Chapter 5
Centrosome—Microtubule Interactions
in Health, Disease, and Disorders

Heide Schatten and Qing-Yuan Sun

Introduction

The centrosome, known as the primary microtubule organizing center (MTOC) of
eukaryotic cells, is a multifunctional organelle of ca. 1 pm in diameter without
membrane boundaries. It plays essential roles in all cell cycle stages and undergoes
remodeling during the transition from interphase to mitosis (G2/M) to become
division-competent and assemble a functional mitotic apparatus that is able to sepa-
rate chromosomes accurately to the dividing daughter cells (reviewed in [1]).
Centrosome dysfunctions have been implicated in numerous diseases and disorders
including Alstrom syndrome, Bardet-Biedl syndrome, retinitis pigmentosa, deaf-
ness, obesity, diabetes mellitus, lissencephaly, mental and behavioral disorders,
malformations, juvenile autosomal recessive Parkinson disease, rheumatoid arthri-
tis, polycystic kidney disease, ciliopathies, cancer and others (reviewed by Badano
et al. [2], Nigg and Raff [3], Gerdes et al. [4], Bettencourt-Dias et al. [5], Schatten
[6]). The centrosome is a versatile organelle that functions as major hub for signal
transduction molecules and orchestrates signal transduction through its microtubule
network. The centrosome further is involved in Golgi functions, in directing organ-
elle movement such as mitochondria and cargo such as enzyme-containing vesicles
and therefore, centrosome dysfunctions have wide-ranging impacts on cellular
metabolism and cellular health. As detailed in Chap. 10 by Li and Hu, the centro-
some also plays a role in primary cilia formation, thereby interacting with the
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extra- and intracellular microenvironment. Detailed data are available for primary
cilia dysfunctions in polycystic kidney disease in which the proteins polycystin-1,
polycystin-2, polaris, and cystin are affected [7].

The structure and functional components of the centrosome and the centrosome
duplication cycle have been reviewed previously [1, 8, 9-12, 187] and will only be
briefly addressed here while this chapter is focused on centrosome-microtubule
interactions and their dysfunctions in disease and disorders. As indicated above,
numerous diseases have directly been linked to centrosome dysfunctions (reviewed
by Badano et al. [2], Nigg and Raff [3], Gerdes et al. [4], Bettencourt-Dias et al. [5],
Schatten [6]) and others have been linked to centrosome-related signaling dysfunc-
tions. Some of the major diseases and disorders linked to centrosomes will be
addressed here while others will be mentioned and references will be provided. In this
chapter we will primarily focus on (1) Centrosome-microtubule dynamics; (2)
Centrosome dysfunctions in aging cells; (3) Centrosome dysfunctions in cancer
cells.

Section 1: Centrosome—-Microtubule Dynamics

As indicated above, the centrosome is a multifunctional cellular organelle without
membrane boundaries that relies on precise regulation to nucleate microtubules for
specific and varying functions throughout the cell cycle. Several regulators of cen-
trosome functions have been determined in which kinases and phosphatases as well
as post-translational modifications play major roles. Such modifications allow cen-
trosomes to nucleate and organize different microtubule formations. Whereas the
interphase centrosome nucleates the large interphase aster that radiates from the
nucleus-associated interphase centrosome the mitotic centrosomes organize polar
asters and the central mitotic spindle that is critical for chromosome alignment and
separation. As will be detailed below significant remodeling of the centrosome
takes place at the transition from G2/M to modify the interphase centrosome into
division-competent mitotic centrosomes, a process termed centrosome maturation.
During this process centrosomes become enabled to nucleate an increased number
of mitotic microtubules as a result of increased amounts of y-tubulin that associate
with the mitotic centrosome.

As mentioned above, the centrosome holds key roles in cell cycle regulation and in
several other complex cellular functions that directly or indirectly affect cell cycle
progression and cellular metabolism. Numerous kinases are involved in the transition
from G2 to mitosis [9—12]. These kinases primarily play a role in centrosome protein
phosphorylation while dephosphorylation takes place when cells exit mitosis.

In a typical mammalian somatic cell, a perpendicularly oriented centriole pair is
embedded in a centrosomal matrix (Fig. 5.1) that oftentimes is also referred to as
pericentriolar material (PCM). The centrosomal matrix (PCM) is composed of a
lattice of coiled-coil proteins and contains specific centrosomal proteins including
the y-tubulin ring complexes (y-TuRCs), pericentrin, centrin, and calcium-sensitive
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Fig. 5.1 A typical centrosome in somatic cells is composed of centrosomal material, also referred
to as pericentriolar material (PCM), surrounding two perpendicularly oriented centrioles.
Embedded in this matrix are centrosomal proteins such as y-tubulin and the y-tubulin ring com-
plexes that nucleate microtubules along with numerous associated proteins as described in the text.
Other components within the centrosomal matrix include the microtubule anchoring complexes.
Modified from Schatten and Sun [13]

components ([14]; reviewed in [1]). The composition of proteins embedded within
the centrosomal matrix varies in different cell cycle stages while centrioles, on the
other hand, do not significantly change in their molecular composition throughout
the cell cycle. However, centriole duplication takes place in a precisely regulated
process to assure that centrioles are duplicated only once during the cell cycle. In
mammalian cells, centrioles display a typical composition of nine outer triplet
microtubules forming a barrel-shaped small tube without containing central micro-
tubules. Centrioles duplicate through a semiconservative duplication process dur-
ing which a younger (daughter) centriole forms perpendicular to the older
(mother) centriole. The mother centriole is distinguished from the daughter cen-
triole by appendages as a characteristic feature which indicates structural and
functional differences. In mammalian cells, centrioles are involved in the assembly
of specific centrosome proteins and in the duplication of centrosomal material [15].
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The exact composition of centrosomal material is not yet clear, as it is difficult to
generate precise data with our currently available methods but it has been reported
that as many as 500 proteins may be associated with the interphase centrosome
structure [16] although it is likely that a large number of these proteins may be
centrosome-associated proteins or proteins that are temporarily localized to centro-
somes during specific cell cycle stages. A more conservative estimate may include
about 60—100 centrosomal proteins to be present in a typical somatic cell interphase
centrosome (reviewed in [17]). Of these, centrosome core proteins are tightly asso-
ciated with the centrosome matrix while others are part of the cell cycle-dependent
structural centrosomal changes in most cell systems.

