centrosome replication (Tokuyama et al. 2001) (Fig. 11.3). NPM
phosphorylation by CDK2—cyclin E therefore functions as a licensing factor for
centrosome replication (Okuda et al. 2000). CDK2-cyclin A can also phosphory-
late NPM on T199 in vitro, suggesting that NPM phosphorylation continues
through S phase and may ensure that centrosome replication is not initiated a
second time once cyclin E has been degraded (Tokuyama et al. 2001).

CDKl-cyclin B was shown to phosphorylate NPM on two alternative sites
(T234 and T237) in vitro and it is possible that phosphorylation of these are
involved in the recruitment of NPM to the centrosomes during mitosis, in prep-
aration for the centrosome replication during the next cell division cycle
(Tokuyama et al. 2001).

11.2.2.2 Mpsl

The Mps protein kinases were first identified in yeast as temperature-sensitive
mutants that were defective in the replication of the spindle pole, thus resulting in the
formation of monopolar spindles during mitosis (Winey et al. 1991). Rather than
arresting in metaphase, these mutants were found to continue cycling and segregate
their DNA inappropriately, thus identifying a second role for Mps in the mitotic
spindle assembly checkpoint (SAC) (Weiss and Winey 1996; Abrieu et al. 2001).
In addition to its mitotic roles, mammalian Mpsl was subsequently found to
play a role in centrosome replication (Fisk and Winey 2001). Mouse Mpsl
(mMps1) was found to localise to the centrosome in interphase as well as during
mitosis. Overexpression of mMpsl caused centrosome re-replication in S phase
arrested NIH3T3 cells and overexpression of a kinase-dead form (mMpsl-KD)
blocked centrosome replication (Fisk and Winey 2001). Initial functional analyses
of human Mps1 (hMps1) did not support a direct role for this kinase in centrosome
replication (Stucke et al. 2002). However, subsequent studies in human cells
revealed that overexpression of hMpsl in S phase-arrested U20S cells results in
centrosome re-replication, while overexpression of a hMps1-KD blocked centro-
some replication in a number of human cell lines (Fisk et al. 2003; Kanai et al.
2007). Recently, hMpsl overexpression was found to promote centrosome repli-
cation through phosphorylation of the structural centriole component centrin 2
(Yang et al. 2010). Mps1 phosphorylation of centrin 2 on three threonine residues
(T45, T47, T118) stimulates the formation of new centrioles (Yang et al. 2010).
Mpsl itself is regulated by phosphorylation. Inhibition of CDK2 activity in S
phase by treatment with chemical inhibitors of CDK2, resulted in loss of the
centrosomal localisation of Mpsl and blocked centrosome re-replication induced
by S phase arrest (Fisk and Winey 2001). Further examination of the role of CDK2
in Mpsl1 regulation at the centrosome revealed that CDK2 functions to promote the
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stability of Mpsl protein (Fisk and Winey 2001). A deletion mutant of Mpsl
(Mps1A12/13, deletion of exons 12 and 13) was found to remain at the centrosome
after CDK2 inhibition, suggesting that CDK2 phosphorylation of Mps1 within the
region coded by exons 12—13 is responsible for regulation of its protein stability
(Kasbek et al. 2007). Three phosphorylation sites were identified within this region
(5436, T453, T468), which are regulated by the activities of both CDK2—cyclin E
and CDK2-cyclin A kinases (Kasbek et al. 2007). A non-phosphorylable mutant of
Mps1 (Mps1T468A) resulted in a loss in accumulation of Mps1 at the centrosome,
suggesting that CDK2—cyclin A mediated phosphorylation of Mps] at the cen-
trosome protects the protein from proteasome-mediated degradation (Kasbek et al.
2007) (Fig. 11.3). Preventing the degradation of Mpsl at the centrosome, in the
absence of CDK2 activity, was found to be sufficient to cause centrosome re-
replication in S phase arrested cells. Thus, phosphorylation of Mpsl by CDK2
controls the level of Mpsl protein at the centrosome and restricts the number of
centrosome replication cycles during each cell division cycle (Kasbek et al. 2007).

11.2.2.3 CP110

CP110 was identified as a CDK substrate during a screen of a human cDNA expression
library with a dominant negative form of CDK2-cyclin E (Chen et al. 2002). It was
found to be phosphorylated by CDK2-cyclin E, CDK2-cyclin A and CDK1-cyclin B in
vitro. CP110 was subsequently found to be a centrosomal protein, which specifically
co-localised with centrin to the centrioles (Chen et al. 2002). Similarly to NPM and
Mpsl1, CP110 depletion was found to suppress centrosome re-replication in S phase
arrested U20S cells. Expression of a CP110 phosphorylation site mutant caused
premature centrosome separation, which resulted in unscheduled mitotic entry and
subsequent accumulation of polyploid cells (Chen et al. 2002). Phosphorylation of
CP110 by CDK?2 therefore suppresses premature centrosome separation, thereby
regulating the timing of mitotic entry (Chen et al. 2002) (Fig. 11.3).

CP110 has also been shown to play a number of roles at the centrosome which
are independent of phosphorylation by CDK-cyclins. CP110 contributes to the
regulation of centriole elongation, by localising to the distal end of both the mother
and daughter centrioles and functioning as a cap to limit centriole length (Schmidt
et al. 2009). CP110 also plays a role in cytokinesis, through interactions with the
proteins centrin 2 and calmodulin (Tsang et al. 2000).

11.2.3 CDKI-Cyclin B Control of Spindle Assembly and Mitosis

The G2-M transition is regulated by CDK1 in complex with cyclin B (Fig. 11.1).
CDK1-cyclin B becomes activated in prophase by the CDC25 phosphatases (Gavet
and Pines 2010), first at the centrosome and then in the nucleus (Jackman et al.
2003). Once activated, CDKI1-cyclin B phosphorylates many mitotic substrates,
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resulting in massive architectural changes to the cell, such as centrosome matu-
ration and separation, chromosome condensation and nuclear envelope break-
down. For example, CDK1-mediated phosphorylation of motor proteins, such as
the kinesin-like protein Eg5, regulates centrosome separation and transformation
into the bipolar spindle (Blangy et al. 1995). Nuclear CDK1-cyclin B phosphor-
ylates other proteins, such as condensin, which results in chromosome conden-
sation (Kimura et al. 1998; Kimura and Hirano 1997) and lamins, which cause
nuclear membrane breakdown (Peter et al. 1990). However, CDKI is not solely
responsible for driving mitosis, as other kinases, such as the polo-like and aurora
kinase families, also play key roles in regulating mitotic progression (Glover et al.
1998; Eyers and Maller 2003).

11.3 Conclusions

Centrosome replication is largely controlled by the activity of CDK2 in complex
with cyclins E/A. Three CDK2 centrosome substrates have been identified to date
and together, these are involved in all stages of centrosome replication—initiation,
elongation and separation. In addition, phosphorylation of all three CDK substrates
appears to control their local protein concentration at the centrosome. Dissociation
of NPM and CP110 from the centrosome cause a decrease and protection of Mpsl
from degradation causes an increase in centrosomal protein levels. Misregulation
of any one of these can cause centrosome re-replication, resulting in abnormal
centrosome numbers and abnormal mitotic spindles. Such defects are found in
most human cancers and may contribute to tumourigenesis.
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Chapter 12

Disruption of Centrosome Duplication
Control and Induction of Mitotic
Instability by the High-Risk Human
Papillomavirus Oncoproteins E6 and E7

Nina Korzeniewski and Stefan Duensing

Abstract Centrosome abnormalities and genomic instability are hallmarks of
major human malignancies and have been implicated in malignant progression as
well as therapy resistance. Since the etiology of most cancers is complex and
incompletely understood, it is vital to utilize tumors which are caused by limited
oncogenic stimuli to explore causes and consequences of centrosome aberrations
in cancer cells. High-risk HPV-associated neoplasms are suitable model systems
since only two viral oncoproteins, E6 and E7, are consistently overexpressed in
HPV-associated cancers, for example, of the uterine cervix. HPV-16 E6 and E7
have been instrumental in a number of ways to better understand centrosome
aberrations in cancer. Using these two oncoproteins, it has been shown that
centrosome overduplication and centrosome accumulation are fundamentally
different processes but can co-exist in a tumor. In this chapter we highlight the
importance of HPV oncoproteins as tools to dissect basic cellular processes in
human cancer and to provide a basis for novel translational approaches to prevent
and treat cancer.

12.1 Introduction

The concept that centrosome abnormalities, genomic instability, and cancer are
intimately linked biological events was postulated over 100 years ago by Theodor
Boveri (Boveri 2008). Experimentally proving Boveri’s hypothesis has been a
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daunting task but certain model systems such as high-risk human papillomavirus
(HPV) oncoproteins have been particularly useful tools to understand the causes
and consequences of centrosome aberrations on both genomic stability and car-
cinogenic progression (Duensing and Munger 2004).

Importantly, centrosome aberrations are observed in many non-HPV-associated
carcinomas such as breast, prostate, and colon cancer. In non-HPV-associated
lesions it is difficult to determine whether centrosome abnormalities are the driving
force for malignant progression or occur as secondary events following the initial
mutations promoting carcinogenesis. Studying HPV-associated malignant
progression presents a unique opportunity because expression of the two high-risk
HPV oncoproteins, HPV E6 and E7, by themselves has been shown to drive
genomic instability and malignant progression while at the same time being the
major transforming proteins in high-risk HPV-associated neoplasms (White et al.
1994; zur Hausen 1996).

Experiments analyzing high-risk HPV infection have demonstrated that cen-
trosome amplification is present in precancerous high-risk HPV-containing cells
and may potentially drive genomic alterations necessary for carcinogenesis
(Duensing et al. 2001). Additionally, studies in HPV-associated anal tumors have
demonstrated that centrosome overduplication correlates with the frequency of cell
division errors (Duensing et al. 2008). In line with this, multipolar, specifically
tripolar, mitoses are a hallmark of high-risk HPV-associated carcinomas (Duen-
sing et al. 2000). Expression of the two viral oncoproteins drives high-risk HPV-
associated malignant progression and allows a detailed dissection of the role of
these drivers in promoting centrosome abnormalities, genomic instability and
ultimately carcinogenesis.

Recently, prophylactic vaccines have been developed against HPV-6, -11, -16,
and -18 and a small but growing proportion of the worldwide population are being
vaccinated to prevent HPV infection (Schiller and Lowy 2009). However, the
vaccines are currently still expensive and prevention of HPV-associated carcinoma
is only effective in people with no prior exposure to high-risk HPV. Understanding
the exact mechanisms by which high-risk HPV oncoproteins promote centrosome
amplification and genomic instability will not only provide novel insights into
basic biological processes but may also contribute to the development of alter-
native preventive and improved therapeutic options.

12.2 General Biology of HPVs

HPV infection is associated with squamous cell carcinomas (SCCs) of the
anogenital, and a subset of oropharyngeal tract carcinomas. HPVs are small, cir-
cular double-stranded DNA viruses, approximately 8000 base pairs in length that
infect cutaneous and mucosal epithelial tissues (Longworth and Laimins 2004).
Over 200 types of HPV have been characterized and classified into two groups
based on tissue tropism: cutaneous and mucosal. Infection with cutaneous HPVs,
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such as HPV-1 and HPV-2, typically promotes the formation of benign lesions
which do not undergo malignant progression, such as skin and plantar warts. An
exception to this are patients suffering from epidermodysplasia verruciformis
(EV), a rare inherited autosomal recessive genetic disorder, which predisposes
patients to the formation of cutaneous SCCs following infection with certain HPV
types, such as HPV-5 and HPV-8 (Berkhout et al. 2000; Orth 1986).

Mucosal HPVs are further subdivided into two categories: low-risk and high-
risk (de Villiers et al. 2004). Low-risk HPVs, such as HPV-6 and HPV-11, are
associated with benign lesions of the oropharyngeal and anogenital tracts such as
oral and laryngeal papillomas and anogenital mucosal condylomata acuminata
(Schiller and Lowy 2006). High-risk HPV's such as HPV-16, -18, -31, -33, and -45
are associated with malignant progression and the development of SCCs. Epide-
miological and biological studies have shown that HPV-16 and -18 are the most
oncogenic types within the high-risk group accounting for 50 % and 20 %,
respectively, of cervical cancers (Munoz et al. 2003). HPV-16 is also the most
commonly found type in HPV-positive head and neck SCCs (Paz et al. 1997).

12.3 HPV Genome Organization and Life Cycle

Oncogenic HPV genomes contain eight open reading frames (ORFs), which are
expressed as polycistronic mRNAs in a temporal manner under control of the
non-coding long control region (LCR) (Longworth and Laimins 2004). The LCR
contains the viral origin of DNA replication and important transcriptional control
elements recognized by both cellular and virally encoded regulatory proteins. HPV
early (E) transcripts control viral gene transcription and deregulate host targets to
allow amplification of the viral genome in terminally growth-arrested cells. Early
transcripts of high-risk HPV-16 are under control of a promoter, Pg;, contained
within the LCR (Longworth and Laimins 2004). HPV late (L) transcripts, L1 and
L2, encode for the major and minor viral capsid proteins, respectively. Late
transcripts of high-risk HPV-16 are under control of the late promoter Pg7o,
residing within the E7 coding region, which only becomes active in terminally
differentiating keratinocytes (Grassmann et al. 1996).

The HPV life cycle is intimately linked to the differentiation state of the
infected host cell (Longworth and Laimins 2004). HPV infection is promoted by
microabrasions that occur in the stratified squamous epithelial lining of the skin,
anogenital, and oropharyngeal tracts. These microabrasions allow the virus to
obtain access to cells within the basal, or basement, layer that supports the strat-
ified epithelium. The basal layers contain stem cells that give rise to transiently
amplifying cells, which represent the majority of cells within the cervical
epithelium capable of cell division (Longworth and Laimins 2004). Upon infection
of these cells, El and E2 viral gene expression is activated. The El protein
functions as a DNA helicase and interacts with the E2 protein to bind to the viral
origin of replication (Yang et al. 1993; Sedman and Stenlund 1995, 1998). E2 also
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acts as a transcriptional regulator both activating and tightly limiting the expres-
sion of the viral genes E6 and E7 during the early phase of virus infection
(Longworth and Laimins 2004). During this stage of the HPV life cycle, the HPV
genome is maintained as a circular episome at low copy number, approximately
50-100 extrachromosomal copies per infected cell (Stubenrauch and Laimins
1999). The HPV genome can persist for years, even decades, in the nuclei of these
infected cells in a non-productive state (McLaughlin-Drubin and Munger 2009).
The E4 and ES proteins play a less well-understood role in the viral life cycle. The
E4 protein may play a role in virus egress from the cell by inducing the collapse of
the cytokeratin network (Doorbar et al. 1991). The ES protein is necessary for
optimal growth of the virus, possibly involving interaction with the epidermal
growth factor receptor (EGFR) (Pim et al. 1992; Straight et al. 1993).

Normally, as progeny cells of the basal epithelium layer migrate toward the
upper stratum they undergo terminal differentiation and exit from the cell division
cycle. Exit from the cell division cycle is adverse to the productive phase of the
HPYV life cycle. This is because HPV does not encode any of its own replicative
enzymes and is entirely dependent on host cell DNA replication machinery to
amplify the viral genome. In order to keep infected host cells in a replication
competent state as they migrate to the epithelial surface, the high-risk HPV
genome encodes two oncoproteins, E6 and E7, which disrupt host cell cycle
control, preventing exit from the cell division cycle and promoting activation or
re-expression of cellular replication factors necessary for viral replication (Hebner
and Laimins 2006). Viral genome amplification and productive HPV infection is
tightly regulated and only occurs in differentiated cells located within the supra-
basal epithelium layer (Longworth and Laimins 2004). Differentiation-dependent
expression of viral capsid proteins in these cells promotes the assembly of
infectious virions. Eventually, infected desquamated cells are shed off the upper
epithelial layer, promoting spread of viral progeny.

12.4 Function of High-Risk HPV Oncoproteins

High-risk HPVs express two oncoproteins, E6 and E7, which function to dereg-
ulate the host cell cycle in order to promote amplification of the viral genome.
Long-term expression of HPV E6 and E7 oncoproteins are known to both extend
the life span of primary human cells and facilitate their immortalization whereas
transformation is rare (Munger et al. 1989).

Despite the high prevalence of HPV infection in sexually active women, most
HPV infections are self-limiting and transient. However, rarely and several years
or even decades after infection with high-risk HPV types, SCCs may form.
Carcinomas develop following integration of the high-risk HPV genome into host
chromosomes (Baker et al. 1987). Integration of the viral genome terminates the
productive life cycle of the virus. Viral genome integration can occur throughout
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the host genome, but most frequently is found at common fragile sites (Thorland
et al. 2000).

HPV genome integration often results in deletion of a large segment of the viral
genome, usually containing the viral transcriptional regulators E1 and E2 (Baker
et al. 1987). The E6 and E7 ORFs, however, may remain intact, along with the
LCR, which lies upstream of the integration site within the viral genome.
Disruption of the E1 and E2 viral genes deregulates viral gene transcription and
promotes higher than normal levels of both E6 and E7 gene transcription.
Unrestrained expression of the E6 and E7 oncoproteins induces both genetic and
epigenetic changes in the cellular genome that promotes malignant progression of
host cells. However, overexpression of the HPV-16 E6 and E7 genes is not
necessary for induction of genomic instability, suggesting that the high-risk HPV
E6 and E7 oncoproteins may promote an increased risk of malignant progression
even when their expression is tightly controlled (Duensing et al. 2001).

12.5 HPV-16 E6 Oncoprotein

The major function of the HPV-16 E7 oncoprotein is to promote a permissive
cellular state for viral replication by disrupting normal cell cycle control mecha-
nisms. The HPV-16 E6 oncoprotein has evolved to complement the function of the
high-risk E7 oncoprotein by preventing the induction of cellular apoptosis due to
aberrant cell cycle regulation. The high-risk E6 oncoprotein prevents apoptosis, in
part, by mediating the degradation of p53 through redirecting a host cell HECT
domain containing E3 ubiquitin ligase, E6-associated protein (E6AP) (Scheffner
et al. 1993). Low-risk HPV types, such as HPV-6 and HPV-11, also encode an E6
protein. Low-risk E6 proteins can bind to E6AP but cannot mediate the degra-
dation of p53 (Scheffner et al. 1993). The inability of low-risk E6 to degrade p53
may partially explain the reduced ability of low-risk HPV types to promote car-
cinogenesis (Halbert et al. 1992).

The high-risk E6 oncoprotein, but not low-risk E6 proteins, contain a PDZ-
domain binding motif, X-(S/T)-X-(V/I/L)-COOH, which may also contribute to
malignancy through interaction with PDZ-domain containing proteins, such
as hDLG, MUPP-1, MAGI-3, and hScrib, resulting in degradation of the PDZ-
protein (Kiyono et al. 1997; Gardiol et al. 1999; Lee et al. 2000; Massimi et al.
2008). Targeted inactivation of these proteins by oncogenic HPV E6 may disrupt
cell junctions, induce loss of cell polarity, and promote cellular transformation.
In support of this notion, it has been shown that the C-terminal PDZ-binding
domain of high-risk E6 is necessary for the mediation of suprabasal cell prolif-
eration (Nguyen et al. 2003).

High-risk E6 oncoprotein expression also contributes to cellular immortaliza-
tion through the transcriptional upregulation of hTERT, the catalytic subunit of
human telomerase, and can contribute to telomere maintenance (Klingelhutz et al.
1996). Enhancement of hTERT expression can occur through several mechanisms
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including physical interaction of the high-risk E6 oncoprotein with the transcrip-
tion factor, c-MYC, its cofactor Max, and the transcription factor Sp-1, leading to
the transcriptional activation of the hTERT promoter (Liu et al. 2009; Katzenel-
lenbogen et al. 2009). Further upregulating hTERT activity, the high-risk E6
oncoprotein can promote E6AP-dependent degradation of NFX1-91, a putative
transcriptional repressor of the hTERT promoter (Gewin et al. 2004).

12.6 HPV-16 E7 Oncoprotein

The major function of the HPV-16 E7 oncoprotein is to promote the viral life cycle
by disrupting cell cycle control mainly through inactivation of the G,/S-phase cell
cycle checkpoint on multiple levels. The HPV-16 E7 oncoprotein accomplishes
this, in part, through binding to and promoting the ubiquitin-mediated proteasomal
degradation of hypophosphorylated RB (pRB), and the related pocket protein
family members p107 and p130, thus releasing the inhibitory complex formed
between pRB and E2Fs and allowing for transcription of S-phase relevant genes
(Dyson et al. 1989; Matsushime et al. 1994; Resnitzky et al. 1994). HPV-16 E7
promotes the degradation of pRB through association with CUL2-based E3
ubiquitin ligase complexes, acting as a substrate-recognition subunit of the E3
ubiquitin ligase complex (Dyson et al. 1989; Gonzalez et al. 2001; Huh et al.
2007). Degradation of pRB occurs in a non-stoichiometric manner allowing even
low levels of E7 protein to promote degradation of pRB. High-risk HPV E7
associates with pRB and its family members through a Leu-X-Cys-X-Glu
(LXCXE) motif located within the CR2 homology domain (Dyson et al. 1989).
Additional sequences located in the amino-terminal CR1 homology domain are
necessary for pRB degradation (Huh et al. 2007). High-risk HPV-16 E7 has also
been shown to inactivate p600, a pRB-associated protein, contributing to
anchorage-independent growth and cellular transformation (Frisch and Screaton
2001; Huh et al. 2005).

An important functional difference between low-risk HPV E7 proteins and
high-risk HPV E7 oncoproteins lies in their ability to bind and degrade pRB, p107,
and pl130. High-risk HPV-16 E7 binds with a higher affinity to pRB-family
members than do low-risk HPV-6 E7 proteins. In the case of pRB, this difference
maps to a single amino acid change within the pRB-binding domain that confers
high-affinity binding (Heck et al. 1992). Low-risk HPV-6 also binds p107 and
p130 with a lower affinity; however, this difference does not map to the same
residue as pRB-binding efficiency (Zhang et al. 2006). Moreover, low-risk HPV-6
E7 has recently been shown to destabilize p130, but not pRB or p107, suggesting
that disruption of signaling pathways controlled by p130 are necessary for the
productive stage of the viral life cycle and that pRB and/or p107 degradation are
important for carcinogenesis (Zhang et al. 2006).

Besides degradation of pRB, and its related family members, the HPV-16 E7
oncoprotein profoundly disrupts the pRB-signaling axis through several additional
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mechanisms to favor replication of the viral genome. High-risk HPV-16 E7 can
directly alter E2F-dependent cellular transcription through physical interaction
with E2F1. This interaction results in the pRB-independent enhancement of E2F-
mediated gene transcription (Hwang et al. 2002). However, the promoter of E2F6,
a transcriptional repressor responsible for directing cell cycle exit, is also E2F-
responsive (Lyons et al. 2006). The HPV-16 E7 oncoprotein has therefore evolved
to directly associate with E2F6 resulting in inactivation of its transcriptional
repression and maintenance of a replication competent cellular state (McLaughlin-
Drubin et al. 2008).

Aberrant activation of CDK2 by high-risk HPV-16 E7 further contributes to
alteration of the host cellular environment. The high-risk HPV E7 oncoprotein
functions to disrupt the tight control of CDK2 activation on multiple levels
including upregulation of the E2F-responsive regulatory subunits cyclin A and
cyclin E, direct association with CDK2/cyclin E complexes, enhancing the
enzymatic activities of these complexes and inhibition of the cyclin-dependent
kinase (CDK) inhibitors p21<"' and p27%"' (Funk et al. 1997; Jones et al. 1997;
Nguyen and Munger 2008).

Recently, it has become increasingly evident that high-risk E7 oncoprotein
expression alters components of the host cell epigenetic control machinery. The
first evidence for this came from experiments demonstrating that the HPV-16 and
HPV-31 E7 oncoproteins are capable of associating with histone deacetylases
type-1 and -2 (HDAC-1, and -2) (Brehm et al. 1999; Longworth and Laimins
2004). HDACs function as transcriptional repressors by reversing acetyl modifi-
cations of lysine residues on histones. The indirect interaction between oncogenic
HPV-16 E7 and HDACS is mediated by Mi2f}, a component of the NURD histone
deacetylase complex (Brehm et al. 1999). This interaction is dependent on the
integrity of the two Cys-X-X-Cys motifs in the HPV E7 oncoprotein carboxy-
terminus and results in increased E2F-mediated gene transcription from HDAC
responsive promoters (Brehm et al. 1999). Additionally, high-risk HPV-16 E7 was
also found to associate with histone acetyl transferases (HATs), such as p300 and
pCAF, which function to activate transcription and stimulate cellular proliferation
(Avvakumov et al. 2003; Bernat et al. 2003).

High-risk HPV-16 E7 oncoprotein expression can further disrupt host cell
epigenetic control through modulation of histone methylation. Transcriptional
induction of the KDM6A and KDM6B histone 3 lysine 27-specific demethylases
was shown to occur following, and to be dependent on, HPV-16 E7 expression
(McLaughlin-Drubin et al. 2011). The induction of these two demethylases
reduces the H3K27me3 mark that is necessary for the binding of polycomb
repressive complexes, which in turn enhances the transcription of KDM6A- and
KDM6B-regulated HOX gene expression, including the cervical carcinoma
biomarker p16™**  promoting epigenetic reprogramming of host cells at the
histone methylation level. Importantly, the enhancement of KDM6A and KDM6B
expression was shown to be independent of pRB-inactivation (McLaughlin-Drubin
et al. 2011).
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Ultimately, the HPV-16 E7 oncoprotein profoundly disrupts host cell tran-
scriptional control in order to stimulate cellular proliferation and suppress pro-
grammed cell death. This occurs in a multifaceted manner: broadly by promoting
E2F-activation in both a direct and indirect manner and more precisely through
regulation of the host transcriptome promoted by modifications induced at the
chromatin level.

12.7 HPV Oncoproteins and Genomic Instability

High-risk HPV oncoprotein induced disruption of host cell cycle control and
induction of aberrant S-phase-specific gene expression not only promotes the viral
life cycle but also induces genomic instability, an event which may promote
carcinogenic progression (Duensing and Munger 2004). This is accomplished
through disruption of the two major tumor suppressors, pS3 and pRB, by the two
high-risk HPV oncoproteins E6 and E7, respectively (Scheftner et al. 1993; Dyson
et al. 1989). Utilizing high-risk HPV oncoproteins as tools, novel cellular signaling
pathways affected by disruption of p53 and pRB may be determined. As disruption
of these two tumor suppressors is also a hallmark of many non-HPV-associated
carcinomas, these studies may ultimately lead to the discovery of new targets to
prevent malignant progression in both non-HPV and HPV-associated neoplasms.

Mounting evidence suggests that genomic instability may be an important co-
factor in promoting malignant progression. As previously mentioned, multipolar,
specifically tripolar, mitoses are a hallmark of high-risk HPV-associated carci-
nomas (Duensing et al. 2000). Such a disruption of spindle polarity may conse-
quently promote chromosome missegregation and ultimately aneuploidy (Boveri
2008). How multipolar spindle poles may arise in HPV-associated lesions will be
discussed below. However, besides aneuploidy, numerical and structural chro-
mosomal instability are also a critical factor for malignant progression. Cytogenic
analyses of HPV-associated lesions have revealed recurring patterns of chromo-
some gains and losses. In particular, gain of chromosome 3q has been linked to the
transition to invasiveness in high-risk HPV-associated lesions (Heselmeyer et al.
1996). Several other common structural alterations observed in HPV-associated
neoplasms include gains of genetic material on chromosomes 1q, 5p, 6p, and 20q
and losses mapped to chromosomes 2q, 3p, 4, 8p, and 13q (Wilting et al. 2006;
Bibbo et al. 1989; Hashida and Yasumoto 1991).

The role of structural chromosomal abnormalities in high-risk HPV-associated
malignant progression is highlighted by an increased incidence of anaphase
bridges in high-risk HPV-associated lesions (Duensing and Munger 2002).
Anaphase bridges may form through chromosome fusions at telomeres or double-
stranded DNA breaks (Acilan et al. 2007) and unrepaired, broken DNA can
promote gene translocations or gene amplifications/deletions, which may provide a
growth advantage to cells through gain of oncogenes or loss of tumor suppressors.
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Additionally, genomic instability is an early event in HPV-associated malignant
progression being observed in pre-invasive high-risk HPV-associated lesions
(Duensing et al. 2001). Several lines of evidence show that expression of HPV-16
E6 and E7 by themselves can independently induce structural chromosomal
instability. Further, both the HPV-16 E6 and E7 oncoproteins have independently
been shown to relax mitotic checkpoints (Thomas and Laimins 1998), which may
be activated in response to altered DNA structures (Mikhailov et al. 2002),
promoting polyploidization and possibly predisposing cells to aneuploidy
(Heilman et al. 2009; Southern et al. 2004).

Centrosome abnormalities have been detected in a wide range of malignant
tumors including breast, prostate, colon, and cervical cancer, and compelling
evidence suggests that centrosome abnormalities can disrupt mitotic spindle
polarity, drive progressive loss of genomic stability, and promote malignant pro-
gression. Centrosome overduplication has been observed in cells expressing epi-
somal HPV-16 genomes (Duensing et al. 2001). This observation strongly
underscores that viral integration and overexpression of the high-risk HPV
oncoproteins E6 and E7 is not required for the induction of centrosome abnor-
malities and that centrosome aberrations are early alterations in high-risk HPV-
associated malignant progression.

Determining the pathways that are activated by HPV oncoprotein expression
leading to centrosome overduplication, cell division errors, and ultimately aneu-
ploidy will be important in understanding and preventing the earliest steps in
malignant progression.

12.8 The Centrosome

The centrosome is a crucial cellular organelle, responsible for organizing the
microtubule network in most mammalian cells and coordinating bipolar spindle
pole formation during mitosis (Schatten 2008). The centrosome consists of two
centrioles, barrel-shaped microtubule-based cylinders, embedded in a pericentri-
olar material (Loncarek et al. 2008). The two centrioles are distinct in age and
composition, consisting of an older maternal centriole characterized by distal and
subdistal appendage proteins which function to anchor and nucleate microtubules,
and a younger daughter centriole which has not yet associated with appendage
proteins (Azimzadeh and Bornens 2007). In order to generate two spindle poles,
the single centrosome of a non-dividing cell must duplicate precisely once, and
only once, prior to mitosis in order to ensure faithful cell division.

Centrosome duplication begins during late mitosis/early G;-phase of the cell
division cycle, when the two pre-existing centrioles of the single centrosome
disengage through the action of polo kinase 1 (PLK1) and separase, and move into
a near parallel position (Tsou et al. 2009). This step is followed by recruitment of
polo-like kinase 4 (PLK4) to the wall of the maternal centriole at the site of
daughter centriole synthesis (Habedanck et al. 2005; Kleylein-Sohn et al. 2007).
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Fig. 12.1 High-risk HPV oncoproteins and centriole alterations. a Normal centriole duplication
is characterized by the assembly of only one new centriole (daughter) with the pre-existing
centriole (mother). b High-risk HPV-16 E7 expression induces centriole multiplication due to
disruption of the centriole duplication cycle and is characterized by the presence of multiple
daughter centrioles at a single maternal centriole. ¢ Expression of high-risk HPV-16 E6 promotes
centriole accumulation due to induction of cytokinesis defects or other cell division errors and
results in cells containing two or more maternal centrioles. d Fluorescence microscopic analysis
of normal duplicated centrioles and ‘centriole flower’ (centriole multiplication) phenotype
induced by PLK4 overexpression in U-2 OS/centrin-GFP cells

Subsequently, structural proteins are recruited to the nascent pro-centriole to
stabilize and elongate the newly formed daughter centriole. Centrosome duplica-
tion completes during the late G,-phase of the cell cycle, when the two fully
formed centriole pairs separate to form the mitotic spindle poles (Azimzadeh and
Bornens 2007). A more detailed description of centrosome duplication can be
found elsewhere in this book.

In principal, there are two mechanisms by which centriole amplification may
occur in tumor cells: centriole overduplication and centriole accumulation. These
two phenotypes can be distinguished by the number of older, mature centrioles
present in a cell (Guarguaglini et al. 2005). Genuine centriole overduplication is
characterized by one or two mature maternal centrioles in the presence of multiple
immature daughter centrioles. In contrast, centriole accumulation is defined by
multiple maternal centrioles with a normal complement of daughter centrioles
(Guarguaglini et al. 2005). It is important to recognize the distinction between
centriole overduplication and accumulation because cells exhibiting centriole
accumulation may arise due to abortive mitoses or cytokinesis errors and may not
be able to produce viable progeny (Fig. 12.1). Conversely, cells which exhibit a
genuine centriole overduplication defect are, in general, less genomically altered
and hence are more likely to give rise to genomically unstable daughter cells.
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12.9 Models of HPV Oncoprotein-Induced Centrosome
Abnormalities and Malignant Progression

In vitro studies have demonstrated that the HPV-16 E7 oncoprotein disrupts
genomic integrity by directly interfering with centrosome duplication control
(Duensing et al. 2000). High-risk HPV-16 E7 expression rapidly produces
abnormal centriole numbers in otherwise normal cells prior to the onset of
genomic instability. In contrast, high-risk HPV-16 E6 expressing cells exhibit
centrosome accumulation in cells which are already genomically unstable, often
expressing markers of cellular senescence, and are unlikely to remain in the
proliferative pool or contribute to tumor development (Duensing et al. 2000).
The in vivo role of HPV-16 E7-induced centrosome abnormalities in malignant
progression is highlighted in a transgenic mouse model of cervical carcinogenesis.
Transgenic mice expressing HPV-16 E7 driven by a cytokeratin 14 promoter and
treated with low doses of estrogen develop numerical centrosome abnormalities in
the cervical mucosa which progress to invasive carcinomas (Riley et al. 2003). In
contrast, HPV-16 E6 expressing transgenic mice display a comparable level of
numerical centrosome aberrations but develop only low grade cervical lesions that
do not progress to malignant tumors (Riley et al. 2003). These results suggest that
centrosome aberrations in the context of HPV-16 E7 expression are associated
with a greater risk of malignant progression than in HPV-16 E6 expressing cells.

12.10 The Centriole Multiplication Pathway

Following high-risk HPV-16 E7 expression, supernumerary centrioles appear
rapidly and within a single cell division cycle, suggesting they arise due to direct
disruption of centriole duplication control (Duensing et al. 2007). This was ini-
tially difficult to reconcile with the prevailing model of centriole duplication
described above, where a single maternal centriole initiates the synthesis of only a
single daughter centriole. Further analysis of HPV-16 E7-induced centriole
abnormalities led to the discovery that the HPV-16 E7 oncoprotein rapidly induces
centriole overduplication through stimulation of a novel centriole duplication
pathway, referred to as centriole multiplication (Duensing et al. 2007). This
pathway is characterized by a single maternal centriole initiating the simultaneous
synthesis of two or more daughter centrioles. Although, multiciliated epithelial
cells such as those in the trachea and oviduct can rapidly produce hundreds of
centrioles during ciliogenesis through the centriole multiplication pathway, this
had never before been observed in the context of an oncogenic stimulus relevant
for a major human cancer. The mechanism behind the very rapid HPV-16 E7-
mediated induction of centriole multiplication was unknown until recently.

The molecular players involved in the centriole multiplication pathway were
initially determined following the observation that inhibition of protein
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degradation, through the use of a proteasome inhibitor Z-L3VS, induced a large
proportion of cells to exhibit centriole multiplication (Duensing et al. 2007). This
observation led to functional studies to discover what cellular factors were
necessary for this phenotype to occur and it was discovered that CDK2, cyclin E,
and PLK4 were necessary factors for Z-L;VS-induced centriole multiplication
(Duensing et al. 2007). Further experiments revealed that ectopic expression of
cyclin E/CDK2 alone was not sufficient to induce centriole multiplication
(Korzeniewski et al. 2009). Deregulation of cyclin E/CDK2 complexes by
themselves was found to promote the aberrant recruitment of PLK4 to maternal
centrioles but endogenous levels of PLK4 were insufficient to induce centriole
multiplication. Centriole multiplication occurred when CDK2/cyclin E complexes
and PLK4 were upregulated, suggesting that endogenous levels of PLK4 are not
sufficient to induce centriole multiplication and that PLK4 protein levels are
rate-limiting for centriole multiplication (Korzeniewski et al. 2009).

PLKA4 is an essential regulator of both centriole duplication and cell viability. In
vitro studies have demonstrated that PLK4 overexpression in tissue culture results
in an increase in supernumerary centrosomes and when PLK4 is depleted via RNA
interference, centriole numbers are reduced with progressive loss of centrioles and
the subsequent development of monopolar spindles (Habedanck et al. 2005). In
vivo, PLK4 knockout is embryonic lethal; however, heterozygous mice develop
normally (Ko et al. 2005; Hudson et al. 2001). Aged PLK4 heterozygous mice
have an increased risk for development of spontaneous malignancies than do their
littermates and exhibit abnormal chromosomal segregation and alignment defects,
cytokinesis failure, and multinucleation (Ko et al. 2005). These observations
suggest that a strict control of PLK4 transcript and protein levels is necessary to
maintain cell viability and prevent malignant progression. Although the threshold
level of PLK4 protein which induces centriole multiplication is not known, our
own experiments have shown that very small changes in PLK4 protein level
induces a small but significant percentage of cells to exhibit centriole multipli-
cation (Korzeniewski et al. 2009) which may ultimately promote a tolerable level
of chromosomal instability leading to malignant progression.

12.11 Cellular Proteolysis and Centriole Multiplication

The discovery that inhibition of cellular protein degradation mechanisms strongly
induced centriole multiplication suggested that proteolysis was important in
maintaining normal centriole duplication control (Duensing et al. 2007). PLK4 is a
very unstable protein whose stability is known to be controlled by both ubiquitin
and non-ubiquitin-mediated proteolysis (Korzeniewski et al. 2009; Cunha-Ferreira
et al. 2009; Rogers et al. 2009). The PLK4 protein coding sequence has been
reported to contain a PEST domain implicated in the mediation of rapid protein
degradation by intracellular proteases and is also known to be targeted for
E3-ubiquitin ligase-mediated degradation (Rechsteiner and Rogers 1996).
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A substrate is targeted for degradation by the proteasome through addition of a
polyubiquitin chain to the substrate. This reaction is catalyzed by a three-step
enzymatic cascade involving an ubiquitin-activating enzyme (E1), a ubiquitin-
targeting enzyme (E2), and a ubiquitin ligase protein (E3). The ubiquitin E3 ligase
confers substrate specificity to the reaction (Nakayama and Nakayama 2006).
Cullin-RING ubiquitin ligases (CRLs) are members of the largest family of
eukaryotic E3-ubiquitin ligases (Petroski and Deshaies 2005). All CRLs consist of
a cullin-backbone, a zinc-binding RING-domain containing protein which recruits
the ubiquitin-conjugating E2 enzyme, and an adaptor protein which recruits
interchangeable substrate recognition subunits. There are seven human cullin
subunits (CULL, -2, -3, -4A, -4B, -5, and -7) responsible for nucleating the
assembly of unique E3-ubiquitin ligase complexes (Petroski and Deshaies 2005).

