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Abstract

Since its discovery well over 100 years ago (Flemming, in Sitzungsber Akad Wissensch Wien 71:81-147, 1875; Van Beneden,
in Bull Acad R Belg 42:35-97, 1876) the centrosome is increasingly being recognized as a most impactful organelle for its
role not only as primary microtubule organizing center (MTOC) but also as a major communication center for signal trans-
duction pathways and as a center for proteolytic activities. Its significance for cell cycle regulation has been well studied
and we now also know that centrosome dysfunctions are implicated in numerous diseases and disorders including cancer,
Alstrom syndrome, Bardet-Biedl syndrome, Huntington’s disease, reproductive disorders, and several other diseases and
disorders. The present review is meant to build on information presented in the previous review (Schatten, in Histochem Cell
Biol 129:667-686, 2008) and to highlight functions of the mammalian centrosome in health, and dysfunctions in disorders,
disease, and aging with six sections focused on (1) centrosome structure and functions, and new insights into the role of
centrosomes in cell cycle progression; (2) the role of centrosomes in tumor initiation and progression; (3) primary cilia,
centrosome-primary cilia interactions, and consequences for cell cycle functions in health and disease; (4) transitions from
centrosome to non-centrosome functions during cellular polarization; (5) other centrosome dysfunctions associated with
the pathogenesis of human disease; and (6) centrosome functions in oocyte germ cells and dysfunctions in reproductive
disorders and reproductive aging.

Keywords Centrosome structure and functions - Cancer - Primary cilia - Cellular polarization - Reproductive disorders -
Aging

Introduction Significant progress has been made in understanding the

impact of centrosomes in cancer development and progres-

Ten years have passed since the last review on centrosomes
written for the 50th anniversary of this journal (Schatten
2008) and since then, the significance of centrosomes for
cell cycle regulation and multiple cellular functions has
gained further recognition with important new research
being conducted to understand centrosome functions and
dysfunctions underlying disease.
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sion, building on the original experiments and brilliant inter-
pretations by Boveri (Boveri 1901, 1914; reviewed in Schat-
ten 2008) who identified multipolar centrosomes as hallmark
characteristics of cancer cells. This knowledge combined
with new insights into the significance of multipolar cancer
cell centrosomes has led to a new understanding and to new
therapeutic approaches to target supernumerary cancer cell
centrosomes to specifically inhibit cancer cell survival and
tumor growth without affecting healthy non-cancer cells. As
detailed in section 2, it includes preventing cancer-specific
centrosome clustering (reviewed in Kramer et al. 2011,
2012; Schatten 2013; Schatten and Sun 2015b).

It is now well understood that the significance of cen-
trosomes reaches far beyond its role as the cell’s primary
microtubule organizing center (MTOC), as we now know
that centrosomes serve as a vital communication center to
coordinate multiple functions with a major role in linking
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several signal transduction pathways. The centrosome’s
diverse functions include a role in ciliogenesis (Ishikawa and
Marshall 2011; Kobayashi and Dynlacht 2011), cell polarity
and migration (Bornens 2012; Tang and Marshall 2012),
formation of the immunological synapse (Stinchcombe and
Griffiths 2014), DNA damage control, and various others
(Arquint et al. 2014). The role of centrosomes in primary
cilia formation and cell cycle-specific functions has seen
new appreciation, as primary cilia are now being recognized
as critically important components for signal transduction
and for close cell cycle-specific functional coordination with
centrosomes. New insights have been gained into the role of
the cell’s centriole complex for primary cilia initiation and
formation. New research is also being conducted to explore
centrosomes as proteolytic center (reviewed in Badano et al.
2005; Schatten 2008; Fisk 2012; Prosser and Fry 2012), as
discussed in section 5. Several proteolytic processes take
place at or around centrosomes in which centrosomes play
a major role. New experimental tools have become available
during the past decade which includes new genetic manipu-
lations and new imaging modalities such as live cell imaging
and super-resolution fluorescence microscopy.

New research on the role of centrosomal proteins in cel-
lular polarization has led to new knowledge, increasing our
understanding on remodeling of non-polar cells to cellular
polarization during tissue formation and embryo develop-
ment while loss of cellular polarization has been associ-
ated with diseases such as cancer. Over the past decade
new research has also allowed us to gain new knowledge on
centrosome-Golgi interactions and on Golgi-associated cen-
trosomal proteins with microtubule-nucleating functions that
are well coordinated with centrosome functions. We have
also learned that centrosome dysfunctions are implicated
in neurological disorders and neurodegeneration including
Alstrom syndrome, Bardet—Biedl syndrome, Huntington’s
disease, lissencephaly, schizophrenia, and several others as
addressed in sections 2 and 5. Furthermore, the impact of
centrosome dysfunction and centrosome deconstruction dur-
ing reproductive aging is now being recognized to play a role
in subfertility and infertility disorders. This information has
led to a new understanding of certain reproductive disor-
ders and to advancing this area of reproduction into clinical
applications aimed at stabilizing the deteriorating centro-
some complex in aging oocytes to extend the fertility span
of aging oocytes, thereby extending the reproductive life
span for women. Research on centrosomes in aging oocytes
may lead to other research on aging, as similar effects may
account for cellular aging in somatic cells which may also
be part of the mechanisms underlying age-related cancer cell
initiation and progression.