So far, purified centrosomes have been analyzed by mass spectrometry, revealing
several classes of proteins that include structural proteins (alpha-tubulin, beta-
tubulin, y-tubulin, y-tubulin complex components 1-6, centrin 2 and 3, AKAP450,
pericentrin/kendrin, ninein, pericentriolar material 1 (PCM1), ch-TOG protein,
C-Napl, Cep250, Cep2, centriole-associated protein CEP110, Cepl, centriolin,
centrosomal P4.1-associated protein (CPAP), CLIP-associating proteins CLASP1
and CLASP 2, ODF2, cenexin, Lis1, Nudel, EB1, centractin, myomegalin); regula-
tory molecules (cell division protein 2 (Cdc2), Cdkl, cAMP-dependent protein
kinase type II-alpha regulatory chain, cAMP-dependent protein kinase-alpha cata-
lytic subunit, serine/threonine protein kinase Plk1, serine/threonine protein kinase
Nek?2, serine/threonine protein kinase Sak, Casein kinase I, delta and epsilon iso-
forms, protein phosphatase 2A, protein phosphatase 1 alpha isoform, 14-3-3 pro-
teins, epsilon and gamma isoforms); motor and motor-related proteins (dynein
heavy chain, dynein intermediate chain, dynein light chain, dynactin 1, p150 Glued,
dynactin 2, p50, dynactin 3); and heat shock proteins (heat shock protein Hsp90,
TCP subunits, and heat shock protein Hsp73).

Gamma-tubulin is an essential centrosomal protein that is primarily found in the
centrosome matrix structure, but it can also serve as nucleating sites in areas other
than the centrosome and it can be associated with microtubule walls. It also is impor-
tant for microtubule nucleation from the Golgi and it associates with the plasma mem-
brane during cellular polarization. The major nucleating complex for microtubules
from centrosomes is the ca. 2.2-MDa y-TuRC that is present in all cells studied so far
[18] and consists of 12 or 14 y-tubulin molecules. Hundreds of y-TuRCs may be
embedded in the centrosome matrix, dependent on the requirements for microtubule
nucleation which differs in different cell cycle stages. The large y-TuRC contains 5-7
small complexes, the yTuSCs (around 280 kDa) that each comprises two molecules of
y-tubulin and one molecule each of GCP (y-tubulin complex protein) 2 and 3 [19].
The y-TuSCs associate with the y-TuRC by condensation and association with pro-
teins GCP4, GCP5, GCP6, and GCP-WD/NEDD 1. Two functional genes for y-tubulin
have been identified for mammalian cells (TUBG1, TUBG?2). Posttranslational modi-
fications of y-tubulin have been reported which includes phosphorylation and mono-
ubiquitination. Complexes of y-tubulin with protein tyrosine kinases of the Src family,
polo-like kinase, microtubule affinity-regulating kinase 4 (MARK 4) or phos-
phoinositide 3-kinase have also been documented. Various proteins and protein com-
plexes are needed to anchor the y-TuRC to the centrosome matrix including the large
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coiled-coil A-kinase anchoring proteins [19-22, 23-26], Cep135 [27], ninein, aug-
min, Cepl192/SPD2, AKAP450/CG-NAP, pericentrin/kendrin, and CDKSRAP2/
centrosomin. Dynactin plays a major role in microtubule anchorage at centrosomes
as well as at non-centrosomal anchorage sites. It is preferentially localized to the
mother centriole [28-30]. Several of the microtubule minus-end binding proteins
including those of the y-TuRC are accumulated at the proximal ends of centrioles.
Tubulin polyglutamylation of the centriole walls modulates interaction between
tubulin- and microtubule-associated proteins. Much interest has been focused on
how the activity of the y-TuRC is regulated and significant new data have been
produced that identified new components that interact with or regulate the y-TuRC
such as NME7 [31] and TACC3 Protein [32]. More specific information on y-TuRC
regulation is available in several recent original and review papers [31-34]. New
methods including subdiffraction-resolution fluorescence microscopy combined
with site-specific antibody analyses have generated new insights into high-order
spatial organization of the centrosome structure [35-38].

As mentioned above, the number of microtubules nucleated by the y-TuRC var-
ies in different cell cycle stages. In interphase, fewer but longer microtubules are
nucleated, while in mitosis, y-TuRCs become increased to nucleate more microtu-
bules. Mitotic microtubules are shorter, larger in number, and highly dynamic. The
regulation of microtubule nucleation includes cell cycle-specific proteins that par-
ticipate in the centrosome maturation process and include the small GTPase Ran,
Aurora A kinase, polo-like kinases, and others (reviewed in [6]).

Pericentrin forms a ca. 3-MDa complex with y-tubulin and depends on dynein
for assembly onto centrosomes [39]. Pericentrin is part of the pericentrin/AKAP450
centrosomal targeting (PACT) domain [40] involved in recruiting y-tubulin to cen-
trosomes [20, 21]. Mutation of the pericentrin gene results in loss of recruitment of
several other centrosomal proteins which becomes manifested in diseases or disor-
ders (reviewed in [2]). Centrins are primarily associated with centrioles, but are
also components of centrosomes with an essential role in centrosome duplication
([15, 41-43]; reviewed in [44]).

NuMA (Nuclear Mitotic Apparatus protein): One of the critical proteins enabling
mitotic and meiotic centrosome functions is NuMA. NuMA becomes a significant
centrosome-associated protein during mitosis as well as meiosis when it forms an
insoluble crescent around the centrosome area facing toward the central mitotic or
meiotic spindle. NuMA is important for cross-linking spindle microtubules and for
tethering microtubules precisely into the bipolar mitotic or meiotic apparatus [45].
NuMA is a multifunctional protein (reviewed in [46, 47] that serves as nuclear
matrix protein in the nucleus during interphase but it is not associated with inter-
phase centrosomes. NuMA becomes dispersed into the cytoplasm during nuclear
envelope breakdown and associates with microtubules for translocation to the
centrosomal area. Cdkl/cyclin B-dependent phosphorylation is important for this
process to take place [48]; the association with microtubules and translocation to
centrosomes requires dynein—dynactin-mediation; failure of this mediation will
result in meiotic and mitotic dysfunctions [185].
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Fig. 5.2 Centrosome cycle in somatic cells. (A) The interphase centrosome is located next to the
nucleus and organizes the interphase microtubule array. (B) Centriole and centrosome duplication
is synchronized with DNA duplication during the S phase. (C) Separation of the duplicated centro-
some complex to the forming mitotic poles takes place during early prophase. (D) Establishment
of the bipolar mitotic apparatus with centrosomes localized at the center of the mitotic poles. (E)
Compacted metaphase centrosomes organize a well-focused metaphase spindle. (F) Reorganized
centrosomal material closely associated with the reforming daughter nuclei of dividing cells. (G-I)
Centrosomal abnormalities resulting in tripolar (G) or multipolar (H-I) spindle formations.
Modified from Schatten [6]