In the case of the prototypical CRL, the SKP1-CULI1-F-box (SCF) ubiquitin
ligase complex, SKP1 acts as the adaptor protein interacting with substrate
recognition subunits containing an F-box domain and a second protein—protein
interaction domain which recognizes the specific target protein. Other CRLs
contain unique adaptor proteins which recognize substrate recognition subunits
with different functional motifs (Petroski and Deshaies 2005).

Core components of the SCF E3-ubiquitin ligase complex, including SKP1 and
CUL1, have been found to localize to maternal centrioles which serve as assembly
platforms for oncogene-induced centriole overduplication (Korzeniewski et al.
2009; Freed et al. 1999). SCF-ubiquitin ligase activity was found to be critically
involved in suppressing centriole multiplication in human tumor cells by regulating
PLK4 protein levels (Korzeniewski et al. 2009; Cunha-Ferreira et al. 2009; Rogers
et al. 2009). This activity of the SCF ubiquitin ligase provides an important mech-
anism for restraining excessive daughter centriole formation at single maternal
centrioles and hence centrosome-mediated cell division errors and chromosomal
instability (Korzeniewski et al. 2009). Interestingly, HPV-16 E7 expression induces
centriole multiplication in a phenotype reminiscent of SCF-ubiquitin ligase inacti-
vation, suggesting that HPV-16 E7 expression may also deregulate PLK4 protein
level, half-life, or localization to induce centriole multiplication.

12.12 Mechanism of HPV-16 E7-Induced Centriole
Multiplication

HPV-16 E7 is known to deregulate cyclin E/CDK2 complexes; however, whether
the HPV-16 E7 oncoprotein deregulates PLK4 protein expression to ultimately
stimulate centriole multiplication had not been determined. When PLK4 protein
expression was analyzed in HPV-16 E7 expressing cells, it was found that PLK4
aberrantly localized to maternal centrioles in the form of multiple PLK4 dots
similar to the aberrant localization of PLK4 seen following deregulation of CDK2/
cyclin E complexes alone (Korzeniewski et al. 2011). However, upregulation of
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PLK4 protein level is also necessary for centriole overduplication to occur since it
is known to be rate-limiting for this process.

The PLK4 promoter has been shown to contain E2F-responsive elements and be
repressed by HDACs, two important cellular transcriptional control pathways that
are deregulated following HPV-16 E7 oncoprotein expression (Li et al. 2005;
McLaughlin-Drubin and Munger 2009). PLK4 promoter activation assays and
real-time quantitative reverse transcriptase (QRT-PCR) analysis of PLK4 mRNA
level were performed on cells expressing either wild-type or mutant HPV-16 E7
and it was found that wild-type HPV-16 E7 could both activate the PLK4 promoter
and upregulate PLK4 mRNA levels (Korzeniewski et al. 2011).

Conversely, an HPV-16 E7 mutant with deletion of the amino acid region
21-24 which contains the LCXCE motif (HPV-16 E7 A21-24), and is incapable of
pRB-binding was unable to activate the PLK4 promoter or upregulate PLK4
mRNA and, in accordance with previous studies, unable to promote centriole
overduplication (Korzeniewski et al. 2011; Duensing and Munger 2003). Although
the HPV-16 E7 A21-24 mutant is unable to bind and degrade pRB, it is still
capable of interacting with HDACs (Phelps et al. 1992).

Like the HPV-16 E7 A21-24 mutant construct, an HDAC-interaction-deficient
mutant L67R was also unable to activate the PLK4 promoter or upregulate PLK4
mRNA (Korzeniewski et al. 2011). The HPV-16 L67R mutant is still capable of
interacting with pRB although it does so less efficiently and has a reduced capacity
to activate E2F-dependent transcription (Avvakumov et al. 2003). This defect
complicates analysis of the role of HDACsSs in the HPV-16 E7-induced modulation
of PLK4 transcription. Analyzing PLK4 mRNA abundance in HPV-16 E7
expressing cell which is deficient in HDACs or pRB-family members would clarify
the role of HDACsS in the HPV-16 E7-mediated modulation of PLK4 mRNA.

A mechanism for the rapid induction of centriole multiplication by the HPV-16
E7 oncoprotein can now be postulated (Fig. 12.2). It has been previously shown
that cyclin E/CDK2 complexes mediate the aberrant recruitment of PLK4 to
maternal centrioles (Korzeniewski et al. 2009). However, a concurrent increase in
PLK4 protein is necessary for centriole multiplication to occur (Korzeniewski
et al. 2009). The aberrant recruitment of PLK4 to maternal centrioles is recapit-
ulated in cells expressing HPV-16 E7 and these cells also contain increased PLK4
mRNA transcript levels (Korzeniewski et al. 2011). This increase in PLK4 mRNA,
albeit only modest, may be necessary to promote the aberrant recruitment of
excess PLK4 to maternal centrioles in the form of multiple PLK4 dots and ulti-
mately centriole multiplication. Support for this notion comes from a previous
study which determined that ongoing RNA polymerase II transcription is neces-
sary for HPV-16 E7-induced centriole overduplication but dispensable for normal
centriole duplication (Duensing et al. 2007). This is in line with our finding that
increased PLK4 mRNA transcripts play a role in HPV-16 E7-induced centriole
multiplication (Korzeniewski et al. 2011).

Therefore, HPV-16 E7 can interfere with two steps of centriole biogenesis in
order to stimulate centriole multiplication: increase PLK4 at the gene expression
level and enhance the recruitment of PLK4 to maternal centrioles. However, PLK4
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Fig. 12.2 HPV-16 E7 and the complexity of centriole duplication control. HPV-16 E7 induces
the formation of an S-phase-like milieu through binding and degradation of pRB-family
members, interaction with histone deacetylases (HDACs), and inactivation of the CDK inhibitors
p21<P! and p27%P! ultimately promoting the deregulation of E2F-mediated gene transcription
and the aberrant activation of cyclin E/CDK2 complexes. Cyclin E/CDK2 can promote centriole
multiplication through the aberrant recruitment of PLK4 protein to maternal centrioles; however,
it is currently not clear whether this is through a direct effect on PLK4 or through another protein.
The increase of PLK4 mRNA expression in HPV-16 E7 expressing cells is likley to be crucial for
the induction of centriole multiplication. PLK4 protein level is normally restrained at maternal
centrioles by cellular proteolytic mechanisms. Therefore, HPV-16 E7 expression may also
interfere with the proteolytic control of PLK4 protein level to induce aberrant daughter centriole
formation, a hypothesis that warrants further testing

is highly unstable and it is also possible that HPV-16 E7 may interfere with post-
translational regulatory mechanisms to further increase PLK4 abundance and/or
stability at maternal centrioles.

12.13 Additional Mechanisms of HPV-16 E7-Induced
Centrosome Abnormalities

As mentioned earlier, HPV-16 E7 can also induce centrosome overduplication in a
pRB-independent manner. The first evidence of this came from the observation
that, in contrast to full-length wild-type HPV-16 E7, the HPV-16 E7 mutant
construct, A21-24, was unable to induce centriole overduplication in both normal
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and pRB-family-deficient mouse embryo fibroblasts (Duensing and Munger 2003).
Further experiments suggested that the ability of HPV-16 E7 to interact with
y-tubulin, a component of the pericentriolar material important for microtubule
nucleation, may play a role in the pRB-independent induction of supernumerary
centrosomes (Nguyen et al. 2007). Disruption of y-tubulin may play a role in the
regulation of centrosome duplication, and this interaction with HPV-16 E7 which
relies on an intact LXCXE motif may hence contribute to pRB-independent
overduplication induced by HPV-16 E7.

12.14 Conclusion

High-risk HPV oncoproteins have evolved to efficiently disrupt host cell cycle
control on multiple levels in order to promote optimal cellular conditions for viral
genome replication to occur. The collateral damage of this profound dysfunction
of cellular regulation is uncontrolled cellular proliferation, genomic instability,
and carcinogenic progression. Loss of centrosome duplication control is one of the
earliest steps in the development of high-risk HPV-associated malignancies and a
hallmark of several other non-HPV-associated cancers. By utilizing the HPV-16
E7 oncoprotein as a tool, much progress has been made in determining the bio-
logical pathways involved in disruption of centrosome duplication control. These
new insights may be utilized in the future to help develop better preventive and
therapeutic approaches.
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Chapter 13
Centrosomes, DNA Damage
and Aneuploidy

Chiara Saladino, Emer Bourke and Ciaran G. Morrison

Abstract Understanding how the genomic instability that accompanies tumour
development arises has been an important question for more than a century. One
potential cause of such instability is defective chromosome segregation during
mitosis. A cause of mitotic defects may lie in the acquisition of multiple mitotic
spindle poles, through an increase in the number of centrosomes. Cancer cells
frequently possess multiple centrosomes. DNA damaging treatments, or mutations
in key DNA repair genes, also lead to centrosome amplification. Here, we review
current models for how cells may lose the normal controls on centrosome dupli-
cation and acquire more than the normal number of these organelles. We also
discuss how genotoxic stresses may contribute to the dysregulation of centrosome
duplication and how this process may be a contributory factor in cellular
transformation.

13.1 Mechanisms of Aneuploidy

Aneuploidy has been described as the most common characteristic of cancer cells
(Weaver and Cleveland 2006). Numerous genetic alterations have been observed
in neoplastic cells, including chromosome and gene deletions, amplification and
translocation. However, the presence of these alterations does not necessarily
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indicate that the tumour is genetically unstable. It was observed that in some
haematological cancers, malignant cells were stably aneuploid, following chro-
mosomal redistribution earlier during tumorigenesis. More often, though, aneu-
ploid cancer cells derive from an increase in the rate of gain or loss of whole
chromosomes, a condition known as chromosome instability (CIN) (Kops et al.
2005; Lengauer et al. 1998). Although aneuploidy has been often suggested as the
driving force behind tumorigenesis, the rate at which chromosomes are gained or
lost can cause different outcomes. While moderate levels of CIN facilitate tumour
formation and development, massive changes in chromosome content can be
intolerable to cancer cells (reviewed by Godinho et al. 2009). A number of studies
have shown that high levels of chromosome missegregation and aneuploidy reduce
cell viability in cancer cells by affecting a broad number of cellular processes
(Kops et al. 2004; Thompson and Compton 2008; Williams et al. 2008). Thus,
under normal circumstances, high levels of genetic instability impair cell growth,
unless the mutations introduced provide a selective pressure for the accumulation
of further changes, allowing cells to survive the adverse effects of aneuploidy
(Holland and Cleveland 2009).

Aneuploidy or CIN can arise from defects in chromosome segregation during
mitosis. Cells may gain or lose chromosomes as a result of defects in the mitotic
checkpoint or in sister chromatid cohesion, of microtubule misattachments and of
aberrant mitotic division (reviewed by Kops et al. 2005). The major cell cycle
checkpoint ensuring the correct segregation of chromosomes between daughter
cells is the spindle assembly checkpoint (SAC), which prevents metaphase—ana-
phase transition until all kinetochores have established a correct bi-orientation on
the spindle (Musacchio and Salmon 2007). In mammalian cells, the complete
inactivation of the mitotic spindle checkpoint results in cell death and early
embryonic lethality due to massive chromosome missegregation (Kalitsis et al.
2000; Kops et al. 2004). However, altered expression or mutations in genes coding
for components of the SAC have been observed in aneuploid human cancers
(Canhill et al. 1998; Dai et al. 2004; Li et al. 2003). In these cells, the mitotic
checkpoint is impaired and anaphase can begin even in the presence of unattached
or misattached kinetochores, leading to chromosome missegregation and aneu-
ploidy (Hanks et al. 2004; Sotillo et al. 2007).

Chromosome missegregation events may also occur following the generation of
incorrect kinetochore—microtubule attachments. When one kinetochore interacts
with microtubules coming from both spindle poles (merotelic attachment), the
chromosome is attached and under tension, so that the SAC is not activated and cells
can exit mitosis without any significant delay (Cimini et al. 2004; Khodjakov et al.
1997). Merotelic attachments are usually corrected before anaphase onset, although
occasionally sister chromatids with merotelic attachment can missegregate, failing
to move in either direction and yielding a lagging chromosome (reviewed by Salmon
et al. 2005). At the end of mitosis, the lagging chromatid will be pushed into either
one of the daughter cells, and upon nuclear envelope reassembly, will form a separate
micronucleus (Cimini et al. 2002). A further source of CIN arises when cells enter
mitosis with more than two centrosomes (Holland and Cleveland 2009).
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Centrosomes play a fundamental role in the organisation of the mitotic spindle. In
the presence of supernumerary centrosomes, multipolar spindles may form and
contribute to aneuploidy, although how such aneuploidy arises is not yet fully
understood.

13.2 Centrosome Abnormalities and Tumorigenesis

In 1902, Theodor Boveri first described the detrimental effects on organism and
cell physiology of an abnormal chromosome number. Several years earlier, the
pathologist David Hansemann had observed the presence of aberrant chromosome
segregation during mitosis in cancer cells. These findings led Boveri to propose
that aneuploidy might promote tumorigenesis. In 1914, following his studies on
sea urchin embryos, Boveri observed that cells forced to undergo multipolar
mitosis produced progeny with an aberrant chromosome number. The prevalence
of chromosome aberrations in cancer cells led Boveri to suggest that they were the
result of multipolar mitoses in cells with supernumerary centrosomes (reviewed by
Boveri 2008; Godinho et al. 2009; Holland and Cleveland 2009).

Since 1914, several studies have shown that supernumerary centrosomes are
common to almost all types of solid and haematological malignancies, including
breast, brain, lung, colon, ovary, liver, prostate, bone, gall bladder, head and neck
cancers as well as lymphoma and leukaemia (Gustafson et al. 2000; Kramer et al.
2003; Kuo et al. 2000; Lingle et al. 1998; Nitta et al. 2006; Pihan et al. 1998; Pihan
et al. 2001; Sato et al. 1999; Weber et al. 1998). Furthermore, in cancer cells,
aberrations in centrosome number are often associated with structural irregularities
such as increased centrosome size and alterations in the expression and phosphor-
ylation status of PCM components (Lingle et al. 2002). Aberrant centrosomes often
exhibit aberrant recruitment of gamma-TuRCs and defects in microtubule nucle-
ation, which, in turn, affect the cellular architecture (Lingle et al. 2002; Lingle and
Salisbury 2001). Furthermore, it has been shown that centrosome abnormalities
correlate with increased levels of multipolar mitosis and aneuploidy in cancer cells
(Ghadimi et al. 2000; Gisselsson et al. 2004). Several studies showed that in highly
invasive cancers and in situ carcinoma, centrosomal defects are often associated
with chromosomal aberrations, which occur at a later stage in tumor progression
(Gisselsson et al. 2004; Lingle et al. 2002; Pihan et al. 2001). However, centrosome
defects were also identified in cancers at an early stage in animal models and were
shown to become more severe with tumour progression (D’Assoro et al. 2002a;
Duensing et al. 2001; Goepfert et al. 2002; Shono et al. 2001). Although extra
centrosomes failed to generate large-scale genome instability in Drosophila, likely
due to the low proliferative index of mature Drosophila cells, serial transplantation
in the abdomen of adult flies of larval brain cells carrying mutations in genes that
encode centrosomal regulators and showing centrosome amplification, generated
both benign and malignant hyperplasia, demonstrating that centrosome amplifica-
tion can initiate tumorigenesis in flies (Castellanos et al. 2008). While these
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observations supported the theory that amplified centrosomes represent a cause of
aneuploidy, they did not establish how the two phenomena are related or whether
centrosome amplification was a cause or a consequence of cancer progression
(reviewed by D’ Assoro et al. 2002b; Nigg 2002).

13.3 Mechanisms of Aneuploidy that Involve
Centrosome Amplification

Conceptually, the simplest mechanism of aneuploidy to arise from centrosome
aberrations is that multipolar mitoses occur through the formation of multiple
spindle poles and cause aneuploidy through unequal distribution of chromo-
somes between daughter cells (Fukasawa 2005). However, recent time-lapse
video microscopy studies demonstrated that cultured human cells containing
amplified centrosomes efficiently cluster their extra centrosomes and divide in a
bipolar fashion. Only a small fraction of cells with extra centrosomes under-
went multipolar division and the progeny originating from such divisions was
mostly non-viable (Ganem et al. 2009), consistent with the view that massive
aneuploidy induced by multipolar cell division is lethal. Similarly, analysis of
Drosophila lines in which around 60 % of the cells possessed supernumerary
centrosomes revealed a delay in mitosis due to the formation of a transient
multipolar intermediate, but the cells ultimately divided in a bipolar fashion
(Basto et al. 2008).

Centrosome clustering appears to be the major strategy that human cells employ
to minimise the impact of multiple centrosomes (Quintyne et al. 2005), although
there exist several other approaches, such as inactivation or sequestration of extra
centrosomes (Gergely and Basto 2008; Godinho et al. 2009). However, even
though centrosome clustering prevents lethality caused by multipolar division,
centrosome amplification, nevertheless, leads to chromosome missegregation and
instability (Ganem et al. 2009; Silkworth et al. 2009). A recent study suggested a
novel potential mechanism for how supernumerary centrosomes cause chromo-
some aberrations and aneuploidy. Pellman and colleagues showed that cells with
amplified centrosomes go through a transient multipolar state during spindle for-
mation, before clustering their centrosomes (Ganem et al. 2009). This intermediate
state predisposes cells to develop aberrant merotelic attachments with high fre-
quency. Unresolved merotelic attachments impair chromosome segregation by
causing lagging chromosomes during anaphase (Cimini et al. 2001; Gregan et al.
2011), so that this model provides an explanation for how multiple centrosomes
can lead to chromosome abnormalities, without causing multipolar divisions.
Therefore, how cells acquire multiple centrosomes is an important question in
understanding how genome stability is normally maintained.
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13.4 Centrosome Pathways

There are two key pathways by which centrosomes can arise: the normal,
templated pathway in which the pre-existing centrioles serve as the scaffolding for
new centriole formation during S-phase, and a de novo pathway (Loncarek and
Khodjakov 2009). However, these are not distinct in terms of the controlling
activities, but differ in the sense that the existing mother centrioles serve as reg-
ulators of the ‘templated’ process (Rodrigues-Martins et al. 2007b).

In experiments where centrosomes were removed from monkey kidney cells by
micromanipulation (Hinchcliffe et al. 2001; Maniotis and Schliwa 1991) or laser
microsurgery (Khodjakov et al. 2000; Khodjakov and Rieder 2001), the centro-
somes did not regenerate. However, subsequent work that examined what hap-
pened when the centrosomes were removed from S-phase arrested CHO cells by
laser ablation (Khodjakov et al. 2002), or from Chlamydomonas cells by a
mutation that causes a fraction of the daughter cells to have no centrioles (Marshall
et al. 2001), demonstrated that cells can form centrosomes de novo. These
observations were further supported by the finding of de novo centriole assembly
in transformed (La Terra et al. 2005) and normal (Uetake et al. 2007) human cells.
A p53-dependent cell cycle arrest in late G1 phase is caused by the loss or damage
of centrosomes (Mikule et al. 2007; Srsen et al. 2006), which suggests a reason
why the potentiation of de novo centrosome formation was only observed when
cells were treated after this point. The formation of the de novo structures and the
maturation of these centrioles require passage through an entire cycle (Khodjakov
et al. 2002; La Terra et al. 2005). Once activated, this de novo pathway allows
cells to produce multiple centrosomes, suggesting that numerical control of the
centrosome resides in the existing centrosomes (Khodjakov et al. 2002; La Terra
et al. 2005). Together, these findings indicate a general pathway of de novo
centrosome formation that is normally inhibited by the presence of existing cen-
trioles (La Terra et al. 2005) but which, upon activation or loss of inhibition, can
generate large numbers of centrioles.

An evolutionarily conserved series of proteins govern the process by which
centrioles normally duplicate (Carvalho-Santos et al. 2010). A key polo box-
containing kinase, PLK4 in human (Habedanck et al. 2005; Kleylein-Sohn et al.
2007), SAK in Drosophila melanogaster (Bettencourt-Dias et al. 2005) is recruited
to the centrosome by the coiled-coil protein SPD2/CEP192, which also directs the
recruitment of the pericentriolar material (PCM) to the nascent centriole (Kemp et al.
2004; Pelletier et al. 2004; Zhu et al. 2008). PLK4/SAK is required for the recruit-
ment of the coiled-coil proteins, SAS-4 (CPAP/CENP-J in human cells) and SAS-6,
which specify the base of the forming centriole, direct the elongation of its micro-
tubules and are required for centriole duplication (Kirkham et al. 2003; Leidel et al.
2005; Leidel and Gonczy 2003; Pelletier et al. 2006; Rodrigues-Martins et al. 2007a;
Strnad et al. 2007). A further coiled-coil component of the Caenorhabditis elegans
centriole regulatory apparatus, SAS-5 (Ana2 in Drosophila), is also required for
centriole duplication (Pelletier et al. 2006; Stevens et al. 2010). ZYG-1 plays a role
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similar to SAK/PLK4 in C. elegans (O’Connell et al. 2001) and is required for the
localisation of SAS-4, SAS-5 and SAS-6 (Pelletier et al. 2006). Asterless/CEP152
has recently been described as a Plk4-interactor that is required for centriole dupli-
cation, being required for SAS-6 localisation to centrioles (Dzhindzhev et al. 2010;
Guernsey et al. 2010; Hatch et al. 2010; Varmark et al. 2007).

Overexpression of SAK/PLK4, SAS-4 or SAS-6 causes centriole overdupli-
cation (Bettencourt-Dias et al. 2005; Habedanck et al. 2005; Kleylein-Sohn et al.
2007; Peel et al. 2007; Strnad et al. 2007), although the structure of centrioles
formed through SAS-4 and SAS-6 overexpression may be abnormal (Kohlmaier
et al. 2009; Rodrigues-Martins et al. 2007a). Notably, the centriole overduplication
induced by overexpression of these key regulators involves the formation of
multiple daughters around a single mother in a distinctive ‘rosette’ arrangement,
rather than the general initiation of de novo centrosome assembly (Kleylein-Sohn
et al. 2007; Strnad et al. 2007). However, in cells where there are no centrosomes,
such as unfertilised Drosophila eggs, such overexpression does lead to de novo
centriole assembly (Peel et al. 2007). These data indicate a limitation of centriole
number that is imposed by a pre-existing mother.

Another element involved in the control of centriole number is the PCM.
Establishment of a PCM cloud is a relatively early event in the de novo centriole
duplication process, after which centrioles arise within the cloud (Khodjakov et al.
2002). Induction of an expanded PCM in cells with centrioles by overexpression of
pericentrin led to the appearance of multiple daughter centrioles independently of
any spatial or numerical control from the mother centrioles (Loncarek et al. 2008).
This observation prompted the hypothesis that the mother centriole’s principal role
in centriole assembly is the regulation and specification of a PCM scaffold, rather
than the provision of a template (Loncarek et al. 2008). In either case, the control
of centriole duplication resides in the extant structure.

13.5 Centrosome Amplification

Changes in the coordination of the chromosome and centrosome cycles lead to
centrosome amplification, which has been noted when key cell cycle regulators or
regulatory components of the centrosome are aberrantly expressed or suppressed
(Hergovich et al. 2007; Hochegger et al. 2007; Leidel et al. 2005; McDermott et al.
2006; Mussman et al. 2000; Swanton et al. 2007; Tachibana et al. 2005). The
altered expression of cell cycle regulators is a frequently observed phenomenon in
human cancers, so this may represent one source of centrosome abnormalities.
Alternatively, the dysregulation of such regulatory genes may occur as a conse-
quence of ongoing genome instability during tumour development.

A further activity that disconnects the chromosome and centrosome cycles
appears to be a controlled response to genotoxic stress. Abnormal amplification of
centrosomes has also been observed following DNA damage induced by irradia-
tion (Dodson et al. 2007; Sato et al. 2000a, b) or DNA replication stress (Balczon
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et al. 1995; Meraldi et al. 2002). Amplification of the centrosome occurs in cells
that carry mutations in DNA repair or checkpoint genes (Bertrand et al. 2003;
Dodson et al. 2004; Fukasawa et al. 1996; Griffin et al. 2000; Kraakman-van der
Zwet et al. 2002; Mantel et al. 1999; Tutt et al. 2002; Yamaguchi-Iwai et al. 1999),
express mutant forms of telomerase (Guiducci et al. 2001) or express viral
oncogenes (Duensing et al. 2006; Duensing et al. 2000; Duensing and Munger
2003; Watanabe et al. 2000). Although these examples cover a broad range of
genotoxic insults, it is clear that centrosome amplification is a potential conse-
quence of DNA damage.

13.6 Mechanisms that Permit Centrosome Amplification

Multiple centrosomes can be observed in cells that suffer failure in cytokinesis due
to altered expression of cell cycle and checkpoint regulators such as p53, BRCA2
and Aurora A (Daniels et al. 2004; Meraldi et al. 2002). In general, DNA-dam-
aging treatments do not lead to tetraploidisation, so cytokinesis failure is not
sufficient to explain how centrosome amplification occurs after genotoxic stress.
Additional models are required, which we consider below.

Given the importance of ensuring the right number of centrosomes, normal
centrosome duplication occurs in a manner that is strictly co-ordinated with the
cell cycle (Delattre and Gonczy 2004; Hinchcliffe and Sluder 2001; Nigg 2007).
This coordination is ensured by at least two controls:

i. A requirement for cyclin-dependent kinase activity in centrosome duplication.
A specific link between the chromosome and centrosome cycles is CDK2,
which requires heterodimerisation with cyclin A or cyclin E for activity and
which is necessary for the centrosome duplication that occurs during extended
S-phase arrest in mammalian cells (Hinchcliffe et al. 1999; Lacey et al. 1999;
Matsumoto et al. 1999; Meraldi et al. 1999), but not in chicken DT40 cells
(Bourke et al. 2010). Cdk2 is also necessary for the centriole overduplication
that is induced by expression of the human papillomavirus (HPV) type 16 E7
oncoprotein or by proteasome inhibition (Duensing et al. 2007; Duensing et al.
2006). However, Cdk2 is not required in mouse or chicken cells for normal
centrosome duplication and it is likely that other kinases can compensate for its
absence in the cell cycle (Adon et al. 2010; Duensing et al. 2006; Hochegger
et al. 2007).

ii. A ‘licensing’ of centrosome duplication through centriole disengagement,
which is mediated by Polo-like kinase 1 and separase, a protease that is
activated through anaphase promoting complex/cyclosome activity at the
metaphase—anaphase transition (Tsou and Stearns 2006; Tsou et al. 2009).
This licencing requirement normally limits when cells can duplicate their
centrosomes, even within a cytoplasm that contains the requisite Cdk activity
(Wong and Stearns 2003).
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Therefore, for a cell to acquire multiple centrosomes, the following conditions
must be fulfilled. Centrosomes must acquire a license for reduplication and the cell
cycle regulators that drive centrosome duplication must be activated. As the
generation of a centriole takes time, an additional condition may be added: the cell
must not divide for a sufficient period to allow centriole duplication.

Taking one particular example of where centrosome amplification is induced
experimentally, all these conditions are fulfilled. Extended S-phase arrest of many
mammalian cells by hydroxyurea (HU) treatment allows the appearance of mul-
tiple centrosomes (Balczon et al. 1995; Prosser et al. 2009). The acquisition of
multiple centrosomes during this arrest is dependent on Cdk activity (Prosser et al.
2009), and numerous reports have implicated Cdk2 as the particular kinase
involved, acting predominantly with cyclin E (Hinchcliffe et al. 1999; Lacey et al.
1999; Matsumoto et al. 1999; Meraldi et al. 1999). Centrosomes are licensed in
this cell cycle stage, Cdk?2 is activated and cells do not progress through mitosis.

High levels of centrosome amplification are observed in p53-deficient mice and
cells (Fukasawa et al. 1996). This is believed to arise from the dysregulation of
Cdk2 activity when p53 is absent and p53-independent cell cycle arrest to provide
sufficient time for amplification (Fukasawa 2008). Upregulation of Cdk2 activity
through overexpression of cyclin E led to centrosome amplification in p53-
deficient mouse cells, but little impact was seen in wild-type rat or mouse fibro-
blasts (Mussman et al. 2000; Spruck et al. 1999). Similarly, in human tumour cells,
cyclin E overexpression induced centrosome amplification, but only in the absence
of p53 function (Kawamura et al. 2004). Control of cyclin E levels has been cited
as a mechanism by which Kriippel-like factor 4 influences centrosome amplifi-
cation after irradiation (Yoon et al. 2005). HPV oncoprotein-induced centrosome
amplification requires both the disabling of p53 and the loss of normal CDK2
regulation (Duensing and Munger 2002). The key downstream targets of CDK?2 in
centrosome duplication described to date include nucleophosmin (B23) (Okuda
et al. 2000), Mps! kinase (Fisk and Winey 2001) and CP110 (Chen et al. 2002).
Interestingly, overactivation of a centrosomal nucleophosmin interactor, ROCK II
kinase, has recently been shown to drive centrosome amplification in CDK2-
deficient cells (Hanashiro et al. 2011), indicating a possible effector of CDK2
signalling in centrosome control.

13.7 DNA Damage and Centrosome Amplification

Early studies conducted on mouse cells showed that ionising radiation (IR) causes the
amplification of microtubule-organising centres (MTOCS). Electron microscopy
analysis of these MTOCs revealed structures which did not contain the paired
centrioles and PCM typical of normal centrosomes (Sato et al. 1983). In Chinese
hamster ovary (CHO) cells, incomplete DNA replication due to HU treatment caused
mitotic centrosome fragmentation (Hut et al. 2003). A similar finding was made in
Drosophila embryos, where it was shown that damaged DNA caused centrosome



13 Centrosomes, DNA Damage and Aneuploidy 231

fragmentation, along with errors in chromosome segregation and cell death
(Sibon et al. 2000). Premature centriole splitting has also been observed after IR in
various human cell types (Saladino et al. 2009). Such splitting may indicate the
disengagement of centrioles, providing licensed templates for centrosome redupli-
cation (Tsou and Stearns 2006; Tsou et al. 2009). It should be noted that IR actually
blocks the separation of duplicated centrosomes that accompanies normal entry into
M phase, through an ATM-dependent, Plk1-mediated inhibition of the Nek2 kinase
(Fletcher et al. 2004; Zhang et al. 2005), so that the precise impact of IR on the
centriole cohesion machinery is not yet clear. Furthermore, although cell fusion
experiments have indicated that irradiation is required for G2 phase centrosomes to
acquire a licence for duplication (Inanc et al. 2010), it is not known what effect IR has
on the principal licencing activity, separase, or its centrosomal target(s) (Tsou et al.
2009). DNA damage signalling actually inhibits the other known licencing signal,
that of Plk1 activation (Smits et al. 2000; van Vugt et al. 2001; Zhang et al. 2005). In
any case, as individual centrioles can organise spindle poles (Keryer et al. 1984; Ring
et al. 1982; Sluder and Rieder 1985), aberrantly disengaged centrioles still retain
their ability to nucleate microtubules and may contribute to multipolar spindle
formation (Fig. 13.1).

Although the process of DNA damage-induced licencing of centrosome
duplication is not yet understood, additional time sufficient for duplication is pro-
vided by the cell cycle delays that arise as part of the DNA damage response. The
MTOC amplification seen in human cells after irradiation (Sato et al. 2000a, b) was
confirmed by light and electron microscopy as being due to centrosome amplifica-
tion in a wide range of transformed and non-transformed cell lines from mammals
and chickens (Bourke et al. 2007; Dodson et al. 2004; Saladino et al. 2009). Other
forms of DNA-damaging treatment also induced centrosome amplification (Rob-
inson et al. 2007; Saladino et al. 2009). Importantly, the principal signalling com-
ponents of the DNA damage response that blocks cell cycle progress after genotoxic
stress are required to permit centrosome overduplication. Loss of the apical DNA
damage-responsive kinase, ATM, greatly impedes centrosome amplification after
IR or DNA damage resulting from the absence of the Rad51 recombinase (Dodson
et al. 2004), and IR-induced centrosome amplification is entirely abrogated by loss
of the downstream Chkl kinase (Bourke et al. 2007). IR-induced centrosome
amplification occurs independently of p53 status (Dodson et al. 2007), even though
the extent of G2-to-M arrest occasioned by IR is an important factor that has
implicated p53 in some studies (Kawamura et al. 2006), suggesting that the process
is not governed by the same mechanisms that alter centrosome numbers during
extended S-phase arrest. Furthermore, the model proposed for how S-phase arrested
cells overduplicate their centrosomes, in which multiple, immature daughter cen-
trioles assemble around a single mother (Duensing et al. 2007; Guarguaglini et al.
2005), is not sufficient to explain what happens after IR, when amplification leads to
centrosome splitting and/or the duplication of single daughters per mother and the
majority of centrosomes carry the maturation marker CEP170 (Bourke et al. 2007;
Saladino et al. 2009). The recent demonstration that IR-induced centrosome
amplification can occur outside S phase (Inanc et al. 2010) provides further evidence
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Fig. 13.1 Current models for centrosome amplification pathways: multiple centrosomes may be
generated a during a prolonged cell cycle arrest, by templated centrosome duplication; b upon
loss of existing centrioles, by a de novo pathway; ¢ following DNA-damaging treatment by
centrosome fragmentation; and d through the formation of multiple daughters from a single
mother. Parental centrioles are schematically represented by rectangles coloured light blue for the
mother, and dark blue for daughter centrioles. Red spots indicate centrobin association with
centrioles during the cell cycle (Zou et al. 2005) and green spots indicate Cep170 localisation at
the mature centriole (Guarguaglini et al. 2005; Saladino et al. 2009)

that an arrest in G2 phase after IR is permissive for the overduplication of the
centrosome, as we have proposed (Dodson et al. 2004).

Although an extended G2 phase delay is necessary for DNA damage-induced
centrosome overduplication, a question that remains is whether such an arrest is
sufficient. Chk1 localises to the centrosome, along with many other elements of the
DNA damage response (Loffler et al. 2006; Oricchio et al. 2006), so that it has been
technically challenging to address this issue. Inhibition of CDKI1 by pharmaco-
logical means or by the use of an analogue-sensitive mutant causes a robust cell
cycle arrest at the transition to mitosis, without any DNA damage signal, which is
accompanied by high levels of centrosome amplification (Hochegger et al. 2007).
However, CDK1 inhibition also elevates the activity of CDK?2 (Bourke et al. 2010).
Notably, IR also causes the activation of CDK2 activity in a subset of cell types
(Bourke et al. 2010), so that of the conditions for centrosome amplification that we
have outlined, DNA damage leads to the fulfilment of several at once.
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In several instances given above (Bettencourt-Dias et al. 2005; Habedanck et al.
2005; Kleylein-Sohn et al. 2007; Peel et al. 2007; Strnad et al. 2007), overex-
pression of the key upstream regulators of centriole duplication causes the for-
mation of multiple daughter centrioles. However, in a preliminary study on a
subset of centrosomal candidates, we found no evidence for significant upregu-
lation of centrosome protein-coding genes after irradiation of non-transformed
human cells (Saladino 2010), suggesting that increasing the levels of the structural
components of new centrioles is not how IR drives centrosome amplification.
Another question that arises is how additional centrioles assemble after irradiation,
once the conditions that allow their overduplication have been met. Time-lapse
microscopy of CHO cells during extended S-phase arrest has indicated that mul-
tiple centrosomes can assemble around the pre-existing mother (Guarguaglini et al.
2005; Kuriyama et al. 2007), or from nuclear aggregates of centrin (Prosser et al.
2009). Multiple daughters are also induced by peptide vinyl sulfone proteasome
inhibitor Z-L(3)VS treatment (Duensing et al. 2007) or by the HPV16 E7 onco-
protein (Duensing et al. 2006). However, apart from centriole splitting and
fragmentation, which may reflect initial steps in centrosome reduplication, it
appears that IR induces the duplication of the entire centrosome in the form of
paired mother—daughter centrioles (Bourke et al. 2007; Dodson et al. 2007).

13.8 IR Impact on the Cell Cycle and on Cells

IR and other forms of DNA damage kill cells through caspase-dependent apoptosis or
mitotic catastrophe (Blagosklonny 2007; Jonathan et al. 1999; Okada and Mak 2004;
Roninson et al. 2001). Mitotic catastrophe is a consequence of a mitotic delay in which
cells with incompletely replicated genomes or unrepaired DNA damage enter mitosis
and undergo apoptosis during M phase (reviewed by Vakifahmetoglu et al. 2008).
While the G2 checkpoint normally averts mitotic entry under such circumstances,
problems with this checkpoint can allow cells to initiate premature mitosis, suffer
mitotic delay through activation of the SAC and ultimately, die (Johnson et al. 1999;
Mikhailov et al. 2002; Nitta et al. 2004; Shin et al. 2003; Vogel et al. 2005). Centrosome
amplification, a response to DNA damage that occurs during a checkpoint-mediated
delay, will also cause a mitotic delay and compromise cell viability during such a delay
(Ganem et al. 2009; Inanc et al. 2010; Loffler et al. 2006). In support of the notion that
centrosome amplification contributes to the death of cells with DNA damage, live-cell
imaging analysis of human tumour cells demonstrated that the vast majority of
irradiated cells with multiple centrosomes fail in mitosis, but also that >60 % of cells
undergoing mitotic catastrophe have multiple centrosomes (Dodson et al. 2007).

As noted in a recent review of how aneuploidy arises, it is not yet clear whether
centrosome amplification is a cause or a consequence of genome instability, or both
(Chandhok and Pellman 2009). It is clear that a deficiency in the DNA damage
response is likely to lead toward cancer. Recent data have demonstrated the activation
of the DNA damage response in pre-cancerous lesions in a range of human tissues
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(Bartkova et al. 2005; Gorgoulis et al. 2005). This activation of the DNA damage
response constrains tumourigenesis by inducing cell cycle delay, cell death or senes-
cence, so that cells that no longer respond normally to DNA damage signals have a
selective advantage in tumour development (Bartkova et al. 2005, 2006; Braig et al.
2005; Gorgoulis et al. 2005). However, the potential contribution of centrosome
amplification to aneuploidy might make it a rather hazardous component of the normal
DNA damage response or mechanism of cell death. Nevertheless, it is interesting to
speculate that inducing centrosome amplification might be a means by which the
killing effects of DNA damaging treatments could be potentiated.
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Chapter 14
Centrosome Regulation and
Breast Cancer

Zeina Kais and Jeffrey D. Parvin

Abstract Chromosomal instability and aneuploidy are commonly observed in breast
tumor cells. Loss of function of the breast- and ovarian-specific tumor suppressor gene,
BRCALI, results in supernumerary centrosomes that are likely to contribute to the
genetic instability and tumorigenesis in breast cancer cells. Other DNA repair proteins
also contribute to the regulation of the centrosome along with several oncogenic and
tumor suppressor proteins. A number of centrosome regulators that are known to be
involved in breast cancer will be discussed with a focused discussion of BRCA1 and its
ubiquitin ligase activity in the regulation of centrosome number.