These topics highlighted in the present review are meant
to build on the information presented in the previous
review paper 10 years ago (Schatten 2008). Six sections are
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presented to address: (1) centrosome structure and functions,
and new insights into the role of centrosomes in cell cycle
progression; (2) the role of centrosomes in tumor initiation
and progression; (3) primary cilia, centrosome-primary cilia
interactions, and consequences for cell cycle functions in
health and disease; (4) transitions from centrosome to non-
centrosome functions during cellular polarization; (5) other
centrosome dysfunctions associated with the pathogenesis
of human disease; and (6) centrosome functions in oocyte
germ cells and dysfunctions in reproductive disorders and
reproductive aging.

Section 1: Overview of centrosome structure
and functions, and new insights into the role
of centrosomes in cell cycle progression

and centrosome dysfunctions underlying
disease

Centrosome structure and functions

The structure and functions of mammalian somatic cell cen-
trosomes have been detailed in the previous review (Schatten
2008), and are briefly addressed in the following. A typical
mammalian somatic cell centrosome is composed of a cen-
trally localized centriole pair with perpendicular orienta-
tion to each other, enclosed in a centrosomal matrix (Fig. 1)
oftentimes also referred to as pericentriolar material (PCM)
which is composed of a proteinaceous lattice of coiled-coil
proteins. Numerous centrosomal proteins are localized to the
centrosomal matrix including the y-tubulin ring complexes
(y-TuRCs), pericentrin, centrin, and calcium-sensitive fib-
ers (Salisbury 2004; reviewed in Schatten 2008; Schatten
and Sun 2015a, b) while centrosome-associated proteins are
localized around the centrosomal matrix.

The mammalian centrosome is a multifunctional highly
complex organelle with its primary well-known functions
to serve as the cell’s major microtubule organizing center
(MTOC) (reviewed in Schatten 2008) with several proteins
participating in the nucleation (y-tubulin, pericentrin, polo
kinases, aurora kinases), anchoring (ninein, centriolin,
dynactin), and release (katanin) of microtubules from the
centrosome. Unlike other organelles the centrosome orga-
nelle is not membrane bound which allows dynamic changes
throughout the cell cycle and close interactions with cyto-
plasmic components facilitated by microtubules that are
organized and reorganized by centrosomes throughout the
cell cycle.

Cell cycle-specific structural and functional remod-
eling of centrosomes takes place throughout the cell
cycle to accommodate specific cellular functions which
includes precise association of centrosomal proteins with
the centrosomal matrix in interphase and in mitosis. While
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Fig.1 a A typical mammalian somatic cell centrosome consists
of centrosomal material, also referred to as pericentriolar mate-
rial (PCM), as it surrounds two perpendicularly oriented centrioles,
termed mother and daughter centrioles. The mother centriole is dis-
tinguished from the daughter centriole by distal and subdistal append-
ages (shown as green necklace in b). Both centrioles are connected by
interconnected fibers (shown in b). The centrosomal material consists
of a meshwork of proteins embedded in a matrix of yet undetermined

centrioles do not undergo extensive structural changes cen-
triole duplication takes place during the S-phase and fol-
lows a semi-conservative duplication pattern during which
a younger (daughter) centriole forms perpendicular to the
older (mother) centriole (Fig. 1). In mammalian somatic
cells, daughter and mother centrioles are composed of nine
outer triplet microtubules forming a small tube that does not
contain central microtubules. An important structural and
functional distinction exists between mother and daughter
centrioles in that the mother centriole contains appendages
that are essential for anchoring microtubules and for the for-
mation of single non-motile primary cilia in most interphase
cells and post-mitotic cells, as will be discussed in section 3.
Centriole functions include participation in the assembly of
specific centrosome proteins and in the duplication of cen-
trosomal material (Salisbury et al. 2002), thereby serving
interconnecting centrosomal functions in a typical mamma-
lian somatic cell centrosome.

The centrosomal matrix structure itself is still little
explored, but we know that the amount and composition
of centrosome proteins within the centrosome matrix is
precisely regulated during normal cell cycles and that it
becomes deregulated in pathological conditions such as
cancer, as will be discussed in section 2. Numerous cen-
trosomal proteins have been identified in purified cen-
trosomes by mass spectrometric analysis (Anderson et al.
2003; Wilkinson et al. 2004) and include structural proteins

© - microtubule nucleating complex s - microtubule

@ - microtubule anchoring complex IE - centrioles

structural composition. Gamma-tubulin and the gamma-tubulin ring
complex are embedded in the centrosomal matrix and nucleate micro-
tubules along with associated proteins with microtubule minus ends
anchored to the matrix. This diagram also shows two complexes
within the centrosomal matrix: the microtubule-nucleating complex
and the microtubule anchoring complex. The diagram in b shows in
more detail the two centrioles (mother and daughter centriole) in per-
pendicular orientation to each other. Modified from Schatten (2013)