Regulation of the Centrosome Complex The regulation of the centrosome com-
plex is critically important for accurate functions throughout the cell cycle and for
coordination with several cell cycle events. It includes accurate duplication of the
centrioles as well as the centrosomal material for precise coordination of centro-
some and chromosome dynamics. In mitosis as well as meiosis, centrosomes orga-
nize microtubules that attach to kinetochores as part of a complex molecular
machinery that assures accurate separation and equal distribution of chromosomes
to the dividing cells. Centrosomes and chromosomes undergo coordinated duplica-
tion cycles in parallel pathways to assure accurate cell divisions. Cell cycle abnor-
malities occur when these events become misregulated and desynchronized, as will
be addressed in sections 2 and 3.

Centrosome Duplication It is important that centrosomes are duplicated only once
during the cell cycle in a process that is well synchronized with the DNA cycle to
assure precise chromosome partitioning to the dividing daughter cells (Fig. 5.2).
Centrosome duplication and DNA replication both require hyperphosphorylation of
the retinoblastoma (RB) protein and activation of Cdk2. The program of duplication
and block for reduplication has been reviewed (reviewed in [1, 9-12]) and it has
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been shown that centrosome duplication starts to take place shortly before the G2
cell cycle stage in a precisely orchestrated duplication program. The process begins
with disorientation of the pair of centrioles, centriole duplication, centriole disjunc-
tion, and separation of sister centrioles (reviewed in [49, 50]). While this process
has been well studied in somatic cells and quite detailed knowledge has been accu-
mulated on centriole duplication, we still do not yet fully understand duplication of
centrosomal material and centrosome dynamics throughout the cell cycle.
Centrosome duplication and separation is frequently correlated to the better under-
stood centriole dynamics and centriole duplication cycle. Our knowledge about cen-
trosome duplication primarily relates to phosphorylation (reviewed in [9—12]). We
know that the initiation of centrosome duplication is under cytoplasmic control and
driven by cyclin-dependent kinase 2 (Cdk2) complexed with cyclin E or cyclin A
that rises during the late G1 stage (reviewed in [51]). The initiation of centrosome
duplication further requires calcium/calmodulin-dependent kinase II (CaMKII)
[52] that localizes to spindle poles [53] and phosphorylates centrosome proteins
in vitro [54]. Specific centrosome proteins depend on multiple signaling to allow the
transition from G2 to mitosis; the G2/M cell cycle transition is critical for centro-
some phosphorylation to become division competent and allow cell proliferation
(reviewed in [1]). Polo-like kinases are required for multiple stages of mitotic pro-
gression and they are further involved in centrosome separation [55-57].

The block to centriole reduplication may involve ubiquitin-mediated proteolysis
of centrosomal proteins, as several components of the SCF (Skpl/cullin/Fbox;
ubiquitin ligase complex) proteolysis pathway as well as the 26S proteasome are
localized to centrosomes in human cells [9-11, 58-61]. The centrosomal protein
centrin plays a role in centrosome disjunction at the G2/prophase transition, and it
has also been shown that the Nek2 kinase is involved in this process ([62]; reviewed
in [63]). Centrosome separation is in part driven by plus- and minus end-directed
microtubule motor proteins which takes place in interphase around the nucleus and
during mitosis at the mitotic poles.

As indicated above, the G2/M transition represents a critical phase during which
centrosomes mature to become division-competent in a process requiring Cdk1/
cyclin B as well as Cdkl/cyclin A (reviewed in [64]). Cdkl/cyclin B activation is
detected in centrosomes during prophase [65]. During the G2/M phase several
important centrosomal proteins are acquired including polo-like kinase 1 (Plk1)
[66], and NuMA [67]. On the other hand, interphase centrosome proteins such as
C-Napl [68] or Nlp [69] are removed. y-TuRC recruitment to the centrosome
increases prior to mitosis to nucleate increased numbers of microtubules for spindle
formation. Polo and Aurora A kinases [70] and cdc2/cyclin B kinase [65] are pre-
cisely regulated during G2/M and during mitosis. Misregulation is associated with
diseases and disorders as will be addressed in sections 2 and 3. Exit from mitosis
requires degradation of cyclin B which is achieved by proteins binding to the
anaphase-promoting complex/cyclosome (APC/C); the activated APC/CCdc20
degrades cyclin B and securin to allow cell cycle exit from mitosis [71-74].
Microtubule motor proteins are important for the assembly of a functional mitotic
centrosome which includes shuttling of the proteins pericentrin, centrin, ninein, and
NuMA along microtubules toward the centrosomal area.
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As of now we do not yet fully understand how centrosome proteins are associ-
ated with the centrosomal matrix but it is possible that the centrosomal matrix may
play a role in clustering of centrosome proteins during mitosis ([75]; reviewed in
[6]). Invertebrate models have provided some information on the centrosomal
matrix structure which revealed that this material may contain fibrous cytoskeleton-
like material. In the Spisula model, material left after high-salt extraction of centro-
somal proteins contained a fibrous component [76, 77], perhaps composed of
filament-like material that may have intermediate filament-like characteristics. Our
own studies on sea urchin centrosomes revealed filament-like proteins that could be
detected with Ah6, a monoclonal antibody to intermediate filament-like proteins
[78]. In addition to these proteins microtubule-associated proteins (MAPs) in the
centrosomal matrix may be involved in centrosome clustering. Other proteins that
may play a role in functions of the centrosomal matrix includes HSET (kinesin-
related protein), as HSET depletion blocks centrosome clustering and promotes
multipolar divisions [79].