14.1 Centrosome Abnormalities and Breast Cancer

Centrosome abnormalities are a major cause of genomic instability resulting in
aneuploidy that is commonly seen in tumors (Brinkley and Goepfert 1998). Many
tumors, including breast tumors, have centrosome abnormalities characterized by
centrosome amplifications, more than two centrosomes per cell, and centrosomal
hypertrophy (Carroll et al. 1999; Lingle et al. 1998). Supernumerary centrosomes
can promote the formation of multipolar spindles that may ultimately cluster into a
pseudo-bipolar mitotic spindle during anaphase. This will lead to the formation of
a defective kinetochore-microtubule attachment that results in the missegregation
of chromosomes that will ultimately facilitate the formation of malignant tumors
(Ganem et al. 2009). Centrosome abnormalities in breast cancer are mostly due to
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genetic alterations including mutations, activations, or deletions of oncogenes,
tumor suppressors, or cell cycle regulators that affect centrosome duplication and
function (Salisbury 2001).

14.2 Regulation of Centrosomes

14.2.1 Disruption of Nucleophosmin-Mediated Centrosome
Control in Breast Cancer

Centrosome duplication is a process that takes place in S phase in coordination with
DNA duplication. Both events are triggered by the activation of CDK2-cyclin E
(Meraldi et al. 1999; Mussman et al. 2000). Several CDK2-cyclin E target proteins
have been identified to be involved in centrosome regulation including nucleo-
phosmin (NPM) a protein that functions as a chaperone in several cellular events and
is frequently mutated in cancer cells (Okuda et al. 2000; Tokuyama et al. 2001).
NPM localizes between the paired centrioles and is thought to function in centriole
pairing (Shinmura et al. 2005). NPM dissociates from the centrosome upon phos-
phorylation by CDK2-cyclin E leading to the separation of the two centrioles, an
initial step in the centrosome duplication cycle. The centrioles are tightly paired
throughout the cell cycle except during the initiation of duplication. Abrogation of
mechanisms underlying centriole pairing, such as depletion of NPM, results in the
generation of extra centrosomes (Grisendi et al. 2005). In addition, it has been shown
that after being phosphorylated, NPM binds to ROCK2, a member of the Rho-
associated coiled containing protein kinase family, which is overexpressed in many
cancers including breast cancer. Binding of phosphorylated NPM to ROCK2 acti-
vates it at the centrosomes leading to the initiation of centrosome duplication (Ma
et al. 2006). Recently, NPM and ROCK2 have been shown to form a complex with
BRCAZ2. This complex functions in maintaining the integrity of centrosome dupli-
cation. Inhibition of the NPM-BRCA?2 interaction results in supernumerary cen-
trosomes, a phenotype that would ultimately cause genetic instability and
tumorigenesis. In addition, the loss of association between NPM and BRCA?2 might
play an important role in familial breast carcinogenesis since many missense
mutations have been reported in the NPM binding region of BRCA?2 in the hered-
itary breast and/or ovarian cancer families (Wang et al. 2011).

14.2.2 Control of Centrosomes by Cyclin A in Cancer

In addition to cyclin E, CDK2 forms a complex with cyclin A, which has also
been implicated in the regulation of centrosome duplication. It has been shown that
cyclin A promotes centriole overduplication in S phase-arrested cells through a
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continued stimulation of CDK2 activity (Duensing et al. 2006). CDK2-cyclin A
complex cannot, however, initiate duplication of centrosomes during the normal
cell cycle but in prolonged S phase-arrested cells, cyclin A promotes the redu-
plication of centrosomes (Duensing et al. 2007). Abnormal levels of cyclin A are
frequently detected in human cancers and these abnormal levels may have a
crucial role in centriole overduplication and amplification, which eventually might
be a contributing factor to tumorigenesis (Duensing et al. 2007; Faivre et al. 2002).

Since CDK-cyclin controls the duplication of centrosomes, many proteins that
control the activity of the CDK2/Cyclin A complex may also play a role in the
regulation of centrosome duplication (Fukasawa 2007). One example is p21,
which is a negative regulator of the CDK2 activity. p21 is regulated by p53 which
is one of the proteins that have been implicated in the development of centrosome
defects seen in human breast tumors (Salisbury 2001). It has been shown that cells
lacking p53 are capable of undergoing centrosome reduplication even when DNA
synthesis is inhibited resulting in centrosome amplification (Balczon et al. 1995;
Fukasawa et al. 1996). Inhibition of DNA synthesis occurs under physiological
stress irrespective of the pS53 status (Fukasawa 2007). Normally, p53 is stabilized
under such conditions through the inhibition of MDM?2, an E3 ubiquitin ligase that
promotes the degradation of the p53 protein. Stabilization of p53 will result in the
upregulation of p21 that will inhibit the CDK2-cyclin complexes thus inhibiting
the initiation of centrosome reduplication. Cells lacking p53, however, will have
unrestrained activation of CDK2 which in turn will trigger centrosome redupli-
cation leading to the formation of extra centrosomes.

In addition to regulating centrosome duplication through the p53—p21 pathway,
p53 has been shown to localize to the centrosome where it participates in the
regulation of duplication independent of its transactivation function through a
mechanism that is yet to be identified (Fukasawa 2007; Morris et al. 2000;
Shinmura et al. 2007). Mutant p53 protein incapable of transactivating target genes
can still control centrosome duplication if the centrosome localization is retained.
Thus, regulation of p53 stability in general is important in the regulation of cen-
trosome duplication. Overexpression of MDM2, as seen in cancers, for example,
will promote the degradation of p53 causing centrosome amplification (Carroll
et al. 1999; Vargas et al. 2003).

14.2.3 Polo-like Kinases and Aurora Kinases in
Centrosome Regulation

Several kinases involved in the regulation of the cell cycle are also known to be
involved in the regulation of centrosome duplication and these include: the polo-
like kinases (Plks), Aurora kinases, and NIMA-related kinases (NEK2). Plks are
centrosomal kinases that control the entry into mitosis (Barr et al. 2004). Plks are
known to be overexpressed in cancers, and their overexpression correlates with
increased aggressiveness of the disease (Sankaran and Parvin 2006; Takai et al.
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2005). PIk1 plays an important role in the maturation of centrosomes. Inhibition of
this kinase results in the formation of significantly smaller centrosomes with a
decreased gamma-tubulin localization (Lane and Nigg 1996). P1k2 and 4 localize
to the centrosome and their depletion suppresses the initiation of centrosome
duplication (Habedanck et al. 2005; Warnke et al. 2004). Similarly, P1k3 is found
at the centrosome during interphase, it then co-migrates with duplicated centro-
somes at all stages of the cell cycle (Wang et al. 2002). Aurora kinases (A, B, and
C) are serine/threonine kinases whose expression is known to be elevated in many
human cancers (Li and Li 2006). Their activity levels are highest during the G2-M
phase of the cell cycle.

Aurora kinase A (AURKA) localizes to the centrosomes and is essential for
mitotic progression. AURKA interacts with several centrosomal and centrosome
regulating proteins and its overexpression results in supernumerary centrosomes
(Meraldi et al. 2002) whereas its inhibition causes the formation of monopolar
spindles (Glover et al. 1995). Thus, AURKA plays a crucial role in the regulation of
centrosome separation and duplication. AURKC also localizes to the centrosome and
its overexpression results in polyploidy cells with more than two centrosomes
(Dutertre et al. 2005). Nek2, a member of the Nek (NIMA )-related kinases, has also
been implicated in the regulation of centrosomes. Nek2 phosphorylates centrosomal
Nek2-associated protein 1 (C-Napl) triggering the dissociation of C-Nap1 from the
centrosomes to mediate the centrosomal separation (Fry et al. 1998a; Mayor et al.
2002). Overexpression of Nek2 results in premature splitting of the centrosomes
(Fry et al. 1998b).

14.2.4 DNA Damage Repair Proteins and the Regulation
of the Centrosome

Recent studies have indicated the involvement of several DNA damage and repair
proteins in the maintenance of the centrosome (Fukasawa et al. 1996; Griffin et al.
2000; Kraakman-van der Zwet et al. 2002; Shimada et al. 2009; Yamaguchi-Iwai
et al. 1999). In addition, several studies have stressed on the importance of
homologous recombination (HR) repair proteins in the regulation of the centro-
some (Shimada and Komatsu 2009; Shimada et al. 2009). HR is a major pathway
through which DNA double-stranded breaks are repaired. Several repair proteins
take part in this pathway and these include: ATM/ATR kinases, NBS1-MRE11-
RADS50 complex, BRCA1, and BRCA2. ATM is a serine/threonine kinase that is
activated by autophosphorylation as an initial step of the DNA damage response.
ATM localizes to the centrosome and regulates centrosome number through the
cell cycle checkpoint (Oricchio et al. 2006; Shimada and Komatsu 2009). ATR
also localizes to the centrosome and depletion of this protein leads to centrosome
amplification (Collis et al. 2008).
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BRCAI, breast cancer-associated gene 1, a major DNA repair factor, is also
known to be involved in the regulation of centrosome number. BRCA1 localizes to
the centrosome and its depletion results in the formation of extra centrosomes, a
phenotype that is specific to mammary epithelial cells suggesting the dependency
of mammary cells on the activity of BRCAI1 in the prevention of centrosome
overduplication (Ko et al. 2006; Starita et al. 2004). The regulation of the cen-
trosome by BRCA1 will be discussed further in the following section. BRCA2,
breast cancer-associated gene 2, is another key player in HR that is known to
control centrosome number. BRCA?2 localizes to the centrosome and its depletion
results in centrosome overduplication strengthening the relationship between a
defect in DNA repair and abnormal centrosome numbers (Nakanishi et al. 2007).
Another DNA repair factor that localizes to the centrosome is NBS1. At the
centrosome, NBS1 regulates the BRCAl-mediated ubiquitination of gamma-
tubulin through its interaction with ATR. Similar to the phenotype caused by
BRCAL1 and ATR depletion, NBS1 depletion leads to centrosome amplification
(Shimada et al. 2009). RADS1 is another HR repair factor whose depletion results
in centrosomal abnormalities (Bertrand et al. 2003). Centrosome reduplication
upon RADS51 depletion occurs in a prolonged G2 arrest due to the activation of the
G2-M checkpoint in response to DNA damage that accumulates as a consequence
of a defective DNA repair system. Thus, a defect in the DNA repair machinery
will arrest cells in G2 due to the activation of a G2-M checkpoint and this would
eventually cause centrosome amplification.

14.3 BRCA1 and the Centrosome

BRCAL1 is a multifunctional protein involved in several cellular processes
including DNA repair, cell cycle checkpoints, transcription control, and mainte-
nance of the centrosome (Sankaran et al. 2006; Venkitaraman 2002). BRCA1
heterodimerizes with BARDI to form a complex with an E3 ubiquitin ligase
activity that catalyzes the transfer of ubiquitin moiety to a target protein. Similar to
other E3 ubiquitin ligases, BRCA1/BARDI1 can either monoubiquitinate or
polyubiquitinate targeted proteins. Polyubiquitination on lysine 48 will target the
protein for proteasomal degradation. Monoubiquitination of a protein also has
several effects including intracellular trafficking or simply blocking the modifi-
cation of an important lysine. Inhibition of BRCA1 by expressing a protein
fragment that binds to its carboxy terminus or by RNA interference (RNAi) results
in supernumerary centrosomes in mammary epithelial cells (Starita et al. 2004).
BRCA1 and BARDI both localize to the centrosome at all stages of the cell cycle
(Hsu and White 1998; Sankaran et al. 2006) and the ubiquitin ligase activity of the
protein regulates both centrosome number and function (Kais and Parvin 2008).
Starita et al. 2004 found that the BRCA1/BARDI1 complex ubiquitinates gamma-
tubulin, a major centrosomal protein, at gamma-tubulin residue lysine 48.
Expression of a mutant form of gamma-tubulin with a lysine to arginine



248 Z. Kais and J. D. Parvin

substitution at residue 48, and thus unable to accept the ubiquitin moiety, results in
centrosome amplification indicating the importance of BRCA1 ubiquitin ligase
activity in the regulation of centrosome duplication (Sankaran et al. 2006; Starita
et al. 2004). Interestingly, while inhibition of BRCAI1 only affects centrosome
number in cell lines derived from breast tissue, expression of the mutated gamma-
tubulin gene results in centrosome amplification in non-breast cells (Starita et al.
2004). This result suggests that all cell types need to regulate gamma-tubulin by
modification of residue lysine-48, and in breast cells this process is dependent on
the BRCA1 ubiquitin ligase.

Centrosomes function by nucleating microtubule formation (Moritz et al. 1995).
An enzymatically functional BRCA1 inhibits the microtubule nucleation function of
the centrosome in vitro (Sankaran et al. 2005). Thus, BRCA1 E3 ubiquitin ligase
activity inhibits centrosome function but is required for the regulation of centrosome
duplication. The BRCA1 enzymatic activity is also important for the localization of
gamma-tubulin to the centrosome for it has been shown that in addition to ubiqui-
tinating gamma-tubulin itself, BRCA1/BARD1 ubiquitinates a protein in the PCM
that docks gamma-tubulin to the centrosome (Sankaran et al. 2007b).

Given that BRCAL is located at the centrosome at all stages of the cell cycle, and
since the BRCA1 enzymatic activity inhibits microtubule nucleation, it needs to be
explained how the centrosomes are capable of establishing the mitotic spindle at all. Ko
etal. 2006 found that BRCA 1 function at the centrosome is mostly critical during S-G2
phases of the cell cycle to block the reduplication of the already duplicated centro-
somes. At G2, AURKA localizes to the centrosome and phosphorylates BRCA1 thus
inhibiting its ubiquitin ligase activity and enabling the microtubule nucleation activity
(Sankaran et al. 2007a) (Fig. 14.1). AURKA is known to be overexpressed in more
than 60 % of breast cancers (Miyoshi et al. 2001) and this suggests that the overex-
pression of the protein will cause its localization at the centrosomes during S phase
which results in the inhibition of BRCA1 ubiquitin ligase activity when the BRCA1 is
needed most to inhibit the reduplication of centrosomes. Thus, either overexpression of
AURKA (Fig. 14.1c) or inhibition of BRCAL1 (Fig. 14.1b) results in the same phe-
notype of supernumerary centrosomes a phenotype that might contribute to chromo-
somal instability, aneuploidy, and tumorigenesis.

Since BRCA1 is associated with familial cases of breast cancer, the likelihood
of a woman to inherit a mutated BRCAI allele in such a case is high. In such a
scenario, the possibility of having a mutation during the lifetime in the second
BRCA]1 allele rendering the protein defective in at least one mammary epithelial
cell is common. Individuals with a family history of breast cancer may get their
BRCAI gene sequenced. Although many of the characterized mutations result in a
frameshift or a stop codon that results in a truncated protein, some women present
with missense mutations whose disease association is still unclear due to their low
prevalence. Such mutations therefore present a diagnostic dilemma because it is
still unknown how these mutations affect the function of the protein and whether
they render the protein defective or not. A set of BRCAI1 point mutants in the
amino terminus of the protein were studied for their effect on the HR process as an
initial step in determining whether a variant of unknown function may predispose
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Fig. 14.1 Model for the
regulation of the centrosome
by BRCAI and AURKA.

a Normal centrosome
duplication cycle (centrioles
are surrounded by the
pericentriolar material PCM).
In the presence of normal
levels of BRCA1 and
AURKA and during S-G2
phases of the cell cycle
BRCALI ubiquitinates the
already duplicated
centrosomes to inhibit
reduplication. At M phase
AURKA phosphorylates
BRCAL1 inhibiting its
ubiquitin ligase activity and
stimulating microtubule
nucleation. b Loss of
BRCALI: effects on the
centrosome. Loss of BRCAI1
results in supernumerary
centrosomes during S phase.
These supernumerary
centrosomes may result in the
formation of mutipolar
spindles that would
ultimately cause abnormal
mitosis. ¢ Model for the effect
of AURKA overexpression
on the centrosome.
Overexpression of AURKA
mimics the effects of loss of
BRCALI. Overexpressed
AURKA associates with the
centrosomes during S-G2
phase and blocks BRCA1
function when its activity is
most critical. In addition,
overexpressed AURKA
overrides the spindle
checkpoint contributing to an
abnormal mitosis
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to breast cancer development (Ransburgh et al. 2010). A similar assay that checks
the effects of the different mutants on the function of BRCALI in the control of
centrosome number is currently being developed and results from both assays, the
HR and the centrosome assay, with genetic and clinical analysis of the point
mutants will be of great importance in counseling women carrying such mutations
and ultimately it will improve the prognosis of the disease.
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14.4 Identifying Proteins that Collaborate with BRCA1
in the Regulation of the Centrosome

Many genomes have been sequenced and now that large-scale microarray databases and
protein—protein interaction databases are publicly available online, informatics methods
can be used to identify genes/proteins that interact with a protein of interest. Using such a
bioinformatics approach and making use of publicly available microarray data, proteins
were identified that might collaborate with BRCA1, BRCA2, ATM, and CHK2 (Pujana
et al. 2007). Among the 164 genes identified, HMMR stood out as a gene that is highly
correlated with BRCAL1. Depletion of HMMR resulted in centrosome amplification, a
phenotype seen upon BRCA1 depletion. Interestingly, depleting both genes suppressed
the phenotype. In addition, SNPs linked to HMMR were associated with an increased
prevalence of breast cancer in certain populations (Pujana et al. 2007). Finding a gene
whose expression is correlated with BRCA1 and that functions in a BRCA1 controlled
pathway such as centrosome regulation adds confidence to such bioinformatic
approaches. Therefore, using bioinformatics to find other genes that collaborate with
BRCAL in the regulation of centrosomes will be of great importance in the future
knowing the importance of centrosome regulation in breast tumorigenesis.

14.5 Concluding Remarks

Regulation of the duplication and the function of the centrosome are critical for the
adequate transmission of genetic material to daughter cells. Defects in the
mechanisms that control centrosome number and/or function result in centrosome
abnormalities that will promote genetic instability and ultimately tumorigenesis.
The centrosome is regulated by many oncogenes and tumor suppressors. Dis-
rupting the function of these genes will cause centrosome abnormalities that will
contribute to the development and progression of breast cancer. BRCA1 E3
ubiquitin ligase activity is essential for the regulation of centrosome number in
mammary cells. Loss of BRCAI, as seen in many breast tumors, will result in
supernumerary centrosomes. AURKA is overexpressed in 62 % of human breast
cancer (Miyoshi et al. 2001). Since AURKA inhibits BRCA1 enzymatic activity,
such an overexpression will also result in the same phenotype seen upon loss of
BRCAL: centrosome amplification. Since BRCA1 is a major player in breast
cancer, screening BRCA1 mutants using functional assays such as the centrosome
assay will definitely be of great importance in the genetic counseling process for
individuals with family history of breast cancer. In addition, finding genes that
collaborate with BRCAL1 in the control of centrosome number will also be essential
in finding new players that might contribute to the pathogenesis of the disease.
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Chapter 15
The Role of Centrosomes
in Multiple Myeloma

Benedict Yan and Wee-Joo Chng

Abstract Multiple Myeloma (MM), a neoplastic proliferation of plasma cells,
displays complex genetic aberrations. This genetic complexity is due in part to
centrosomal abnormalities, which are well-documented in MM. The exact
mechanisms by which such abnormalities develop in MM are still not fully
characterized, although various pathways and molecules, particularly the GI1
cyclin-CDK/Rb pathway, receptor of hyalorunan-mediated motility, and Aurora-A
molecules, have been implicated. The identification of centrosome abnormalities
in MM patients is of potential clinical utility, both in the prognostic and thera-
peutic setting. A high centrosome index is associated with poorer prognosis in MM
patients, and predicts for greater in vitro sensitivity of myeloma cell lines to
certain therapeutics such as Aurora kinase inhibitors. Future studies into the
mechanisms leading to centrosome abnormalities in MM may reveal novel
candidates and strategies for therapeutic intervention.
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15.1 Multiple Myeloma

Multiple Myeloma (MM) is a neoplastic clonal proliferation of plasma cells
occurring multifocally within the bone marrow (Swerdlow et al. 2008). At present,
MM accounts for approximately 1 % of cancers, 15 % of hematopoietic neo-
plasms, and 20 % of deaths from hematologic malignancies (Jemal et al. 2010).
Clinical manifestations include the presence of serum M-protein, hypercalcemia,
renal insufficiency, anemia, and bone lesions (Kyle and Rajkumar 2004). Despite
therapeutic advances, the disease remains incurable at present with a median
survival of around 4 years (Kumar et al. 2008).

Monoclonal gammopathy of undetermined significance (MGUS) is a prema-
lignant state of MM with an estimated prevalence of 3.2 % in patients above
50 years of age (Wadhera and Rajkumar 2010). MGUS is characterized by a
monoclonal plasma cell proliferation within the bone marrow without end-organ
damage (International Myeloma Working Group 2003). The risk of progression of
MGUS to MM or related disorders is about 1 % per year (Kyle et al. 2002).

15.2 Genetic Abnormalities in Multiple Myeloma

Complex genetic aberrations in the form of either numerical and/or structural
chromosomal abnormalities are ubiquitous in MM (Avet-Loiseau et al. 1999;
Nishida et al. 1997; Smadja et al. 1998, 2001; Mohamed et al. 2007; Drach et al.
1995). In fact, several genetic and molecular subtypes of MM with distinct
clinicopathological features have been identified (Fonseca et al. 2009). At the top
hierarchical level, MM can be divided into hyperdiploid and non-hyperdiploid
subtypes (Smadja et al. 1998, 2001; Carrasco et al. 2006). Hyperdiploid MM
(H-MM) is characterized by trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19 and
21, and has a low prevalence of primary immunoglobulin heavy chain (IgH)
translocations. This is in contrast to non-hyperdiploid MM (NH-MM), which
encompasses hypodiploid, pseudodiploid, and near tetraploid MM and is strongly
associated with IgH translocations (Fonseca et al. 2003). The identification of
unique gene expression signatures associated with these genetic subtypes
provides further support that the H-MM and NH-MM categories are biologically
distinct (Bergsagel et al. 2005; Zhan et al. 2006). This dichotomy into H-MM
and NH-MM is also seen in MGUS (Chng et al. 2005; Brousseau et al. 2007),
indicating that these distinct pathogenetic pathways arise early in the course of
the disease.
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15.3 Centrosomal Abnormalities as a Mechanism
for Aneuploidy in Multiple Myeloma

The high prevalence of aneuploidy and evolving genetic complexity during disease
progression seen in MM (Wu et al. 2007) strongly suggest that the MM genome is
unstable, and specifically points to the presence of chromosomal instability (CIN)
in MM pathogenesis. CIN is a phenomenon in which cells persistently demonstrate
a high rate of loss and gain of whole chromosomes, and one mechanism leading to
CIN is numerical centrosome anomalies (Thompson et al. 2010).

Centrosomes are the primary microtubule-organizing center (MTOC) in animal
cells, and facilitate organization of the spindle poles during mitosis (Bettencourt-
Dias and Glover 2007). A causal association between centrosome abnormalities
and cancer was first proposed by Boveri in the early 1900s (Boveri 1914, 2008).
Centrosome aberrations are frequent in various cancer types (Pihan et al. 1998)
and are already present in some early premalignant lesions (Pihan et al. 2003).

There is recent evidence for a causal link between centrosome anomalies and
numerical chromosomal abnormalities (Nigg and Raff 2009; Thompson et al.
2010). One proposed mechanism by which supernumerary centrosomes promote
tumorigenesis is through aberrant spindle formation during cell division, resulting
in CIN and aneuploidy. Cells with amplified centrosomes may form tripolar
mitotic spindles and undergo cytokinesis to generate viable but highly aneuploid
daughters (Fukasawa 2008).

Mitotic spindles with more than three poles may also be formed, resulting in
cytokinesis failure. In the presence of p53, this failure to undergo cytokinesis
triggers the checkpoint response, leading ultimately to cell death (Fukasawa 2008).
Mitotic clustering of centrosomes with pseudo-bipolar spindle formation is one
mechanism by which multipolar divisions in cancer cells are suppressed (Kwon
et al. 2008; Quintyne et al. 2005). Centrosome amplification can still lead to
chromosome missegregation due to an increased rate of merotely, where a single
sister kinetochore becomes simultaneously attached to two spindle poles
(Silkworth et al. 2009; Ganem et al. 2009).

MM also exhibits genomic instability in the form of structural chromosomal
abnormalities such as deletions and translocations. There is at present little
evidence to suggest that centrosomes play a significant causative role in the
development of these abnormalities.

15.4 Centrosome Abnormalities in MM

Three studies have examined centrosome abnormalities in MM (Maxwell et al.
2005; Dementyeva et al. 2010; Chng et al. 2006). To evaluate structural and
numerical centrosome abnormalities, Maxwell et al. (Maxwell et al. 2005)
performed multicolor immunofluorescence on archived bone marrow core biopsies
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using antibodies against two recognized protein components of the centrosome,
pericentrin, and gamma-tubulin. Centrosomal volumes were determined by 3D
rendering of confocal z-stacks labeled with gamma-tubulin. They found that
centrosome abnormalities, including the mean number of centrosomes per cell and
mean total centrosome volume, were highly correlated. Centrosome abnormalities
were significantly higher in MM compared to MGUS or control plasma cells from
marrow of lymphoma patients.

In another study examining the clinical implications of centrosome amplifica-
tion in plasma cell neoplasms, we employed immunofluorescence staining of
centrin [another well-established centrosomal protein (Errabolu et al. 1994)] in
combination with staining of clonal cytoplasmic light chains to identify centro-
some abnormalities in clonal plasma cells (Chng et al. 2006). We found that
although the prevalence of centrosome abnormalities was fairly similar from
MGUS to MM (approximately two-thirds of patients), the percentage of malignant
cells with centrosome abnormalities increased progressively from MGUS to MM.
We also observed that centrosomal structural abnormalities such as altered shape
and configuration were predominantly seen in MM. Overall, our results suggest
that centrosome abnormalities, of which centrosome amplification is the most
prominent, occur early in MM pathogenesis and increase with disease progression.

In the most recent study of centrosome abnormalities in MM, Dementyeva et al.
performed immunofluorescence staining of centrin in bone marrow B-cells and
plasma cells. They similarly identified an increased prevalence of centrosome
amplification in plasma cells from MM patients. Interestingly, they also found an
increased population of B-cells with centrosome amplification in MM patients
compared to healthy donors (Dementyeva et al. 2010). This finding alludes to a
longstanding hypothesis proposing that a population of B-cells are closely related
to and might even represent precursors of MM (Zojer et al. 2002).

15.5 Clinical and Biological Implications of Centrosome
Abnormalities in MM

In our study, we found that a gene expression-based index (centrosome index, CI)
comprising the expression of genes encoding the main centrosomal proteins
centrin, pericentrin and gamma-tubulin correlated very strongly with centrosome
amplification (Chng et al. 2006). Using a high CI as a surrogate marker for
centrosome amplification, it was found that centrosome amplification correlated
with poor prognostic features such as a high plasma cell labeling index and high-
risk genetic aberrations including chromosome 13 deletion, t(4; 14), and t(14; 16).
A high CI was associated with significantly poorer survival in patients treated with
chemotherapy, newly diagnosed patients treated with autologous stem cell trans-
plantation, and relapsed patients treated with bortezomib (Chng et al. 2008).
A high CI was found to be an independent prognostic factor on multivariate
analysis encompassing other known prognostic factors. In our study therefore, a
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high CI identified a cohort of patients with poor prognosis regardless of treatment
modalities, phase of presentation, and international staging system (ISS) stage. In a
separate study by Hose et al., a significant correlation between CI and survival was
not demonstrated, although sample size might account for the difference (Hose
et al. 2009).

With regards to the molecular phenotype, no correlation between centrosome
amplification and ploidy categories was identified (Chng et al. 2006). Gene
expression profiling (GEP) analysis comparing high versus low CI MM revealed
an overexpression of genes coding for proteins associated with the centrosome
(TUBGI1, CETN2, TACC3, NEK2, PRKRA, STK6, AURKB and PLK4), cell cycle
(CCNBI, CCNB2, CCND2, E2F2, CDC gene family, CDK5, CDK6, CDKN2C),
proliferation (RAN, CSKI1B, TOP2A, TTK, TYMS, MCM gene family, ASPM),
DNA repair/G2 cell cycle checkpoints (BRCAI, CHEKI, CHEK2, MAD2LI,
BUBI, BUBIB, FANCD?2, REVIL), and kinetochore and microtubule attachment
(BIRCS5, CENPA, CENPE, CENPH, ZWINT) (Chng et al. 2008). Centrosome
amplification is therefore associated with abnormalities of the cell cycle, prolif-
eration, and DNA repair in MM, findings very similar to a separate study on
centrosome aberrations in acute myeloid leukemia (Neben et al. 2004).

15.6 Possible Mechanisms Leading to Centrosome
Amplification in MM

Proteins that participate in the regulation of chromosomal numerical integrity
belong to one of three functional groups: cell-cycle regulation, DNA-damage
response/repair, and nucleocytoplasmic transport. Mutations involving these
proteins lead to supernumerary centrosomes (Fukasawa 2007).

To date, direct mechanisms leading to centrosome amplification in MM have
not been identified. Table 15.1 provides a list of molecules that are known to
participate in centrosome function/regulation of centrosome number, and that have
been separately implicated in MM pathogenesis as well. We discuss in-depth the
Gl cyclin-CDK/Rb pathway, receptor of hyalorunan-mediated motility
(RHAMM), and Aurora-A molecules which we feel represent important causative
factors underlying centrosome amplification in MM.

15.7 G1 Cyclin-CDK/Rb Pathway

The centrosome duplication cycle is tightly linked to the cell division cycle, and the
G1 cyclins (D and E) and their associated kinases (Lee and Yang 2003; Sherr and
Roberts 2004; Giacinti and Giordano 2006) play integral roles in both processes
(Bettencourt-Dias and Glover 2007). D-type cyclins associate with CDK4 or CDK6
and function early in G1-phase, while cyclin E associates with CDK?2 and functions
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from mid to late G1-phase (Lee and Yang 2003). Their activation leads to phos-
phorylation of the retinoblastoma (Rb) protein, the main molecule responsible for the
G1 checkpoint, and entry into S-phase (Giacinti and Giordano 2006).

The CDK2-cyclin E kinase complex is an important initiator of centrosome
duplication (Lacey et al. 1999; Hinchcliffe et al. 1999), and its centrosomal target
proteins include nucleophosmin (Okuda et al. 2000), Mps1 kinase (Fisk and Winey
2001), and CP110 (Chen et al. 2002). Cyclin E overexpression alone does not lead
to centrosomal amplification in vitro (Spruck et al. 1999). CDK2 has recently been
demonstrated to be important for centrosome amplification in p53-null mouse
embryonic fibroblasts (Adon et al. 2010). At present however, there is no
demonstrated role for the CDK2-cyclin E complex in MM centrosomal amplifi-
cation or pathogenesis.

CDK4 has also been implicated in centrosome amplification in p53-null cells
(Adon et al. 2010), and cyclin D overexpression induces centrosome amplification
in hepatocytes (Nelsen et al. 2005). Abnormalities of the cyclin D-Rb axis with
increased and/or dysregulated expression of cyclins D1, D2, or D3 are seen in
nearly all genetic subtypes of MM (Bergsagel et al. 2005). t(11; 14) and t(6; 14)
lead directly to overexpression of cyclins D1 and D3 respectively. t(4; 14) MM
shows cyclin D2 overexpression. As cyclin D2 is a transcriptional target of
maf, maf-translocated MM also shows cyclin D2 overexpression (Hurt et al. 2004).
H-MM shows overexpression of cyclins D1 and/or D2. These abnormalities of the
cyclin D-Rb axis lead to inactivation of Rb and facilitate cell cycle dysregulation
in MM (Ely et al. 2005).

Loss of Rb function also results in centrosome amplification (Iovino et al. 2006;
Duensing et al. 2000; Balsitis et al. 2003). Rb is located on chromosome 13q14.2, and
chromosome 13 abnormalities are detected in 50 % of MM cases. Eighty-five
percentage of these abnormalities are monosomy, and the remainder are interstitial
deletions (Fonseca et al. 2009). Heterozygous deletions of Rb have been reported in
MM (Juge-Morineau et al. 1997; Kramer et al. 2002). However, a direct link between
loss of Rb function and centrosome amplification in MM has not been demonstrated.

Other abnormalities of the Rb pathway are also seen in MM. CDK inhibitors
such as p15, pl16, pl17, and p18 specifically suppress cyclin D kinase activity, while
p21 and p27 act on other cyclin/CDK complexes (Giacinti and Giordano 2006).
Methylation of the p15 and p16 genes is observed in around 20-30 % of MGUS/
MM and in most human myeloma cell lines (HMCL) (Fonseca et al. 2004, 2009).
Also, pl6 expression is low to absent in most MM independent of methylation
status (Gonzalez-Paz et al. 2007; Dib et al. 2007).

Various lines of evidence suggest that loss of function of other CDK inhibitors
occurs in MM. Bi-allelic deletion of p18, a gene that is important for normal B-cell
development (Morse et al. 1997; Ashihara et al. 2009; Schrantz et al. 2000), has
been observed in HMCL and primary MM cases, and exogenous p18 expression
inhibits growth of HMCL with low/absent endogenous p18 expression (Dib et al.
2006). Low p27 expression is reportedly an independent adverse prognostic factor
in MM patients (Filipits et al. 2003); interestingly, loss of p27 function might be
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related to centrosomal abnormalities in MM as p27 has been shown to suppress
centrosome amplification following DNA damage (Sugihara et al. 2006).

While abnormalities affecting the Rb pathway are almost universal and early
events in MM, there is at present no convincing evidence that such abnormalities
are causal for centrosome amplification in MM, and centrosome amplification is
not seen in all MM patients. However, these abnormalities may create a permissive
environment for centrosome amplification.

15.8 Receptor of Hyalorunan-Mediated Motility

RHAMM is a cell-motility molecule first described by Turley and colleagues
(Turley 1992; Turley and Torrance 1985; Turley et al. 1987, 1991), and the human
full-length cDNA was cloned in 1996 (Wang et al. 1996). RHAMM overexpres-
sion in fibroblasts induces transformation (Hall et al. 1995), and RHAMM-hya-
luronan interactions have been shown to mediate the activation of oncogenic
kinases such as Src, extracellular-regulated kinases (Erk), and protein kinase C
(Turley et al. 2002). RHAMM also localizes to the centrosome and functions in the
maintenance of spindle integrity (Maxwell et al. 2003).

Existing evidence suggests that RHAMM plays an important role in MM
pathogenesis. MM plasma cells were first observed to express RHAMM by Turley
et al. in 1993 (Turley et al. 1993). Novel RHAMM variants were later identified
and shown to be overexpressed in MM plasma cells relative to normal B cells
(Crainie et al. 1999). Increasing RHAMM expression in MM strongly correlated
with osteolytic bone lesions (Zhan et al. 2002), poor event-free, and overall
survival (Maxwell et al. 2004).

As mentioned previously, structural and numerical centrosomal abnormalities
in MM cells were first identified by Maxwell et al. (2005). They also found that
structural centrosomal abnormalities correlated with elevated RHAMM expression
in MM. RHAMM overexpression in vitro resulted in altered centrosome size and
structure. Although the mechanism by which RHAMM affected centrosome
structure was not elucidated in detail, a link between RHAMM, TPX2, and Aurora
A (see next section) was proposed because RHAMM was found to colocalize and
coimmunoprecipitate TPX2 in a cell cycle-dependent manner. Further evidence
for a RHAMM-TPX2-Aurora A pathway is seen in a later study which showed that
RHAMM overexpression and silencing in vitro in a MM cell line resulted in
enhanced and decreased sensitivity respectively to treatment with Aurora kinase-
specific inhibitors (Shi et al. 2007).

The reason for elevated RHAMM in MM is also uncertain. The gene encoding
RHAMM, HMMR, is located on chromosome 5q33. Although chromosome 5
trisomy is common and might account for the elevated expression of RHAMM in
H-MM, RHAMM overexpression is more strongly associated with NH-MM. Also
H-MM is associated with a better prognosis, while increasing RHAMM expression



15 The Role of Centrosomes 265

levels correlate with poorer outcomes. Hence, further work is needed to understand
the mechanisms underlying RHAMM overexpression in MM.

15.9 Aurora-A Kinase

The Aurora protein kinases, comprising Aurora-A, Aurora-B, and Aurora-C, are a
family of serine-threonine kinases that regulate many processes during cell
division (Vader and Lens 2008). Aurora-A is recognized to play an important role
in centrosome maturation, centrosome separation, and bipolar spindle assembly
(Carmena et al. 2009; Carmena and Earnshaw 2003; Dutertre et al. 2002).

During centrosome maturation, several proteins accumulate at the centrosome,
resulting in growth of the pericentriolar material (PCM) and enhanced centrosomal
microtubule nucleation activity. Aurora-A participates in this process by recruiting
pericentriolar material (PCM) proteins including centrosomin, LATS2, NDEL1,
and TACC (Mori et al. 2007; Abe et al. 2006; Toji et al. 2004; Hannak et al. 2001).
Following maturation, the centrosomes migrate to opposite poles of the bipolar
mitotic spindle in late G2; Aurora-A is also necessary for this process of centro-
some separation, as seen by abnormal monopolar spindle formation when Aurora-
A is inhibited in vitro (Glover et al. 1995; Liu and Aurora 2006).

The role of Aurora-A kinase in oncogenesis is well-documented. The Aurora-A
gene, AURKA, is located on chromosome 20q13, an amplification hotspot in many
tumors (Staaf et al. 2010; Tsukamoto et al. 2008; Scotto et al. 2008). Aurora-A
genomic amplification has been identified in several tumor types including breast,
colon, ovarian, and prostate cancers (Zhou et al. 1998; Sakakura et al. 2001;
Bischoff et al. 1998). Overexpression of Aurora-A leads to tumorigenesis and
centrosomal amplification in vitro (Zhou et al. 1998; Meraldi et al. 2002).

Several studies have examined Aurora-A expression in MM (Chng et al. 2008;
Hose et al. 2009; Dutta-Simmons et al. 2009; Gorgun et al. 2010). We and other
investigators have found that Aurora-A expression correlates with the CI (Chng
et al. 2008; Hose et al. 2009). Given its known role in centrosome amplification
(Zhou et al. 1998), it seems likely that Aurora-A contributes to centrosome
amplification in MM as well.