[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 pro-
tein CEP110, Cepl, centriolin, centrosomal P4.1-associated
protein (CPAP), CLIP-associating proteins CLASP1 and
CLASP 2, ODF2, cenexin, Lis1, Nudel, EB1, centractin,
myomegalin]; regulatory molecules [cell division protein 2
(Cdc2), Cdk1, cAMP-dependent protein kinase type II-alpha
regulatory chain, cAMP-dependent protein kinase-alpha
catalytic subunit, serine/threonine protein kinase Plk1, ser-
ine/threonine protein kinase Nek?2, serine/threonine protein
kinase Sak, Casein kinase I, delta and epsilon isoforms, pro-
tein phosphatase 2A, protein phosphatase 1 alpha isoform,
14-3-3 proteins, epsilon and gamma isoforms]; motor and
motor-related proteins (dynein heavy chain, dynein inter-
mediate chain, dynein light chain, dynactin 1, p150 Glued,
dynactin 2, p50, dynactin 3); and the heat shock proteins,
heat shock protein Hsp90, TCP subunits, and heat shock
protein Hsp73 (reviewed in Schatten 2008). Functions of
these proteins have been determined and vary to some extent
in different systems. Several of these proteins will be high-
lighted in the present review for their functions in healthy
cells and dysfunctions in disorders and disease.

Currently, it is still not known how hundreds of these
protein components are integrated into the highly dynamic
and complex centrosome matrix being able to be regulated
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throughout the cell cycle (reviewed in Schatten 2008;
Gopalakrishnan et al. 2011; Habermann and Lange 2012;
Mennella et al. 2013; Woodruff et al. 2014; Wueseke et al.
2014) and further biochemical and new imaging modalities
as well as structural analysis are still required to resolve this
important questions (reviewed in Mannella et al.2013). At
present, while the nature of the centrosomal matrix structure
is not yet known, it is thought that it consists of cytoskel-
etal-like fibers that resemble intermediate filaments based
on detergent-extraction experiments (Schnackenberg and
Palazzo 1999; Schnackenberg et al. 2000) and on experi-
ments in which centrosomes could be detected and brightly
stained with a monoclonal antibody to invertebrate interme-
diate filament proteins (termed Ah6) (Schatten et al. 1987,
reviewed in Schatten and Sun 2015b). Ah6 had been gener-
ated in Drosophila and it cross-reacts with a 68-kDa protein.
Previous research using TEM imaging of intact centrosomes
had revealed some of the structural components including
an insoluble protein matrix within the centrosomal material
measured as 12-15 nm structures and other unknown ele-
ments (Moritz et al. 1998; Paintrand et al. 1992; Schnacken-
berg and Palazzo 1999; Schnackenberg et al. 2000).

The y-tubulin ring complex, pericentrin, centrin, and
the centrosome-associated protein NuMA (Nuclear Mitotic
Apparatus protein) as well as the minus-end anchoring
protein ninein have been discussed in more detail in previ-
ous reviews (Schatten 2008; Schatten and Sun 2011a, b, c,
2015a, b). In brief, y-tubulin is part of the y-tubulin ring
complexes (y-TuRCs) that are important for microtubule
nucleation. While dominantly associated with the centro-
some matrix core structure it can also serve as a microtu-
bule-nucleating protein in areas other than centrosomes
which will be discussed in section 4, focused on polarized
epithelial cells. In polarizing and polarized cells, y-tubulin
becomes localized to the apical and basolateral membranes
for intracellular communication functions. The microtubule
minus-end anchoring protein, ninein (Mogensen et al. 2000),
plays an important role in microtubule anchorage at cen-
trosomes as well as at non-centrosomal anchorage sites. The
centrosomal protein pericentrin serves a role in centrosome
and spindle organization (Dictenberg et al. 1998; Doxsey
et al. 1994; Young et al. 2000). It forms a ca. 3-MDa com-
plex with y-tubulin and depends on dynein for assembly onto
centrosomes (Young et al. 2000). Pericentrin is involved in
recruiting y-tubulin to centrosomes (Dictenberg et al. 1998),
and it is part of the pericentrin/AKAP450 centrosomal tar-
geting (PACT) domain (Gillingham et al. 2000). Centrins
are primarily associated with centrioles and play an essential
role in the duplication of centrosomes (Salisbury et al. 2002;
Levy et al. 1996; Salisbury 1995; Lutz et al. 2001; reviewed
in Manandhar et al. 2005).