The interactions of microtubules with centrosomes and their interdependent reg-
ulation is complex and we do not yet fully understand the factors that affect centro-
somes and microtubules and their influence on each other which includes signal
transduction pathways that play a role in communication between microtubules and
centrosomes. Signal transductions that have been explored allowed close insights
into this important relationship in somatic as well as in reproductive cells and deter-
mined critically important molecular mechanisms that effectively regulate centro-
some and microtubule dynamics, their interactions with each other, and
communication with other cellular components. Many of the signaling molecules
that have been identified to colocalize with centrosomes use centrosomes as their
central docking station for cellular communications in which microtubules provide
the distribution network. As centrosomes are able to modify the microtubule net-
work they can facilitate changes to accommodate cell cycle-dependent signaling
requirements. Key signaling molecules that associate with centrosomes include the
mitogen activated protein kinase (MAPK) that plays a critical role in centrosome
and microtubule regulation during meiosis, mitosis, and cell division ([80];
reviewed in [1]). Polo and Aurora A kinases [70], and cdc2/cyclin B kinase [65] are
other important meiotic and mitotic cell cycle regulators that are concentrated at
the centrosome (reviewed in [1]). These kinases are critical for centrosome regula-
tion, as abnormalities have been linked to centrosome pathologies affecting cellular
health. In mouse meiotic maturation p38a MAPK, a centrosome-associated protein,
has been shown to regulate spindle assembly, spindle length and chromosome seg-
regation [81]. Depletion of p38a affects other proteins and results in spindle pole
defects and aneuploidy.

Posttranslational Tubulin Modifications The effects of posttranslational modifications
on microtubule dynamics and functions have been reviewed [82-84] and their
importance for modulations of cytoskeletal and cellular functions have been
highlighted. PTMs are chemical modifications that regulate microtubule activity
and interactions with other cellular molecules and components by creating marks
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on microtubules for specialized interactions and function-specific activities [83].
PTM-related microtubule dysfunctions have been linked to diseases such as cancer,
diabetes, heart diseases, neurodegenerative diseases, and various others (reviewed
in [82, 84]).

Several tubulin PTMs have been studied in somatic and reproductive cells and
include acetylation and detyrosination/tyrosination. These PTMs have been impli-
cated in microtubule stability, in networking with other proteins, and in targeted
associations with the microtubule motor proteins dynein and/or kinesin that accom-
modate transport of cargo molecules along microtubules. The association of dynein
with microtubules is important for transport of centrosome proteins such as pericen-
trin and centrosome-associated proteins such as NuMA to remodel centrosomes
throughout the cell cycle (reviewed in [1, 82]). These PTMs are also important for
localized function-specific stabilization of microtubules [83, 85, 86] which is an
important aspect for stabilizing labile microtubules at the minus ends facing the
centrosomal area.

Acetylation of microtubules is a reversible PTM that is mediated by acetyltrans-
ferase [87] while tubulin deacetylation is mediated by two known enzymes, the
histone deacetylase 6 (HDACH6) [88, 89] to reverse acetylation of Lys40, and sirtuin
2 (SIRT2) [90]. HDACS6 functions can be inhibited by trichostatin A (TSA) [91, 92]
and tubastatin A [93]. The reversible detyrosination/tyrosination cycle plays a role
in the recruitment of microtubule-binding proteins and specific molecular motors.
Detyrosination is achieved by the removal of a Tyr functional group from tubulin,
whereas tyrosination is achieved by re-addition of Tyr that returns tubulin to its
nascent state [94].

The Primary Cilia-Centrosome Cycle Primary cilia are tightly correlated with the
centrosome cycle and the regulatory relationship between primary cilia functions
and the cell cycle has clearly been established (reviewed in [95, 186]). The primary
cilium—centriole—centrosome cycle starts during G1 when the distal end of the
mother centriole becomes associated with a membrane vesicle (reviewed by Pan
and Snell [95]) followed by growth into an axoneme that is surrounded by the
enlarging ciliary vesicle that fuses with the plasma membrane. During the subse-
quent S phase centrioles duplicate and lengthen; the mature length of the primary
cilium is achieved during G2. As detailed in Chap. 10 by Li and Hu, the primary
cilium is a non-motile single cilium composed of 9 outer microtubule doublets with
no central microtubule pair (“9 + 07); it is covered by a specialized receptor-rich
plasma membrane. The primary cilium protrudes from almost all cells in our body
[96-98] and it communicates signals from the external cellular environment to the
cell body. The molecular aspects of this cilium and functions are addressed in Chap.
10 by Li and Hu of this book. Numerous diseases have been associated with primary
cilia dysfunctions that have been well elaborated for polycystic kidney syndrome
and include many diseases and disorders grouped under the umbrella of ciliopa-
thies. Several studies have revealed details of signal transduction cascades between
primary cilia and the centrosome that are essential for accurate cell cycle progres-
sion [1, 97-103]. These are reviewed in Chap. 10 by Li and Hu.
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Section 2: Centrosome Dysfunctions in Aging Cells

By now centrosome dysfunctions in diseases and disorders have been studied by a
number of different investigators (reviewed by Badano et al. [2], Nigg and Raff [3],
Gerdes et al. [4], Bettencourt-Dias et al. [5], Schatten [6]) but centrosome dysfunc-
tions in aging cells are still largely unexplored although it has clearly been shown that
centrosomes and the cytoskeleton are affected by aging in reproductive cells [13], in
stem cells [104, 105], and in various cultured cells [106, 107]. The best examples of
centrosome and cytoskeletal changes during aging come from oocyte cells in which
aging occurs rapidly when fertilization does not take place within a certain time frame
(reviewed in [108—110]). Furthermore, oocyte aging is well known to be associated
with aneuploidy primarily in women past 35 years of age which results in low
fertilization rates, affecting many women in advanced ages who desire to have
children and seek treatment in in vitro fertilization (IVF) clinics.

Oocytes of most mammalian species are arrested at the meiosis II (MII) stage
and remain arrested until fertilization takes place which typically occurs soon after
ovulation. The window for optimal fertilization varies in different species. If fertil-
ization does not take place within a certain time frame unfertilized oocytes remain
in the oviduct or in culture and will undergo time-dependent quality changes in a
process termed oocyte aging. In unfertilized MII stage oocytes several aging effects
take place in humans and all mammalian animal models studied so far. In humans,
oocyte aging occurs within a 24 h time frame and includes changes in calcium
metabolism, decrease in enzyme activity, decrease in essential organelle functions
such as mitochondria resulting in decrease in ATP production, destabilization of the
microfilament and microtubule cytoskeleton, loss of centrosome integrity associ-
ated with loss of spindle integrity, and loss of cohesion between sister chromatids
resulting in chromosome mis-segregation and aneuploidy. Loss of spindle integrity
includes dispersion of centrosomal proteins including y-tubulin and NuMA from
the centrosome core structure. The mechanisms underlying these changes and con-
sequences or causes are not well understood but several pieces of information have
been accumulated in recent years. It has been shown in human oocytes that micro-
tubules become destabilized in aging oocytes which prevents accurate motor-driven
transport of centrosomal proteins along microtubules to form and maintain a func-
tional centrosome [111, 185]. Because of the high demand to overcome the effects
of oocyte aging to allow fertilization, embryo development and the birth of healthy
babies this area of research has progressed more rapidly compared to research on
aging in somatic cells and studies on oocyte aging have become important for pro-
cedures that can be applied in IVF clinics to overcome the aging effects. One of the
important goals to overcome the effects of aging is to understand and target the
mechanisms underlying loss of spindle integrity and prevent aneuploidy [13].