15.10 Postulated Mechanisms of Centrosome Amplification
in Multiple Myeloma with Immunoglobulin
Translocations

One postulated mechanism for centrosome amplification in MM with immunoglobulin
translocations is the disruption of genomic loci encoding proteins with centrosome-
related functions as a consequence of such translocations (Maxwell and Pilarski 2005).
Also, other genomic aberrations such as chromosome 13q deletions may be present
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Table 15.2 Genes involved in centrosome regulation that are located at deletion sites or in the
vicinity of translocation breakpoints in myeloma

Gene Locus MM deletion/ Protein function pertaining to centrosomes
translocation
ORC1 1p32  1p32-32 deletion Controls centrosome copy number in human
cells (Hemerly et al. 2009)
TACC3 4pl6  t(4; 14)(pl6; q32) Localizes to centrosomes during mitosis (Mori

et al. 2007; Gergely et al. 2000); required for
bipolar spindle assembly and chromosome
alignment (Fu et al. 2010)

PIM1 6p21  t(6; 14)(p21; q32) Overexpression leads to centrosome
amplification (Roh et al. 2003)

STK38 6pl2  t(6;14)(p21;q32) Regulates centrosome duplication (Hergovich
et al. 2007)

NuMA 11q13 t(11; 14)(q13; q32)  Required for maintenance of spindle poles (Silk
et al. 2009)

PAK 11q13 t(11; 14)(q13; q32)  Localizes to the centrosome (Zhao et al. 2005; Li
et al. 2002)

PPPICA 11q13 t(11; 14)(q13; q32)  Localizes to the centrosome (Andreassen et al.
1998); regulates centrosome splitting (Mi
et al. 2007)

SCYL1 11q13 t(11; 14)(q13; q32)  Localizes to the centrosome and is associated
with centrosomal amplification (Gong et al.
2009)

CENPJ 13q12 13 del Required for maintenance of centrosome

integrity and normal spindle morphology
during cell division (Cho et al. 2006)
LATS2 13q12 13 del Localizes to centrosome and maintains
centrosome integrity (Toji et al. 2004;
McPherson et al. 2004; Yabuta et al. 2007)

VAC14/ 16922 t(14; 16)(q32; q22)  Modulates centrosome number (Ching et al.
TAX1BP2 2006)
ID1 20q11 t(14; 20)(q32; q12)  Modulates centrosome number (Manthey et al.
2010)
TPX2 20ql1 t(14; 20)(q32; q12)  Required for normal spindle morphology and

centrosome integrity during cell division
(Garrett et al. 2002)

AURKA 20q13 t(14; 20)(q32; q12)  Important centrosome-associated kinase
involved in centrosome maturation and
separation (Vader and Lens 2008); regulates
centrosome number (Zhou et al. 1998;
Meraldi et al. 2002)

in association with IgH translocation-positive MM (Fonseca et al. 2003), representing
an additional mechanism for centrosome dysregulation. Table 15.2 provides a list of
possible candidates located at both translocation and deletion sites.
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15.11 Therapeutic Implications of Centrosome Amplification
in Multiple Myeloma

Besides being a prognostic marker, centrosome amplification (or a surrogate like the
CI) may also serve as a therapeutic marker in MM. As proof of concept, we showed
that HMCL with higher CI were more sensitive to a small molecular Aurora kinase
inhibitor (MLN8054) (Chng et al. 2008). Although it can be argued that a more direct
marker for sensitivity to Aurora A inhibition might be expression levels of the
Aurora-A gene/protein itself, it is noteworthy that Aurora A is regulated both at the
expression level as well as via the phosphorylation of T288 on its activation loop
(Dar et al. 2010). Therefore, expression levels of Aurora-A alone as a predictive
therapeutic marker might not be optimal; in theory, a downstream marker of Aurora-
A activity, such as centrosome amplification, might be of greater utility.

Centrosome amplification in MM might also be a therapeutic marker for other
established or potential targets, such as TOP2A or PLK4, both of which were
upregulated in high CI MM in our study (Chng et al. 2008). The Polo-like kinases
(Plks, of which Plk4 is a member) are particularly attractive in this regard, as they
have known roles in centrosome function (Dai et al. 2002), and overexpression of
PIk1 in vitro also results in numerical centrosomal abnormalities (Meraldi et al.
2002). The role of the Plks in MM pathogenesis is still not well-characterized, but
at least one study has shown activity of a Plk small molecular inhibitor against
MM cell lines (Stewart et al. 2011).

Another recently proposed therapeutic strategy involves disrupting centrosome
clustering (Fielding et al. 2011), which as previously mentioned is a protective
mechanism preventing multipolar mitoses and cell death in cells with supernu-
merary centrosomes (Kwon et al. 2008; Quintyne et al. 2005). In a proof of
concept study, Fielding et al. showed that integrin-linked kinase (ILK) is required
for centrosome clustering in breast and prostate cancer cells. Furthermore, phar-
macological inhibition of ILK led to multipolar divisions and cell death, and the
sensitivity of the cell lines to ILK inhibition correlated with centrosome number
(Fielding et al. 2011). Interestingly, another recent study reported that pharma-
cological ILK inhibition led to apoptosis in HMCL (Wang et al. 2010). Further
studies investigating a correlation between sensitivity to ILK inhibition and cen-
trosome abnormalities in MM are warranted.

15.12 Future Perspectives

Although some progress has been made concerning the role of centrosomes in MM
biology and pathogenesis, the molecular pathways and mechanisms by which
centrosome amplification and clustering occur in MM remain poorly character-
ized. Table 15.1 provides a list of molecules that may represent candidates for
further study in the biology of centrosome abnormalities in MM. Also, in view of
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our previous findings that centrosome amplification correlated with high-risk
genetic aberrations, such as chromosome 13 deletion, t(4; 14), and t(14; 16),
further studies are needed to understand if centrosome abnormalities contribute to
the formation of structural chromosomal abnormalities.

Given the existing evidence which suggests an important role for centrosome
abnormalities in oncogenesis in general, we envisage that a deeper understanding
of centrosome biology in MM will, in time, reveal novel candidates and strategies
for therapy, and subsequently translate into enhanced patient care.
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Chapter 16

Centrosomal Amplification and Related
Abnormalities Induced by Nucleoside
Analogs

Ofelia A. Olivero

Abstract Although very effective, anti-retroviral nucleoside analog drugs are
genotoxic in humans and carcinogenic in mice. The effect of the nucleoside
reverse transcriptase inhibitor (NRTI) AZT (zidovudine) as a centrosomal dis-
ruptor will be discussed. Centrosomal amplification was measured on MCF10A
cells by immunocytochemistry with antibodies to centrosomal proteins pericentrin
and Cep 170. Doses of 0, 10, 100, and 200 uM AZT for 24 h showed 0.9,1.75, 2.3,
and 3.1 % of cells containing centrosomal amplification (supernumerary centro-
somes), respectively. Furthermore, the origin of the extra centrosomes was ana-
lyzed by addressing the maturity of the structures. Typically mature centrosomes,
identified by the presence of Cepl70 proteins, are the result of overduplication of
pre-existing centrosomes. Conversely, it is believed that, Cepl70 negative,
immature centrosomes are the result of accumulation of the organelles by impaired
cytokinesis. Scoring of Cepl70-stained AZT-induced centrosomes revealed that
40, 50, and 53 % of the supernumerary centrosomes in cells exposed to 10, 100,
and 200 pM AZT, respectively, were mature, compared to 22 % of unexposed
cells centrosomes in the control. Therefore, AZT-induced centrosomal amplifi-
cation is the result of both overduplication and cytokinesis impairment.
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16.1 Background

The centrosome is an organelle that regulates migration of chromosomes to the
daughter cells, and is also a microtubule organizer. Based on the multiple proteins
residing in the centrosome-associated protein matrix, centrosomes have been
implicated in other cellular functions including cell cycle transitions, such as G; to
S-phase, G, to mitosis, and metaphase to anaphase (D’ Assoro et al. 2002; Doxsey
et al. 2005). Cells normally have one centrosome, which duplicates synchronically
with the phases of the cell cycle to generate two new centrosomes, each of which
comprises a pair of orthogonally placed centrioles. Most human carcinomas have
an abnormal centrosomal number that contributes to the genomic instability
characteristic of transformed cells (Carroll et al. 1999; Lingle et al. 1998; Pihan
et al. 1998; Satoh and Lindahl 1994). Additionally, it has been reported that
malfunction of the centrosome induces delay in the G;-S boundary of the cell cycle
(Hinchcliffe et al. 2001; Mikule et al. 2007). Some clastogenic agents may also
behave as aneugens, generating an array of both structural and numerical chro-
mosomal aberrations as well as chromosomal instability (Lengauer et al. 1997).

Zidovudine (3'-azido-3’-deoxythymidine, AZT), the first nucleoside reverse
transcriptase inhibitor (NRTI) used for HIV-1 therapy has been shown to induce
micronuclei, chromosomal aberrations, mutations, and telomeric attrition in vitro
and in vivo (IARC 2000; Olivero 2007). Additionally, AZT becomes incorporated
into eukaryotic DNA (Diwan et al. 1999; Olivero et al. 1997) and induces cell
cycle arrest with accumulation of cells in S-phase (Chandrasekaran et al. 1995;
Escobar et al. 2007; Olivero et al. 2005, 2008; Viora et al. 1997).

16.2 Genotoxicity of Nucleoside Analogs

Nucleoside reverse transcriptase inhibitors (NRTIs) constitute a high widespread
type of drugs used in the therapy of AIDS. Used in monotherapy or in combination
with other drugs, their mechanism of action is based upon the ability to act as
chain terminators and the inhibition of the nucleotide binding site of the HIV-1
reverse transcriptase (Furman et al. 1986; Huang et al. 1990; St.Clair et al. 1987).

Usually administered as prodrugs, NRTIs become active through a cascade of
cytosolic phosphorylations. Activation of Zidovudine (ZDV), the first NRTI
approved by the US Food and Drug Administration, to the triphosphate form is
mediated by thymidine kinase, thymidylate kinase, and pyrimidine nucleoside
diphosphate kinase (St. Clair et al. 1987). Zidovudine acts as a HIV-1 reverse
transcriptase inhibitor able to reduce morbidity and mortality related with HIV-1
infection (Fischl et al. 1987); however, its use has been limited due to induced
toxicities (Richman et al. 1987). Although highly specific for HIV-1 reverse
transcriptase, NRTIs exhibit some affinity for cellular polymerases (Lim and
Copeland 2001); Parker et al. 1991). In a comprehensive review, Lee et al. report
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that the toxic side effects of NRTIs are correlated with the kinetics of incorporation
by the mitochondrial DNA polymerase (Lee et al. 2003). Others tested all FDA
approved NRTIs and provided a method to screen NRTIs for potential toxicity.
Furthermore, they defined a toxicity index for chain terminators to account for
relative rates of incorporation versus removal (Johnson et al. 2001).

Consequences of DNA damage by NRTI incorporation and subsequent chain
termination have been compiled under the following categories: micronuclei, sister
chromatid exchanges, chromosomal aberrations, and telomere shortening (IARC
2000).

16.3 Zidovudine Becomes Incorporated into DNA

The widespread chronic use of Zidovudine as first line therapy for HIV generated
some concern about patients who may be susceptible to drug-induced genotoxicity.
It was hypothesized that despite the high affinity of Zidovudine for HIV-1 reverse
transcriptase, some incorporation into eukaryotic DNA would be predicted via host
polymerases (Copeland et al. 1992; Furman et al. 1986). Numerous laboratories
employing diverse techniques reported to have found Zidovudine incorporated into
DNA of eukaryotic cells, in vivo as well as in vitro. Among other approaches, an
original *?P postlabeling method to detect Zidovudine-DNA incorporation in mice
(Fang and Beland 2000), incorporation of Zidovudine in bone marrow using
radiolabeled Zidovudine, and subsequent analysis by high performance liquid
chromatography (Sommadossi et al. 1989) and incorporation of Zidovudine into
CEM T-lymphoblastoid cells (Avramis et al. 1989) have been reported. Further-
more, incorporation of Zidovudine into DNA of the chronic myelogenous leuke-
mic cell line K562 and evidence of its removal by an exonucleolytic repair enzyme
(Vazquez-Padua et al. 1990) was demonstrated in vitro. Removal of ZDV incor-
porated into DNA by a 3’-5’ exonuclease able to remove DNA terminated by a
variety of dideoxynucleosides (Skalski et al. 1995) has also been demonstrated in
leukemic HO cells (Agarwal and Olivero 1997). In 1994, Olivero et al. (Olivero
et al. 1994) used a radioimmunoassay to show Zidovudine-DNA incorporation and
validated the method with radiolabeled compound. Similar levels of Zidovudine-
DNA incorporation were found in mouse. Although variable and depending on
metabolic activation from species to species and from cell type to cell type,
incorporation of Zidovudine into DNA has been extensively documented.

As a consequence of the persistent, non-repaired incorporation, the genotoxic
insult can be perpetuated. Thus, the inability of the cell to effectively remove the
incorporated molecules is translated as mutations and or other forms of genotoxic
events.
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16.4 Cell Cycle Arrest is a Consequence
of Zidovudine Exposure

Inhibition of cells to enter mitosis is a measure of the potential of damage inflicted
on the cell. Impairment of compliance with a cell cycle is one of the consequences
of DNA damage that reflects the inability of the cell to accomplish basic biological
processes.

Cell cycle delay induced by Zidovudine has been reported by Wu et al. in a
human chronic myeloid leukemia cell line (Wu et al. 2004) and in HL60 cells,
(Roskrow and Wickramasinghe 1990). Others (Heagy et al. 1991; Viora et al.
1997) showed decrease in proliferative response to phytohemagglutinins and delay
in S-phase in peripheral blood mononuclear cells and human leukemic CEM cells.
A cytostatic effect in human colon carcinoma WiDr cells was induced at 12 h,
peaking at 24 h, and reversed to baseline at 72 h (Chandrasekaran et al. 1995). The
authors then proposed that AZT-induced cytostasis is a transient and reversible
effect, adding that similar results were observed in 8/9 tumor cell lines examined.
A correlation between changes in the gene expression of cell cycle-related genes
and S-phase arrest was demonstrated in HeLa cells (Olivero et al. 2005). In
experiments carried out using different microarray platforms, the authors examined
the correlation of up-/downregulation of some key genes in cell cycle G,/S
progression and S-phase accumulation in cells exposed to the combination
Zidovudine-Lamivudine (2’,3’-dideoxy-3’-thiacytidine) for 24 h. Changes in gene
expression suggested that the cyclin-D-Rb pathway could be mediating the cell
cycle arrest (Olivero et al. 2005). A synchrony between cell cycle and centrosomal
cycle should exist to warrant proper cell division and cell homeostasis. However,
when cell cycle distortions take place the centrosomal division could progress
asynchronically causing centrosomal amplification.

16.5 Zidovudine Acts as a Centrosome Disruptor

Employing immunohistochemistry, Borojerdi et al. (2009) explored the ability of
Zidovudine to act as a centrosome disruptor. The authors used hamster CHO cells and
human NHMEQC strains, exposed to Zidovudine for 24 h and showed centrosomal
disruption evidenced by pericentrin signaling. Additionally, they demonstrated
aberrations in tubulin polymerization in cells bearing abnormal centrosomes.
A typical consequence of these abnormalities is chromosomal instability and
aneuploidy. The missegregation of chromosomes to the daughter cells was docu-
mented by scoring kinetochore positive micronuclei (Borojerdi et al. 2009).

An increase in the presence of aberrant cells, including multipolar metaphases/
anaphases and cells bearing lagging chromosomes was observed in correlation with
increasing doses of Zidovudine in CHO cells. When compared to untreated CHO
cells, Zidovudine-exposed cells showed an increase in the number of pericentrin
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positive signals. In normal human mammary epithelial cells (NHMECS), pericentrin
positive signals were scored for the total number of cells with visible centrosomes,
demonstrating a dose increase in pericentrin positive signals in treated cells.

Multipolar spindles and multiple centrosomal bodies were observed in
Zidovudine-exposed NHMEC and were identified by localization of Aurora
A-positive signals in NHMECs exposed cells. Western blot analysis of NHMEC
lysates confirmed an increase in protein expression of Aurora A in exposed cells.

Additionally, Zidovudine genotoxicity was documented by the presence of
large bodies still attached to the nucleus containing kinetochore positive signals.
These types of lesions known as nuclear buds were further studied and charac-
terized in detail by Dutra et al. (2010).

The most current treatment for HIV-1 is combination therapy, or HAART
(Highly Active Antiretroviral Therapy), which typically consists of at least two
NRTIs and a protease inhibitor. Zidovudine is frequently used in combination with
other NRTTIs such as 2’,3’-dideoxy-3’-thiacytidine (3TC) and 2/, 3'-dideoxyinosine
(ddI). Centrosome amplification caused by 3TC, d4T, and ddl was carried out to
determine if it was a common phenomenon to NRTIs since these drugs are often
used together in combination. CHO cells and two NHMECs, a high and a low
incorporator of Zidovudine into DNA, were used by Yu et al. (2009). Hamster and
human cells exposed to any of the three NRTIs for 24 h exhibited amplification of
centrosomes and human cells also exhibited disruptions in tubulin distribution,
revealing that centrosome amplification as well as tubulin disruption is a common
phenomenon induced by several different NRTIs.

Increase of centrosome amplification induced by thymidine was no statistically
different than the controls for these strains indicating that an effect independent of
nucleotide pool imbalance was taking place.

Since not all centrosomes are equal in terms of their microtubule nucleation
activity, there could be multiple scenarios for amplified centrosomes (Ghadimi
et al. 2000). Active centrosomes can be defined as those able to nucleate micro-
tubules. These centrosomes will go on to form spindle poles during mitosis. Some
aberrant centrosomes may be inactive and therefore unable to nucleate microtu-
bules and form spindle poles. To determine if extranumerary centrosomes induced
by NRTIs are active, microtubule nucleation of NRTI-treated cells was interrupted
with nocodazole, a disruptor of tubulin polymerization. Once nocodazole was
rinsed off, active centrosomes began to form microtubule asters. These experi-
ments revealed that multiple centrosomes induced by NRTIs kept the ability to
nucleate tubulin and form asters. These cells have the potential to form multipolar
spindles during mitosis that lead to missegregation of chromosomes and inevita-
bly, aneuploidy.

The origin of the new centrosomes has been a topic of interest for many
investigators. To understand if the new structures have their origin as a conse-
quence of overduplication due to cell cycle alterations or if they are just amplified
independent of the cell cycle, Davila et al. (2009) measured centrosomal ampli-
fication in human hTERT transformed MCF10A cells, by immunocytochemistry
with antibodies to centrosomal proteins pericentrin and Cep 170. Furthermore, the
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origin of the extra centrosomes was analyzed by addressing the maturity of the
newly formed structures. Typically mature centrosomes, identified by the presence
of Cepl70 proteins, are the result of overduplication of pre-existing centrosomes.
Conversely, it is believed that, Cepl170 negative, immature centrosomes are the
result of accumulation of the organelles by impaired cytokinesis. Scoring of
Cepl70-stained Zidovudine-induced centrosomes revealed that 40, 50, and 53 %
of the supernumerary centrosomes in cells exposed to Zidovudine, respectively,
were mature, compared to 22 % of unexposed cells centrosomes in the control.
Therefore, Zidovudine-induced centrosomal amplification is the result of both
overduplication and cytokinesis impairment (Davila et al. 2009).
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Chapter 17
Mechanisms and Consequences
of Centrosome Clustering in Cancer Cells

Alwin Kriamer, Simon Anderhub and Bettina Maier

Abstract Ever since initially proposed by Theodor Boveri in 1914, centrosome
abnormalities have been accused to be involved in the induction of chromosomal
instability and tumorigenesis. New evidence especially on a mechanism termed
centrosomal clustering now again supports Boveri’s idea and adds fuel to the old
debate on a mechanistic link between supernumerary centrosomes and malignant
transformation. On top, inhibiting centrosome clustering might well turn out to be
one of the long sought after possibilities to specifically interfere with tumor cells
while leaving healthy tissues untouched.

17.1 Introduction

Centrosomes are organelles that function as microtubule-organizing centers in
most animal cells. Besides controlling microtubule-associated processes like cell
shape and intracellular transport, they are of crucial importance for the assembly of
the mitotic spindle and subsequent cell division. Centrosomes consist of two
orthogonally arranged barrel-shaped centrioles which are embedded in pericent-
riolar material (PCM, Fig. 17.1). Centrioles themselves are composed of a central
cartwheel structure surrounded by nine microtubule (MT) triplets which are ori-
ented anti-clockwise when observed from the proximal end (Fig. 17.1) (Uzbekov
and Prigent 2007). The PCM contains proteins required for MT anchorage and
nucleation including y-tubulin and pericentrin (Gould and Borisy 1977 ; Doxsey
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Fig. 17.1 Centrosome
structure. Centrosomes are
composed of two centrioles.
Each centriole is cylindrical
in structure and is made up by
nine microtubule triplets. The
older centriole, termed
mother centriole, carries
distal (purple) as well as
subdistal (cyan) appendages
where microtubule (MT)
anchorage and nucleation
takes place. Both centrioles
of a centrosome are
embedded in an amorphous PCM
protein mass, termed
pericentriolar material (PCM;
blue) and are tethered
together in most cell cycle
phases (Adopted from
Anderhub et al. 2012)

distal appendages

subdistal appendages

et al. 1994; Stearns et al. 1991). One centriole of each centrosome, termed the
mother centriole, features distal as well as subdistal appendages which are
essential for MT anchorage and nucleation (Bornens 2002). In addition, cilia
formation is initiated by the mother centriole and various diseases are directly
linked to defects in ciliogenesis (Nigg and Raff 2009).

Cellsin the G-phase of the cell cycle harbor a single centrosome consisting of two
loosely connected centrioles. New centrioles are formed at the proximal part of each
of the two pre-existing centrioles upon transition from G- to S-phase. These newly
formed centrioles elongate and mature during S- until late G,-phase, giving rise to
two pairs of centrioles per cell before these enter mitosis. In early mitosis, the two
centrosomes are separated in order to build up a bipolar mitotic spindle array, thereby
ensuring proper segregation of duplicated chromosomes. In late mitosis or early
G-phase the tight connection between the two centrioles of each centrosome is
loosened, a process termed disengagement (Kuriyama and Borisy 1981). Centro-
some duplication, like DNA replication, is regulated precisely to ensure that
centrosomes are duplicated only once per cell cycle. Recently, it has been shown that
the formation of new procentrioles is blocked intrinsically by the engagement of
centrioles. Interestingly, the activity of separase, a protein known to be important for
separation of duplicated chromatids during mitosis, is also required for centriole
disengagement (Tsou and Stearns 2006). More precisely, a recent study revealed that
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cohesin is the glue that tethers centrioles—similar to sister chromatids—together and
separase, via cleavage of cohesin, is required for centriole disengagement (Schockel
etal.2011). In addition, this study also revealed a role of shugoshin, which is known
to prevent premature separation of newly replicated chromatids, in the protection of
centrioles against precocious disengagement (Schockel et al. 2011). Furthermore,
both centrosome duplication and DNA replication are spatially and timely tightly
linked to the cell cycle. Activation of cell cycle regulators like cyclin-dependent
kinases (CDK) in distinct phases and distinct sites controls correct cell cycle pro-
gression as well as centrosome duplication. For instance, DNA replication and
centrosome duplication are assumed to be coupled by the activity of centrosomally
localized CDK2 at the G,/S-boundary (Ferguson and Maller 2010). Similarly, entry
into mitosis is dependent on active CDK1 localized at centrosomes (Jackman et al.
2003), which has recently been shown to be mediated by the centrosomal protein
Cep63. Hence, depletion of Cep63 in human cells leads to polyploid cells due to
mitotic skipping (Loffler et al. 2011). Activation of CDKI1 at centrosomes also
depends on other kinases, namely Polo-like kinase 1 (PLK1) and Aurora-A, both of
which are also essential for cell cycle progression and centrosome duplication (Barr
et al. 2004; Vader and Lens 2008). Hence, centrosomes and chromosomes are, at
least partially, orchestrated by the same proteins to avoid untimely replication and/or
separation which might lead to cells with abnormal DNA and/or centrosome content.

At the molecular level, the formation of new centrioles at the base of pre-existing
centrioles is best studied in Caenorhabditis elegans (C. elegans). Procentriole
formation is initiated by the recruitment of SPD-2 to the base of the existing centriole
where it is required for the correct localization of the kinase ZYG-1. ZYG-1 in return
recruits SAS-5, a protein which shuttles between the cytoplasm and the centrosome,
to the newly forming centriole. Upon interaction with SAS-5, a structural protein of
the central tube, SAS-6 localizes to the centriole. Following the formation of the
central tube, SAS-4, which is required for centriole MT assembly at the periphery of
the tube, is recruited to the centriole (Strnad and Génczy 2008). Homologs in humans
have been identified for SPD-2, ZYG-1, SAS-6, and SAS-4, termed CEP192
(Andersen et al. 2003), PLK4 (Bettencourt-Dias et al. 2005; Habedanck et al. 2005),
HsSAS-6 (Leidel et al. 2005), and CPAP/CENPJ (Hung et al. 2004), respectively.
Due to domain homologies between SAS-5, Ana2, the Drosophila homolog of SAS-
5, and SIL/STIL, it was proposed that SIL/STIL might be the human ortholog of
SAS-5 (Stevens et al. 2010). Indeed, most recently data have been published by
several groups demonstrating that SIL/STIL is required for centriole replication in
mammalian cells and might truly be the functional ortholog of SAS-5 in humans
(Tangetal.2011; Kitagawa et al. 2011; Vulprecht et al. 2012; Arquint et al. 2012). In
mammals, centriole duplication is initiated by PLK4 activity at the pre-existing
centriole and is followed by sequential recruitment of SIL/STIL, HsSAS-6, CPAP,
CEP135, CEP110, and y-tubulin to form the base of the procentriole, subsequently
elongate the procentriole and to eventually nucleate MTs (Tang et al. 2011; Kitagawa
et al. 2011; Vulprecht et al. 2012; Arquint et al. 2012; Kleylein-Sohn et al. 2007).
Recently, the PCM protein CEP152 was attributed a function in the recruitment of
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cleavage mitotic
failure @ % skipping

Fig. 17.2 Mechanisms leading to supernumerary centrioles/centrosomes. Centriole overduplication,
and de novo formation results in cells with an undefined number of extra centrioles, whereas cell
fusion, mitotic skipping as well as cleavage failure not only lead to a doubled centrosome number but
also to a duplicated DNA content. In contrast to overduplication, de novo formation, mitotic skipping,
and cleavage failure, cell fusion is not restricted to a defined cell cycle phase. Both overduplication and
de novo centriole formation are assumed to take place during S-phase. Cleavage failure and mitotic
skipping occur in Go/M, whereas the first event follows anaphase, the latter is not limited to a specific
mitotic phase (Adopted from Anderhub et al. 2012)

PLK4 and CPAP to centrioles and thus in the initiation of centriole duplication in
human cells (Cizmecioglu et al. 2010; Dzhindzhev et al. 2010; Hatch et al. 2010)
Abnormalities of diverse tumor suppressors and oncogenes can cause centrosome
amplification (Fukasawa 2007), which occurs through centrosome over-duplication
during interphase, de novo synthesis of centrosomes or cytokinesis failure (Nigg 2002)
(Fig. 17.2). Centrosome amplification is frequent in cancer, and is linked to tumori-
genesis and aneuploidy (Nigg 2002; Lingle et al. 1998; Pihan et al. 1998; Neben et al.
2003; Kramer et al. 2003; Koutsami et al. 2006). The extent of centrosomal aberrations
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correlates with aneuploidy, defined as a state of cells with abnormal numbers of
chromosomes, as well as with chromosomal instability (CIN), which describes the rate
of chromosome gains and losses as well as structural chromosome aberrations in cell
populations, and malignant behavior in tumor cell lines, mouse tumor models, and
human tumors (Nigg 2002; Lingle et al. 1998; Neben et al. 2003; Kramer et al. 2003;
Koutsami et al. 2006; Levine et al. 1991; Pihan et al. 2001)

CIN is a feature commonly observed in human cancers and was first identified
almost a century ago (von Hansemann 1890). Only recently, using elaborate
mouse models, it became clear that CIN does not only correlate with but probably
plays a causative part in a substantial proportion of malignancies (Weaver et al.
2007; Sotillo et al. 2007; Baker et al. 2009). One major cause of CIN is mitotic
checkpoint overactivation (Schvartzman et al. 2010). Here, we focus on recent
discoveries related to another phenomenon intricately linked to CIN, centrosomal
clustering, its emerging mechanistic basis, significance for cancer cell survival,
tumor progression, role in asymmetric divisions of stem cells, and as a potential
tumor-selective therapeutic target.

17.2 Centrosome Clustering and Chromosomal Instability

In mitosis, supernumerary centrosomes can form multipolar spindles, which occur
in many tumor types and have long been accused of contributing to CIN and
tumorigenesis (Nigg 2002; Kridmer et al. 2002; Boveri 1929). However, recent
findings show that multipolar divisions and the resulting CIN undermine cell
viability, frequently leading to cell death (Weaver et al. 2007; Ganem et al. 2009;
Brinkley 2001; Kops et al. 2004). To avoid cell death, many cancer cells cluster
supernumerary centrosomes into two spindle poles thereby enabling bipolar
division. The earliest observation on centrosomal clustering came from immu-
nofluorescence studies of N115 mouse neuroblastoma cells which contain large
numbers of centrioles, and yet undergo mostly bipolar divisions, with often
unequal numbers of centrioles coalescing at the two spindle poles (Ring et al.
1982). Forgotten for many years, Salisbury and colleagues rediscovered the phe-
nomenon after having noted the low frequency of abnormal mitoses despite the
presence of supernumerary centrosomes in human breast cancer samples (Lingle
and Salisbury 1999). Whether or not centrosomal clustering was coupled with
reduced CIN was not examined at that time. Indeed, the concept that has crys-
tallized since these pioneering studies is that centrosomal clustering enables cells
to successfully divide despite the presence of supernumerary centrosomes (Nigg
2002; Brinkley 2001).

The initial description of centrosome clustering noted that cells with supernumerary
centrosomes pass through a transient multipolar spindle intermediate before centro-
some clustering and bipolar anaphase occurs (Ring et al. 1982). Excitingly, recent data
from several laboratories demonstrate that, while passing through the transient mul-
tipolar state, merotelic kinetochore MT attachment errors, defined by the persistent
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merotely

Fig. 17.3 Potential consequences of extra centrosomes. Cells with amplified centrosomes can
either divide in a multipolar fashion or cluster their supernumerary centrosomes into two spindle
poles. Whereas multipolar division is detrimental for cell viability likely due to gross aneuploidy,
centrosome clustering may serve as a survival mechanism to compensate for centrosome
amplification. Improper MT-kinetochore attachments like merotely are proposed to be enriched
in cells with extra centrosomes and give rise to aneuploid progeny upon centrosomal clustering.
(Adopted from Anderhub et al. 2012)

attachment of MT from both spindle poles to a single kinetochore, accumulate, and
consequently increase the frequency of lagging chromosomes during bipolar anaphase
after centrosomal clustering (Ganem et al. 2009; Silkworth et al. 2009) (Fig. 17.3).
Importantly, this finding implies that cells with amplified centrosomes do not neces-
sarily need to divide in a multipolar fashion to allow low-level chromosomal mis-
segregation that can fuel tumor progression. Such interpretation also supports the
emerging bimodal relationship between aneuploidy and tumorigenesis (Weaver et al.
2007): whereas moderate CIN induced tumorigenesis in mice, high-level CIN sup-
pressed tumor formation in vivo. Suppression of tumor cell growth in this context
seems to be brought about by apoptosis induction due to loss of chromosomes encoding
genes required for maintenance of cell viability (Kops et al. 2004). Likewise, in
patients with breast, ovarian, gastric and non-small cell lung cancer, extreme CIN is
associated with improved prognosis relative to tumors with intermediate CIN levels
(Birkbak et al. 2011).

As already mentioned above, several studies have recently provided substantial
evidence for a causative role of CIN in malignant transformation. Similarly, the
key question of whether supernumerary centrosomes are simply a passenger
phenotype or can induce malignancy has now been addressed by constructing flies
that overexpress SAK (also known as polo-like kinase 4 (PLK4)), a kinase
important for centriole replication (Basto et al. 2008). Flies overexpressing SAK
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contain extra centrosomes in about 60 % of their somatic cells. Although many of
the fly cells with supernumerary centrosomes initially form multipolar spindles,
they ultimately cluster into bipolar arrays, resulting in only slightly increased CIN
levels. Nevertheless, larval brain cells of these animals can generate metastatic
tumors when transplanted into the abdomens of wild-type hosts (Basto et al. 2008).

Similar to flies, mice overexpressing the centrosomal protein ninein-like
(NINL) show centrosome amplification as detected in mouse embryonic fibroblasts
from the transgenic animals and develop tumors of breast, ovary, and testicles at
10-15 months of age (Shao et al. 2010). Whether or not extra centrosomes are
clustered into bipolar mitoses in this system was not examined. Although NINL
overexpression will certainly have additional effects other than centrosome
amplification these data nevertheless indicate a role of supernumerary centrosomes
in tumorigenesis in mammals as well.

The ability to cluster supernumerary centrosomes into a bipolar mitotic spindle
array is not a specific trait of tumor cells. For example, during physiological
hepatocyte polyploidization, primary binuclear hepatocytes—which naturally
contain four centrosomes in the G, phase—efficiently cluster pairs of centrosomes
at opposite spindle poles, leading to the generation of mononuclear 4n progeny
(Guidotti et al. 2003). Recent data confirm that polyploid mouse hepatocytes in
most cases reorganize their spindles into a bipolar mitotic array from an inter-
mediate multipolar state. This process was associated with lagging chromosomes
in 25-50 % of tetraploid hepatocytes undergoing bipolar anaphase and resulted in
a high rate of aneuploidy (Duncan et al. 2010). Interestingly, however, a small
percentage of tetraploid mouse hepatocytes underwent successful tripolar divi-
sions, producing viable offspring. Moreover, during liver regeneration in mice,
which is associated with excessive polyploidization, about 20 % of hepatocytes
missegregate one or more chromosomes at each mitosis (Putkey et al. 2002),
possibly also a consequence of centrosomal clustering. Furthermore, several
studies showed that both non-transformed Drosophila melanogaster (D. melano-
gaster) neuroblasts and diverse types of human cells that have been manipulated to
contain supernumerary centrosomes by either PLK4 overexpression or treatment
with cytochalasin D to inhibit cytokinesis, can cluster multiple centrosomes into a
bipolar spindle array both in vitro and in vivo (Ganem et al. 2009; Basto et al.
2008; Quintyne et al. 2005; Kwon et al. 2008; Yang et al. 2008).

Collectively, it seems that not only cancer cells but also non-transformed cell
types can cluster supernumerary centrosomes into bipolar mitotic spindles. Initial
evidence implicates supernumerary centrosomes and centrosomal clustering in
tumorigenesis in flies. However, data generated in mouse hepatocytes show that
neither centrosome amplification nor centrosome clustering or multipolar cell
division with subsequent aneuploidy necessarily leads to malignant transformation
in mammals. From those data it can also be concluded that multipolar divisions are
not universally lethal. However, as these experiments have been performed using
polyploid hepatocytes, surviving multipolar divisions might well be a peculiarity
of polyploid cells which better tolerate the loss of multiple chromosomes.
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It appears that more insights into the molecular and cellular basis of centro-
somal clustering are needed. This topic, along with data on deregulation of the
genes and proteins mechanistically involved in centrosomal clustering in diverse
malignancies, are discussed in the next section.

17.3 Mechanisms of Centrosome Clustering

Mechanistically, multiple cellular systems are involved in the clustering of
supernumerary centrosomes in normal and tumor cells. Three recent studies show
that extra centrosomes activate a MAD2-dependent delay of anaphase onset in
different cell types, which is required for centrosomal clustering and suppression
of multipolar mitosis (Basto et al. 2008; Kwon et al. 2008; Yang et al. 2008).
MAD? is a central component of the spindle assembly checkpoint (SAC) that
blocks disjunction of sister chromatids at metaphase until MT attachment at
kinetochores is complete and spindle tension is established (Weaver et al. 2007).
From those results it can be assumed that, although the SAC does not recognize
abnormal spindles per se (Sluder et al. 1997), multipolarity is accompanied by
improper kinetochore attachment or insufficient tension and thereby activates the
SAC and leads to metaphase arrest. In line with this interpretation an RNA
interference (RNAI) screen in D. melanogaster S2 cells suggested that knockdown
of components of the actin cytoskeleton and actin-dependent cortical force gen-
erators including the formin FORM3/INF2, the myosin MYO10, the MT plus-end-
tracking protein CLIP190 as well as several cell-matrix adhesion molecules
(Turtle, Echinoid, CAD96CA, CG33171, FIT1) induces spindle multipolarity
through interference with the interphase cell adhesion pattern (Kwon et al. 2008).
When cells round up during mitosis, retraction fibers (actin-rich structures linked
to the sites of former adhesion during interphase) remain attached to the extra-
cellular substrate and promote interaction of astral spindle MTs with the cell
cortex (Thery et al. 2005). Disturbance of the connection between cell-matrix
adhesion proteins and the actin cytoskeleton on the one hand and spindle MT
components on the other hand might therefore cause reduced spindle tension,
thereby inhibiting centrosome clustering. Indeed, in elegant experiments it has
been shown that O- and Y-shaped fibronectin-coated micropatterns, allowing for
multidirectional distribution of retraction fiber formation, caused increased fre-
quencies of multipolar spindles (Kwon et al. 2008). On the other hand, bipolar
arrangements of adhesive contacts induced by H-shaped micropatterns promoted
bipolar mitoses.

As indicated above, spindle tension is necessary for clustering of supernumerary
centrosomes into a bipolar mitotic spindle array (Fig. 17.4) (Kwon et al. 2008; Leber
et al. 2010). Before chromosome segregation, kinetochores of sister chromatids
attach to MTs of opposite spindle poles. This configuration is achieved through a
trial-and-error process in which correct attachments exert tension across the
centromere, which stabilizes kinetochore-MT interactions. Incorrect attachments
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Fig. 17.4 Spindle tension is required for centrosomal clustering. Model of centrosomal
clustering (left spindle half) and mechanisms involved in its prevention via reduction of spindle
tension (right spindle half). Centrosome clustering is brought about by microtubule tension-
dependent uniform positioning of individual centrosomes resulting in the formation of two
spindle poles. Spindle tension can be disrupted by reduction of chromatid cohesion (1) (Uzbekov
and Prigent 2007), disturbed microtubule—kinetochore attachment (2) (Gould and Borisy 1977),
reduced microtubule generation (3) (Doxsey et al. 1994), disturbed microtubule bundling (4)
(Stearns et al. 1991), or interference with the interphase cell adhesion pattern by disruption of
components of the actin cytoskeleton (5) (Bornens 2002)

exert less tension and are destabilized, providing chromosomes a new opportunity to
bi-orient (Liu et al. 2009). The mitotic kinase aurora B, the enzymatically active
component of the chromosomal passenger complex (CPC), localizes to the inner
centromere between sister kinetochores, and regulates chromosome-spindle
attachments by phosphorylating kinetochore substrates, including the NDC80 MT-
binding complex (Liu et al. 2009; Ruchaud et al. 2007; Wei et al. 2007). The CPC
composed of aurora B and its regulatory subunits INCENP, survivin, and borealin are
a key regulator of chromosome segregation and cytokinesis. Since tension across
centromeres widens spatial partition of the CPC and thereby separates aurora B from
its kinetochore substrates, substrate phosphorylation is reduced resulting in stabi-
lized MT—kinetochore interactions (Liu et al. 2009).