At the onset of mitosis, a process called centro-
some maturation takes place during which centrosomal
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material increases in size and microtubule nucleation
capacity increases through an increase in the recruitment of
yTuRCs from the cytoplasm resulting in an increase in the
nucleation of both astral and spindle microtubules in prepa-
ration for mitosis and cell division. The centrosome-asso-
ciated protein NuMA becomes important during mitosis.
NuMA associates with mitotic centrosomes and cross-links
spindle microtubules to precisely tether microtubules at the
poles into the bipolar mitotic apparatus (Merdes and Cleve-
land 1998), while forming an insoluble crescent around the
centrosome area facing toward the central mitotic spindle
(Sun and Schatten 2006, 2007, 2011a, b). As a multifunc-
tional protein (reviewed in Sun and Schatten 2006, 2007)
NuMA functions as a nuclear matrix protein in the inter-
phase nucleus, but it does not associate with the interphase
centrosome. It becomes an important centrosome-associated
protein when it moves out of the nucleus during nuclear
envelope breakdown and disperses into the cytoplasm to
associate with cytoplasmic microtubules for translocation to
the centrosomal area in a dynein/dynactin-mediated process.
NuMA dysfunctions are implicated in a variety of disorders
as well as in aging and in diseases including cancer which
will be discussed in sections 2 (cancer) and 6 (reproductive
disorders and aging). NuMA dysfunctions are associated
with mitotic dysfunctions in several cell systems (reviewed
in Sun and Schatten 2006; Alvarez-Sed¢ et al. 2011) and
play a role in mitotic abnormalities in cancer cells, including
breast cancer (Kammerer et al. 2005). These major centroso-
mal proteins and centrosome-associated proteins are critical
for centrosome functions in all mammalian cells.

New centrosome imaging

The past decade has been especially exciting for centrosome
biology, as new imaging modalities have been applied to
image, analyze, and elucidate centrosome structure to bet-
ter understand their composition and functions as well as
centrosome remodeling for cell cycle-specific regulation.
Several excellent papers have been published revealing
new information; in a paper published in 2013 (Mennella
et al. 2013) centrosomes are addressed as “amorphous no
more”, referring to the previously poorly perceived nature
of centrosomal material characterized as electron-dense
material when imaged with thin section TEM. In this paper,
the authors used subdiffraction (super-resolution) micros-
copy to gain new information on pericentriolar architecture
revealing a layered structure made of fibers and matrices
conserved from flies to humans (Mennella et al. 2013).
With the increased resolution on light microscopy lev-
els, the authors were able to investigate the structure and
dynamics of centrosomes inside cells in the native cellular
environment which provides new and different information
compared to proteomic analysis or use of other microscopy
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modalities that primarily imaged and analyzed centrosomes
in fixed cells.

Centrosome-Golgi apparatus nexus
and centrosome-Golgi communication

While the primary microtubule organizing center in prolifer-
ating animal cells is the centrosome, more recently, the dis-
covery of additional microtubule nucleation capabilities by
the Golgi apparatus has further increased our understanding
of the microtubule network organization in interphase cells
(Karanikolas and Siitterlin 2012; reviewed in Rios 2014).
We now know that microtubule nucleation at the Golgi
relies on multiprotein complexes, similar to those present at
the centrosome, that assemble at the cis-face of the Golgi.
AKAP450 plays a central role in this process, serving as a
scaffold to recruit other centrosomal proteins important for
microtubule nucleation and growth.

The Golgi apparatus localizes near the nucleus in most
vertebrate cells, surrounding the nucleus-associated centro-
some. The pericentrosomal position of the Golgi depends
on microtubules and on dynein (Corthesy-Theulaz et al.
1992; Harada et al. 1998; Cole et al. 1996; Thyberg and
Moskalewski 1999) which is recruited to the Golgi by the
peripheral coiled-coil protein golgin 160 (Yadav et al. 2012;
reviewed in Rios 2014). GMAP210 plays a role in this pro-
cess which has been shown by targeting GMAP210 to mito-
chondria causing clustering around the centrosome while its
depletion results in immotile, dispersed Golgi stacks (Yadav
et al. 2009; Rios et al. 2004). GMAP210 binds microtubule
minus ends and y-tubulin (Infante et al. 1999). Molecular
mechanisms involved in microtubule nucleation at the Golgi
and Golgi/centrosome-based microtubule arrays communi-
cate to ensure the correct formation of a pericentrosomal
Golgi ribbon structure that is polarized and continuous as a
critical feature for cell polarity in mammalian cells.

The mechanisms of microtubule nucleation at the Golgi
apparatus has been revealed in recent years ascribing a new
role of the Golgi in serving MTOC functions (Chabin-Brion
etal. 2001). These studies showed that Golgi membranes were
able to assemble and stabilize microtubules and that purified
Golgi membranes contained y-tubulin to promote microtubule
assembly. Subsequent studies showed that a subset of micro-
tubules directly grows from Golgi membranes (Efimov et al.
2007; reviewed in Karanikolas and Siitterlin 2012; Rios 2014).
In addition, it was shown that siRNA-mediated depletion of
y-tubulin inhibits both Golgi and centrosome—microtubule
generation, and that laser ablation of the centrosome does
not affect the number of microtubules formed at the Golgi.
About 50% of interphase microtubules have been estimated
to originate from the Golgi and stabilization of these micro-
tubules required CLASPs, microtubule plus-end binding pro-
teins that are recruited to the Golgi through the interaction