In fresh oocytes, centrosome dynamics are precisely regulated and include active
maintenance of centrosomes until fertilization takes place. As mentioned above, the
MII spindle in mammalian reproductive systems is highly dynamic and becomes
unstable if regulation by a complex set of kinases and other regulatory proteins fails
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or if fertilization does not take place within a certain period of time (reviewed in [108,
110, 112, 113]). The kinases involved in the process of meiosis includes CDK1/cyclin
B and other kinases such as PKA, AKT, MAPK, Aurora A, CaMKII, the phosphatases
CDCS5, CDK14s and others that participate in the meiotic process.

As mentioned above, aneuploidy resulting from oocyte aging is associated with
disintegration of centrosomal proteins such as NuMA and y-tubulin from the centro-
somal core structure of the MII spindle which coincides with the formation of numer-
ous small centrosomal aggregates in the ooplasm. It is not yet clear whether the
centrosomal core structure itself is affected by oocyte aging or whether microtubule
destabilization results in loss of microtubule motor activities in which transport of
centrosomal proteins such as NuMA and pericentrin is impaired, thereby affecting
proper maintenance of a functional centrosome. It is possible that loss of microtubule
stability is the result of loss of microtubule acetylation [85] that prevents accurate
association of the motor proteins dynein and kinesins with microtubules (reviewed in
[82]). Other factors that affect microtubule and centrosome dynamics and stability
include signal transductions that may be misguided in aging oocytes (reviewed in
[1, 13]), resulting in an inability to maintain spindle integrity.

Dispersion of centrosomal components including NuMA and y-tubulin from the
meiotic spindle poles in aging oocytes has been reported for several non-rodent
mammalian animal models as well as for humans ([114, 115]; reviewed in
[108, 111, 116]). Oocyte aging affects meiotic regulation which not only can lead
to aneuploidy affecting fertilization but also to subsequent cell and developmental
abnormalities resulting in abortion, disease, or developmental defects (reviewed in
[108, 110, 112, 113, 116]). Diseases that may be associated with meiotic aneuploi-
dies to become manifested later in life include childhood cancer with characteristic
centrosome dysfunctions that may originate from aberrant oocyte centrosomes.

Centrosomes are primarily located at the two meiotic spindle poles in mature MII
oocytes. It is important to emphasize that, while these centrosomes serve functions
as known for mitotic centrosomes, there are important differences between meiotic
centrosomes and mitotic centrosomes. Whereas a typical somatic cell centrosome
contains a pair of centrioles (reviewed in [1]) centrally located within the centro-
some, centrosomes of the oocyte’s meiotic spindle are acentriolar. These acentriolar
centrosomes contain centrosomal proteins that are known for mitotic centrosomes
embedded in the centrosome matrix including y-tubulin, pericentrin, centrin, and
the nuclear mitotic apparatus protein, NuMA, but the central centriole pair is absent
(reviewed in [1]). As the quantity and specific composition of centrosomal proteins
may differ in different cell systems it can also be different in oocytes of different
animal species.

As mentioned above, in aging oocytes one of the most noticeable features of
aging is the deterioration of the meiotic spindle with disintegration of centro-
somal proteins from the centrosomal core structure that is correlated with loss of
microtubule stability (reviewed in [13]). As we do not yet fully understand the
underlying reasons for centrosome and microtubule instability in aging MII spin-
dles it is possible that the absence of centrioles plays a role in the rapid loss of
spindle integrity. In somatic cells centrioles are intimately involved in centrosome
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dynamics, potentially contributing to stability that may be absent in acentriolar
centrosomes.

In a variety of other cell systems centrosome dysfunctions have also been impli-
cated in aging; for example, supernumerary centrosome abnormalities have been
observed in senescing cells [106] which may be the result of cell cycle abnormali-
ties in which signal transductions are altered. As indicated above, centrosomes
undergo remodeling at the transition from G2/M which is the stage during which
many of the cell cycle regulators are downregulated in aging cells and affect centro-
some functions. We know that specific kinases and phosphatases are important for
cytoskeletal regulation in meiotic and mitotic spindles (reviewed in [82, 117]); in
aging cells, studies have shown that centrosomes have lower activity in centrosome-
associated protein kinases [118, 119] which includes Plk that serves an important
role in centrosome functions [107]. Furthermore, mis-orientation of centrosomes
has been shown in aging stem cells which results in decrease in cell divisions [104],
contributing to declines in spermatogenesis during aging.

Microtubule associated proteins (MAPs) and posttranslational modifications
play important roles in the regulation of microtubule stability. Such stabilizing fac-
tors may be lost in aging cells contributing to microtubule instability. Other factors
for microtubule stabilization include interactions with centrosomes and cell mem-
branes (reviewed in [82]). Individual microtubules if not regulated by specific
kinases and phosphatases undergo individual microtubule aging which becomes
important when considering aging of microtubules in the meiotic spindle of aging
oocytes (reviewed in [82, 117]). Changes in posttranslational tubulin modifications
have been associated with loss of microtubule stability with strong effects on micro-
tubule functions in several cell systems. PTM changes resulting in microtubule
instability during aging have also been determined in neuronal cells in which micro-
tubule PTM dysfunctions have been linked to diseases such as Alzheimer’s and
Parkinson’s.

Our previous experiments have shown that MII spindle microtubules are acety-
lated at the microtubule-centrosome interface area [85] which was correlated with
microtubule stabilization. In aging oocytes loss of spindle integrity is first seen in
this specific area which suggests that loss of acetylation plays a role in spindle insta-
bility and is in part a causative factor for aneuploidy. Restoring stability of these
microtubules may be possible by treatment of aging oocytes with deacetylation
inhibitors such as inhibitors of HDAG6 that have been used in cancer cell therapy
[120, 121]. This treatment strategy may allow microtubule stabilization in the
meiotic spindle to prevent de-acetylation-related microtubule instability.