Using genome-wide RNAI screening in human cancer cells with extra centro-
somes both NDC80 complex and CPC components were found to be involved in
centrosomal clustering (Leber et al. 2010). In addition, shugoshin-like 1 (SGOL1), a
protein previously known to be involved in sensing spindle tension at budding yeast
kinetochores (Indjeian et al. 2005), is necessary for centrosome clustering. Impor-
tantly, SGOLI1 also contributes to the recruitment of the CPC to centromeres (Bo-
yarchuk et al. 2007; Kawashima et al. 2007; Vanoosthuyse et al. 2007) while itself is
loaded onto histone H2A after histone phosphorylation by BUB1 in yeast and human
cells (Kawashima et al. 2010; Yamagishi et al. 2010). Fittingly, BUB1 knockdown
does cause centrosome declustering as well (Sluder et al. 1997). Another recently
identified centromeric recruitment factor for the CPC is haspin (Wang et al. 2010;
Kelly etal. 2010). Haspin phosphorylates histone H3, thereby creating a docking site
for survivin in both Xenopus and human cells. Interestingly, depletion of haspin leads
to the generation of multiple spindle poles and disruption of mitotic spindle structure
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in U20S and HeL a cells as a consequence of acentriolar pole formation and centriole
disengagement (Dai et al. 2009).

CENPA (Hori et al. 2008), the centromere-specific histone H3 variant, CENPT
(Hori et al. 2008), a component of the linker structure connecting the centromere
with outer kinetochore components, sororin (also known as cell division cycle
associated 5 (CDCAS)) (Schmitz et al. 2007), a protein involved in sister chro-
matid cohesion, and the augmin complex (Lawo et al. 2009), which promotes
microtubule-dependent MT amplification within the mitotic spindle, are necessary
for centrosome clustering as well (Kwon et al. 2008; Leber et al. 2010). Similar to
haspin depletion, knockdown of augmin complex components leads to the for-
mation of acentriolar spindle poles and centrosome fragmentation in addition to
centrosomal declustering (Leber et al. 2010; Lawo et al. 2009; Uehara et al. 2009;
Einarson et al. 2004; Wu et al. 2008). Most recently, hepatoma upregulated protein
(HURP) has been shown to be required for centrosome clustering in cells with
supernumerary centrosomes as well (Breuer et al. 2010). This observation is
noteworthy as HURP serves as an attachment- and tension-sensitive kinetochore
MT stabilizing factor during mitosis (Koffa et al. 2006; Sillje et al. 2006; Wong
and Fang 2006).

Together, these findings support the notion that loss of centromere tension
results in centrosome declustering. Indeed, when pulling forces are measured
directly across multipolar spindles in cancer cells with supernumerary centro-
somes, depletion of NDC80, CPC and augmin complexes or SGOL1 result in
substantially reduced spindle tension, as indicated by shorter interkinetochore
distances and BUBRI labeling of kinetochores in multipolar metaphase cells
(Leber et al. 2010; Uehara et al. 2009). Also, knockdown of haspin has been shown
to reduce tension at sister kinetochores (Dai et al. 2009). However, these data also
suggest that at least some of the proteins involved in the clustering of supernu-
merary centrosomes might contribute to centriole cohesion and bipolar spindle
formation in cells with a regular centrosome content as well.

Several of the proteins of the chromosomal passenger and NDC80 complexes
including aurora B, survivin, borealin, NUF2 and HEC1 as well as sororin and
HURP have been found to be overexpressed in a wide variety of cancer types
(Carmena and Earnshaw 2003; Bischoff et al. 1998; Adams et al. 2001; Altieri
2003; Chang et al. 2006; Hayama et al. 2006; Ferretti et al. 2010; Nguyen et al.
2010; Tsou et al. 2003). Furthermore, overexpression of highly expressed in cancer
1 (HECI), a component of the NDC80 complex as well as aurora B have been
implicated in tumor formation in mouse models (Diaz-Rodriguez et al. 2008;
Nguyen et al. 2009). These findings have already led to the development of potent
and selective inhibitors of aurora B kinase which are currently in early clinical
trials in patients with different kinds of malignancies (Taylor and Peters 2008).
Taken together, these data suggest that proteins involved in centrosome clustering
in cancer cells with supernumerary centrosomes are frequently overexpressed in
human cancers, suggesting that clustering of extra centrosomes into a bipolar
spindle array might indeed be important for cancer cell survival and/or
progression.
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Several studies report that centrosome clustering also relies on MT-based
motors and MT-bundling proteins that organize spindle poles in both normal and
tumor cells with supernumerary centrosomes (Quintyne et al. 2005; Kwon et al.
2008; Leber et al. 2010). For example, depletion of the minus-end directed motor
dynein causes declustering of centrosomes and subsequent spindle multipolarity in
tumor cells as well as in non-transformed cells engineered to contain extra cen-
trosomes (Quintyne et al. 2005; Leber et al. 2010). Mechanistically, in mitosis the
dynein complex is responsible for targeting nuclear mitotic apparatus protein
(NUMA) to spindle poles, where it focuses MT minus ends and tethers them to the
centrosomes. However, whether delocalization of dynein from spindle MTs is
responsible for the generation of multipolar spindles as initially suggested, remains
controversial (Quintyne et al. 2005; Nguyen et al. 2008). Interestingly, in D.
melanogaster S2 cells depletion of dynein does not substantially increase the
frequency of multipolar mitoses, but another minus-end directed motor, non-claret
disjunctional (NCD), seems to take over the role of dynein in suppressing multi-
polarity in fly cells (Kwon et al. 2008). In acentrosomal D. melanogaster oocytes
NCD is necessary for efficient bundling of MTs at spindle poles. Also, mitotic
centromere-associated kinesin KIF2C/MCAK, which functions as MT depoly-
merase and is believed to be a key component of the error correction mechanism at
kinetochores, plays a role in centrosomal clustering in flies (Kwon et al. 2008).
Interestingly, analogous to SGOL1 for the CPC, SGOL2 serves to recruit KIF2C/
MCAK to the inner centromere (Huang et al. 2007).

Most recently integrin-linked kinase (ILK) has been shown to mediate cen-
trosome clustering via transforming acidic coiled-coil (TACC3) and colonic and
hepatic tumor overexpressed gene (ch-TOG), two centrosomal proteins involved in
stabilization of MT minus ends at spindle poles (Fielding et al. 2011). In addition,
depletion of protein regulator of cytokinesis 1 (PRC1), a MT-bundling protein with
most prominent activity during central spindle formation that is also important for
the establishment of kinetochore tension, leads to spindle multipolarity (Leber
et al. 2010). These data are further evidence for the suggestion that the mecha-
nisms responsible for holding supernumerary centrosomes together might be
similar to the forces that bundle MTs into a bipolar spindle array in cells with two
centrosomes or even without centrosomes.

Similar to CPC and NDC80 complex components, the majority of MT-based
motors and MT-bundling proteins involved in centrosomal clustering including
TACC3, ch-TOG, ILK, PRCI1, KIF2C/MCAK, and the human NCD homolog
KIFC1 (also known as HSET) are frequently overexpressed in different types of
human cancer (Peset and Vernos 2008; Charrasse et al. 1995; Ishikawa et al. 2008;
Nakamura et al. 2007; Hannigan et al. 2005; Shimo et al. 2007; Carter et al. 2006;
De et al. 2009; Grinberg-Rashi et al. 2009). Expression levels of PRC1 were found
to strongly correlate with aneuploidy levels, which themselves were associated
with poor clinical outcome in several cancer types (Carter et al. 2006). In addition,
overexpression of the kinesin KIFC1 has been shown to mediate resistance against
docetaxel in breast cancer cells (De et al. 2009). Since taxanes induce spindle
multipolarity at low concentrations (Chen and Horwitz 2002), high level
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expression of KIFC1 might counteract this effect and prevent taxane-treated cells
from multipolarity-induced cell death by enabling bipolar spindle formation
through centrosomal clustering.

17.4 Centrosomes and Asymmetric Stem Cell Division

Besides inducing tolerable levels of CIN, supernumerary centrosomes disrupt
asymmetric stem cell division leading to expansion of the stem cell pool and tumor
formation, at least in flies (Basto et al. 2008). Whereas several elegant studies have
unequivocally demonstrated the link between supernumerary centrosomes and CIN
in vitro, no data is available to prove that induction of CIN is the mechanism by which
extra centrosomes may cause tumors in mammals. Therefore, disruption of asym-
metric stem cell division by extra centrosomes should be considered as a plausible
alternative mechanism of transformation in the mammalian system as well.

When stem cells divide, their daughters either self-renew stem cell identity or
initiate differentiation. The balanced choice between these alternate fates is critical to
maintain stem cell numbers and to rein in their potentially dangerous capacity for long-
term proliferation. Symmetric division allows stem cell expansion during embryo-
genesis and replacement of stem cells after injury but might also harbor the risk for
tumorigenesis. Recent studies have highlighted the importance of the stem cell niche as
a source of local extrinsic signals that specify stem cell self-renewal. In the context of
such a niche, developmentally regulated orientation of the mitotic spindle directs
whether the outcome of a stem cell division is asymmetric or symmetric.

Studies of both mouse radial glia progenitors and D. melanogaster male germ
stem cells showed that when the spindle is oriented perpendicular to the interface
with the niche, upon cleavage, one daughter can maintain contact with the niche
while the other is displaced away and is free to initiate differentiation. By contrast,
spindle orientation parallel to the niche interface allows both daughters to inherit
attachments to, and receive local self-renewal signals from the niche. Strikingly,
differential labeling of mother centrosomes in both flies and mice revealed that it is
always the mother centrosome that remains next to the niche in the new stem cell
while the daughter centrosome enters the differentiating daughter cell (Yamashita
et al. 2007; Wang et al. 2009). Why centrosome age seemingly does not impact on
daughter cell fate during symmetric stem cell divisions remains to be elucidated.

As mentioned above, Basto et al. (2008) recently demonstrated that extra centro-
somes can indeed initiate tumorigenesis in D. melanogaster overexpressing SAK.
Most cells with supernumerary centrosomes initially formed multipolar spindles, but
these spindles ultimately became bipolar owing to centrosomal clustering. Surprisingly,
the frequency of aneuploidy was only slightly increased. Instead, spindle orientation
and thereby asymmetric division of larval neural stem cells was compromised by
the extra centrosomes, leading to hyperproliferation of neuroblasts and malignant
transformation. A likely explanation for these findings is that amplified centrosomes
interfere with asymmetric stem cell division, resulting in hyperproliferation with
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subsequent induction of CIN that leads to malignant transformation (Basto et al. 2008).
Consistent with such a scenario is the same sequence of events in D. melanogaster
larval neuroblasts containing mutations in genes that directly control asymmetric cell
division (Caussinus and Gonzalez 2005).

The reason why asymmetric division fails in cells with supernumerary centrosomes
remains unclear. One possibility is that the asymmetric features of mother versus
daughter centrosomes which for example determine MT nucleation potentials are
disturbed by clustering of multiple centrosomes. Alternatively, astral M T organization,
which is important for the interaction between cell cortex and spindle poles and
therefore inherently linked to asymmetric division might be corrupted by centrosome
clustering. Third, supernumerary centrosomes seem to prevent asymmetric localiza-
tion of polarity determinants like MUD (the D. melanogaster homolog of the human
spindle pole protein NUMA) (Caussinus and Gonzalez 2005), what in turn might
induce spindle positioning defects and disturbed asymmetric division.

To separately assess the contribution of centrosome defects versus CIN in
tumorigenesis, Castellanos and coworkers studied the tumorigenic potential of
multiple D. melanogaster larval brain tissue mutants defective in various aspects of
centrosome biogenesis (Castellanos et al. 2008). Mutations affecting proteins
required for centriole replication, pericentriolar matrix recruitment and centrosome
function resulted in frequent tumor formation despite only a small fraction of cells
having abnormal karyotypes. Consistently, mutations known to induce CIN,
including defects in DNA replication and SAC, chromatin condensation and cyto-
kinesis did not give rise to tumors. These results again suggest that in tissues where
self-renewing asymmetric divisions are frequent, centrosome-related disturbed stem
cell division rather than induction of CIN might initiate malignant transformation.

Do these thought-provoking results imply that centrosome aberrations do
indeed cause cancer, however not via CIN as initially thought, but rather by
perturbing stem cell division? Given the possible cell-type- and organism-specific
effects, and the presence of moderate CIN along with the perturbed stem cell
divisions, this conclusion seems premature. Furthermore, we urgently need
insights into centrosome function in mammalian cancer stem cells. Answering the
question of whether supernumerary centrosomes contribute to mammalian
tumorigenesis by disruption of asymmetric division of cancer stem cells, induction
of CIN, or both will be rewarding.

17.5 Inhibition of Centrosome Clustering as a Novel
Anti-Cancer Treatment Strategy

Supernumerary centrosomes almost exclusively occur in a wide variety of
neoplastic disorders but only rarely in non-transformed cells. Therefore, inhibition
of centrosomal clustering with consequential induction of multipolar spindles and
subsequent cell death would specifically target tumor cells with no effect on
normal cells with a regular centrosome content (Nigg 2002; Brinkley 2001).
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Recently, griseofulvin has been identified as to inhibit centrosomal clustering
(Rebacz et al. 2007). Griseofulvin has been used for many years for the treatment
of dermatophyte infections (Loo 2006). Mechanistically, it inhibits mitosis in
sensitive fungi (Gull and Trinci 1973) and mammalian cells (Grisham et al. 1973)
but whether mitotic arrest is a consequence of MT depolymerization or some other
action on MTs in both fungi and human cells is still unclear (Grisham et al. 1973;
Weber et al. 1976). Despite extensive studies, the mechanism by which the drug
inhibits mitosis in human cells remains obscure. Although griseofulvin has been
reported to bind to mammalian brain tubulin and to inhibit MT polymerization in
vitro, it does so only at concentrations significantly higher than those needed for
spindle multipolarity induction in cancer cells with extra centrosomes (Panda et al.
2005). Also, whether griseofulvin binds to tubulin directly or to MT associated
proteins remains conflicting (Panda et al. 2005; Wehland et al. 1977; Roobol et al.
1977). Already more than 30 years ago it was reported that griseofulvin treatment
induces spindle multipolarity with each mitotic center containing two centrioles in
HeLa cells (Grisham et al. 1973). While at lower concentrations the drug leads to
multipolar spindles with centrosomes at each pole in cells with extra centrosomes,
at higher concentrations spindle multipolarity with acentrosomal spindle pole
formation is induced as well, consistent with the above concept that clustering
extra centrosomes in cancer cells might be similar to focusing MTs into a bipolar
spindle array in normal cells. For detailed mechanistic understanding it will be
important to clearly determine the sequence of events: Does the drug at low
concentrations indeed cause declustering of supernumerary centrosomes with
subsequent multipolar spindle formation or does spindle multipolarity occur first
with successive distribution of centrosomes to each pole?

Additional evidence for an effect of griseofulvin on centrosomal clustering
comes from the finding that the drug, in contrast to other MT interacting com-
pounds, induces hepatomas in mice and rats (Epstein et al. 1967). In these animals
the majority of hepatocytes are polyploid and therefore contain supernumerary
centrosomes which are usually efficiently clustered into bipolar spindle arrays
(Guidotti et al. 2003; Duncan et al. 2010).

Findings similar to those reported for griseofulvin have recently been described
for the MT-modulating noscapinoid EMO11 (Karna et al. 2011). In contrast to
griseofulvin, EMO11 seems to induce centrosome amplification prior to declus-
tering, thereby potentially reducing its specificity to cancer cells with supernu-
merary centrosomes. Further supporting the candidacy of centrosomal clustering
for a largely cancer-selective target, at low drug concentrations sufficient for
spindle multipolarity induction in cancer cells, MT poisons including nocodazole
and taxol induce greater cell death in tumor cells than in non-transformed cells
(Brito and Rieder 2009).

Most recently, it has been described that a phenanthrene-derived poly(ADP-
ribose) polymerase (PARP) inhibitor also prevents centrosome clustering and
thereby leads to cell death of tumor cells with supernumerary centrosomes (Castiel
et al. 2011). Poly(ADP-ribose) (PAR) is enriched in the mitotic spindle and
required for bipolar spindle formation (Chang et al. 2004). In addition, several
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PARP proteins localize to either centrosomes or centromeres and catalyze poly
(ADP-ribosyl)ation of both centrosomal and centromeric proteins (Kanai et al.
2003; Saxena et al. 2002) arguing for a possible role of PARP proteins in the
clustering process. On the other hand, centrosome clustering was apparently not
affected by other potent, non-phenanthrene PARP inhibitors (Castiel et al. 2011),
thereby questioning a specific role for PARP inhibition in the prevention of cen-
trosome clustering.

In addition to drugs, siRNAs to the kinesin KIFC1/HSET, the NDC80 complex
subunit HEC1, aurora B, survivin, sororin, SGOL1, the augmin complex subunits
HAUS3 and FAM29A (also known as HAUSG6) as well as ILK and PRC1 lead to
cell death through inhibition of centrosomal clustering in tumor cells with
amplified centrosomes but not in normal cells (Kwon et al. 2008; Leber et al. 2010;
Fielding et al. 2011). Identified in an RNAi screen performed in D. melanogaster
S2 cells, siRNAs to KIFC1/HSET and Myo10 increased the frequency of spindle
multipolarity in human cancer cells harboring supernumerary centrosomes as well
(Kwon et al. 2008). Especially, KIFCI/HSET might constitute an interesting
therapeutic target as knockdown of the protein had no effect on cell division in
diploid control cells but largely decreased viability of tumor cells with extra
centrosomes by inducing multipolar anaphases and subsequent apoptosis (Kwon
et al. 2008).

Also, small molecule inhibition of ILK, HEC1, and aurora B suppresses tumor
cell growth in tissue culture as well as in animals (Huang et al. 2007; Wu et al.
2008; Wilkinson et al. 2007; Kalra et al. 2009). Therefore, induction of multipolar
spindles seems to induce cell death irrespective of the underlying mechanism that
induced them. By contrast, although inhibition of monopolar spindle 1 (MPSI,
also known as TTK), a dual-specificity kinase required for the maintenance of
SAC activation, inhibits centrosomal clustering and induces aberrant cell divisions
in cells with supernumerary centrosomes, it does not cause selective cytotoxicity
in cells with amplified centrosomes compared to cells with a regular centrosome
content (Kwiatkowski et al. 2010). Therefore, it might be concluded that whereas
SAC inhibition per se equally targets all cells, selective inhibition of centrosomal
clustering through specific targeting may provide a therapeutic window to spe-
cifically target cells with supernumerary centrosomes.

Importantly, prior to cell death, cells with inhibited HEC1 or aurora B have
multipolar spindles, lagging chromosomes and subsequent aneuploidy and polyploidy
(Wu et al. 2008; Wilkinson et al. 2007). Therefore, a possible downside of centrosomal
cluster inhibition as a potential treatment approach might be the induction of cell clones
with additional chromosomal abnormalities. On the optimistic side, such a risky
scenario seems relatively unlikely, as multipolar cell division mostly leads to gross
CIN and cell death (Ganem et al. 2009; Kops et al. 2004).
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Chapter 18

Re-evaluation of the Neuronal
Centrosome as a Generator of
Microtubules for Axons and Dendrites

Peter W. Baas and Aditi Falnikar

Abstract A typical vertebrate neuron extends a single axon and multiple
dendrites, both of which are rich in highly organized arrays of microtubules that
serve essential functions. In simpler cell types, microtubules are organized by their
attachment to a centralized nucleating structure such as the centrosome. In axons
and dendrites, however, microtubules are not attached to the centrosome or any
recognizable organizing structure. Over a decade ago, we proposed that the
neuronal centrosome acts as a “generator” of microtubules for the axon and
dendrites. Our studies suggested that the neuronal centrosome is highly active,
especially during development, nucleating and releasing microtubules into the cell
body. The released microtubules are then actively transported into the axon and
dendrites by molecular motor proteins. In migrating neurons, most of the micro-
tubules are attached to the centrosome, suggesting that significant changes in the
nucleation or release of microtubules from the centrosome occur as neurons cease
migration and begin to form their axonal and dendritic arbors. Recent studies
suggest that the centrosome eventually becomes inactive as neurons mature, and
that microtubule numbers are increased by other mechanisms, such as the severing
of existing microtubules. Exactly how important the centrosome is for early stages
of differentiation remains unclear, and the possibility exists that the centrosome
may be re-activated in more mature neurons to meet particular challenges that may
arise. Here we review historical as well as contemporary data on the neuronal
centrosome, with emphasis on its potential role as a generator of microtubules.
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18.1 Introduction

Neurons are arguably the cell type in nature with the greatest dependence upon
sophisticated arrays of highly organized microtubules for their form and function.
A typical vertebrate neuron extends a single axon and multiple dendrites, both of
which are rich in microtubules. The microtubule arrays within these processes are
essential for providing architectural support, for enabling axons and dendrites to
take on different shapes and branching patterns, and for supporting bidirectional
organelle transport (Baas and Buster 2004). Many of the most fundamental dif-
ferences between axons and dendrites directly or indirectly result from distinct
patterns of microtubule orientation in each type of process. In the axon, nearly all
of the microtubules are oriented with their plus ends distal to the cell body,
whereas in the dendrite, the microtubules have a mixed pattern of orientation (Baas
and Lin 2011). In most textbooks, microtubules are said to be organized mainly by
their attachment to microtubule-organizing centers such as the centrosome
(Alberts et al. 2007), but amazingly, the highly organized microtubules in axons
and dendrites are not attached to the centrosome or any recognizable organizing
structure (Baas and Yu 1996). Instead, the microtubules are free at both ends, and
take on various lengths within the axon and dendrites. The shortest microtubules
are highly mobile, moving rapidly within the axon (Wang and Brown 2002) and
perhaps the dendrite as well (Sharp et al. 1995). One of the questions that has
driven our laboratory for many years is how microtubules become organized in the
axon and dendrites if not via attachment to an organizing center. Another question
is whether the centrosome (located in the cell body of the neuron) has any
importance for generating or organizing the neuronal microtubule arrays, or
alternatively, whether it is a vestigial structure with no function.

Over a decade ago, we embarked on a series of studies the results of which led
us to propose that the neuronal centrosome acts as a “generator” of microtubules
for the axon and dendrites (Ahmad and Baas 1995; Ahmad et al. 1994, 1998, 1999;
Baas 1996; Yu et al. 1993). The premise was that the neuronal centrosome is
highly active, especially during development, nucleating and releasing microtu-
bules into the cell body. The released microtubules are then actively transported
into the axon and dendrites by molecular motor proteins. The relevant motors
transport the microtubules specifically with their plus or minus end leading, and
thereby establish the distinct patterns of microtubule polarity orientation in each
type of process (Baas and Ahmad 1993; Sharp et al. 1995, 1997; Yu et al. 1997). In
this view, the centrosome does not contribute to the polarity orientation of
microtubules in either type of process, except perhaps to create an initial bias of
plus ends outward in the cell body as the microtubules transit away from the
centrosome (Ahmad and Baas 1995). One of the main roles that we envisioned for
the centrosome was to nucleate microtubules in a regulated fashion with the
appropriate lattice structure, as de novo nucleation of microtubules would pre-
sumably result in a variety of different protofilament numbers comprising the
lattice (Baas and Joshi 1992; Yu et al. 1993). Another role for the centrosome, as a
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kind of centralized “generator” of product, was to impose a level of control on the
amount of microtubule polymer and the numbers of microtubules available at
critical stages of neuronal development (Baas 1996). We envisioned the activity of
the centrosome as being pulsatile, delivering bursts of new microtubules for
example just prior to dendritic differentiation or when needed to supply a rapid
increase in axonal growth.

We also noted, however, that it would be difficult to envision how the centrosome
could be called upon to generate and deploy bursts of new microtubules to be used
far down the length of the axon, for example, in the formation of a collateral branch.
On this basis, we posited that existing microtubules in the axon or the dendrites may
undergo localized severing events that could transform a single long microtubule
into a population of many short ones (Joshi and Baas 1993). Each short microtubule
would inherit the lattice structure of the parent microtubule, and each short micro-
tubule would theoretically have the capability of assembling into a new long
microtubule. This would render the axon or dendrites, once formed, less dependent
upon or perhaps entirely independent of microtubule nucleation events at the cen-
trosome. Since positing these ideas, we have confirmed that sites of impending
branch formation do, indeed, display local severing of microtubules (Yu et al. 1994),
and we have identified two different microtubule-severing proteins that participate
in axonal branch formation (Qiang et al. 2010; Yu et al. 2008). Of course, this begs
the question of whether microtubule severing could completely obviate the need for
an active centrosome, even within the cell body.

Over the past decade, most studies on the neuronal centrosome have focused on
neuronal migration, a phase of development some neurons undergo prior to axonal
and dendritic development. In migrating neurons, most of the microtubules are
attached to the centrosome, and this is important for pulling along the centrosome
(and accompanying nucleus and cell body) as the neuron journeys to its final
destination (Higginbotham and Gleeson 2007). This raises the question of what
happens when the neuron ceases migration and sets forth to differentiate an axon
and dendritic arbor. Is there an upregulation of microtubule severing such that all
microtubules nucleated at the centrosome are now released? Does that centrosome
gradually lose its nucleating potency during development, or is the ability to
nucleate microtubules retained and used at key moments in development? In adult
neurons, is there a slow but steady flow of new microtubules from the centrosome,
or does the centrosome become quiescent in terms of manufacturing new micro-
tubules? These questions remain unanswered but there has recently been new
interest in whether or not the neuronal centrosome serves as a hub for microtubule-
based activity relevant to neuronal differentiation (de Anda et al. 2005; Stiess et al.
2010; Stiess and Bradke 2011). Here, we review the older literature, summarize
exciting new findings, and ponder the unanswered questions.
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18.2 Location, Location, or Not Location?

The idea that axonal microtubules have a centrosomal origin is actually a rather
old one. As early as 1965 before “spindle tubules” and “neurotubules” were both
identified as “microtubules,” Gonatas and Robbins (1965) examined the lattice
structure of neurotubules in the chick embryo retina, found it to be indistin-
guishable from that of spindle tubules, and concluded that “neurotubules probably
arise from the centrioles.” Similarly, in ultrastructural studies on rabbit embryo
dorsal root ganglion neuroblasts, Tennyson (1965) concluded that neurotubules
“probably originate from the centriole ...” and “migrate into the neurite”. Even
so, a common theme of these earlier studies was that the position of the centro-
some in the cell body of the neuron had no consistent correlation with the point of
origin of the axon, and there was certainly no direct continuity between the
microtubule array of the axon and the centrosome (Lyser 1964, 1968; Sharp et al.
1982). These observations also held true in the case of cultured rat hippocampal
neurons (Baas et al. 1988; Dotti and Banker 1991) as well as various other types of
neurons in culture we have studied over the years, which include rat sympathetic
neurons (Yu et al. 2001) and chicken dorsal root ganglion neurons (Baas and
Heidemann 1986). A lack of correlation between the position of the centrosome
and the location of the axon (or dendrites) is consistent with the centrosome
ejecting microtubules into the cell body that may ultimately come to reside in
axons and dendrites, without the microtubules dragging the centrosome with them
in the direction of the relevant axon or dendrite (see Fig. 18.1). This would dis-
tinguish a neuron that has stopped migrating and started elaborating its axonal and
dendritic arbors from a migrating neuron, in which the centrosome is dragged
toward the leading process by its attached microtubules.

An interesting exception to the location rule was reported in the case of cultured
cerebellar granule neurons, which have a somewhat unique developmental pattern
in the culture dish (Zmuda and Rivas 1998). After these neurons cease migrating,
they extend an initial axon, then a secondary axon, and finally multiple dendrites.
The centrosome is first positioned near where the initial axon develops and then
moves to where the secondary axon develops, suggesting that the position of the
centrosome is related to the development of each of the two axons. Perhaps having
two axons and a single centrosome demands that the centrosome is nearest the one
that is undergoing the most active phase of growth, whereas in neurons with only
one axon and one centrosome, the position of the centrosome is not so important.
Perhaps the centrosome is dragged toward the axon into which microtubules are
being most actively transported. The same molecular motors responsible for
transporting microtubules into the axon would pull on the microtubules while they
are still attached to the centrosome, and thereby move the centrosome toward the
relevant axon.

In a more recent paper on cultured hippocampal neurons, the laboratory of
Carlos Dotti revisited his earlier result on centrosome location relative to axonal
differentiation (de Anda et al. 2005). They reported that the axon consistently arose
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Fig. 18.1 Schematic illustration depicting how differences in microtubule behavior at the
centrosome may contribute to phenotypic differences in different cell types. A pluripotent
precursor cell shown on the left could give rise to either a motile non-neuronal cell or a neuron. In
the case of the non-neuronal cell shown on the right at top, forces pulling on the microtubules
draw the centrosome toward the leading edge of the cell as it moves. In the most typical situation
of the neuron (denoted as type 1), the microtubules are released and the centrosome is not
relocated. Nevertheless, the microtubules are translocated toward the leading edge, which
coalesces into a growth cone. The cell body remains stationary and the microtubules translocate
into the space between the cell body and the growth cone, which develops into the axon. In the
case of some neurons (denoted as type 2), a subset of microtubules nucleated by the centrosome
remains attached to the centrosome while others are released. The same forces that transport the
released microtubules into the early axon pull on the attached microtubules, drawing the
centrosome toward the axon

from the first immature neurite to form after the final mitotic division of the
neuroblast, and that the Golgi and endosomes (which generally accompany the
centrosome) clustered in the location where the first neurite formed. These
observations are surprising in light of the earlier findings on hippocampal and
other types of neurons, but are consistent with the observations on cerebellar
granule neurons described by Zmuda and Rivas (1998). Interestingly, they also
found that ablating the centrosome precluded normal polarization of the neuron.



314 P. W. Baas and A. Falnikar

One of the most enduring mysteries of neuronal polarity is why most neurons
have a single axon and how it is that the formation of additional axons is sup-
pressed. It is interesting in this regard that neurons also most typically have a
single centrosome. It is tempting to propose that the singularity of the axon and the
singularity of the centrosome are somehow related. In the unusual case of the
cerebellar granule neurons with two axons, a single centrosome changes location
to serve both. However, in the recent paper by de Anda et al. (2005), they observed
a small number of hippocampal neurons with two centrosomes and such neurons
consistently formed two axons. On the other hand, it should be noted that cultured
sympathetic neurons initially differentiate several axons after which they re-craft
their morphology into a single axon and multiple dendrites (Bruckenstein and
Higgins 1988); and yet, despite initially forming several axons, they only have one
centrosome (Yu et al. 1993). Unlike the case with the axon, dendrites are almost
always multiple in numbers, and it would be hard to fathom that the centrosome
could be so mobile in the cell body as to move from dendrite to dendrite and then
back to the axon to serve each neurite one at a time. Interestingly, we reported
several years ago what appears to be streams of microtubules flowing from the
centrosome into developing dendrites of cultured hippocampal neurons, with a
location roughly centralized among the dendrites (Sharp et al. 1995; also see
Fig. 18.2). No such flow of microtubules was observed between the centrosome
and the axon at this stage of development. Taken together, these several findings
indicate that there is no “one size fits all” scenario for the location of the neuronal
centrosome. Even so, it would certainly appear that the centrosome is an important
structure in the neuron, at least for the early stages of development.

18.3 Why is the Neuronal Centrosome Important?

The centrosome is best known in eukaryotic cells as a microtubule-organizing
center that organizes microtubules by virtue of its microtubule-nucleating prop-
erties. The centrosome consists of two barrel-shaped centrioles surrounded by
amorphous pericentriolar material (Alberts et al. 2007). Among the components of
the pericentriolar material are structures known as y-TuRCs (gamma-tubulin ring
complexes). Each y-TuRC, which consists of gamma-tubulin together with several
other proteins, is a template for nucleating a microtubule. Microtubules are
nucleated from the y-TuRCs in such a way that the plus ends of the microtubules
grow away from the centrosome. Thus, if the microtubules remain attached to the
centrosome, they form a radial array of uniform polarity orientation (Euteneuer
and Mclntosh 1981; Schiebel 2000; Teixido-Travesa et al. 2010). Such a radial
array, typical of simple interphase cells, is able to direct organelle traffic by virtue
of the tendency of different types of organelles to interact with specific motors that
move toward either plus or minus ends of microtubules. This is why, for example,
the Golgi apparatus tends to cluster at the centrosome; because membranous
elements that comprise the Golgi are transported by cytoplasmic dynein toward
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Fig. 18.2 Distribution of
microtubules in cultured
embryonic rat hippocampal
neurons in the context of
dendritic development. a A
dendrite-bearing neuron
immunostained for
microtubules. The image is
presented in a quantitative
scale in which white indicates
the highest intensity, black
indicates the least, and shades
of gray indicate intermediate
levels. The cell body contains
high levels of microtubules
within a discrete region. This
region is continuous with
high levels of polymer within
the developing dendrites.
Adapted from Sharp et al.
(1995). Bar, 20 pum.

b Schematic illustration of a
dendrite-bearing neuron,
depicting a stream of
microtubules emerging from
the centrosome and flowing
into the developing dendrites.
The centrosome itself
occupies a location that is
roughly central in reference
to developing dendrites

Axon

Dendrites

minus ends of microtubules (Corthesy-Theulaz et al. 1992). As a general but not
universal principle, very little gamma-tubulin is located in cells anywhere except
the centrosome (or other microtubule-organizing centers) and de novo nucleation
of microtubules is suppressed in the cytoplasm relative to nucleation from such
structures (Alberts et al. 2007). Nucleation from structural templates also serves
the purpose of constraining the lattice of the microtubule to a consistent number of
protofilaments (typically 13 in most vertebrate cells) (Evans et al. 1985) although
there are other factors that influence protofilament number as well (Fourniol et al.
2010; Moores et al. 2004).

The centrosome is generally positioned in the center of the cell (hence the name
centrosome) and this location is determined by a balance of forces that act upon the
microtubules that emanate from the centrosome while remaining attached to it
(Euteneuer and Schliwa 1992; Vallee and Stehman 2005). Without the attached
microtubules, there is nothing for molecular motors to pull on in order to center the
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centrosome and its position becomes less centralized (Burakov et al. 2003). Based
on observations from other cell types, we have posited that the reason why the
centrosome relocates toward a particular neurite, if it does, is that the machinery
that transports microtubules strongly favors that particular neurite at that particular
moment in development (Baas 1996). Thus, the microtubules that are released
from the centrosome would flow into the relevant neurite but those that are not yet
released would react to the motor-driven forces by pulling the centrosome toward
that particular neurite. Thus, in neurons, we would speculate that the degree to
which the location of the centrosome is predictive of where an axon or dendrite
emerges from the cell body probably relates to how active the centrosome is in
nucleating microtubules as well as the degree to which or rate at which the
microtubules are released once nucleated. In other words, if the centrosome is not
very active at nucleating microtubules, it would not be relocated toward any
particular neurite. If the centrosome is highly active at nucleating microtubules but
most or all of the microtubules are almost immediately released upon nucleation,
the centrosome would not be relocated toward any particular neurite. Also, if the
relevant motors do not favor any particular neurite, the centrosome would not be
relocated toward any particular neurite. These points are schematically illustrated
in Figs. 18.1 and 18.2b. It is difficult to imagine a scenario by which the centro-
some would relocate without being active at nucleating microtubules.

Whether or not it is functionally important that the centrosome is located where
it is, in various types of neurons at particular stages of development, remains to be
seen. Certainly, if there are multiple options for where the microtubules released
from the centrosome could be transported, a location near the hillock of the
relevant neurite would be an advantage for directing microtubules into that neurite.
Another possibility is that the location of the centrosome could be functionally
important but for other reasons, such as providing a flow of Golgi-derived vesicles.
Support for this idea comes from work showing in cultured hippocampal neurons a
particularly robust flow of membranous elements into the immature process that
develops into the axon (Bradke and Dotti 1997). Yet another possibility is that the
centrosome is important for reasons related to the various proteins that gather
together to form the pericentriolar material. For example, the pericentriolar
material is rich in kinases (Hames et al. 2005), and hence the centrosome could act
as a processing center to phosphorylate functionally important proteins. Alterna-
tively, the pericentriolar material might act as a sink for various proteins that
would otherwise, and under certain circumstances, be widely distributed in the
neuron. This could apply not only to proteins such as kinases, but also to proteins
directly related to microtubule nucleation. In such a scenario, it may not be
essential that the centrosome nucleates microtubules, but by sequestering the
proteins needed for microtubule nucleation, the centrosome ensures that micro-
tubule nucleation does not occur in other locales, where it would be problematic.
Whatever the case, it may become important, as we ponder the entirety of the data
on the neuronal centrosome, to think more expansively on the potential roles that it
may play in organizing the cytoplasm and directing various events relevant to the
axon and dendrites.
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As noted earlier, our original interest in the neuronal centrosome was as a
“generator” of new microtubules for axons and dendrites. However, we should
note that there are exceptions to the rule of microtubule nucleation being con-
strained to centrosomes, as gamma-tubulin can redistribute to new locations in
certain cell types (Bugnard et al. 2005). In fact, we previously proposed that the
non-uniform orientation of dendritic microtubules might result from centrosomal
proteins being relocated from the centrosome into dendrites at early stages of their
differentiation (Baas et al. 1989). There are also examples in the literature where
de novo nucleation of microtubules has been observed (Yvon and Wadsworth
1997) but not commonly, as haphazard nucleation of new microtubules would
probably make more problems for cells than solutions. In studies directed at testing
for de novo nucleation of microtubules in axons, we found no evidence for it, as all
new assembly was observed to occur via elongation of existing polymers (see
below).

18.4 Older Data on Microtubules and the Neuronal
Centrosome

Our studies positing the neuronal centrosome as a generator of microtubules for
the axon were conducted in the 1990s, and utilized tools that had been previously
used in other cell types. The classic method for identifying sites of microtubule
nucleation in cells is to depolymerize existing microtubules with nocodazole, and
then remove the drug so that microtubules can reassemble from their sites of
origin. This method, first used to identify the centrosome as a site of microtubule
nucleation in other cell types, (De Brabander et al. 1977, 1980), was used by our
laboratory to identify potential sites of microtubule nucleation in the axons of
cultured rat sympathetic neurons (Baas and Ahmad 1992). After drug removal, all
new microtubule assembly arose from the plus ends of the stable microtubules that
resisted depolymerization. No microtubules arose independently of existing
microtubules, suggesting that the plus ends of pre-existing microtubules are the
exclusive sites of microtubule assembly in the axon. These findings were con-
sistent with previous work on cultured sensory neurons demonstrating that when
all microtubule polymer is pharmacologically depolymerized from isolated axons,
no reassembly occurred after removal of the drug (Baas and Heidemann 1986).
Based on these findings, we concluded that entirely new microtubules destined for
the axon must be nucleated within the cell body. To explore the issue further, we
investigated the distribution of gamma-tubulin in these neurons (Baas and Joshi
1992). Using both biochemical and immunoelectron microscopic assays, we found
no evidence for gamma-tubulin in the axon. In addition, we found no appreciable
levels of gamma-tubulin anywhere in the cell body except at the centrosome,
suggesting that the centrosome is the sole site for the nucleation of new micro-
tubules for the entire neuron. On the basis of these findings, we proposed that
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microtubules destined for the axon are nucleated at the centrosome, released, and
then transported into the axon.