with the TGN-associated protein GCC185 (Efimov et al.
2007, reviewed in Karanikolas and Siitterlin 2012). Based on
this knowledge and subsequent studies it was proposed that
the cis-Golgi acts as a major site for microtubule nucleation
by y-TuRC using a mechanism similar to that employed by
centrosomes. A hierarchy is in place concerning centrosomal
protein recruitment to Golgi and centrosomes, which has been
detailed in a recent review (Rios 2014). Taken together, the
evidence strongly supports microtubule nucleation at the Golgi
by y-tubulin to be similar to the mechanisms used for microtu-
bule nucleation at centrosomes and that the Golgi uses classi-
cal centrosomal proteins for its microtubule nucleation activity.

In addition to microtubule nucleation, microtubule
growth and dynamics require microtubule capping and
microtubule anchoring. As mentioned in the introduction,
ninein is important for this process being located at the
subdistal appendages of mother centrioles, a major site for
microtubule anchoring where ninein targets the centriole via
its C-terminus and recruits y-tubulin-containing complexes
via its N-terminus (Delgehyr et al. 2005). Ninein can func-
tion along with other anchoring proteins that are also present
at the subdistal appendages of the mother centriole includ-
ing the largest subunit of the dynactin complex p150Glued
or the microtubule plus-end-associated protein EB1. Five
of the PCM proteins, AKAP450 (Takahashi et al. 1999),
CDKS5Rap2 (Wang et al. 2010), myomegalin (Verde et al.
2001), CAP350 (Hoppeler-Lebel et al. 2007), and pericen-
trin (Oddoux et al. 2013) have been shown to be associated
with the Golgi in mammalian cells.

Based on information generated so far, it is suggested
that a direct nexus exists between Golgi and centrosomes
to allow functional coordination although further research
is needed to generate more detailed data and to validate this
conclusion. However, as centrosomes are not enclosed by a
membrane while the Golgi is surrounded by a membrane the
interaction of microtubules at the Golgi and centrosomes are
likely to be different. As will be discussed in section 4, the
functional interactions of Golgi-derived microtubules and
centrosome-derived microtubules during cellular polariza-
tion in epithelial cells leading to microtubule remodeling
are still under-explored but it is known that functional com-
munications are needed. Currently, still very little is known
about signaling pathways between the two organelles which
may impact cellular polarization, tissue formation in animal
cells, as well as miscommunication leading to pathologies.

Section 2: The role of centrosomes in tumor
initiation and progression
As mentioned in the introduction, the role of centrosomes

in cancer has been brilliantly recognized by Theodor
Boveri in a landmark paper published in 1914 (Boveri
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1914). Boveri’s studies included the interpretation of
dispermic fertilization resulting in multipolar mitosis
and abnormal cell division (reviewed in Schatten 2008)
(Fig. 2). These studies opened up an enormous field in
cancer research that is growing exponentially and includes

A
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Fig.2 A (a—f) Somatic cell centrosome cycle within the cell cycle.
(a) The single interphase centrosome containing a pair of centrioles
is closely associated with the nucleus and nucleates an array of inter-
phase microtubules. (b) Centriole—centrosome duplication occurs
during the S phase in synchrony with DNA duplication. (c) Separa-
tion of the duplicated centriole—centrosome complex toward the
opposite spindle poles takes place in the early prophase stage. (d) The
bipolar mitotic apparatus becomes established when each centriole—
centrosome complex has reached the opposite pole, and the nuclear
envelope has broken down. During this stage interphase centrosomes
mature into mitotic centrosomes acquiring mitosis-associated centro-
somal proteins including NuMA that had moved out of the nucleus
during nuclear envelope breakdown. (e) The metaphase centrosome
becomes highly compacted to organize the metaphase spindle with
microtubules attached to the kinetochores. (f) Telophase is the stage
when centrosomal material becomes decompacted again before reor-
ganizing into interphase centrosomes that associate with the nuclei
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exploring the role of centrosome dysfunctions in cancer
initiation and progression and finding new cures aimed
at targeting cancer cell centrosome pathologies (reviewed
in Schatten 2013; Schatten and Sun 2015b; Schatten and
Ripple 2018).