Our previous studies have also shown that restoring signal transduction that may
have been impacted during aging will halt or reverse the aging process (reviewed in
[13]). For example, the use of caffeine to delay or prevent oocyte aging has been
proposed by Kikuchi et al. [122, 123] who found that controlling the activity of
MPF can reverse oocyte aging (reviewed in [108]). These investigators also showed
that both MPF and MAPK are critical for maintaining oocyte spindle integrity, and
that MPF and MAPK activities gradually decrease during oocyte aging [124—128].
Continuous treatment with 10 mM caffeine could prevent the decline in MPF and
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MAPK activity in aging bovine oocytes ([129]; reviewed in [108]) and continuous
treatment with caffeine could restore spindle integrity in aging porcine oocytes [112]
with chromosomes, microtubules and the centrosomal proteins y-tubulin and NuMA
displaying normal appearance as known for fresh oocytes (reviewed in [13]).

Section 3: Centrosome Dysfunctions in Cancer Cells

The incidence of cancer development and progression increases with aging and
multiple factors play a role in changes that take place during this process. It is well
known that the mutation rate increases in cells that have reached replicative senes-
cence. Misguided signal transductions have been implicated in cancer development
and progression which may in part be similar to those seen during physiological
aging. One hallmark characteristic common to all cancer cells is abnormal cell division
which is strongly related to abnormal centrosome functions. It has been recognized
as early as 1914 [130] that centrosomes are affected in cancer cells which adversely
affects chromosome segregation and cell division, two hallmark features that are
clearly seen in cancer cells and tissue ([131-133]; reviewed in [1]).

Theodor Boveri’s classic remarkable discoveries and brilliant data interpreta-
tions ([130]; translated into English in [134]) ignited a new era in modern cancer
research when the significance of centrosomes was again recognized and when it
was possible to apply new technologies to explore changes in centrosomes as impor-
tant aspect for abnormal cancer cell proliferation (reviewed in [1]). While well-
regulated centrosomes form the bipolar mitotic spindle in mitosis cancer cell
centrosomes frequently form multipolar spindles with consequences for aneuploidy
and genomic instability. Abnormal multipolar mitoses resulting from supernumer-
ary centrosomes have been well documented in numerous cancers and have been
well analyzed in HPV-associated lesions in cervical cancers in which centrosome
abnormalities are already detected in early stages of tumor development [135].
While environmental insult and in some cases viral infections are known to be
cancer-inducing factors we do not yet fully understand the underlying mechanisms
leading to centrosomal abnormalities which in many cases may have multifactorial
components. As cause and effect studies are still being explored in attempts to
determine when centrosomes become dysfunctional during the cascade of events
leading to the observed abnormalities (reviewed in [136]), it has clearly been deter-
mined that cancer cell centrosomes are significantly different from noncancer cell
centrosomes which includes their state of abnormal phosphorylation which had first
been recognized when examining breast adenocarcinoma cells [137]. Increased
phosphorylation of cancer cell centrosomes [137] is associated with increases in
microtubule nucleation and abnormal organization leading to aberrant attachment
of microtubules to chromosomes (reviewed in [6]). Increased y-tubulin expression
has been shown in breast carcinoma cells [138, 139] and gliomas.

Centrosomes have been recognized as major microtubule organizing centers
(MTOCs) and their role as major hub for signal transduction molecules that
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participate in signal transduction cascades through the microtubule network. The
effects of misguided signal transduction on the formation of abnormal centrosomes
and in turn the effects of abnormal centrosomes on signal transduction has been
recognized. This interdependence may be part of a vicious cycle in which regulation
of centrosomes and regulation of signal transduction by centrosomes are both
affected in cancer cells.

Several proteins in cancer cell centrosomes are overexpressed or display abnor-
malities and include the centrosome-associated protein NuMA. The NuMA region
on chromosome 11q13 has been associated with breast cancer susceptibility [140].
NuMA misregulation may further contribute to abnormalities in cancer cells, as
NuMA requires specific signaling for its centrosome-associated functions in which
signaling of cyclin B is important (reviewed in [46]); cyclin B signals may be
affected in cancer cells. For NuMA’s relocation into the nucleus following exit from
mitosis it has to become dissociated from the mitotic spindle poles. This process
requires cdc1/cyclin B activity [141]. Destruction of cyclin B allows exit from mito-
sis. If NuMA does not become relocated properly into the nucleus for its interphase
functions NuMA can form cytoplasmic focal points in the cytoplasm that organize
abnormal microtubule asters [141] that can contribute to mitotic abnormalities.
Such abnormal mitotic formations in cancer cells have also been observed to origi-
nate from basal bodies of dislodged primary cilia that become located in the cancer
cell cytoplasm and form supernumerary nucleation sites for microtubule-based
asters that participate in aberrant chromosome segregation [131-133, 142].

Dysfunctions of structural, regulatory, and motor-related proteins may be other
contributors to centrosome abnormalities. In cancer cells, the cell cycle coordina-
tion between chromosomes and centrosomes are lost, resulting in asynchronous
misregulation and misguided duplication cycles. Multipolar centrosomes that separate
chromosomes unequally to the dividing cells will contribute to imbalanced distribu-
tion of chromosomes resulting in cells that may lack tumor suppressor genes while
others may have increases in tumor promoting genes.

Dissociation of centrosome cycles from DNA cycles have been reported after
irradiation. Loss of proteins that are important for critical cell functions may lead to
loss of cell polarity and increased cancer cell formations. For example, loss of P1k3
function will result in loss of cell shape [57], affecting microtubule functions under-
neath the plasma membrane resulting in loss of cellular polarity in cancer cells and
tissue. Cascades of events may follow and may include loss of signal transduction
processes, imbalanced or disrupted transport of centrosome proteins resulting in
additional centrosomal pathologies related to centrosome and microtubule functions
with consequences for failures in organelle and vesicle distribution. Secondary
pathologies can develop as a result of disruption in transport leading to intercon-
nected communication failures for which cause and effects are difficult to establish.
Signal transduction events have been well studied in breast cancer in which numer-
ous centrosomal abnormalities have been reported (reviewed by Kais and Parvin
[58, 187], Fisk [9], Fukasawa [11], Korzeniewski and Duensing [143], Saladino
et al. [144], Yan and Chng [145].
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The causes for changes leading to aberrant centrosomes in cancer cells are
known in some cases but not in others. We know that environmental stress can
result in the formation of aggresomes, aggregates that are thought to be the result of
misfolded proteins [146—-150]; they are oftentimes located in close proximity to
centrosomes and some of the aggresomes contain y-tubulin. Aggresomes are associ-
ated with disease or disorders including Parkinson’s and dementia [151].