Electron microscopic analyses of different kinds of neurons at different
developmental stages vary with regard to the appearance of the centrosome, but most
studies reveal relatively few microtubules directly attached to the centrosome. In our
studies on cultured sympathetic neurons, generally fewer than ten and often no
microtubules were observed to be attached to the centrosome (Baas and Joshi 1992;
Yu et al. 1993). These observations raised the possibility that axonal microtubules
may not originate at the centrosome and that the neuronal centrosome may actually
be relatively inactive. Alternatively, however, the nucleation and release of
microtubules from the neuronal centrosome may be so rapid that there is insufficient
time for substantial numbers of attached microtubules to accumulate at the
centrosome before they are released. To address this issue, we tested the capacity of
the neuronal centrosome to nucleate large numbers of microtubules, using the same
drug-recovery regime that we used on the axon (Yu et al. 1993). Within a few
minutes of drug removal, hundreds of microtubules reassembled in the region of the
centrosome, and most of these microtubules were clearly attached to it (Fig. 18.3).
Some of the microtubules were not attached to the centrosome, but were aligned
side-by-side with the attached microtubules, suggesting that the unattached
microtubules had been released from the centrosome after their nucleation. In
addition, unattached microtubules were present in the cell body at decreasing levels
with increasing distance from the centrosome. By 30 min after removing the drug,
the microtubule array was indistinguishable from that of control neurons, suggesting
that the hundreds of microtubules nucleated from the centrosome were subsequently
released and translocated away from the centrosome.

We next tested whether microtubules derived from the centrosome are essential
for the initiation and growth of the axon. Our strategy was to microinject into
cultured sympathetic neurons a function-blocking antibody to gamma-tubulin pre-
viously shown to arrest microtubule nucleation at the centrosome when microin-
jected into other cell types (Ahmad et al. 1994). We reasoned that if centrosomally
derived microtubules are required for the growth of the axon, we would expect
inhibition of centrosome function to compromise or inhibit axonal growth. These
experiments were tricky, however, because the cell body of the neuron is packed
with microtubules that had presumably (according to our hypothesis) already been
nucleated and released from the centrosome. Therefore, it was also necessary to
deplete the neuron experimentally of pre-existing microtubules. After depolymer-
izing existing microtubules with nocodazole, the antibody was microinjected into
neurons, and then the drug was rinsed from the cultures. Reassembly of microtubules
over the next two hours was severely diminished under these conditions, and axonal
growth was either compromised or completely abolished. These results, using an
admittedly complicated experimental regime, suggested that microtubules gener-
ated from the centrosome are important for axonal growth.

Finally, we set forth to test if the microtubules nucleated at the centrosome are the
same microtubules that ultimately arrive in the axon. To test this, we modified our
pharmacological experiments into a kind of “pulse-chase” regime that permitted us
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Fig. 18.3 Electron () '-lu .

micrographs of cultured rat
sympathetic neurons in the
region of the centrosome. a A
neuron showing centrosome
consisting of two centrioles
and multiple unattached
microtubules. b A neuron
treated for 6 h with 10 pg/ml
nocodazole, rinsed free of the
drug, and permitted to
recover for 5 min.
Microtubule reassembly from
the centrosome is dramatic,
with high levels of attached
microtubules. Also apparent
are other microtubules not
directly attached to the
centrosome. These
microtubules are aligned with
the attached microtubules as
if they were once attached
and then released from the
centrosome. Analyses of
every section through each
centrosome were required to
define and score attached and
unattached microtubules.
Adapted from Yu et al.
(1993). Bar, 0.4 pm

to follow the progress of a small population of microtubules nucleated at the
centrosome (Ahmad and Baas 1995; also see Fig. 18.4). After drug treatment to
depolymerize microtubules, and a few minutes of microtubule reassembly at the
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Fig. 18.4 Schematic
illustration of
pharmacological strategy for
revealing the progression of
microtubules outward from
the neuronal centrosome.
Nocodazole was the first drug
used to depolymerize pre- Recovery
existing microtubules. Next,

after a brief recovery period,

vinblastine was used as an
anti-microtubule drug to )}{e{e'

suppress further assembly of

microtubules. Microtubules

redistributed over time. Vinblastine
Adapted from Ahmad and
Baas (1995)

Nocodzole

More time in
vinblastine

More time l
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centrosome, low levels of a second anti-microtubule drug (vinblastine) were added
to the cultures to suppress further microtubule assembly while not substantially
depolymerizing existing microtubules. Thus, we reasoned that any alterations in the
microtubule array that occur after the addition of the second drug must be the result
of microtubule movements from one location in the cell to another. Consistent with
this expectation, microtubule levels remained roughly the same after the addition of
vinblastine, as did the lengths of individual microtubules over time. Within minutes,
unattached microtubules began to appear in the cytoplasm, and by 10 min many of
these had reached the periphery of the cell body. By 1 h, few or no microtubules
were attached to the centrosome and most of the microtubules were concentrated at
the cell periphery. In the case of the neurons that were able to grow axons under these
conditions, microtubules appeared progressively further down the axons with
increasing time (see Fig. 18.4). These results suggested that microtubules derived
from the centrosome are transported outward from the centrosome toward cell
periphery and then into and down the length of the axon.

Due to the geometry of the neuron, the density of the microtubule array, and the
pool of free tubulin in neurons, we have not been able to directly visualize
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microtubules in living neurons moving from the centrosome into the axon. The
issue arises as to whether the centrosome is actually needed under normal
circumstances, or whether our pharmacologic regimes stress the system to a point
where an otherwise unnecessary centrosome becomes necessary. In support of our
interpretation, the active release of microtubules from the centrosome has been
directly visualized in cellular extracts (Belmont et al. 1990) as well as living
epithelial cells in a regime that involved no drug treatments (Keating et al. 1997).
Moreover, in the case of the neuron, we have also shown that inhibition of katanin,
a microtubule-severing protein, prohibits microtubule release from the centro-
some, which in turn precludes the appearance of free microtubules in our phar-
macologic regime (Ahmad et al. 1999).

18.5 Newer Data on Microtubules and the Neuronal
Centrosome

Over a decade after our spate of papers on the neuronal centrosome, the laboratory
of Frank Bradke has recently challenged the idea of the neuronal centrosome
acting as a generator of microtubules for axons and dendrites (Stiess and Bradke
2010; Stiess et al. 2010). They favor the alternative view that the centrosome is
dismantled during neuronal development such that its microtubule-nucleating
duties are spread to new locations in the neuron, such as within the axon and
dendrite themselves. This scenario would be similar to what has been shown for
muscle cells, in which gamma-tubulin and its associated microtubule-nucleating
properties are redistributed to the nuclear membrane and other sites within the
cytoplasm (Bugnard et al. 2005). In fact, consistent with our original speculation
for how a non-uniform microtubule polarity pattern might arise in dendrites (Baas
et al. Baas et al. 1988, 1989), at least one pericentriolar protein has been shown to
be present in dendrites but not axons (Ferreira et al. 1993). It is also provocative
with regard to the centrosome dismantling hypothesis for neurons that Leask and
colleagues reported a steady diminution in gamma-tubulin from the centrosome as
dorsal root ganglion neurons mature, which would be consistent with a gradual
redistribution of their pericentriolar proteins (Leask et al. 1997). Bradke’s group
found a similar diminution of gamma-tubulin levels as well as another key protein
component of the y-TuRCs, consistent with the idea that the capacity of the
neuronal centrosome to act as a generator of microtubules wanes as the neuron
matures. In addition, they found with hippocampal neurons that the nocodazole
recovery regime resulted in a burst of microtubules from the centrosome early in
development (Dotti and Banker 1991), but this was not the case later in devel-
opment. In cultures that were several days old, neurons bearing dendrites showed
no specific recovery of microtubules from the centrosome after nocodazole
treatment and removal. Instead, the microtubules reassembled from sites
throughout the cell body (Stiess et al. 2010).
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Fig. 18.5 Schematic illustration of a mature neuron showing an inactive (dismanted) centrosome
and the severing of microtubules. As the neuron matures, the ability of the centrosome to nucleate
microtubules diminishes. Microtubule number is increased by severing of pre-existing long
microtubules into short mobile pieces, followed by the transport of short microtubules into the
axon or the dendrites. These short microtubules can serve as seeds for assembly of longer
microtubules

The authors posited, based on these results, that microtubule-nucleating
capacity becomes de-centralized as the neuron develops such that nucleation of
microtubules can occur throughout the cell body and potentially even within axons
and dendrites themselves. We would agree, assuming that nucleation in this
context means assembly from pre-existing microtubules, even very short frag-
ments that are able to act as seeds for new assembly (Baas and Ahmad 1992; Baas
and Black 1990; Baas and Heidemann 1986; Black et al. 1984; Brady et al. 1984;
Morris and Lasek 1982). As neurons mature, it is virtually impossible to com-
pletely depolymerize the more stable microtubules, even with prolonged drug
treatments, so we suspect that the reassembly of microtubules observed by Steiss
and colleagues represents “nucleation” from stable microtubule fragments, but not
bona fide nucleation in the de novo sense. Even so, the results reported by these
authors accentuate the fact that the neuron can very ably go on “auto pilot” once a
robust microtubule array has been constructed, such that a centralized factory for
microtubule production can be shut down. As noted earlier (and as discussed also
by Steiss and colleagues), the severing of existing microtubules in the cell body as
well as in the axon and the dendrites is presumably sufficient for increasing the
number of microtubules whenever and wherever needed (see Fig. 18.5).

18.6 Concluding Remarks

It may be relevant to consider that different kinds of neurons go about their
business in somewhat different ways and on different timetables. For example,
central and peripheral neurons may differ with regard to the importance of the
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centrosome, and also neurons that bear dendrites or multiple axons may differ from
those that do not bear dendrites and have the more classic single axon. Migratory
neurons appear to utilize their centrosome in the most traditional fashion, as the
vast majority of microtubules in the migratory neuron remain attached to the
centrosome (Tsai and Gleeson 2005), while a small fraction of the microtubules
are apparently released from the centrosome so that they transit down the leading
process or slide their minus ends behind the centrosome (Falnikar et al. 2011).
Overall, it appears that the centrosome is most important early in neuronal
development, especially during neuronal migration and early axonal differentia-
tion. After that, the preponderance of the data suggests that neurons gradually lose
their dependence on the centrosome in favor of self-sustaining mechanisms for
maintaining the microtubule arrays of the axon and the dendrites.

Whether or not the neuron needs a centrosome for the development of proper axons
or dendrites remains a debatable point, as merely being able to form an axon or dendrite
in culture may be a very different thing than being able to form the appropriate axon or
dendrite within the context of a functional nervous system. In addition, it is pertinent to
keep in mind that the biology community continues to be surprised by the plethora of
transgenic animals that are viable in the absence of proteins believed to play important
roles in cellular functions. Oftentimes, the importance of a particular protein (or in this
case, an organelle) is gleaned only after cells or entire organisms are challenged in
particular ways. This may be the case developmentally, and also in more mature
neurons in which the centrosome appears to have become vestigial. For example,
perhaps under certain circumstances, the centrosome is re-activated to enable the
neuron to meet a particular challenge, such as restructuring of the dendritic arbor in
response to learning or disease, or regeneration of an injured axon.
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Chapter 19
Centrosomes and Cell Division
in Apicomplexa

Leandro Lemgruber, Marek Cyrklaff and Freddy Frischknecht

Abstract Apicomplexans are curious single-celled organisms. Belonging to the
group of chromalveolates, life for an apicomplexan can be parasitic and some
species can cause diseases such as malaria or toxoplasmosis. No apicomplexan is
alike, although they share some common features such as being highly polar cells
with unique apical organelles. They often change the cells of their metazoan hosts.
When they move, apicomplexans do not crawl but glide; when they divide,
apicomplexans go through mechanisms matched in cell biological bizarreness only
by their names. They undergo schizogony or endodyogeny, processes that are
usually not part of a regular molecular cell biology textbook; but they should, as
their uniqueness might lead to insights into what proteins and processes are truly
essential to make progeny. Here we highlight some of our current knowledge of
centrosome and microtubule biology of selected apicomplexan parasites for the
yeast and metazoan cell biologist to contemplate.

19.1 Introduction

Most molecular and cell biological studies of any kind are conducted on vertebrate or
metazoan model organisms, all belonging to the Opisthokonta, while some research is
also performed on plants. In comparison, little attention is being paid to the vast
majority of biological life forms outside these two groups. This is curious considering
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the incredible divergence of these organisms with the associated wide open space for
fundamental discoveries and the fact that some of them are causing devastating disease
in humans and farm animals. The neglect is neatly illustrated by a PubMed search with
“microtubules and yeast” retrieving 1871 articles, while only 38 hits were found for
“microtubules and malaria” at the time of writing. Indeed, just the phylum Apicom-
plexa within the group of chromalveolates comprises an incredibly heterogeneous
group of intracellular parasites that includes species of relevance for humans due to
their health and/or economical effects (Tenter et al. 2002). Some are: Plasmodium sp.,
the causative agents of malaria; Toxoplasma gondii, causing toxoplasmosis (a world-
wide distributed disease, especially important for pregnant women and immune-
compromised patients); Cystoisospora belli, causing isosporiasis and Cryptosporidi-
um that is responsible for cryptosporidiosis (the latter ones being intestinal parasites,
affecting especially immunodeficient people). Also, the livestock economy has to cope
with severe losses due to disease impact and prevention costs for some infectious
agents, like Eimeria (poultry), Babesia, and Theileria (cattle).

These protozoa present an intracellular organization that is superficially similar to
metazoan cells. They have anucleus, an endoplasmic reticulum, a Golgi complex and
only one mitochondrion (Joiner and Roos 2002). The group Apicomplexa is formed
by organisms that present a somewhat peculiar and exclusive structure-the apical
complex, composed of cytoskeletal components and secretory organelles (micro-
nemes and rhoptries) that are essential for invasion of the host cell (Morrissette and
Sibley 2002a; Dubremetz 2007; Carruthers and Tomley 2008) and dense granules,
which modify the parasitophorous vacuole surrounding the intracellular stages of
these parasites (Cesbron-Delauw et al. 2008). Curious here to note are the polar rings
and conoids that are present in some but not all apicomplexans (Fig. 19.1a). The
conoid is formed by a unique open microtubule-like structure with the highest bend
observed so far for a tubulin “tube” (Hu et al. 2002). This structure is important for
host cell invasion by Toxoplasma but curiously absent in parasites causing malaria.
The polar rings, appear to organize microtubules in a cage (Hu et al. 2002). Only
recently, the first component of this structure, a protein with no homology to anything
outside the apicomplexans, and not even across all apicomplexans, was identified
(Tran et al. 2010). In addition to the above features, apicomplexans contain a unique
organelle derived from a secondary endosymbiotic event, the apicoplast (Kohler
etal. 1997; Ralph et al. 2004). Curiously, this organelle was documented for decades
mainly by electron microscopy studies, but only in the late 1990s was it identified as a
unique organelle (Kohler et al. 1997). The apicoplast is a non-photosynthetic plastid
responsible for the type II fatty acid synthesis, isoprenoids biosynthesis, and
carbohydrate metabolism (Gleeson 2000; Mazumbar et al. 2006; Fleige et al. 2007).
Recently, Yeh and DeRisi (2011) demonstrated by adding isopentenyl pyrophos-
phate to parasites lacking the apicoplast that in blood stages of Plasmodium only the
isoprenoid biosynthesis pathway is essential. Intriguingly, Theileria lacks the fatty
acid biosynthesis enzymes, and Cryptosporidium may have lost the apicoplast along
its evolution (Goodman and McFadden 2007), attesting the diversity of this group of
organisms. Apicomplexan parasites present other unique cytoplasmic inclusions
including enigmatic virus-like (Lemgruber and Lupetti 2011).
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Fig. 19.1 Examples of microtubular structures in Apicomplexa as revealed by electron microscopy.
a Negative-stained Toxoplasma after membrane extraction showing the conoid (C), subpellicular
microtubules (arrowheads) and the upper (thick arrow) and lower (thin arrow) polar rings (Modified
after Morrissette et al. 1997; with permissions of The Company of Biologists). b A thin section of
Plasmodium undergoing nuclear division, showing centriolar plaques (Cp), intranuclear microtubules
(Nm), and electron-dense structures (Ch and open arrows). Arrow points to the parasite plasma
membrane and the arrowhead to the nuclear envelope (Modified after Aikawa and Beaudoin 1968;
with permissions of The Rockefeller University Press). ¢ Centrioles of Eimeria with the unusual
“9+1” arrangement. In the vicinity, extranuclear microtubules are observed (After Dubremetz and
Elsner 1979; with permissions of the John Wiley and Sons)

In order to successfully infect a host and be able to be transferred from one host
to another, these parasites must proliferate. As obligatory intracellular pathogens,
the apicomplexans duplicate and divide within a host cell. The nuclear divisions in
apicomplexans are achieved by cryptomitosis, where the nuclear membrane con-
tinues to be present during the different phases of the cell division process, with no
chromosomal condensation during karyokinesis (Striepen et al. 2007). The repli-
cation process occurs in three different manners: endodyogeny, where two
daughter cells are formed within a mother cell; schizogony, in which sequential
nuclear divisions are followed by budding of new parasites; or by endopolygeny,
with sequential DNA replication without nuclear division (Fig. 19.2). Endody-
ogeny allows the parasite to remain infective even during the division process,
since the mother cell still preserves its apical structures. In schizogony, however,
the apical complex and the cytoskeletal system break down. They are eventually
being formed de novo just before the budding of progeny cells occurs. This process
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Fig. 19.2 Fluorescence light microscopy images of examples of the different division processes
in apicomplexa: endodyogeny (a—c), schizogony (d), and endopolygeny (e—j). a—c Toxoplasma
expressing an apicoplast molecule tagged with GFP (in green), and stained with an antibody
against the inner membrane complex (in red). The arrow in ¢ points to the “U” shape of the
apicoplast during division (After Striepen et al. 2000; with permissions of The Rockefeller
University Press). d Plasmodium parasites (arrows) at the final stage of mitosis. The nuclei are
stained in blue, the MTOCsS in red and the microtubules in green (After Gerald et al. 2011; with
permissions of the American Society for Microbiology). e—j: Nuclear division and cytokinesis in
Sarcocystis. The a-tubulin is stained in red and the DNA in blue. Numbers indicate the number of
nuclei (After Vaishnava et al. 2005; with permissions of The Company of Biologists)

must be well regulated in order to form new cells containing the correct set of
organelles and nuclear material. Endopolygeny is best characterized in Sarcocystis
neurona, a parasite of horses. During this process the DNA replication, nuclear
division, and cytokinesis processes are dissociated from one another, with five
cycles of DNA replication occurring prior to nuclear division, generating a 32N
nucleus (Vaishnava et al. 2005). A final division generates 64 haploid daughter
cells. Curiously, the intranuclear spindle persists throughout the cell cycle. As will
be outlined below for other parasites, the apicoplast is associated with the
centrosomes and thus equally distributed to the daughter cells after replication.
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19.2 Centrosomes in Apicomplexa

In most metazoans, the centrosome functions as the main microtubule-organizing
center (MTOC) during interphase as well as during cell division, where it is
responsible for mitotic spindle formation and chromosome segregation after dis-
assembly of the nuclear membrane. Centrosomes are formed around a pair of
centrioles that are arranged perpendicular to each other. Each centriole is a barrel-
shaped structure with nine triplets of microtubules forming the barrel wall
(Azimzadeh and Marshall 2010). In apicomplexans, like in yeast, the nuclear
membrane continues to be present throughout the cell cycle. The spindle structure
and the centrosomes are formed from an electron-dense plaque named centrocone
or spindle pole plaque (Aikawa and Beaudoin 1968; Kelley and Hammond 1972;
Schrevel et al. 1977; Dubremetz and Elsner 1979; Sibert and Speer 1981;
Morrissette and Sibley 2002a; Gerald et al. 2011) (Fig. 19.1b). Also, the centrioles
present a unique “9 4 1” microtubule structure, with a sole central microtubule
within the nine microtubule triplets (Dubremetz and Elsner 1979) (Fig. 19.1c¢).
Curiously, it has been observed in intranuclear spindles of Eimeria that some
microtubules span between and connect both centrocones, while other microtu-
bules terminate at kinetochores (Sibert and Speer 1981). However, in another
parasitic protozoan, Lecudina tuzetae, a gregarine living in the intestine of a
marine polychaete annelid, only a few or no astral microtubules were observed
(Kuriyama et al. 2005). Because no cytokinesis occurs, the spindle may not require
astral microtubules for mitosis. Curiously, Lecudina induces microtubule assem-
blies in different developmental stages that originate from different MTOCs
containing y-tubulin, pericentrin, Cep135, and mitosis-specific phosphoproteins
(Kuriyama et al. 2005).

In contrast to spindle microtubules, the subpellicular microtubules that subtend
the pellicle of the parasite are mostly not susceptible to microtubule-depolymer-
izing drugs. These microtubules are often cited as being responsible for main-
taining parasite shape or might be involved in vesicular transport (Bannister et al.
2000; Morrissette and Sibley 2002a; Schrével et al. 2008). They are located ca.
20 nm beneath the inner leaflet of the inner membrane complex (IMC), a mem-
brane structure formed from flattened vesicles and unique to this clade of organ-
isms. The IMC encircles the entire parasite at a distance of about 30 nm from the
plasma membrane. The space between plasma membrane and IMC is containing
the actin-myosin machinery that drives parasites through tissues and into host cells
(Heintzelman 2006; Baum et al. 2008). The microtubules may be connected to the
IMC with linker proteins (Morrissette et al. 1997; Kudryashev et al. 2010) and do
not seem to undergo continuous assembly and disassembly steps. Curiously, these
subpellicular microtubules in some apicomplexan parasites contain what could be
a protein associated with the luminal part of the microtubule wall (Cyrklaff et al.
2007). This could be important for the unusual stability of these microtubules.

After host cell invasion the subpellicular microtubules slowly disassemble.
During formation of the parasite progeny when the subpellicular microtubules are
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being assembled, they are prone to some drugs that depolymerize microtubules.
For example, treatment with oryzalin or colchicine at lower concentrations in
Toxoplasma does not interrupt the division process but the forming cells do not
present subpellicular microtubules and are not capable to infect new host cells
(Morrissette and Sibley 2002b). Oryzalin belongs to a group of compounds that
selectively disrupt microtubules in several protozoa and in plants, with little effect
on host cell microtubules. Generation of oryzalin-resistant Toxoplasma lines
showed that the drug specifically targets «-tubulin (Morrissette et al. 2004;
Ma et al. 2007, 2010). Also in Plasmodium erythrocytic stages several drugs were
shown to affect microtubules (Pouvelle et al. 1994; Schrével et al. 1994, Sinou
et al. 1996, 1998; Fowler et al. 1998; Fennell et al. 20006).

Most of the studies on the replication process performed so far focused on the
more prominent members of apicomplexa, Toxoplasma, and Plasmodium, where
molecular tools are available to study the cell division process, e.g. by gene
replacement. In others organisms, like Eimeria and Theileria, most of the studies
were limited to observation by light or transmission electron microscopy. Never-
theless, these studies show that the apicomplexa are a diverse group of organisms,
each one presenting an intriguing variation of unique cell biological processes.

Here, we summarize what is known about the division process of Toxoplasma,
Plasmodium, and Theileria without being exhaustive in the hope to encourage
more readers to work on these intriguing and understudied organisms.

19.2.1 Plasmodium

Malaria is an infectious disease caused by members of the genus Plasmodium and
transmitted by Anopheles mosquitoes. In developing countries it represents an
important health and economical problem. Despite declining disease incidence,
there are still approximately 225 million annual infections, resulting in nearly one
million deaths, mostly children (WHO report 2010). The parasite undergoes a
complex life cycle between its mosquito vector and vertebrate host with hundreds
of species being transmitted by different species of Anopheles to vertebrates as
different as lizards, birds, and humans. The clinical symptoms of malaria in
humans are caused by the blood stages, when parasites infect and undergo asexual
replication in red blood cells.

Parasite transmission occurs when an infected female mosquito bites a host in
order to probe for blood (Fig. 19.3a). Prior to sucking blood, the mosquito injects
saliva into the skin and with the saliva a small number of parasites. These start to
migrate immediately in the skin to ultimately enter the blood stream (Vanderberg
and Frevert 2004; Amino et al. 2006). Through the blood circulatory system the
parasites reach the liver, where they leave the blood stream to infect a hepatocyte
(Prudéncio et al. 2006). Within the hepatocyte, the sporozoite forms a parasi-
tophorous vacuole (PV), where it transforms into a stage that undergoes a
sequential cell division process, resulting in the formation of thousands of progeny
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Fig. 19.3 a Cartoon of Plasmodium life cycle. The parasite replicates within erythrocytes
through schizogony. Some differentiate into sexual stages that are transmitted to the mosquito
during a blood meal, generating a motile egg cell that transverses the mosquito midgut, forming a
cyst. Within the cyst, the parasite replicates through schizogony, forming the infective stages that
are transmitted back to the host. These forms enter the blood circulation, ending up in
hepatocytes, where they again multiply, generating thousands of parasites that will ultimately
enter the erythrocytes. The numbers indicate the different stages of the cycle where the division
process occurs: inside the cyst in the mosquito (1), in the hepatocyte (2), and within the red-blood
cell (3). b and ¢ Morphological modifications occur in the apicoplast and mitochondrion during
schizogony. Here are fluorescence light microscopy images of a Plasmodium strain expressing an
mitochondrion molecule tagged with GFP (in green) and a apicoplast protein tagged with DsRed
(in red) during the division process inside an erythrocyte (After van Dooren et al. 2005; with
permissions of the John Wiley and Sons)

parasites. This rapid division process where cell division is uncoupled from
genome replication is called schizogony (Striepen et al. 2007; Gerald et al. 2011).
Once the parasites are released into the bloodstream, they invade erythrocytes,
again forming a PV. Inside the PV, the parasites replicate generating ca. 20
progeny per cell, which can infect new erythrocytes. While this cycle can go on
until most of the red blood cells in the body are consumed, some parasites can
form two different sexual stages. When those are picked up by a subsequent
mosquito bite, the flagellated male gamete fertilizes the female gamete, forms a
zygote and subsequently a diploid motile egg cell that exits from the mosquito
stomach, crossing the surrounding epithelial cell layer to form a cyst. In this cyst,
again, the parasite undergoes schizogony to generate the forms that are ultimately
transmitted back to the host.
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Plasmodium thus has different stages that undergo intense cell division, indi-
cating that an effective cell cycle control process is present. This intense repli-
cation within a brief period of time is critical for the survival and further
transmission of malaria parasites. Interestingly, the parasite multiplication in the
erythrocytes generates variable numbers of daughter cells (between 18-24),
probably because the different copies of the nucleus divide at different moments
during schizogony (Read et al. 1993). This gives the impression that the cell cycle
control works differently than the ones characterized in higher eukaryotes, which
is controlled and synchronized by cyclin and cyclin-dependent kinases (CDKs)
that are differently expressed throughout the division process. In Plasmodium, the
regulatory mechanisms of the CDKs in the cell cycle are still largely not under-
stood (Doering et al. 2008). Inhibitors of higher eukaryotic CDKs can interfere
with Plasmodium (PfCDK), indicating that structural features required for inhi-
bition are conserved in these kinases (Graeser et al. 1996; Li et al. 2001; Holton
et al. 2003).

Due to their roundish shape and apparent lack of polarity, the intracellular
stages of Plasmodium are not infective during schizogony. This is in contrast to the
related parasite Toxoplasma that maintains some of its infectiveness during the
division process (discussed below). Also different from Toxoplasma, Plasmodium
does not present clear centrioles but has spindle pole plaques for chromosomal
division (Morrissette and Sibley 2002a; Gerald et al. 2011).

Within a liver cell the parasite undergoes sequential nuclear divisions to form a
multinuclear syncytium containing thousands of nuclei. After 2-3 days, the nuclei
move to the periphery of the schizont and associate with the newly assembled
inner membrane complex, the subpellicular microtubules, and other apical orga-
nelles (Striepen et al. 2007). The next generation of parasites starts to be formed
with a sequential invagination process of the mother-parasite membrane (Sturm
et al. 2009) and is concluded when these new parasites begin to bud into the PV
matrix. The parasites ultimately destroy the PV membrane and are released into
the host cell cytoplasm from where they bleb off in carriers into the blood stream
(Sturm et al. 2006). There are no experimental data available as to the molecular
components or mechanisms governing these interesting steps of the Plasmodium
life cycle despite the recognized medical importance of the liver stage for disease
prevention (Borrmann and Matuschewski 2011).

During the early erythrocytic part of the cycle, unpolymerized tubulin is dis-
tributed diffusely within the parasite cytoplasm. Later a centrocone (alternatively
named centriolar plaque or spindle pole body or spindle pole plaque) is formed at
the nuclear membrane. This structure then divides into two identical parts that
migrate in opposite directions and form the spindle. Long and short intranuclear
microtubules connect the two halves within the nucleus; at the cytoplasmic side an
electron-dense material accumulates. In later stages of schizogony, cytoplasmic
microtubules associate with each nucleus forming a radial arrangement and
extending to the central zone of the parasite. The nuclei divide at different
moments during schizogony, which allows the observation of mitotic spindles at
distinct developmental stages within a single schizont (Read et al. 1993).
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However, checkpoint mechanisms may regulate the number of nuclei re-entering
the cell cycle at a given time point thus determining the overall number of pro-
duced progeny (Reininger et al. 2011).

Several kinases regulate spindle dynamics and control the cell cycle in higher
eukaryotes (Nigg 2001; Carmena and Earnshaw 2003), including members of the
Aurora-kinase family. Pfark-1 (Plasmodium Aurora-related kinase 1) has been
observed to be associated with the spindle during blood stage schizogony, and
PfPKS5 (a Cdkl-like kinase) is considered to be the main cell cycle controller in
Plasmodium (Graeser et al. 1996; Reininger et al. 2011). Recently, it was proposed
that the molecules that associate with and control the centrocone might be
responsible for the asynchronous division in each nucleus. This controlled asyn-
chronous division could thus have evolved in order to avoid destabilizing sudden
even numbers of nuclei within the restricted space available for the division in the
host cell cytoplasm (Arnot et al. 2011).

Centrins associate with centrosomes, form fibrous structures, and are important
for centrosome duplication (Salisbury 1995). In Plasmodium, four centrins appear
to be conserved from the ancestral alveolate (Mahajan et al. 2008). These centrins
localize to spindle plaques and are differently expressed during the intraerythro-
cytic stage and thus likely perform diverse roles.

During schizogony, the endoplasmic reticulum transforms into a perinuclear
ring before it develops into an extensive branched network in later stages of cell
segmentation. Part of the endoplasmic reticulum is known to be a specialized area
of the secretory pathway. It has been shown that this site is in close proximity to
the spindle plaques, being postulated to produce precursors for organelles like
rhoptries and Golgi during division (Bannister et al. 2000; Striepen et al. 2007).
The apicoplast and the mitochondrion also develop into large branched structures
during schizogony (Fig. 19.3b or Fig. 19.3b and c). These organelles are then
synchronously cleaved—first the apicoplast, then the mitochondrion—creating
several copies of these organelles that are transferred to the individual daughter
cells. While this looks impressive during the blood stage (van Dooren et al. 2005),
it is simply awe-inspiring during the liver stage, when they shatter into thousands
of fragments (Stanway et al. 2011). Curiously, the apicoplast and the mitochon-
drion appear to be linked to each other in the blood stages possibly facilitating the
transfer to the budding parasites (Aikawa and Beaudoin 1968; van Dooren et al.
2005), while they are separated from each other in the mosquito and liver stage
(Kudryashev et al. 2010; Stanway et al. 2011). Why care? In Toxoplasma, the
apicoplast is connected to the centrioles during division (see below). So perhaps
the Plasmodium apicoplast could also be linked to the spindle plaques and might
thus in turn connect the mitochondrion to the nucleus-division machinery; at least
in the blood stage. This could provide the basis for targeting organelles into new
progeny parasites. If so, one wonders what the differences between the blood and
liver stages are.

To continue their life cycle, some parasites depart from their asexual replication
to differentiate into sexual parasite forms (Fig. 19.3a). In the mosquito stomach
they can sense the new environment and start to differentiate even further and form
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gametes, a process that requires among much else cGMP-dependent protein kinase
signaling and NIMA-related kinases (Reininger et al. 2005, 2009; McRobert et al.
2008). Most impressive is the formation of the male gamete, within the host cell
cytoplasm. After three rapid rounds of genome replication, followed by three
endomitoses, eight flagellated gametes are formed in a process that somehow
requires a specific actin isoform, actin II (Siden-Kiamos et al. 2011). The flagella
in gametes consist of alpha tubulin II, which like actin II is specifically expressed
at this stage. The small differences between the two isoforms of actin and tubulin
thus may be essential for their specific role in exflagellation and gamete motility
(Rawlings et al. 1992). Male-gametes of Toxoplasma also exflagellate in the sexual
phase in cats. However, Toxoplasma only has one copy of alpha and beta tubulin
(Nagel and Boothroyd 1988). However, due to the intrinsic difficulty to work with
Toxoplasma sexual forms (in cats), little is known about the molecules and
mechanisms of male-gamete formation. The axonemes of plasmodium flagella are
derived from eight kinetosomes (acting like basal bodies) that in turn originate
from a single, amorphous MTOC, located at a nuclear pore (Sinden et al. 1976,
2010). Important for this is an atypical mitogen-activated protein kinase, required
to start cytokinesis and axoneme motility (Tewari et al. 2005). Eventually the
gametes escape from the host cell and, propelled by their flagella, zoom at high
speed through the mosquito stomach cavity, to find and fuse with a female gamete.

19.2.2 Toxoplasma

Toxoplasma gondii is an obligate intracellular pathogen able to infect and replicate
in most nucleated cells of warm-blooded animals. It is the etiologic agent of
toxoplasmosis, one of the most common parasitic infections in humans, with a
worldwide distribution, chronically infecting approximately one-third of the world
population. In most adults toxoplasmosis is asymptomatic. But in some individ-
uals, it can cause blindness and in embryos infected maternally during pregnancy
even mental retardation and death.

The life cycle of Toxoplasma has an asexual phase, which takes place in most
animals, and a sexual phase in felids (cats), with three distinct infective forms.

The asexual cycle comprises two distinct parasite forms. The rapidly replicating
form is responsible for the clinical manifestations of acute toxoplasmosis
(Fig. 19.4a). With the activation of the inflammatory response by the host, the
parasite differentiates into a tissue cyst form, where both multiplication and
metabolism are slowed down.

Both the faster and the slower replicating forms divide by the same process,
called endodyogeny, a specialized system of reproduction where two daughter
cells are formed within a mother cell (Fig. 19.4b — d). In contrast to the schizogony
of Plasmodium, this unique form of division allows the parasite to remain infective
during the division process. At the beginning of endodyogeny, the parasite elon-
gates and widens the Golgi apparatus and apicoplast. This is followed by the
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Fig. 19.4 a Cartoon of the Toxoplasma replication process within a parasitophorous vacuole
inside the host cell (Curtesy of Dr. Marc-Jan Gubbels). b Schematic drawing of Toxoplasma
endodyogeny, where two daughter cells are formed within a mother cell (Modified from Martins-
Duarte et al. 2008; with permissions of the John Wiley and Sons). ¢ Schematic representation of
centrosome and spindle microtubules during the different phases of parasite division process
(Modified after Brooks et al. 2011; with permissions of the Proceedings of the National Academy
of Sciences). d Electron micrograph of a thin section of a Toxoplasma parasite undergoing
endodyogeny

division of the centrosome at the posterior of the nucleus and the fission of the
Golgi. Two new rudimentary apical complexes appear that are formed by a new
conoid and apical rings from where new subpellicular microtubules and the inner
membrane complex (IMC) will originate. This IMC formed below the parasite
plasma membrane delineates for some time the daughter cells within the mother
cell cytoplasm. As the daughter cells extend, the single nucleus finalizes DNA
replication and assumes a lobular shape, resembling a horseshoe. The chromatin is
then distributed to both poles by an intranuclear spindle.

MORN repeats are believed to act as protein—protein or protein—phospholipid-
binding domains, being important for the organization of membranous and cyto-
skeletal structures (Ju and Huang 2004; Kunita et al. 2004; Satouh et al. 2005). In
Toxoplasma, a protein with MORN repeats named TgMORNI is a key player in
nuclear division, daughter cell formation, organelle partitioning and basal complex
assembly, and cytokinesis (Fig. 19.5) (Gubbels et al. 2006; Lorestani et al. 2010),
associating with the nuclear centrocone and probably also with a component of the
membrane skeleton that is linking to the IMC. Actin-myosin rings are important
elements for constriction in cytokinesis (Glotzer 2005). TeMORNI1 associates with
IMC components forming a ring during mitosis and cell division, which moves
during mitosis, constricting perpendicular to the parasite longitudinal axis,
resulting in nuclear division and cytokinesis (Gubbels et al. 2006). This con-
striction may also require myosin C and actin. Myosin C co-localizes with actin at
the posterior end of the parasite, the same position where TgMORNI1 was observed
(Delbac et al. 2001; Gubbels et al. 2006). In this way, TeMORNI1 could be acting
as a connector between the posterior end of the IMC and an internal constrictive
ring formed by myosin C (Gubbels et al. 2006; Lorestani et al. 2010). Curiously,
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Fig. 19.5 Upper panel Fluorescent light microscopy images of a Toxoplasma strain expressing
TgMORNT1 coupled to YFP (in green) throughout the parasite division process. The parasite
nucleus is stained in red. Arrows point to the centrocone (Modified from Gubbels et al. 2006; with
permissions of The Company of Biologists). Lower panel Schematic model of the role played by
TgMORNT1 in Toxoplasma division. Conoid (C), subpellicular microtubules (MT), centrocone
(CC) are highlighted in red, the nucleus in light blue and MORNI in green. NE nuclear envelope,
K kinetochore, IMC inner membrane complex, MyoC myosin C. Red arrows indicate microtubule
driven movements and green arrows the constriction caused by MORN1 (Modified after Gubbels
et al. 2006; with permissions of The Company of Biologists)

the TgMORN 1 -centrocone connection is observed throughout the Toxoplasma cell
cycle, although spindles have been found only during mitosis. Vaishnava et al.
(2005) described short spindles and centrocones through interphase in Sarcocystis
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neurona, another apicomplexa parasite of veterinary importance. In this aspect
centrocone and possibly kinetochore persistence could be a general aspect of
apicomplexan nuclear organization.