of the separating daughter cells. (g, h) Centrosomal abnormalities
associated with cell cycle dysfunctions. In cancer cells (g, h), cen-
trosome and centriole numbers can amplify or over-replicate leading
to aneuploidy or failure of cytokinesis. B Schematic representation
of various structural centriole—centrosome abnormalities in cancer
cells. Cancer cell centrosomes can undergo various mitotic configu-
rations forming either a bipolar mitotic apparatus (a) that oftentimes
contains amplified centrosomes as a result of centrosome clustering,
bipolar (b) or multipolar (c, d) mitotic configurations as a result of
centrosome and/or centriole overduplication. Tripolar and multipo-
lar cells can undergo abnormal cell divisions resulting in cells with
aneuploidy while cells with configurations shown in ¢ and d may
not be able to divide but rather become fragmented and disintegrate.
The goal of therapies directed against the formation of abnormal
centrosomes is to prevent abnormal centrosome clustering to induce
fragmentation and cancer cell disintegration. Modified from Schatten
(2013)
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While for most cases we do not yet fully understand
the cause and effect relationships concerning cancer ini-
tiation and progression we are beginning to understand
the molecular changes leading to cell cycle abnormalities
and subsequent cancer manifestation. The perturbation
of core centrosomal or centrosome-associated proteins is
linked to cell cycle mis-regulation and cancer. We now
have detailed information on genetic, cellular and molecu-
lar levels underlying the manifestation of cancer and we
know that several of the centrosomal proteins as well as
centrosome-regulating kinases are overexpressed in can-
cer cells and play a pivotal role in centrosome amplifica-
tion as cell and molecular hallmarks for cancer devel-
opment and progression (Fukasawa et al. 1996; Carroll
et al. 1999; reviewed in Schatten 2008, 2013; Schatten
and Sun 2015b; Schatten and Ripple 2018). Knowledge
of these specific abnormalities has offered new treatment
possibilities, as will be discussed below in this section.

Abnormalities in centrosome number, size, and mor-
phology have been reported for all human tumors studied
so far, including breast, colon, liver, bone marrow, cervi-
cal, and prostate cancer (reviewed in Nigg 2002; Schat-
ten 2013; Schatten and Sun 2015b; Schatten and Ripple
2018). Several molecular pathologies have been reported
including loss of p53 or retinoblastoma tumor suppres-
sor protein (Rb) that results in centrosome amplification;
deficiency of the breast cancer gene BRCA1 and the over-
expression of Aurora A as well as other mitotic kinases
are implicated in cancer progression (Nigg 2002; Xu et al.
1999; Pihan et al. 1998; Fukasawa et al. 1996; Brinkley
and Goepfert 1998; Boutros 2012; Fukasawa 2012).

Centrosomal dysfunctions are clearly increased in late
events of tumorigenesis but they are already seen in early
stages of tumor development (Pihan et al. 2003; Tarapore
et al. 2014; reviewed in Schatten 2013; Schatten and Sun
2015b; Schatten and Ripple 2018). While the cause and
effect relationships have not yet been determined for a
variety of cancers, clear results have been reported for
cervical cancer (Duensing et al. 2000; Duensing and
Munger 2003). In cervical cancer, infection with ‘high-
risk’ human papillomavirus (HPV) types, such as HPV 16
and HPV 18, is associated with more than 90% of cervical
cancer cases. These studies clearly showed that the E6
and E7 oncoproteins of HPV 16 induce mitotic defects by
uncoupling centrosome duplication from the cell cycle.
These studies also showed that the E6 and E7 proteins of
low-risk HPV6 do not induce chromosomal abnormalities
and are not typically associated with malignancy (Duens-
ing and Munger 2003; Duensing et al. 2000; Schatten
2013).

Toxicants and chemicals that affect centrosomes

While the study on cervical cancer determined the cause
being ‘high-risk’ human papillomavirus (HPV) types in cer-
vical cancer initiation, new research has evolved showing
that several toxicants and various drugs have been identified
to affect centrosomes with consequences for cancer develop-
ment and progression. Bisphenol-A (BPA), an alkylphenol
and environmental estrogen-like chemical with weak estro-
genic activity, is among the estrogen-like chemicals that had
been identified to affect centrosomes in meiotic spindles of
mammalian oocytes (reviewed in Miao et al. 2009a; and
references therein), causing loss of spindle integrity and ane-
uploidy that has been implicated in infertility, developmental
abnormalities, and early childhood cancer (Can et al. 2005;
Pacchierotti et al. 2008; Eichenlaub-Ritter et al. 2008; Miao
et al. 2009a, b). In cancer cells, BPA causes a time- and
dose-dependent delay in cell cycle progression, primarily by
interfering with centrosomal proteins that may be degraded
by BPA (Tarapore et al. 2014). While the effects of toxi-
cants and chemicals may be different in different cells, a
recent study found a direct effect of BPA on centrosomes in
prostate cancer cells, leading to early onset of prostate can-
cer (Tarapore et al. 2014). The study was conducted on 60
urology patients in which low levels of BPA exposure pro-
moted centrosome amplification and anchorage-independent
growth in vitro, thereby correlating with early onset prostate
cancer. Although BPA is not classified as a carcinogen, this
study suggests that it affects centrosomes, promoting early
onset human prostate cancer. Previous research on animals
had already shown that BPA exposure is significantly impli-
cated in prostate cancer (Keri et al. 2007; Ho et al. 2006;
Prins et al. 2011; Tang et al. 2012; Jenkins et al. 2011);
the study by Tarapore et al. (2014) was the first to show a
correlation of BPA to prostate cancer in humans related to
the effect of BPA on the centrosome cycle contributing to
prostate carcinogenesis.