Other factors that play a role in cancer initiation and progression include epigen-
etic modifications which includes aberrant hypermethylation that has been impli-
cated in inactivation of checkpoint genes that may influence cell cycle-dependent
centrosome abnormalities. Such abnormalities have been reported for pancreatic
cancer [152, 153].

Among the best-studied changes in cancer cell centrosomes is overexpression of
specific centrosome proteins that results in abnormal centrosome configurations and
aneuploidy [133, 154]. These studies strongly correlate abnormal centrosomes with
cancer development and progression in which increased centrosome number and
volume, supernumerary centrioles, accumulation of increased PCM, and abnormal
phosphorylation of centrosomes are characteristic for cancer cells in which cell
polarity is lost [2, 137]. Centrosome misregulation is associated with abnormal micro-
tubule nucleation, abnormal spindle formation, and chromosomal mis-segregation.
As mentioned above, loss of tumor suppressor genes are among the factors that affect
accurate centrosome functions.

Changes in Aurora A have been implicated in centrosome amplification in breast
cancer and other cancers. In animal models, overexpression of Aurora A kinase
(AURKA), an important centrosome-associated serine/threonine kinase, was
strongly associated with tumor development [155, 156]. These experiments showed
that Aurora A localizes to centrosomes and overexpression of Aurora A causes
multipolar mitotic spindles that play a role in early development of mammary
tumors. Further studies [156] showed that the pro-survival AKT pathway is acti-
vated, preventing cell death while promoting abnormal cell proliferation in which
tetraploid cells with accumulated centrosomes were generated.

Genes implicated in centrosome amplification are in part responsible for deregu-
lation of centrosome duplication and subsequent reactions that lead to cascades of
cell cycle-related abnormalities. Critical cell cycle regulators are lost in cancer cells
which includes loss of the tumor suppressor p53, resulting in multiple cycles of
centrosome duplication in one S phase in which centrosome numbers become
increased [157]. Viral oncoproteins can inactivate p53 resulting in cells with super-
numerary centrosomes which has clearly been shown for the papillomavirus
(reviewed in [135]). Loss of p53 following genotoxic stress or mitogenic stimulation
has been documented for breast cancer cells in which changes in the CDK2/cyclin-
dependent pathway has been implicated [158, 159].

Other tumor suppressor genes have directly or indirectly been implicated in
changes of centrosome functions and include the breast- and ovary-specific tumor
suppressor gene BRCAT1 that has been shown to play a role in deregulation of cen-
trosome duplication. BRCALI is involved in G2/M checkpoint functions and it
plays a role in preventing centrosome overduplication. While we do not yet fully
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understand the precise mechanisms by which BRCA1 affects centrosome regula-
tion a model for the regulation of the centrosome by BRCA1 has been presented by
Kais and Parvin [58]. The model suggests that in regulated cell cycles BRCA1
ubiquitinates the already duplicated centrosomes to inhibit reduplication.
Supernumerary centrosome are the result of loss of BRCA1 during the S phase.
The model suggests that overexpression of AURKA mimics the effects of BRCA1
loss. Furthermore, overexpressed AURKA overrides the spindle checkpoint and
may thereby contribute to abnormal mitosis.

In regulated cell cycles BRCA1 forms a complex with the BRCA1-associated
RING domain 1 (BARDI) functioning as E3 ubiquitin ligase. The BRCA1-BARD1
complex plays a role in maintaining centrosome homeostasis by ubiquitinating
y-tubulin, preventing abnormal duplication and abnormal microtubule nucleation
by y-tubulin. Centrosome abnormalities have also been reported in transgenic mice
in which the BRCA1-associated centrosomal ninein-like protein (Nlp) is overex-
pressed, causing spontaneous breast tumorigenesis perhaps as a result of Nlp mim-
icking BRCAL loss [160]. BRCA?2 also plays a role in centrosome functions, as in
regulated cell cycles the BRCA2-associated protein NPM forms a complex with
ROCK?2 to maintain numerical centrosome integrity; centrosome overduplication
and fragmentation may be the result of aberrant regulation of this protein [113].

The centrosomal kinase Nek2 is important for centrosome regulation and centro-
some accumulation has been reported in breast epithelial cells in which Nek2 was
misregulated [161]. Several other centrosomal components are involved in cancer
initiation and progression [162—-165] that have been detailed in recent reviews [6,
58,9, 11, 143-145, 187]. Other factors also play a role in centrosome abnormalities
and may include structural defects of the centrosome matrix (reviewed in [6]). One
line of research has focused more recently on centrosome clustering as an important
factor in centrosome abnormalities in cancer cells. Centrosome clustering is impor-
tant for mitosis to accumulate centrosomal material equally at the two mitotic poles.
Studies have shown that centrosome amplification, cell cycle control dysfunctions,
and aggregation of centrosomal material at the mitotic spindle poles are associated
with centrosome clustering abnormalities (reviewed in [75]). While multipolar
mitotic cells are easy to identify as abnormalities, amplified cancer cell centrosomes
can cluster into abnormal bipolar spindles. These abnormalities are not easily dis-
cernible from regular bipolar spindles with non-amplified centrosomes but they will
nucleate and organize abnormal microtubule formations resulting in chromosome
mis-segregations and aneuploidy as shown in Drosophila cells [166] as well as in
cancer cells [75, 144]. We do not yet fully understand the mechanisms underlying
centrosome clustering in normal cells and dysfunctions in cancer cells; more
research is needed to analyze the regulation of centrosome clustering. Studies by
Kwon et al. [79] have determined that the actin cytoskeleton plays a role in centro-
some clustering. Our previous experiments using the invertebrate sea urchin as
experimental system revealed that microtubules and microfilaments are required for
centrosome dynamics (Schatten et al. [167]) which may also be important for cen-
trosome clustering. We do not yet know whether or not the filamentous components
identified in sea urchin centrosomes [78] and in Spisula extracts [76, 77] or perhaps
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other cytoskeletal elements (reviewed in [6]) play a role in the mechanisms underly-
ing centrosome clustering. Microtubule motor proteins have also been implicated in
the clustering process which has been discussed in detail by Krdmer et al. [75]. It
has been proposed that preventing centrosome clustering into an abnormal bipolar
mitotic apparatus may provide new targets for cancer therapy. Centrosomes that are
not able to cluster form multiple microtubule asters followed by fragmented cell
divisions and cell death with fewer chances for cancer cell viability [168].