As the IMC associated with the subpellicular microtubules extends, the forming
daughter cell includes first the centrosome and the Golgi complex followed by the
remaining organelles. New sets of apical organelles important for migration and
host cell invasion (rhoptries and micronemes) are formed in both apical ends of the
nascent daughter cells. The mitochondrion is the last organelle to be incorporated
into the forming cell (Nishi et al. 2008), although just how this works is less clear
as for the other organelles. Each daughter cell continues to mature until the
cytoplasm and all its contents are divided between the two daughter cells. Even-
tually, the inner membrane complex of the mother cell breaks down, and the
plasma membrane is used to form part of the plasma membrane of the daughter
cells. The cleavage to separate the daughter cells begins at the apical pole,
extending through the cell bodies. During this process more plasma membrane is
formed through the fusion of new membranous structures derived from Rab-11-
mediated vesicular traffic (Agop-Nersesian et al. 2009, 2010). At the end of this
process, there are two daughter cells and a residual body at the posterior end
connecting the new cells. Within the same host cell, each daughter cell can then
replicate again and again until ultimately their progeny will exit the host cell to
infect neighboring cells (Fig.19.4a).

During interphase, the centrosome locates near the apical polar ring. As the
division process continues the centrosome links to the spindle pole plaque or
centrocone, a structure localized at the nuclear envelope and responsible for the
formation of the intranuclear spindle microtubules (Fig. 19.4c). At the initial steps
of endodyogeny, the centrosome is associated with the Golgi apparatus. The
centrosome protein centrin is located near the Golgi during mitosis (Stedman et al.
2003). As the Golgi grows, the centrosome remains associated at one side.
Afterwards, the centrosome re-localizes to the posterior pole of the mother cell
nucleus. At this location, the centrosome divides, returning then to the apical part
of the mother nucleus, re-connecting with the Golgi complex, with each centro-
some associating with each inner end of the duplicated Golgi.

Another important role of the centrosome is the division of the apicoplast
(Striepen et al. 2000). Curiously, parasites in which the apicoplast was destroyed
can undergo one full cycle of replication before dying a “delayed death” (He et al.
2001). Thus, like the single mitochondrion and the Golgi, this organelle must be
correctly duplicated and segregated to each forming cell. To assure this, the
apicoplast division is linked to the parasite’s mitotic division process by associ-
ation with the dividing centrosomes. As these move away from each other, the
apicoplast elongates. With the budding of the daughter cells, the apicoplast is
pulled into a U shape and divided in two halves with a dynamin-related protein
playing a key role during fission (van Dooren et al. 2009). Each new daughter
plastid stays connected to one centrosome and migrates together with the newly-
formed nucleus into the daughter cell. Thus, the association with the nucleus via
the centrosome is a perfect strategy to assure that each daughter cell receives a
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copy of the organelle during mitosis. As discussed above, in schizogony when
dozens of budding cells are formed at the same time, the apicoplast and the
mitochondrion enlarge and then segment, being later directed to the budding cells.
Is this apicoplast-mitochondrion-nucleus connection a common strategy to assure
each daughter cell a copy of the organelle? Or perhaps each apicomplexan
developed its own mechanisms? These are questions that still require further
studies.

Until recently, it was poorly understood how daughter cells acquired the
complete set of chromosomes after the sequential division process. Brooks et al.
(2011) recently demonstrated that the parasite’s chromosomes are connected to the
centrosome throughout the cell cycle, allowing the correct distribution during
daughter cell budding. They followed a component of the chromosomes’ centro-
meres—CenH3—throughout the cell cycle to characterize the chromosomal
architecture during mitosis. This centromere associates with the centrocone during
both mitosis and interphase, allowing genome integrity during rapid DNA repli-
cation and re-location to budding cells.

Toxoplasma reorganizes host cell intracellular structures, like lysosomes,
mitochondria, endoplasmic reticulum, and the Golgi in order to acquire nutrients
for its intracellular development. Curiously, Toxoplasma also reorganizes the host
cell centrosomes. The mammalian target of rapamycin signaling pathway
(mTOR), a highly conserved serine/threonine kinase, is a key controller of cell
growth and proliferation (Zoncu et al. 2011). It has been shown as well that
mTORC?2 is important for cell polarity control, actin organization, and stimulation
of F-actin stress fibers (Schmidt et al. 1996; Sarbassov et al. 2005). By meddling
with the protein mTORC?2 the parasite interferes with host centrosome location,
re-directing it to the parasitophorous vacuole and suppressing host cell migration
(Wang et al. 2010). Interfering with the polarization of the host cell microtubules
may lead to an arrest of the host cell in a state favorable for the intracellular
development of the parasite.

19.2.3 Theileria

Theileria is another unique apicomplexan parasite, being an important pathogen
for cattle in Africa and Asia. After infecting the immune system’s cells (i.e.
macrophages or lymphocytes), Theileria induces an uncontrolled proliferation of
these cells by recruitment of IKK onto the parasite surface and thus activation of
NFkB, effectively turning them into cancer cells (Heussler et al. 2002). The
infected host cells do not undergo apoptosis and can survive for years (Kiienzi
et al. 2003; Heussler et al. 2006;). Infected cells migrate across tissue barriers and
establish new areas of proliferation, especially in the lymphoid tissue (reviewed by
Baumgartner 2011). In the laboratory, Theileria infected cells can be cultivated
and experiments probing parasite infection are done “in reverse”, not by infecting
uninfected host cells, but by curing infected ones.
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Unlike others Apicomplexans, Theileria does not reside in a parasitophorous
vacuole. After it enters the host cell, it dissolves the membrane surrounding it and
sits naked in the cytoplasm surrounded just by a fuzzy layer of secreted material
(Shaw et al. 1991; Jura et al. 1983). It closely associates and interacts with host cell
microtubules (Shaw 2003). The Theileria-associated host cell microtubules are
unusually stable as they are not affected by microtubule-disrupting agents that
cause microtubule disruption in uninfected cells (Shaw 2003).

Within the host cell cytoplasm, the parasite undergoes serial asexual nuclear
multiplications and differentiates into a syncytium. The syncytium can divide and
redistribute itself into the two daughter lymphocytes. During lymphocyte cytoki-
nesis the parasite evolves to associate with the host mitotic spindle itself, thus
almost passively hitching a ride. Recently, von Schubert et al. (2010) described
how the parasite regulates host cell spindles to assure that each daughter cell
continues to be infected. This occurs by a direct regulation of host cell Polo-like
kinase (Plk) during parasite mitosis. Mitotic kinases are monitors of the cell cycle.
One of these key regulators is Cdk1. After inactivation of this kinase, Plk, which is
associated with kinetochores, dissociates from them and localizes to form the
central spindle. Regulatory proteins, such as Plkl, Aurora B, and some Rho
GTPases allow the central spindle to act as a platform that will form the plane of
cleavage during cytokinesis and initiate the process of cell division (Barr and
Gruneberg 2007).

At the early mitotic phases, Theileria schizont binds to host cell spindle pole
microtubules. This allows the parasite to be directed to the equatorial region of the
dividing cell, the same region where host cell chromosomes are positioned. At this
stage, the parasite binds to astral as well as central microtubules by recruiting host
cell Plk, allowing parasite segregation during cytokinesis into the daughter cells.
Using inhibitors of the connection between the parasite and the spindle microtu-
bules, von Schubert et al. (2010) prevented parasite segregation, showing the
usurpation of the host cell mitotic machinery by Theileria to guarantee the con-
tinuity of itself in the daughter cells. During the abscission process, part of the
parasite is trapped as a slim tube. It remains to be determined whether parasite-
own structures provide its abscission or whether such signals are entirely derived
from the host cell. Once incorporated into the central spindle/midbody, the parasite
does not affect host cell central spindle function or abscission.

Eventually the Theileria syncytium undergoes a process called merogony,
where several parasites bud from this central mass; they are released afterwards,
infecting now erythrocytes (Shaw 2003). This budding process as well as the
sequential nuclear division must be tightly regulated in order to form new mature,
infective parasites, containing all the organelles and with the correct nuclear
repertoire. In order to accomplish this, the organelles are tethered to the nuclear
membrane that is in turn connected to the parasite plasma membrane (Shaw and
Tilney 1992). Thus, although little is known about the molecules involved, all
organelles are associated to each other, facilitating the distribution of the formed
daughter organelles into the budding parasites.
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19.3 Conclusions

We have written this chapter in the hope to raise the interest of cell biologist
readers toward these curious parasites. It is our belief that the study of these
organisms can result in many surprising discoveries as they go about their intra-
cellular life in such different ways. Often considered to be close relatives of each
other, as they belong to the apicomplexa phylum, already a superficial look at how
they divide shows the tremendous variation of solutions they present during their
distinct evolutionary paths. While they clearly share some of the key proteins with
other eukaryotes they also have distinct subsets of proteins at their disposal to
optimize cellular processes such as cell invasion and proliferation. Uncovering
these will contribute not just to the understanding of their parasitic way of life but
also to comprehend the basic principles of life itself.
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Chapter 20
The Centrosome Life Story
in Xenopus laevis

Jacek Z. Kubiak and Claude Prigent

Abstract Xenopus laevis is a privileged model for the centrosome research, and
cell cycle and developmental studies. Centrosomes are composed of their core
components, the centrioles, surrounded by the pericentriolar material. Like in most
vertebrates, with the exception of the mouse, Xenopus centriole is paternally
inherited. During gametogenesis, spermatozoa retain centrioles, but lose most of
its pericentriolar material, whereas oocytes lose their centrioles, but maintain
centrosomal proteins. Upon fertilization, the sperm centriole is transmitted to the
egg, where it assembles maternal proteins, such as y-tubulin and pericentrin, to
form a biparental functional centrosome. The centrosome formed in a zygote plays
a crucial role in embryo development by providing a novel axis of polarity and
transmission of correct number of MTOCs to all embryonic cells. In partheno-
genetic embryos, which do not inherit paternal centrioles, embryonic development
arrests through the formation of abnormal spindles and chaotic abortive cleavages.
Centrosome assembly and maturation have been extensively studied at the
molecular level in cell-free extracts obtained from Xenopus oocytes, eggs, and
embryos. Studies on Xenopus centrosome have proven very useful for better
understanding of many fundamental functions of centrosomes during embryo
development and in cancers.
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20.1 Centrosome Structure and Major Functions

The centrosome is a complex organelle with a crucial role in the organization of
microtubule (MT) cytoskeleton, which in turn organizes many aspects of cell
architecture including polarity and ciliogenesis. Typically, a centrosome is com-
posed of a pair of centrioles surrounded by electron dense fibrillar pericentriolar
material (PCM) (Fig. 20.1). In fact, the centrosome is organized by centrioles.

The centrosome controls crucial cellular processes such as cell division,
polarity, motility, sensing the environment and communication with neighbor
cells. These cellular centrosomal functions allow coordination of embryo devel-
opment starting from oogenesis and ending with tissue differentiation. The cen-
trosome is the major MT-organizing center (MTOC) in animal cells, even if in
certain cell types, other MTOCSs (secondary or diffused) may take control over MT
organization. During the interphase, centrosomes nucleate MTs. The plus (+) ends
of MTs are directed toward the cell periphery, while their minus (—) ends remain
close to the MTOC. The centrosome controls the formation of the organized array
of long cytoplasmic MTs radiating toward cell periphery from the discrete “cell
center” determined by the position of the centrosome, which is usually located in
the vicinity of the nucleus or in a discrete nuclear pocket. This function of the
centrosome is crucial for establishment and maintenance of cell polarity (recently
reviewed by Bornens 2012). Centriole duplication takes place in the S phase, thus,
in the G2 phase of the cell cycle each cell possesses already four mature centrioles.
At the G2/M transition, centrosomes separate to build future division spindle poles
and increase their MT nucleating activity. During mitosis the centrosomes actively
participate in the formation of the bipolar spindle via nucleation of MTs, very
dynamic, and much shorter than in the interphase. Each of duplicated and sepa-
rated centrosomes forms a spindle pole. MTs originating from centrosomes are
captured by chromosomes, and more precisely by the specialized structures called
kinetochores, to complete the assembly of the spindle.

The size and number of centrioles, the key constituent of a centrosome, is
precisely controlled in the cell, while the volume of PCM change during the cell
cycle and varies in different cell types changing the size of the centrosome. Within
the centrosome, both centrioles are connected through their proximal ends during
G1 and S phase. The two centrioles are functionally and structurally unequal. Due
to the semi-conservative mode of centriole duplication (each centriole gives rise to
a new centriole, then the pair splits and give rise to a new centrosome), one of
them is always more matured than the other (Kochanski and Borisy 1990).
Figure 20.2 illustrates the centrosome cycle, including centriole duplication and
maturation within the centrosome in relation to the nuclear cell cycle phases G1, S,
G2, and M. The centriole more advanced in maturation is called the mother
centriole (centriole “pere” in French, or “father”, since the centriole is masculine
in French) and the younger one: the daughter centriole (centriole “fils” in French,
or “son”) (see also Fig. 20.1). At the structural level the mother centriole pos-
sesses appendages at the distal end. The daughter centriole is slightly shorter. The
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Fig. 20.1 Electron microscopy images of centrioles in Xenopus laevis oogonia. Left panel: pair
of closely apposed centrioles; Right panel: pair of separated centrioles. In both panels a
presumably mother centriole (on the left) is shown in cross section and a daughter centriole (on
the right) in longitudinal section. Courtesy of Malgorzata Kloc, Houston, TX
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Fig. 20.2 Centrosome cycle in relation to the cell cycle progression. The mother centriole is
black and gray, daughter is gray

two are connected by intercentriolar links embedded in the PCM. Due to slow
growth and development of the daughter centriole the full reproduction cycle of
the centrosome covers two cell division cycles (Fig. 20.2).

The structural cues have functional impact because the MT nucleation prefer-
entially occurs at the mother centriole and MTs are fixed to the appendages of the
mother. Also, the formation of a primary cilium belongs to exclusive capacities of
the mother centriole. Thus, the polarity-delivering centrosome is intrinsically
asymmetric assuring transmissibility of this cue to the cellular level.
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20.1.1 Role of Pericentriolar Material (PCM) vs. Centrioles

Centrioles, through their capability to duplicate once per cell cycle, assure also the
duplication of centrosomes. Similar to DNA replication the centrosome duplica-
tion must occur once and only once per cell cycle to keep their correct number.
However, in contrast to DNA replication, centrosome duplication can be discon-
nected from cell cycle progression, despite that, physiologically, both remain
tightly correlated in time (Gard et al. 1990; Hinchcliffe et al. 1999). The PCM, on
the other hand, bears the functional and regulatory machinery for the nucleation of
MTs. Centrosomes nucleate four kinds of MTs, the interphasic, mitotic, centriolar,
and those of cilia. Not all cells nucleating MTs contain centrosomes. In verte-
brates, including Xenopus laevis, fully grown female germ cells (oocytes) do not
have centriole, but they possess functional MTOCs formed exclusively by the
PCM foci. Because the centrosome is structurally defined as an organelle com-
posed of centrioles and PCM, it precludes that oocytes have no centrosomes.
However, there is no doubt that oocytes do possess MTOCs. Molecular studies of
the composition of oocyte MTOC have confirmed that it corresponds to the cen-
trosomal PCM. Thus, in oocytes the PCM alone is apparently sufficient to fulfill
the major functions of centrosomes, namely MT nucleation and organization.

As mentioned above, centrosomes are self-replicating organelles and centriole
duplication plays a critical role in this process. In somatic cells the restriction of
centrosome duplication to only once per cell cycle is of the highest importance for
their physiology (Tsou and Stearns 2006). An incorrect number of centrosomes
predisposes cells to chromosome missegregation and induces aneuploidy eventu-
ally leading to carcinogenesis (Nigg 2007).

It is still unknown how in the cells lacking centrosome sensu stricto, in which
MTOCs (PCM foci) nucleate MT, the information about the structure of centro-
some is transmitted from a mother cell to a daughter and how the progeny of such
cells are able to develop centrioles and centrosomes during development. The best
example is a mouse embryo in which cell divisions during at least five initial
cleavages occur without the centrioles (Gueth-Hallonet et al. 1993). How are these
MTOC:s re-substituted after each division remains absolutely unknown? Do they
retain the structural memory of the centriole structure revealing itself when cen-
trioles form de novo? We mention here the mouse model to illustrate the general
lack of knowledge on the nature of the heredity of centrosomal structures.

Although it is now accepted that the centrosome does not contain any DNA, it
was suggested that the centrosome may contain specific RNAs. These RNAs were
identified in centrosomes isolated from the clam Spisula solidissima oocytes
(Alliegro et al. 2006; Alliegro and Alliegro 2008) and they also seem to be present
in Xenopus laevis and human centrosomes (Blower et al. 2007; Alliegro 2008).
Thus, besides the proteins, which form an extremely well-organized structure, the
centrosome may contain RNA. The presence of “centrosomal RNAs” is still a
very controversial area. It stimulates, however, a discussion on whether such
RNAs can be involved in centriole/centrosome duplication. Two major questions
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can be asked: (i) Do “centrosomal RNAs” serve as the templates for propagation
of eventual structural information? (ii) Are these RNAs responsible for the
structural memory of the centrioles? Nucleic acids are certainly better suited for
this role than proteins and further understating of the role of centrosomal RNAs
may have an extremely important impact on our understanding of the centrosome
biology. Some RNAs are not only specifically localized on centrosomes, but also
“take advantage” of highly asymmetric localization on one of the two centrosomes
of the division spindle. In spirally cleaving Ilyanassa obsoleta mollusk some of the
embryo RNAs are localized next to centrally placed spindle poles/centrosomes
through a micotubule-dependent pathway. Following the cleavage these RNAs are
asymmetrically inherited by the interior blastomeres (Lambert and Nagy 2002).
Recent studies suggest that non-protein-coding microRNAs (miRNAs) build-up
of about 22 nucleotides may regulate centrosome duplication. It is the case of
miR-210, the miRNA overexpressed in renal carcinoma cells and involved in
centrosome amplification (Nakada et al. 2011). Another example is delivered by
miR-449 in Xenopus laevis and human cells. Mi9-449 accumulates in multiciliated
cells, promotes centriole multiplication and multiciliogenesis via Delta/Notch
pathway repression (Marcet et al. 2011). Future studies will have to verify whether
miRNAs physically associate with centrosomes/centrioles and if and how it
regulates centrosome development.

20.1.2 MT Nucleation and Organization in Xenopus laevis
Oocytes and Cell-Free Extract

Early observations on the MTOC’s role of centrosomes in Xenopus laevis
have shown that centrosome forms MT asters when injected into the oocytes
(Heidemann and Kirschner 1975; Mitchison and Kirschner 1984; Karsenti et al.
1984). Similar observations in other experimental systems suggest that MTOC
activity of centrosomes is a general phenomenon (Kuriyama and Borisy 1983). The
cell-free extract obtained from Xenopus eggs enabled to study the MT nucleation and
organization in a cell-free experimental environment (Gard and Kirschner 1987) and
to determine how the centrosomes are assembled via recruitment of proteins from the
cytoplasm (Félix et al. 1994; Stearns and Kirschner 1994). These studies pointed to
the crucial role of y-tubulin recruitment in MT nucleation and MT asters formation.
The experiments on the cell-free extract depleted of y-tubulin showed that the
recruitment of this protein from the oocyte maternal store of proteins is necessary for
the paternal centrosome to gain the ability to nucleate MTs (Félix et al. 1994)
(Fig. 20.3). In parallel, the pericentrin was identified as another critical component of
the mature and fully active centrosome (Doxsey et al. 1994; Dictenberg et al. 1989).
The incorporation of maternal proteins restores a functional centrosome nucleating
and organizing MTs (Fig. 20.3). In these studies isolated sperm heads or centrioles
introduced to cell-free extracts were used to follow centrosome formation and
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Fig. 20.3 Schematic representation of the origin of paternal centriole and maternal centrosomal
proteins (such as y-tubulin and pericentrin) and their role in reconstitution of the functional
centrosome during fertilization events

functions, but similar transformation of centrosomes occurs during fertilization.
The other milestone in centrosome research in Xenopus laevis cell-free system was
the discovery that the MT self-assembly is sufficient to organize the bipolar structure
of the spindle (Heald et al. 1996, 1997). These studies, in which the artificial
chromosomes (beads covered by plasmid DNA) were used, demonstrated that the
kinetochores, the complex chromosomal structures physiologically assuring MT
attachment, are not necessary for the proper spindle assembly. Studies on mouse
oocytes deprived of chromosomes showed that bipolar spindles may form also in the
total absence of chromatin. This happens through the MT self assembly with the help
of motor proteins organizing both MTs and PCM first into asters and then into
spindle-like structures (Brunet et al. 1998). All these experiments indicate that
centrioles and even chromosomes are dispensable for spindle assembly both in
Xenopus laevis cell-free extracts and, under special conditions, in living cells of
different species (Walczak et al. 1998; Varmark 2004). The optional character of
the presence of centrioles was also confirmed in HeLa cells in which centriole
disassembly was induced by a monoclonal antibody GT335 directed against
glutamylated tubulin (Bobinnec et al. 1998). In these cells, the centriole disappear-
ance had a severe impact on the structure of centrosome and resulted in the
disaggregation of PCM.
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Nevertheless, the absence of centrioles is tolerated only in appropriate
physiological conditions, as confirmed by a series of studies of acentriolar MTOC
and acentriolar spindles in Drosophila melanogaster (for further reading see e.g.
Basto et al. 2006; Stevens et al. 2007; Debec et al. 2010). The discovery that flies
do not need a centriole for cell division confirms that the centriole is a dispensable
element of MTOC. However, the cells lacking centriole cannot generate cilia and
acentrosomal Drosophila eventually die due to cilia deficiencies. Thus, the dom-
inant role of centrioles and centrosomes appears to be linked to their function in
ciliogenesis.

Recent study has shown that some planarians lack centrosomes (Azimzadeh
et al. 2012). Centrioles and cilia are formed only in their terminally differentiating
muliciliated cells. How planarian cells organize their MT network is, however,
unknown. Notably, the lack of centrosomes does not alter cell division, but seems
to be related to the change in the mode of cleavages during embryo development
from spiral to anarchic-like (ibid.). Curiously, mammalian embryos also lacking
centrosomes have much less stereotypic pattern of cleavages than invertebrates or
amphibians. These two examples suggest that centrosomes may control the pattern
of cleavages during early development more tightly than it was previously thought.

20.2 Centrosome Reduction During Gametogenesis

As stated above, during gametogenesis the centrosomes are reduced in both male
and female gametes. The restoration of a fully functional centrosome occurs
during fertilization. Theodor Boveri already suspected and wrote 100 years ago
that the male gamete “sperm” was carrying a “division centre” with the “cyto-
plasm active substance” whereas the female gamete “oocyte” was carrying the
“cytoplasm active substance” with the “division centre”. After fertilization the
fusion of the division center and the cytoplasm active substance would give rise to
an active centrosome. It is now known that, in most cases, upon fertilization the
sperm brings the centrosome and the oocyte is the source of the cytoplasm
proteins.

20.2.1 Centrosome Reduction in Spermatozoa

The centrosomes reduction was reported in many species of invertebrates (insects,
mollusks) suggesting that this phenomenon is the rule rather than exception during
spermatogenesis (reviewed by Manandhar et al. 2005). Among vertebrates, this
process was the most extensively studied in mammalian spermatozoa (Manandhar
et al. 1998, 2000), and not much information is available on the centrosome
reduction in spermatozoa in amphibians. Centrioles are present in Xenopus laevis
spermatozoa (Bernardini et al. 1986). However, the fact that Xenopus sperm heads
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do not contain y-tubulin demonstrates that centrosomes are also reduced in this
species (Félix et al. 1994; Stearns and Kirschner 1994).

20.2.2 Centrosome Reduction in Oocytes

The phenomenon of centrosome reduction during oogenesis has been much better
described for mouse than for Xenopus oocytes. The reason for that is the large size
of fully grown amphibian oocytes. It makes their electron microscopy study by
conventional methods very difficult and thus the direct examination of such tiny
structures as potential centrosomes or PCM foci is almost impossible. The
immunofluorescence localization of selected antigens has been of great help. Early
studies of Xenopus laevis oocytes by immunolocalization of MTs suggested, as
judged by the barrel shape of the meiotic spindles and the general manner of MTs’
organization upon the entry into the first meiotic division, that centrioles are absent
from these oocytes (Huchon et al. 1981). Later studies using confocal microscoy
confirmed these observations (Gard et al. 1995a, b). The immunolocalization of
centrin and electon microscopy images of very early stages of oogenesis in ovarian
cysts of female froglets show the presence of centrioles (Kloc et al. 2004, and
Fig. 20.1 in this paper). Thus, in Xenopus laevis the centrioles disappear at the
beginning, or during the long-lasting phase of oocyte growth. Similarly, the
presence of centrioles was also demonstrated in mouse fetal oogonia still orga-
nized in the cytocysts (Kloc et al. 2008). The centrioles were, however, absent
from spindle poles of fully grown metaphase I and metaphase II mouse oocytes
(Szollosi et al. 1972). Thus, both in Xenopus and the mouse the disintegration of
centrioles seems to occur during the oocyte growth phase, but so far the mecha-
nism and precise timing of this phenomenon remain unknown.

20.3 Centrosome Inheritance upon Fertilization

The clear biological relevance of the reduction of centrosomes in the gametes is
unknown. The morphological reduction is probably related to the functional one.
The spermatozoon and the oocyte are fully differentiated cells. The reduction of
centrosomes may be related to a diminution of their MTOC function in gametes.
However, as these functions are of great importance for the somatic cells, fully
active centrosomes must be rebuilt following fertilization.

Upon fertilization the spermatozoon and the oocyte join together and reduce
paternal and maternal centrosomes (Fig. 20.3). The MTOC activity of the paternal
centrosome is easily detectable due to the rapid formation of so-called sperm aster
of MTs. The sperm aster’s major role is to bring the male and female pronuclei
together. This role of the paternal centrosome was the easiest to be visualized
in transparent zygotes of marine invertebrates such as sea urchin of starfish
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(Sluder et al. 1986; Zhang et al. 2004). Immunofluorescence studies confirmed that
the aster is indeed composed of MTs (Schatten et al. 1986, 1987). In the sea urchin
Lytechinus pictus zygote, the mechanical separation of male and female pronuclei
(with their accompanying respective cytoplasm including the paternal centrosome
next to the male pronucleus) immediately after fertilization, produces two haploid
half-embryos behaving in two very distinct ways. The male pronucleus-containing
half-embryo forms the sperm aster, centers its pronuclus, and then assembles a
division spindle and undergoes series of regular cleavages. On the other hand, the
female pronucleus-containing half-embryo undergoes nuclear envelope breakdown
and reformation without either spindle formation or cleavages (Kubiak 1991).
Thus, apparently, the sperm aster formed by the paternal centrosome is the
prerequisite for successful embryo cleavages. The spermatozoon delivers the
paternal centriole to the oocyte during fertilization and it is necessary to support
the centrosome reconstitution and further duplication for the first mitotic division.
We described here the example of transparent and relatively small sea urchin
embryo, especially appropriate for this type of experiments, but the same role of
the paternal centrosome is also attributed to the first cell cycle during Xenopus
laevis development (Fig. 20.3). This is the best illustrated by the absence of
cleavages in parthenogenetic Xenopus embryos (Klotz et al. 1990). The parthe-
nogenetic activation of eggs results in cycling embryos undergoing cell cycle
transitions, from interphase to mitosis and back to the interphase, without
cleavages. However, when a single centriole is experimentally introduced into
such a one-cell parthenogenetic embryo, the division spindle forms (Maller et al.
1976) and cleavages reappear with normal frequency and timing (Tournier et al.
1989; Klotz et al. 1990). Moreover, only the centrioles capable to duplicate have
the capacity to support the parthenogenetic development of frog (Tournier et al.
1991a, b). Surprisingly, an electron microscopy study showed that the mature
centrioles injected into Xenopus laevis parthenogenetic embryos were transformed
into the juvenile centrioles showing the capacity of the cytoplasm to transform
these organelles into a novel juvenile form (Nadezhdina et al. 1999). The absence
of centrioles in Xenopus parthenogenetic embryos prevents successful develop-
ment. Thus, the evolutionary conserved mechanism involved in centrosome
reduction and centriole elimination in the oocytes seems to protect the species
against parthenogenetic mode of reproduction. It may be, therefore, one of the key
mechanisms promoting sexual reproduction in animal kingdom.

Interestingly, the mouse, which, as we already described above, also loses
centrioles during oogenesis (Kloc et al. 2008; Szollosi et al. 1972), the cleavages
of early parthenogenetic embryos proceed normally (Tarkowski et al. 1970).
However, in this species, during normal fertilization the sperm-delivered centriole
disintegrates in the zygote and the early cleavages occur without centrioles until
their de novo formation in the early blastocyste stage (Gueth-Hallonet et al. 1993).
This implies that in the mouse, the mature centrosomes are exclusively of maternal
origin. In this context it is not surprising that in contrast to Xenopus, mouse
parthenogenetic and normal embryos fully support cleavages and early steps of
development. However, we have to stress here that in other mammals, including



356 J. Z. Kubiak and C. Prigent

humans, centrosomes are, like in Xenopus, of biparental origin (Sathananthan
et al. 1996; Simerly et al. 1999).

The absence of centrioles in oocytes is not an absolute obstacle for successful
cleavages since the centrioles may form de novo, for example after the fifth
cleavage in normal mouse embryos (Gueth-Hallonet et al. 1993). De novo for-
mation of centrioles was first observed in sea urchin embryos (Kato and Sugiyama
1971; Kallenbach 1983). Later, it was also found in rabbit parthenogenetic embryo
(Szollosi and Ozile 1991), and transformed as well as untransformed human cells
(La Terra et al. 2005; Uetake et al. 2007). Recently, this pathway of centriole
formation was also identified in Xenopus laevis embryos, and Plk4 kinase seems to
be the key enzyme involved in this process (Eckerdt et al. 2011). Moreover, this
paper shows that Mos/MAPK pathway suppresses Plk4-dependent centriole for-
mation in oocytes. As Mos/MAPK pathway is activated in all oocytes studied so
far, it seems to prevent maternal inheritance of centrosomes and thus protects
against the parthenogenetic mode of reproduction.

20.4 Molecular Studies of Centrosome Function
in Xenopus laevis

The function and behavior of centrosomes have been extensively studied in
Xenopus egg extracts recapitulating cell cycle events at the molecular level. A role
of CDK/cyclin complexes in MT nucleation activity of centrosome was identified
in Xenopus egg extracts (Buendia et al. 1992). Importantly, a new role, during
mitosis, of the interphase cytoplasm-nuclear transport machinery was also dis-
covered in these extracts, as importin complexes and the small GTPase Ran
involved in this process are also actively involved in spindle assembly (Nachury
et al. 2001). The Aurora-A activator TPX2, which is sequestered by importin in G2
phase of the cell cycle, is released during mitosis by the small GTPase Ran to bind
to Aurora-A already present on the centrosomes at the spindle poles. This asso-
ciation results in the activation of the Aurora-A kinase and its relocation to the
MTs of the spindle poles making this kinase a peculiar player in the centrosome-
driven spindle assembly (Kufer et al. 2002; Tsai et al. 2003). It is, however, not
known whether TPX?2 participates in centrosomal Aurora-A activation. Identifying
the centrosomal activator of Aurora-A is one of the most important challenges in
the field.

Aurora-A kinase gene was first identified in Xenopus laevis embryo as the Eg2
in a screen focused on identification of genes whose maternal mRNA was dif-
ferentially polyadenylated during oocyte maturation and early embryo develop-
ment (Paris and Philippe 1990). Eg2 was found to be the second gene of a series
of mRNAs deadenylated following fertilization in Xenopus laevis embryo
(Legagneux et al. 1995; Detivaud et al. 2003). In the meantime, a gene named
Aurora was identified in Drosophila, and it was shown to code a protein kinase
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required for centrosome separation (Glover et al. 1995). The studies of Eg2 protein
function in Xenopus laevis cell-free extract have shown that Eg2 is associated
with centrosomes and involved in MTs’ organization and spindle formation
(Roghi et al. 1998). Very soon, it became clear that Eg2 was the homolog of D.
melanogaster Aurora-A kinase (Glover et al. 1995; Giet et al. 1999a, b). Since this
discovery the Aurora-A/Eg2 protein kinase was studied in parallel in Drosophila
and Xenopus embryo. Its activation was soon correlated with M-phase entry upon
Xenopus laevis oocyte entry into the meiotic maturation (Frank-Vaillant et al.
2000). The primordial role of this kinase in oocyte maturation seems to be the
regulation of maternal mRNAs polyadenylation status (Mendez et al. 2000;
Pascreau et al. 2005). Aurora-A has been shown to regulate MT nucleation and
organization via phosphorylation of maskin/TACC (Pascreau et al. 2005;
Kinoshita et al. 2005) necessary for the MT-Associated (MAP) protein XMAP215
targeting to the centrosomes (Brittle and Ohkura 2005). Aurora-A kinase was also
shown to phosphorylate kinesine Eg5 distributed along MTs (Giet et al. 1999a).
Because Aurora-A has been recognized as an oncogene and a tumor suppressor,
depending on the cell type, the studies in Xenopus have an important impact on the
understanding of Aurora-A and centrosome functions in carcinogenesis.

20.5 Molecular Studies of Centrosome Duplication
in Xenopus laevis

Centrosome duplication has been extensively studied in Xenopus extract and
embryos allowing deciphering its regulation at the molecular level. The possible
disconnection between centrosome duplication and cell cycle progression was
observed using Xenopus embryos (stage blastula) treated with cycloheximide
(Gard et al. 1990).

The second important breakthrough was the discovery of the control of cen-
trosome duplication by CDK/cyclin complexes, in particular, CDK2/cyclin E
(Lacey et al. 1999) (Hinchcliffe et al. 1999). It is, however, still unknown what
substrate(s) of CDK2/cyclin E is (are) necessary for this regulation. In Xenopus
egg extract, the duplication of centrosome was found to be sensitive to calcium
with a role of calmodulin and CaM kinase II in the initiation of duplication
(Matsumoto and Maller 2002). As pointed out by the authors, these data provided a
link between cell cycle progression, calcium waves, and centrosome duplication.

Plk4, a divergent member of the Polo-like kinase family already mentioned
above, is another key molecule involved in centriole and centrosome duplication
(Bettencourt-Dias et al. 2005; revieved by Sillibourne and Bornens 2010). Little is
known how Plk4 control centriole duplication but the network of genes involved in
this process is steadily increasing. For instance, Hatch et al. (2010) have used
recently a “kinase dead” mutant of Plk4 expressed in the cell-free extract to screen
for Plk4 associated proteins. They identified seven proteins and among them
Cepl52, the homolog of D. melanogaster Asterless (As/ gene product), already
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known to be involved in centrosome regulation and centriole assembly
(Dzhindzhev et al. 2010). Cep152 associates with Plk4 and is phosphorylated by
this kinase in vitro suggesting that Cep52 can be a substrate of Plk4 (Hatch et al.
2010). Other kinases and phosphatases, such as CDK11 (Franck et al. 2011) and
PP2A (Brownlee et al. 2011) are also involved. Precise dosage of Plk4 is required
to control centriole duplication (Holland et al. 2010). Accordingly Plk4 over
expression or stabilization induces centrosome amplification (Brownlee et al.
2011). This is an important link to cancer since the amplification of centrosomes is
a condition found in numerous cancers (reviewed by Chan 2011). Experiments
based on Xenopus laevis cell-free extracts depletion and reconstitution deliver
unique and highly advantageous possibilities over culture cell transfection to study
this aspect of cell regulation critical for carcinogenesis.

Studies of centrosome duplication revealed few features common with DNA
replication: (i) centrosome duplication and DNA replication must occur once and
only once per cell cycle, (ii) DNA is composed of two strands of nucleotides, the
centrosome is composed of two centrioles, (iii) while DNA replication involves
copying of each strand to create two new double strands, centrosome duplication
implies copying of each centriole to create two new centrosomes. In addition,
Xenopus eggs cell-free extracts studies have shown that the centrosome duplica-
tion is restricted to only one per cell cycle, and similarly to DNA replication is
under a “licensing control”. Notably, the centrosome duplication licensing is
relieved upon the exit from mitosis by the activity of separase, also involved in
degradation of cohesion required for chromatid separation. The action of separase
on the centrosome results in the disengagement of centrioles allowing a new round
of duplication (Tsou and Stearn 2006) increasing the similarity between the mode
of centrosome and DNA duplication.

Regarding centrosome duplication per se, studies of Plk4 in Xenopus oocytes
revealed that overexpression of the kinase induces de novo centriole formation in a
CDK2-independent manner (Eckerdt et al. 2011). Thus, de novo formation of
centrioles seems to be under the control of different pathways (CDK2-indepen-
dent) than centriole duplication (CDK2-dependent). A solution for this intriguing
paradox is actively searched nowadays.

20.6 Conclusions

The centrosome research in Xenopus laevis eggs has delivered a number of fun-
damental information on mechanisms governing not only oogenesis, fertilization,
and embryo development, but also different aspects of physiology and pathology
of human cells. This was possible using advantages of functional cell-free extracts
and the injection of living oocytes and embryos with specific blocking antibodies
or morpholino. The field of centrosome research will certainly be followed up in
more detail using human cells. However, we believe the Xenopus laevis egg
studies have not pronounced the last word yet.
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Chapter 21

Role of the MTOC in T Cell Effector
Functions

Martin Poenie, Laura Christian, Sarah Tan
and Yuri Sykulev

Abstract T cells play important roles in defending the host against infections, in
allergic responses, and in the destruction of tumor cells. The directed or focused
delivery of effector molecules to another cell is minimally achieved by a two-step
process that involves focusing of secretory vesicles around the microtubule-
organizing center (MTOC) and movement of the MTOC up to the site of contact
with the target cell. This chapter is focused on mechanisms involved in the
movement of the MTOC to the target contact site in T cells. Modulated polari-
zation microscopy (MPM) and several other imaging methods were employed to
visualize the cytoskeleton in general and in particular, the dynamics of MTOC
movement. Understanding the processes of MTOC translocation has important
medical ramifications that are addressed in this chapter.

21.1 Introduction

T cells play important roles in defending the host against infections, in allergic
responses, and in destruction of tumor cells. These roles can be broadly divided into
two categories, those mediated by CD8" T cells, (cytotoxic T lymphocytes; CTLs)
that are aimed at killing antigenic target cells, and those mediated by CD4* T cells
(helper T cells) aimed at helping activate other cell types such as B cells or
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macrophages. However, despite a diversity of roles, much of what T cells do can be
summarized in cellular terms as the directed or focused delivery of effector mole-
cules to another cell. This is achieved minimally by a two-step process that involves
focusing of secretory vesicles around the microtubule-organizing center (MTOC)
and movement of the MTOC up to the site of contact with the target cell. These two
steps can apparently occur in either order but the sequence influences the speed and
magnitude of effector molecule delivery (Poenie 2010; Sykulev 2010).