Other agents and chemicals may also affect centrosomes
with consequences for cancer development and progression.
While the cause and effect correlation resulting in centro-
some pathologies is not always clear (reviewed in Schatten
2008, 2013, 2014), it is certain that centrosome amplifica-
tion is a hallmark of cancer although several factors may
play a role in centrosome abnormalities and cancer develop-
ment and progression.

Centrosomes as targets for cancer therapy
and treatment possibilities

Our understanding of centrosome pathologies in cancer cells
has stimulated new research into the development of new
therapeutics targeting cancer cell centrosomes specifically
without affecting non-cancer cells. These include targeting
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signaling pathways that play a role in centrosome abnormali-
ties, or targeting centrosome abnormalities directly.

As mentioned above, centrosomes are abnormally phos-
phorylated in cancer cells which include interphase cen-
trosomes as well as mitotic cell centrosomes. Polo-like
kinases, cyclin-dependent kinases, Aurora kinases, and
several others are among the overexpressed centrosome-
phosphorylating kinases in cancer cells (reviewed in Schat-
ten 2008; Boutros 2012; Fukasawa 2012). Inhibition of these
overexpressed kinases is a major goal aimed at inhibiting
cancer cell growth which has already advanced to some early
clinical trials (Cheung et al. 2011; Schoffski 2009). Other
avenues being pursued to control cancer cell centrosome
abnormalities include targeting histone deacetylases such as
HDACI1, HDACS, and SIRT]1, as they play a role in centro-
some duplication and amplification (Ling et al. 2012).

Aryl hydrocarbon receptor agonists are also being con-
sidered as therapeutic targets to inhibit centrosome patholo-
gies by preventing centriole overduplication which will in
turn prevent centrosome duplication and amplification, as
centrioles play a role in duplication of centrosomal material
(Chan 2011; Korzeniewski et al. 2010).

Several known anti-cancer drugs are also known for their
effects on centrosome—microtubule interactions. The well-
known cancer drug paclitaxel and other taxol derivatives act
primarily by inhibiting depolymerization of microtubules,
thereby preventing mitosis and cell division (Schiff et al.
1979; Schatten et al. 1982a; reviewed in Schatten 2013;
Schatten and Sun 2015b; Schatten and Ripple 2018). Taxol
is also known for its interaction with microtubules at the
centrosome—microtubule nucleation sites (De Brabander
et al. 1981; Dimitriadis et al. 2001), affecting the capacity of
centrosomes to nucleate microtubules in taxol-treated cells
(De Brabander et al. 1981).

One new approach to directly target centrosome functions
in cancer cells is through inhibition of centrosome cluster-
ing. Centrosome clustering is characteristic for multipolar
cancer cells containing supernumerary centrosomes. Cancer
cells have developed a mechanism to cluster their extra cen-
trosomes into abnormal bipolar centrosomes forming bipolar
spindles for survival of cancer cells containing abnormalities
that may not be apparent initially on morphological levels
(Kriamer et al. 2012; Xiao and Yang 2016; reviewed in Schat-
ten and Ripple 2018) but these abnormalities become mani-
fested in subsequent cell cycles when the bipolar mitotic
apparatus containing amplified centrosomes that initially can
undergo cell division will result in subsequent cellular and
tissue abnormalities. The mechanisms underlying centro-
some clustering are still being explored and several models
have been proposed in which molecular motors have been
implicated (Acilan and Saunders 2008). Specific proteins
required for centrosome clustering have been determined
(Leber et al. 2010) and are now being explored to prevent
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centrosome clustering, thereby preventing the formation of
abnormal bipolar centrosomes while causing cellular frag-
mentation as a result of multipolar centrosomes that will not
be able to divide cells accurately.

One of the potent antimitotic drugs that has been iden-
tified to prevent centrosome clustering in cancer cells
is griseofulvin (Rebacz et al. 2007; reviewed in Krimer
et al. 2011, 2012; Schatten 2013; Schatten and Sun 2015b;
Schatten and Ripple 2018). Griseofulvin had been shown to
arrest cells at the G2/M transition stage in a concentration-
dependent manner (Uen et al. 2007; Marchetti et al. 1996;
Schatten 1977; Schatten et al. 1982b; Ho et al. 2001), and
in recent years, griseofulvin has been shown to specifically
inhibit clustering of supernumerary centrosomes in can-
cer cells (reviewed in Kramer et al. 2012). Therefore, this
drug will prevent the formation of centrosomes that are
abnormally clustered into a bipolar centrosome configura-
tion to specifically control cancer cell division while not
affecting non-cancer cells that do not contain multiple cen-
trosomes and therefore do not require clustering of multipo-
lar centrosomes. Griseofulvin is already approved as orally
administered antifungal drug that interferes with microtu-
bule functions in vivo and in vitro (Marchetti et al. 1996;
Schatten 1977, 2008; Wehland et al. 1977; Schatten et al.
1982b; reviewed in Schatten and Sun 2012) but further more
detailed studies are needed to determine the mechanisms by
which it prevents cancer cell centrosome clustering. Ear-
lier studies had shown that griseofulvin induces multipolar
mitoses in tumor cells (Rebacz et al. 2007; Schatten 1977,
Ho et al. 2001; Panda et al. 2005) which may indicate a
direct effect on centrosomes or it may indicate an effect
on microtubule minus ends, preventing proper centrosome
organization and attachment to microtubules. As had been
the case for taxol, more structural modifications of the gri-
seofulvin molecule may be needed to develop this drug into
a cancer therapeutic for clinical trials to determine the opti-
mal medical applications and perhaps determine combina-
tion therapies to minimize potential side effects and drug
resistance.