The Role of Primary Cilia in Cancer Development and Progression Because of the
close relationships between centrosomes and primary cilia centrosome abnormali-
ties may also affect primary cilia formation and functions which may further con-
tribute to cancer development and progression. During progressive stages of cancer
development the basal body of the primary cilium becomes dislodged and locates in
the cytoplasm [131, 132, 142] where it may form small asters and participate in the
mitotic process during subsequent cell divisions. As the oncogenic Aurora A kinase
(Aurora A) is localized to the basal body of primary cilia [169] it may further play
a role in centrosome amplification and contribute to primary cilia-cell cycle
dysfunctions.

Centrosomes as Target for Cancer Therapy and Prevention Cancer is a complex
heterogeneous disease that can have different causes and different centrosome
abnormalities which presents complexities for the design of effective treatment
strategies (reviewed in [6]) requiring multiple targeted treatment approaches to
eradicate different subpopulations of cells in cancer tissue. Centrosomes are increas-
ingly being discussed as new targets for cancer treatment, as centrosomes are cen-
tral to cell division and may be a major driver for abnormal cell divisions.

Targeting cancer cell centrosomes may include targeting misguided signaling
pathways, overexpressed centrosome proteins, abnormal centrosome clustering,
abnormal primary cilia dynamics, overexpressed phosphorylation such as Aurora A
that is implicated in centrosome hyperphosphorylation or other components in the
phosphorylation cascade; it further includes different molecules that play a role in
centrosome function such as the aryl hydrocarbon receptor (AhR) and cyclin E, as
reported by Korzeniewski et al. [164], and several others (reviewed in [6]). Such
approaches to target multiple centrosome abnormalities are possible either through
the development of new pharmaceuticals or through plant derivatives or dietary
ingredients that have been shown to affect centrosome-microtubule interactions
during mitosis and cell division.

Plant derivatives that have been developed into a cancer-targeting pharmaceuticals
includes paclitaxel (or taxol), originally isolated from the plant Taxus brevifolia.
Taxol primarily inhibits microtubule depolymerization, thereby preventing progres-
sion of mitosis and cell division [170, 171]. It has been shown that taxol interacts
with microtubules at the centrosome—microtubule nucleation sites [172, 173], and it
had been proposed that centrosomes in taxol-treated cells may lose their capacity to
nucleate microtubules [172]. Other drugs that had been explored as anti-cancer
drugs include colcemid and nocodazole that prevent and disrupt microtubule
polymerization.
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Currently, curcumin, a natural polyphenol found in the rhizomes of Curcuma
longa (turmeric) is being investigated for its anti-cancer activities which led to new
promising strategies including the use of theragnostic curcumin-encapsulated
nanoparticles that will increase bioavailability and allow more potent clinical
applications [174]. Our recent preliminary experiments showed an effect of cur-
cumin on the microtubule cytoskeleton in several cancer cell lines (Schatten et al.
unpublished).

Other studies have focused on the antimitotic drug griseofulvin that arrests cells
at the G2/M transition stage in a concentration-dependent manner [175-178].
Studies have shown that griseofulvin affects the NFkB pathway and that the NFkB
pathway and centrosome dynamics are connected [179]. This finding is intriguing,
as griseofulvin has recently been shown to specifically inhibit supernumerary cen-
trosome clustering in cancer cells which indicates its potential as drug that inter-
feres with centrosome dynamics (reviewed in [75]). This line of potential drug
development has not yet been explored in detail but it is well worth pursuing, as
prevention of centrosome clustering may preferentially affect cancer cell centro-
somes leading to cellular fragmentation followed by cell death. Griseofulvin has
already been approved as an effective orally administered antifungal drug that inter-
feres with microtubule dynamics in vivo and in vitro [176, 180-184] and it induces
multipolar mitoses in tumor cells [175, 177, 178, 181]. It may interfere with micro-
tubule minus ends at the centrosome—microtubule interacting sites.

Other drugs that are currently considered to interfere with the microfilament
system in cancer cells are discussed in Chap. 16 of this book by Brayford et al.

Conclusion and Future Directions

In recent years, significant progress has been made in our understanding of centro-
some dynamics and centrosome interactions with microtubules in several cell sys-
tems. Centrosome dysfunctions have been identified and characterized in aging cells
and in cancer cells which allowed targeting of centrosomes for therapeutic interven-
tions. New imaging methods have been applied to analyze centrosome structure in
more detail than previously possible and new technological advances have allowed
close insights into the composition and regulation of the centrosome organelle and its
interactions with other cellular components. Studies in reproductive and somatic cells
have determined centrosome abnormalities in aging cells in which centrosomal
proteins disperse from the centrosomal matrix leading to centrosome disintegration
and microtubule instability. These studies have also determined that the aging pro-
cess is reversible to a certain extent by experimentally manipulating specific signal
transduction processes. New information on cancer cell centrosomes has allowed an
analysis of detailed signal transductions that are misguided in cancer cells and lead
to centrosome hyperphosphorylation with centrosomes being phosphorylated
throughout the cell cycle without undergoing dephosphorylation which takes place
during exit from mitosis in regulated cell cycles. Centrosome amplification and
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multipolar centrosomes have further been analyzed in cancer cells and these
abnormalities suggested new target sites for cancer therapies which includes
inhibiting misguided signaling pathways, or inhibiting centrosome clustering to
induce excessive centrosome fragmentation resulting in cancer cell fragmentation
followed by cell death.

Many questions remain to be answered and include questions on the nature of the
centrosomal matrix and on how centrosomal proteins associate with matrix compo-
nents. We also do not yet fully understand the mechanisms of centrosome duplica-
tion, especially in reproductive cell systems in which centrosome abnormalities
have been implicated in developmental disorders and/or embryo loss. Understanding
the mechanisms that play a role in a regulated centrosome cycle will allow to
determine molecular abnormalities that may be corrected in centrosome-impaired
diseases or disorders.
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