Movement of the MTOC to the target contact site in T cells was first described
by Geiger and colleagues (Geiger et al. 1982) and extended by a series of studies
from Kupfer et al. (1983, 1985, 1986), Kupfer and Dennert (1984), and Kupfer and
Singer (1989). During this time, evidence was accumulating to support the idea
that the directional or localized stimulation of the T cell receptor (TcR) led to
directional secretion of cytokines (Kupfer et al. 1986; Takayama and Sitkovsky
1987; Poo et al. 1988) and directional killing (Kupfer et al. 1985, 1986). For
example, disruption of microtubules with nocodazole reversibly blocked killing by
NK cells (Kupfer et al. 1983). Other treatments that blocked MTOC translocation
such as the nonenzymatic cholera toxin B subunit or heat shock also blocked
killing by CTLs (Sugawara et al. 1993; Knox et al. 1991).

The importance of focused secretion might be inferred from the early study of
Trenn and colleagues who artificially stimulated secretion by a combination of a
calcium ionophore (ionomycin) and a PKC activator (PMA or Bryostatins) (Trenn
et al. 1988). They found that the combination of these two compounds induced
significant secretion of lytic vesicle contents but the effect was to increase lysis of
non-antigenic targets while decreasing the lysis of antigen-specific target cells.
This could be interpreted to mean that non-localized stimuli (PMA and ionomycin)
triggered omnidirectional secretion. This in turn led to reduced specific killing,
where secretory vesicles are normally focused and secreted directly at the target
cell, and increased non-specific killing. A similar effect is seen in gunmetal mice
(Stinchcombe 2001Db).

More recent developments have shown that when a T cell contacts an antigen-
bearing cell, a specialized junction develops which has been dubbed the immu-
nological synapse (Fig. 21.1) (Dustin et al. 2010; Monks et al. 1998; Norcross
1984). Classically, the synapse is characterized by concentric zones containing
particular groups of molecules known as supramolecular activation clusters or
SMACs (Monks et al. 1998). The central or cSMAC is characterized by accu-
mulation of signaling molecules such as the TcR, CD28, CD2, and PKC-O.
Surrounding the central SMAC is the peripheral or pSMAC. This region is
characterized by a ring of clustered LFA-1, an integrin. In addition to the pSMAC,
there is a third zone known as the distal SMAC (dSMAC) (Freiberg et al. 2002)
that contains CD43 and CDA45, a phosphatase.

Secretion of CTL lytic vesicles appears to be directed to a zone between the
PSMAC and cSMAC (Stinchcombe et al. 2001a). The mechanism of delivery clearly
involves translocation of the MTOC up to the immunological synapse (Stinchcombe
et al. 2006) and dynein-driven movement of secretory vesicles toward the MTOC
(Mentlik et al. 2010; Poenie et al. 2004) although late stages of vesicle movement
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Fig. 21.1 Steps in T cell activation. a T cell activation begins when the T cell receptor (TcR)
contacts antigen in the context of the major histocompatibility complex (MHC) of an antigen-
presenting cell (APC). b Signaling downstream of the TcR results in the formation of the
immunological synapse, which consists of several supramolecular activation clusters (SMACs).
The central SMAC (cSMAC) contains signaling molecules such as the TcR. The peripheral
SMAC (pSMAC) contains molecules such as the integrin LFA-1. Not shown is the distal SMAC
(dSMAC), which forms a ring around the pSMAC. In helper T cells and cytotoxic T lymphocytes
(CTLs) that kill their target slowly (¢, d), the MTOC is thought to be translocated to the synapse
by dynein molecular motor anchored in a ring similar to the pSMAC (c). This is followed by
secretory vesicle transport by dynein toward the MTOC, where the vesicles are secreted (d). In
CTLs that perform fast target cell lysis (e, f), secretory vesicles are thought to be concentrated by

dynein around the MTOC before the MTOC is polarized (e). The MTOC is then translocated to
the synapse where the vesicles are secreted (f)

could reportedly involve kinesin and/or myosin-mediated transport of secretory
vesicles (Stinchcombe et al. 2001b; Sanborn et al. 2011; Sanborn et al. 2009;
Andzelm et al. 2007; Kurowska et al. 2012; Burkhardt et al. 1993).

Understanding the processes of MTOC translocation has important medical
ramifications. Tumor cells can escape destruction by tumor-infiltrating CTLs,
despite the fact that these CTLs can be activated inside the tumor and can lyse
tumor cells outside the tumor environment. One of the reasons that tumor cells can
escape destruction is that something in the tumor environment blocks CTL MTOC
translocation and thus delivery of cytotoxic vesicles (Frey and Monu 2008; Koneru
et al. 2005; Monu and Frey 2007; Prevost-Blondel et al. 1998; Radoja et al. 2001).
It is possible that by understanding how this system works, we may be able to
detect exactly what fails in the tumor environment and then devise solutions to
prevent this from happening.
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21.2 The Mechanics of MTOC Repositioning

In an effort to visualize the cytoskeleton in general and in particular, the dynamics
of MTOC movement, we developed modulated polarization microscopy (MPM)
(Kuhn et al. 2001). This microscope images cytoskeletal elements based on their
birefringence which allowed us to noninvasively image cells for extended lengths
of time without concerns of photobleaching. MPM imaging data showed that
MTOC movement was associated with development of tension in microtubules
that pulled the MTOC toward the contact site (Fig. 21.2) (Kuhn and Poenie 2002).
Once it reached the contact site, the MTOC oscillated laterally along the face of
the contact site. It turned out that the magnitude of these oscillations was signif-
icant, about three to four microns, which is about the same as the inner diameter of
the pPSMAC. These oscillations were even more dramatic when two target cells
were bound to a single CTL. Here, the MTOC moved repeatedly from one contact
site to the other, a distance of approximately eight microns.

To explore this further, we examined numerous computerized 3D reconstruc-
tions of CTL-target pairs immunostained for tubulin and LFA-1. From this data, it
became clear that the MTOC could be positioned in various regions of the
c¢SMAC, but there were no examples where the MTOC crossed into the pSMAC
(Fig. 21.3 a and b). Thus, the inner margin of the pPSMAC seemed to represent a
limit or barrier to oscillations of the MTOC under normal conditions. This raises
the question concerning what happens when the MTOC oscillates between two
target cells. Although we did not have specific examples of this in the immuno-
staining data, one often sees only partial rings of LFA-1. We might speculate that
in cases where two target cells are engaged, there could be a partial pSMAC at
each site which serves as endpoints for the oscillating MTOC.

The observation that tensioning of microtubules is associated with movement of
the MTOC toward the synapse suggests that there must be a motor protein,
anchored at the synapse, that reels in the microtubules. The most likely candidate
is the microtubule minus end-directed motor, dynein. Given that lateral oscillations
along the contact site can be in all directions (horizontal, vertical etc.), we sus-
pected that the motor must be distributed as a ring with dimensions similar to the
PSMAC. This would explain why the MTOC could only travel to the inner edge of
the pPSMAC.

As the MTOC moves toward the synapse, the microtubules projecting from the
MTOC to the synapse take on the form roughly of a hollow cone, where the central
region of the cone is devoid of microtubules (Fig. 21.3). The cone becomes progres-
sively wider as the MTOC comes closer to the membrane. Microtubules at the edge of
the cone appear to contact the cell surface or cortex in the region of the pSMAC and
then bend backwards toward the rear of the cell (Fig. 21.3a—c) (Kuhn and Poenie
2002). These bend points had the appearance of “knuckles” in the microtubules where
sharp bends were seen. This would make sense if motor proteins were anchored in the
PSMAC region of the synapse and suggested the possibility that microtubules interact
with a dynein ring that was in turn associated with sites where LFA-1 was clustered.
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Fig. 21.2 Movement of the MTOC to the immunological synapse. a Modulated polarization
microscopy (MPM) images of a CTL bound to an EL4.BU target cell (T) showing that the MTOC
(white circle) translocated to the target contact site within 3 min. b MPM image showing a
polarized MTOC (arrowhead) in a CTL (C) bound to a target cell (T). The scale bar is 5 microns
wide. ¢ The horizontal oscillations of the MTOC for the activated CTL in (b) are shown in
relation to the target contact site center. The mean horizontal distances are plotted versus time.
d Views of an activated T cell with the target cell removed. The MTOC (red) can oscillate in any
direction within the pPSMAC ring. The right image shows the synapse face-on. (e) If a T cell
(middle) is activated by two target cells, the MTOC (red) can oscillate between the two target
contact sites. Figures a—c are reprinted from Immunity 16:1 Kuhn and Poenie Dynamic
polarization of the microtubule cytoskeleton during CTL-mediated killing. Copyright 2002 with
permission from Elsevier

One way to test that idea was to take advantage of cases mentioned earlier where there
are either partial LFA-1 rings or even just patches of LFA-1. When we compared the
distribution of microtubules and regions where LFA-1 was clustered, we only saw
microtubules in regions where LFA-1 was clustered. In activated T cells with partial
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«Fig. 21.3 MTOC positioning at the immunological synapse. CTLs were activated by EL4.BU
target cells and immunostained with tubulin (a) or LFA-1 (red) and tubulin (green) (b, ¢, d). The
target cells were treated with colchicine to depolymerize microtubules prior to pairing for clarity.
Three-dimensional reconstructions were derived from the fluorescence images. a In the late stage of
MTOC translocation, microtubules appear to contact the pSMAC and then bend backwards away
from the target cell. b The MTOC can be seen in the middle of the target contact site defined by the
ring of LFA-1. ¢, d Cropped and rotated views of the synapse. In ¢, the MTOC is centered in the LFA-
1 ring. Ind, the MTOC is located toward the top of the LFA-1 ring image. No images obtained during
these experiments showed the MTOC outside of the LFA-1 ring. Figures a—d are reprinted from
Immunity 16:1 Kuhn and Poenie Dynamic polarization of the microtubule cytoskeleton during
CTL-mediated killing. Copyright (2002) with permission from Elsevier

LFA-1 rings, the MTOC generally localized close to the partial ring, as opposed to
activated T cells with full rings, where the MTOC was generally found close to the
center of the ring.

The imaging data suggested that points where microtubules contact the cortex
formed a ring-like pattern that correlated with the pSMAC and suggested the
hypothesis that dynein might be organized similarly. To further investigate the role of
dynein in MTOC translocation, we used Jurkat T cells. These cells have a number of
advantages and disadvantages when compared to the mouse CTL line we used for
MPM studies. The main disadvantage is that they are a T helper tumor line and less
representative of normal T cells. Furthermore, the Jurkat TcR-antigen specificity is
not known. As a substitute for an antigen-presenting target cell, we used Raji cells (a
B cell line) coated with Staphylococcus enterotoxin E (SEE), a superantigen. The
superantigen mimics the normal TcR-peptide-MHC interaction insofar as it binds to
both the Jurkat TcR and the Raji MHC (Muller-Alouf et al. 2001).

The strong Jurkat cell TcR engagement by SEE, while an artificial stimulus, also
potentially has certain advantages when it comes to trying to understand the basic
mechanism of MTOC translocation. Signal transduction through the TcR is complex
and a number of molecules may be important for T cell activation under conditions of
weak TcR-antigen binding that might not otherwise be necessary. There are a number
of molecules involved in T cell adhesion and signaling that not only affect MTOC
reorientation but also impact numerous signaling events. Examples include the
integrin LFA-1 (lymphocyte function-associated antigen-1) (Davignon et al. 1981;
Li et al. 2009; Davignon et al. 1981; Anikeeva et al. 2005), Fyn kinase (Martin-
Cofreces et al. 2000), and Vav, a guanine nucleotide exchange factor for small G
proteins (Ardouin et al. 2003). When CTLs are treated with monoclonal antibodies to
LFA-1, their cytolytic function is profoundly inhibited (90 %) (Davignon et al.
1981). On the other hand, when LFA-1-deficient Jurkat cells stimulated by SEE-
coated Raji cells, MTOC reorientation was not greatly affected (Combs et al. 2006).
Similarly, siRNA knockdown of Fyn to undetectable levels in Jurkat cells also had
little effect on MTOC translocation (Tan and Poenie, unpublished observations).
With respect to Vav, Ardouin and colleagues showed that for Vav ™'~ thymocytes,
MTOC reorientation was reduced from 74 % to 49 %. This partial reduction of
MTOC translocation correlates with impaired calcium elevation and signaling
events. It was noted, however, that in Vav-1"'" Jurkat cells, these effects were less
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severe leading to the suggestion that there may be developmental defects that con-
tribute to defects in Vav '~ mice (Cao et al. 2002). In any case, it does not seem that
Vav is absolutely necessary for MTOC translocation.
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«Fig. 21.4 Dynein forms a ring at the immunological synapse. a—f Jurkat T cells were paired with
Raji B cells coated with the superantigen Staphylococcus enterotoxin E (SEE). Cells were
immunostained and the fluorescence images were processed to obtain 3D images. In a, mouse
anti-ADAP formed a ring at the synapse with microtubules and the MTOC (green) in the center.
Cell pairs were also immunostained with rabbit anti-dynein intermediate chain (DIC) (b) or
mouse anti-DIC (c). Both antibodies stained a ring at the synapse. Jurkat cell pairs were stained
and a merged image of d, anti-ADAP, and e, mouse anti-DIC is shown in f. ADAP (red) and DIC
(green) colocalized in a ring at the synapse. Scale bars 5 microns. g, h Jurkat cells expressing
GFP-DIC were activated with SEE-coated Raji cells. The GFP fluorescence alone (g) and
immunostaining cell pairs for GFP (h) both show GFP-DIC accumulation at the synapse. Figures
4 (a—f) are reprinted from Combs et al. (2006). Copyright (2006) National Academy of Sciences,
US.A

In studies of MTOC polarization in Jurkat cells, having found that LFA-1 was
not absolutely required, the question remained as to why there was a correlation
between microtubule anchor points and the pSMAC. One possibility was that
microtubule contact points and possibly dynein were more closely correlated with
ADAP, a molecule needed for LFA-1 clustering (Wang et al. 2009; Kliche et al.
2012). Immunostaining and computerized 3D reconstructions of ADAP and
microtubules showed that ADAP forms a ring at the synapse that is closely related
to where microtubules contact the pSMAC (Fig. 21.4a). Furthermore, when ADAP
expression was reduced by introduction of antisense morpholino oligonucleotides,
MTOC translocation was blocked (Combs et al. 2006). On the other hand, when
T cells were prepared from ADAP™'~ mice, MTOC translocation was essentially
normal. The reason for this difference is not clear.

The Jurkat cell studies were extended to an examination of dynein. Immuno-
staining using two different antibodies against the dynein intermediate chain (70.1,
1467) showed that dynein was present as a ring at the synapse, closely related to
ADAP and other markers for the pSMAC Fig. 21.4(b—f) (Combs et al. 2006).
Furthermore, immunoprecipitation of dynein also pulled down ADAP suggesting
that the two molecules were linked in some way. Finally, when ADAP expression
was reduced using morpholino oligonucleotides, there was also a loss of dynein at
the synapse. These data suggested there was a link between ADAP, dynein, and
MTOC translocation in Jurkat T cells.

Although previous studies showed a link between dynein and MTOC translo-
cation they were not directly interfering with dynein. Recent studies by Martin-
Cofreces et al. showed that use of siRNA to reduce dynein expression led to a loss
of MTOC translocation (Martin-Cofreces et al. 2008). They reported similar
effects due to overexpression of dynactin, which disrupts dynein complexes. More
recently, we have used molecular traps against the dynein intermediate chain
(Varma et al. 2010) to show that when the trap is activated by dimerization,
MTOC translocation is reduced by more than 50 % (Christian and Poenie,
unpublished observations). Thus, several lines of evidence suggest that dynein is
important for MTOC translocation.
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21.3 Alternative Mechanisms for MTOC Translocation

Although there are a number of lines of evidence that dynein anchored at the
synapse is responsible for MTOC translocation, alternative or supplemental
mechanisms have been proposed. Several studies have implicated an actin or
actomyosin-based movement. One proposed mechanism is based on observations
that actin is initially polymerized in the region of the cSSMAC but it is then cleared
out of the cSMAC as the patch of actin takes the form of an expanding ring
(Stinchcombe et al. 2006). A similar observation is seen in the studies by Bunnel
and colleagues who followed actin polymerization at the surface where Jurkat cells
contact anti-TcR-coated coverslips. They saw that actin polymerization begins in
the center of the contact zone and then widens out as an expanding ring (Bunnell
et al. 2001). One could envision that if microtubule plus ends were tied to actin,
then tension would develop on microtubules as the ring expanded (Fig. 21.5).
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In support of this idea, previous studies had reported that Cdc42, which is
necessary for triggering actin polymerization, was also needed for MTOC reori-
entation (Stowers et al. 1995). Based on reports that IQGAP links microtubule plus
ends to the actin cortex (Fukata et al. 2002; Watanabe et al. 2004), Stinchcombe
and colleagues looked at IQGAP at the synapse and found that both actin and
IQGAP clear out of the synapse before the MTOC arrives. They proposed that
IQGAP might link microtubules to actin. Then as the actin ring expanded, the
microtubules would spread out with it generating the tension that would pull the
MTOC forward (Fig. 21.5).

In a study of NK cells, Banerjee and colleagues overexpressed normal or
mutant Cdc4?2 interacting protein (CIP4) and showed that in both cases, MTOC
translocation was blocked (Banerjee et al. 2007). CIP4, like IQGAP, is also
thought to link actin to microtubules. Once again this study argued for a role of
Cdc42 in MTOC polarization. On the other hand, when Tskvitaria-Fuller and
colleagues loaded T cells with a dominant negative Cdc42, it had only a small
effect, slowing down MTOC repositioning (Tskvitaria-Fuller et al. 2006). In a
study by Gomez and colleagues, Cdc42 expression was reduced using shRNA and
this apparently also had no effect on MTOC translocation. They argued instead
that Racl was necessary, perhaps though its ability to activate the formin FML1
(Gomez et al. 2007).

The notion that actin-based motility is involved with MTOC repositioning is
not simple to dissect because actin dynamics are intimately linked to T cell
activation. The idea of microtubules linked to an expanding actin ring is perhaps in
theory, a plausible way to initially drive the MTOC toward the synapse but at the
same time, it is hard to reconcile with the oscillating MTOC seen when two target
cells are in contact with one CTL (Kuhn and Poenie 2002). Furthermore, the
notion that this is supported by a role for Cdc42 is undermined by the papers
described above. It should also be noted that Sedwick and colleagues demonstrated
that the MTOC could be induced to translocate to the opposite end of the cell from
where actin accumulated (Sedwick et al. 1999). Finally, we should note that we
introduced an IQGAP mutant construct into Jurkat cells that has a non-functional
actin binding domain (IQGAP G75Q, courtesy of David Sacks). We saw no effect
on MTOC translocation (Fig. 21.6).

21.4 MTOC Polarization and T Cell Signaling

MTOC translocation is intimately tied a number of signaling events associated
with T cell activation. When the TcR binds to peptide-MHC complexes, a complex
series of events unfold that involve several kinases and scaffold proteins. It is
thought that one of the earliest events triggered by TcR ligation is activation the
Src-family kinase Lck which then phosphorylates regions of the TcR complex
known as ITAMs (Smith-Garvin et al. 2009). However, this view has been chal-
lenged by other models (Davis and van der Merwe 2011). Once ITAMs are
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Fig. 21.6 IQGAP is not essential for MTOC polarization in activated Jurkat T cells. Either
normal Jurkat T cells (a, b, c), Jurkat cells expressing GFP-IQGAP (d, e, f), or Jurkat cells
expressing GFP-IQGAP G75Q (g, h, i) were paired with SEE-coated Raji B cells (R). Pairs were
immunostained for IQGAP (a) and/or tubulin (b, e, h). IQGAP is seen at the immunological
synapse (a). Tubulin staining marked the MTOC (bright spot), which was localized at the synapse
in all cell lines. Since GFP-IQGAP G75Q cannot bind actin and the MTOC was still polarized in
these cells, this indicates that IQGAP is not essential for MTOC polarization in this system. The
merged images show IQGAP in red and tubulin in green (c), or GFP-IQGAP or IQGAP G75Q in
green and tubulin in red (f, i). Overlap between green and red is colored yellow

phosphorylated, they recruit the Syk-family kinase ZAP-70 leading to its activa-
tion. ZAP-70 then phosphorylates a number of critical scaffold proteins including
LAT and SLP-76 (Wang et al. 2010). Studies have shown that this cascade,
especially the kinase Ick, is essential for MTOC translocation (Davis and van der
Merwe 2011; Lowin-Kropf et al. 1998; Kuhne et al. 2003; Tsun et al. 2011;
Morgan et al. 2001; Blanchard et al. 2002).

One of the enzymes triggered through TcR activation is phospholipase Cy. This
enzyme cleaves phosphatidylinositol 4,5-biosphosphate (PIP2) into the second
messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). These in
turn trigger calcium release from the ER and activation of protein kinase C (PKC).
Sustained calcium signaling is achieved by the opening of CRAC channels at the
plasma membrane through the interaction of the Stim and Orai proteins (Hogan
et al. 2010). Interestingly, both calcium and diacylglycerol have been implicated in
MTOC translocation (Quann et al. 2009; Quintana et al. 2009; Nesic et al. 1998).
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Various other signaling and adhesion molecules have been implicated in MTOC
repositioning. These include the already mentioned small G proteins, Rac, Cdc42,
Vav, and Fyn. In addition, the calcium-dependent tyrosine kinase Pyk-2 (RAFTK)
has been implicated in MTOC movements in NK cells (Sancho et al. 2000). One of
the molecules associated with Pyk-2 is paxillin which has also been implicated in
MTOC repositioning (Robertson and Ostergaard 2011; Avraham et al. 2000).

At present, the most compelling evidence for a signal closely linked to MTOC
repositioning is the activation of PKC. Two studies by Quann and colleagues show
that localized formation of diacylglyercol by flash photolysis lead to localized
accumulation of dynein at the site of photolysis followed by recruitment of the
MTOC (Quann et al. 2009). In their studies, calcium was not required. This
movement apparently required activation PKC-0 followed by either PKC-¢ or
PKC-# (Quann et al. 2011).

21.5 Movement of Secretory Vesicles Towards the MTOC

T cell, and in particular CTL, vesicles contain perforin that forms holes in the target
cell membrane and granzymes that trigger apoptosis (Podack and Konigsberg 1984;
Pasternack et al. 1986; Tschopp and Nabholz 1990; Podack 1992; Trapani 2001;
Hoves et al. 2010). These vesicles have been characterized as “secretory lysosomes”
(Blott and Griffiths 2002; Bossi and Griffiths 2005). In CTLs, trafficking of these
vesicles to the synaptic interface is regulated by two principal movements
(Fig. 21.1). The first is dynein-dependent movement of vesicles to the minus end
of microtubules, i.e., toward the microtubule-organizing center (MTOC) (Mentlik
et al. 2010), and the second is MTOC repositioning to the CTL contact surface
(Stinchcombe et al. 2006; Poenie et al. 2004). Both movements occur after CTL
recognition of antigen on the target cell and are initiated by proximal TCR signaling
(Sykulev 2010).

As discussed in the previous section, activated phospholipase C (PLCy) cleaves
PIP; resulting in the production of DAG and IP; and activation of protein kinase C
(PKC). While PKC appears to regulate MTOC movements, a rise in intracellular
Ca”* concentration regulates dynein-dependent granule movement toward the
MTOC. Dynein motors can function in the absence of Ca®* in a cell-free system
(Gennerich et al. 2007) indicating that Ca** exercises its activity indirectly, and the
precise nature of the downstream events is not understood. However, recent data
provide evidence that the kinetics of intracellular Ca** accumulation determines
how rapidly the dynein translocates the granules toward MTOC (Beal et al. 2009).
This is in accord with the analysis of granule movement in another system,
crustacean chromatophores, showing that a rise in intracellular Ca®* concentration
increases the dynein-mediated aggregation velocity of pigment granules by 4.4-
fold (Ribeiro and McNamara 2007). Thus, the two movements responsible for
intracellular granule trafficking are independently regulated by Ca**- and DAG-
dependent signaling (Beal et al. 2009).
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Fig. 21.7 Lytic granules are on the move. CTLs were settled onto planar lipid bilayers
containing the adhesion protein ICAM-1 (blue) and cognate peptide-MHC ligands (unstained)
recognizable by the CTL-TcR. Secretory vesicle contents are shown in red. a Strong TcR
signaling causes vesicles (red) concentrate at around the MTOC prior to MTOC translocation
resulting in their clustering at the center of the immunological synapse (cSMAC). b Weaker or
indolent TcR signaling leads to MTOC translocation prior to clustering of secretory vesicles
around the MTOC. Here vesicles traveling from the periphery toward the MTOC still arrive at the
synapse but tend to get stuck in the pPSMAC. The central location of vesicles is associated with
more rapid granule release and faster destruction of target cells

These considerations led us to propose a model in which variations in the
kinetics of early TCR signaling could determine the difference in temporal and
spatial coordination of the two principal movements (Sykulev 2010). If the
kinetics of Ca”* signaling is rapid, the granules are recruited to MTOC prior to
the MTOC polarization, and subsequent MTOC polarization directly delivers the
granules to the secretory domain (Fig. 21.7a). The granule delivery via this short
path is associated with rapid kinetics of target cell destruction by CTL. Slow
kinetics of Ca®* signaling allows the MTOC to polarize before the granules reach
the MTOC, and the granules are redirected to the periphery of the synaptic
interface (Fig. 21.7b). The granules then have to travel across the adhesion ring to
be released at the center of the synaptic interface which is devoid of polymerized
F-actin—the long path. The long path of granule delivery is linked to inefficient,
i.e., slow, target cell destruction by CTL.

During the interaction of T cells and targets, formation of the immunological
synapse is associated with polymerization of actin and a transient formation of an
actin ring. Studies by Beal and colleagues indicate that the stability of this actin
ring is related to sensitivity of the target cell to lysis by CTL (Beal et al. 2008).
There are several possible explanations for this observation. One possibility is that
actin is directly involved in driving MTOC translocation as mentioned above
(Stinchcombe et al. 2006). Alternatively, it might be associated with recruitment of
ADAP which interacts with actin through its Ena/VASP binding domain and has
also been implicated in the recruitment of dynein (Combs et al. 2006; Obergfell
et al. 2001). Finally, this actin ring might be associated with forming a seal that
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serves to contain the released lytic molecules at the target cell membrane (Beal
et al. 2008). This may slow their inactivation and increase local concentration of
these molecules at the target cell surface (Millard et al. 1984; Henkart et al. 1984;
de Saint Basile et al. 2010), enhancing the effectiveness of target cell lysis.

21.6 Conclusion

In conclusion, it seems likely that dynein plays a major role in the MTOC
translocation and secretory vesicle movements that result in localized secretion,
which lies at the heart of T cell effector functions. The signals that link TcR
ligation to activation events that trigger dynein movements appear to now have
been identified. Still there is much that is unknown. At present the way that PKC
and calcium might modulate dynein function are not known. Understanding how
these activities are regulated may help us understand some aspects of how tumor
cells avoid destruction by T cells.
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Chapter 22
Thoughts on Progress in
the Centrosome Field

Jeffrey L. Salisbury

Abstract Centrioles and centrosomes have been at the center of attention of Cell
Biologists since the very beginning of the field. The approaches to the conduct of
science by early investigators shaped not only the foundation of our understanding
of centrosome biology, but also continue to impact its direction. What sets
centrioles and centrosomes apart from membrane-bound organelles are their fas-
cinating structure, and the intrinsic counting mechanism they employ to duplicate
once in each cell cycle. The details of centriole and centrosome biogenesis, and the
role that they play in ciliogenesis, cell polarity, and as a platform for cell signaling
pathways ensure their central place in future investigations.

22.1 Commentary

I have been thinking a lot lately about the pace of recent progress in our under-
standing of the biology of centrosomes and centrioles, and the scientific excite-
ment brought to the field with the re-emergence of the primary cilium as an
extension of the centriole (Pazour et al. 2000; Pazour and Rosenbaum 2002). The
cell biologist cannot help but be enamored by the centrosome and their defining
functional features: the nucleation of microtubule arrays and the ability to double
once in each cell cycle. The centrosome’s role as a structural platform on which
critical early steps in molecular signaling cascades operate is also a growing area
of current interest, though the history of this notion runs deep in the field as the
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concept of the neuromotor apparatus and early thoughts on hormone signaling pass
through the centrosome complex (Rees 1922; Kater 1929; Tucker et al. 1983;
Salisbury 1988; Pardee 1989; Christensen et al. 2008). I feel fortunate to have
experienced this recent period of astounding discovery and to have come to know
personally many of the investigators who have made the latest advances possible.
As is true for all progress in modern scientific achievement, the path to the
breathtaking breakthroughs of today rests squarely on the shoulders of the Giants
who came before us into the field (Newton 1676). Appreciation of the early
pioneers, however, all too easily becomes hidden with a receding grasp on the past
literature. How earlier studies developed and were formulated into the foundation
of current knowledge, and how the personalities of leading workers effected this
process is too often left untold in the contemporary classroom. It is therefore
appropriate that we take a moment to consider our deeper history. Among many
Giants in Cell Biology, a handful of investigators stand out for their exceptional
contributions to the understanding of centrosome, and perhaps one, Theodor
Boveri, exemplifies the species. Because there are several recent accounts of
Boveri’s specific contributions to the field, I will not repeat them here; rather I
wish to comment more generally on his method of discovery (Metcalf 1925;
Baltzer 1967; Manchester 1995; Brinkley and Goepfert 1998; Balmain 2001).
Boveri was recognized as an ‘extraordinary master of experimental design and
objective scientific reasoning’ by his peers; see E.B. Wilson’s dedication to
Boveri’s memory in his tome on The Cell in Development and Heredity (Wilson
1925). Boveri’s investigations into the nature of cytoplasmic organization and the
role of chromosomes as the carriers of heredity exemplify his achievement.
Anyone who delves into his scientific work will discover that Boveri was not only
the discoverer of fundamental facts, but also that his comprehensive insight into
development and the structural basis for genetic continuity and its interruption in
cancer, anticipated the very forefront of these fields today. Boveri’s insight into the
role of chromosomes as the carriers of the genetic traits and the concept of indi-
viduality of chromosomes was gained simply from direct observation of the
behavior of chromosomes during division, and importantly through the study of
abnormal divisions and their consequences in development. Boveri coined the
terms centriole and centrosome during his work on the dividing Ascaris egg when
he and his contemporary E. van Beneden observed that the astral arrays contain
rounded granules that divided when new asters were formed (Boveri 1887, 1888;
Van Beneden and Neyt 1887). Boveri and van Beneden both recognized that the
centrosome was endowed with an ‘autonomous’ behavior that included the
property of ‘self-replication’ as seen for chromosomes. Today, we understand
these features in terms of centrosome doubling and centriole duplication for which
the molecular details underlying their mechanistic basis for centriole biogenesis
are rapidly becoming elucidated (Kleylein-Sohn et al. 2007; Rodrigues-Martins
et al. 2007; Kuriyama 2009; van Breugel et al. 2011). However, what distinguishes
Boveri’s conduct of science from that of the present day is a process of discovery
that unfortunately has been diminished by the confines of the Impact Factor, the
Priority Score, and the Dean’s ‘metrics of achievement’.
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Fig. 22.1 Left. Drawing of a complex set of spindles in an abnormal division of an Ascaris
megalocephala egg by Boveri (1888). Middle. Interpretation of a Chlamydomonas cell (acrylic on
canvas). Right. Head 2010 (acrylic, paper, cloth, thread), see Portfolio at
AmeliaRoseSalisbury.com

The first element of Boveri’s process of discovery lies in an unencumbered
freedom for the keen application of direct observation. In Boveri’s time, armed
only with the light microscope and the meticulous preparation of specimens,
investigations into cell structure and function resulted first in a mental construct
that represented the synthesis of many hours of observation. The outcome of
microscopic studies was finally depicted in remarkable drawings of cytoplasmic
detail that approach ultrastructural resolution (Fig. 22.1). The power of the mind to
perceive beyond the practical limits of resolution of the light microscope is not
unlike that of Abstract Impressionism or Cubism where multiple dimensions,
times, or views are captured onto a single two-dimensional canvas. I have an artist
friend who exemplifies this very style. She grew up in a scientific household before
the advent of digital microscopy. During her youth on Saturday mornings instead
of watching TV she spent hours at the microscope peering at histology slides that
her father used to prepare for teaching. Today, her paintings reflect a vibrant
palette that demonstrates the lasting impact of hematoxylin and eosin on the mind
(Fig. 22.1). Contrast direct observation and unencumbered thought with the
methods of today, where tagged-reporters are recorded as an expanded range of
threshold intensities, projected directly on a CCD camera, and following varying
degrees of computer processing onto a RGB monitor or CM YK printer. Today, the
optics of the human eye and mental processing can be omitted entirely from the
production of microscopic images. Obviously, power of digital microscopy cannot
be denied and can be scientifically and esthetically satisfying in its own right, but
we must not forget to look first to see what can be seen. The Nobel laureate and
visionary Richard Feynman who thought deeply about light made this very clear in
a lecture on the future direction of microscopy...“It is easy to answer
many...fundamental biological questions: you just look at the thing!” (Feynman
1959, reprinted 1992).
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A second intellectual practice that Boveri employed, and again one that is very
nearly impossible or at the very least impractical today, was not to rush to publish.
But, rather to contemplate, incubating the results, sometimes for years before a
manuscript that was often a masterpiece on the subject resulted. Key to his
intellectual process was to take the time to refine a more comprehensive under-
standing through further experimentation, and discussions with colleagues,
exchange of letters and lectures on the topic, and simply to ponder. Just try and
explain this method of scientific discovery to your Department Chair or Dean of
Research when she asks not ‘what have you done’, but ‘what have you done
lately’? One may argue that Web-based literature forums and databases supplant
the need for incubation because they make all current and past scientific thought
available to the present day investigator at the click of a mouse. Undoubtedly,
digital access has greatly improved the availability of information. Nonetheless, it
is all too common to witness a blind spot in citations of important and often key
studies in an area because a keyword search failed to pick up a paper that used an
outmoded term for a now widely known protein or process. Lost keywords for
many proteins that now carry familiar names were once referred to simply as a
molecular weight or by a descriptive property, such as the 55 kD protein, the
‘colchicine-binding protein’ or the ‘calcium-dependent regulatory protein’.

If Boveri was so fortunate to live to see today’s stunning developments in Cell
Biology he would surely be astounded by the depth of detail and progress in the
field, but if he used the practice of discovery that served him so well during his
career, we might see him standing on a corner carrying a cardboard sign that
reads... ‘Will do Microscopy for Food’. We are the fortunate ones to have had his
shoulder to rest upon and to have the opportunity to rediscover in molecular detail
what he knew so well.

During the period and until the advent of modern methods in biology, progress
was not simply incremental, but included many discoveries that underlie our
current appreciation of centrioles and centrosomes. We must take a rather broad
view of the importance of these to include fundamental studies on cilia and fla-
gella, because, with the prescience of hindsight, we recognize that the functional
relevance of centrioles lies in their supporting role for ciliogenesis and as the
anchor for cilia and flagella, which was evident early on and particularly for sperm
of animals and lower plants. Flagella emanating from centrioles located at the
spindle poles of meiotic insect spermatocytes, the transformation of the blepha-
roplast in Equisetum to give rise to multiple flagellar bases during spermatogen-
esis, and the conversion of clusters of centrioles into basal bodies of ciliated
epithelia led Friedrich Meves, Mihaly Lenhossek, Louis Félix Henneguy, and
L.W. Sharp in particular, to solidify the concept that centrioles and basal bodies
are interchangeable and indeed one-in-the-same organelle (Henneguy 1897;
Lenhossék 1898; Meves 1900).

A second and still enigmatic role for centrosomes is that of organizing a
cytoplasmic spatial template. The earliest hint that centrosomes embody an
intrinsic structural template was seen in the giant replicating centrioles in the
spermatocyte of the hagfish Myxine, where the orthogonal relationship between
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older and younger centrioles of a pair (perhaps the only macromolecular right
angle known in biology) were first observed (Schreiner and Schreiner 1905).
Further evidence for centrosome patterning of cytoplasmic organization is evident
in the cell axis, a defining feature of epithelial and migrating cells discernible by a
line drawn through the nucleus, intersecting the centrosome (and Golgi) and the
apical membrane or leading edge of the cell (Van Beneden 1883; Wilson 1925;
Bornens 2012). While the evidence suggests that establishment of centrosome
positioning along the cell axis is secondary to primary cues emanating from the
leading edge or apical/basal lateral membranes, its importance is nonetheless clear
for maintenance or stability of cell polarity and to anchor trafficking along the
microtubule array to and from the cell center (Luxton and Gundersen 2011).

With the advent of electron microscopy, studies by Giants such as Irene
Manton, Keith Porter, Donald Fawcett, Daniel Mazia, and Jeremy Pickett-Heaps
firmly established the centriole and centrosome as a most elegant structural feature
of eukaryotic cells. Irene Manton (1904—1988) whose fine structure studies using
UV and electron microscopy on reproductive cells of ferns, algae and other
cryptogams, and nanoplanton gave us an early close look at the 9 + 2 structure of
flagellar axonemes and the constant cytoplasmic organization characteristic of the
smallest of eukaryotes (Manton and Clarke 1950; Manton 1953; Manton and Parke
1960). Electron microscopy also revealed extreme examples of nearly invariant
features of cytoplasmic organization relative to the basal apparatus with a constant
position of nucleus, eyespot, and other organelles seen of free-living algal cells and
the regular cortical arrays of ciliates and flagellates (Dingle and Fulton 1966; Gull
1999; Sagolla et al. 2006; Paredez et al. 2011). The value of these structural
features and those of the mitotic apparatus became widely recognized as an
indicator of evolutionary relationships (Pickett-Heaps 1975; Stewart and Mattox
1980). We can look to these examples to find clues to the role of the centrosome in
patterning organization of complex tissue types and the cytoplasm of mammalian
cells, in general, albeit where the regularity of structure may be less obvious.

Finally, while much is made of the dispensability of centrioles and centrosomes
for mitosis in flat worms, mutant flies, and in higher plants, it is nonetheless clear
that when centrosomes become defective or ‘amplified’ in disease processes such
as cancer, genomic continuity becomes comprised (Brinkley and Goepfert 1998).
The selective pressure over nearly 2 billion years for maintaining centrioles and
centrosomes in most extant eukaryotic lineages rests on two functional attributes
of the organelle—the support of ciliogenesis to anchor cilia and flagella, and the
definition of a ‘coordinate geometry’ system for mitotic and cytoplasm organi-
zation. The impact of the former became clear with the recognition of the role of
defects in the primary cilium in disease processes, and that of latter is appreciated
when considering the genomic instability in cancer and the definition of the plane
of cleavage which, when centrosomes are absent, restricts specific developmental
processes to a simple body plan as seen in the acentriolar divisions of the flat worm
(Azimzadeh et al. 2012).

I have not mentioned directly ‘Lesser’ or burgeoning Giants, even though
exceptional investigators abound. ‘Lesser’ only because Giants genuinely are
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legendary and are no longer able to dispute the title. As the field progresses we can
anticipate a clarification of the role of the centrosome in the control of cytoplasmic
architecture and cell polarity, and second, we can expect several distinguished
players to mature into full-grown Giants for future Cell Biologists to look up to.
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