This line of research to prevent centrosome clustering
in cancer cells is being pursued on several levels with the
goal to develop anti-centrosome-clustering therapies, as
non-clustered cancer cell centrosomes are not able to form
a bipolar mitotic apparatus with amplified centrosomal com-
ponents but induce cell death following cell fragmentation
rather than allowing formation of aneuploid cells with con-
sequences for genomic instability. As mentioned above, non-
cancer cells will not be affected, as centrosome clustering
pathways are dispensable in cells with normal centrosome
numbers, but centrosome clustering is required for supernu-
merary centrosomes to form bipolar mitotic spindles.

Recently, new research has emerged as promising
approach to prevent centrosome clustering in cancer cells
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by identifying proteins that are required for the clustering
process. It has been shown that KIFC1, a kinesin-like protein
(kinesin motor) plays a critical role in clustering the cancer-
specific supernumerary centrosomes. KIFC1 is non-essential
in normal somatic cells, thereby offering a most suitable
target to control clustering of centrosomes into abnormal
bipolar spindles without causing damaging side effects.
However, it needs to be taken into account that KIFC1 also
plays a role in certain vesicular and organelle trafficking,
spermiogenesis, oocyte development, embryo gestation,
and double-strand DNA transportation (reviewed in Xiao
and Yang 2016). For possible treatment strategies aimed at
targeting KIFC1, this aspect needs to be taken into account
when weighing the advantages of cancer treatment target-
ing KIFC1. So far, several promising approaches have been
reported targeting KIFC1. KIFC1 is upregulated in breast
cancer including estrogen receptor negative, progesterone
receptor negative, and triple-negative breast cancer (Li et al.
2015), while it is absent in normal human mammary epithe-
lial cells. Inhibition of KIFC1 resulted in anti-breast cancer
activity. In serous ovarian adenocarcinomas, KIFC1 has
been shown to indicate aggressiveness of the disease, there-
fore serving as a biomarker to predict the stages of disease
aggressiveness (Mittal et al. 2016).

Section 3: Primary cilia, centrosome-primary
cilia interactions, and consequences for cell
cycle functions in health and disease

The past decade has brought us significant new insights into
the important role of primary cilia for signal transduction
and cell cycle regulation, its impact on cancer development
and progression, as well as kidney functions and dysfunc-
tions. One single primary cilium protrudes from almost
all cells in our body and plays a significant role in cellular
and cell cycle communication (reviewed in Schatten 2013)
(Fig. 3). The intimate and coordinated relationship between

primary cilia and centrosomes has clearly been shown dur-
ing the past decade and it is now known that the mother
centriole of the mitotic apparatus becomes the seed structure
for the formation of non-motile primary cilia that are formed
as single cilia at the surface of epithelial cells as well as
most other cells in the human body. We now know the very
close coordination of the primary cilium-centrosome cycle
in cellular functions and dysfunctions in disease such as can-
cer, or disorders including obesity and others (reviewed in
Pan and Snell 2007; reviewed in Schatten and Sun 2011c).
As mentioned above, primary cilia formation starts when,
following mitosis, the mother centriole of the centrosome
complex becomes the seed structure for primary cilia forma-
tion. It undergoes extensive structural modification to form
the basal body of the primary cilium (reviewed in Satir and
Christensen 2008; Kobayashi and Dynlacht 2011). During
G1, the distal end of the mother centriole becomes associ-
ated with a membrane vesicle (reviewed by Pan and Snell
2007; Schatten and Sun 201 1c) that expands into a ciliary
vesicle, surrounding the forming axoneme before fusing
with the plasma membrane during primary cilia formation.
The primary cilia formation cycle continues with centrioles
duplicating during the subsequent S phase and primary cil-
ium lengthening and maturing to its full length during the
G2 phase. Primary cilium shortening then takes place at the
G2/M transition and primary cilia completely dissemble in
mitotic cells, resulting in mitotic cells devoid of primary
cilia (reviewed in Schatten 2013; Schatten and Sun 2015a,
b; Li and Hu 2015).

The non-motile single primary cilium is distinguished
from motile cilia by its composition of 9 outer microtubule
doublets with no central microtubule pair (“9+07) and the
absence of dynein arms while nine doublets of microtubules
surround a central microtubule pair (“9+2”) in motile cilia
(Wheatley et al. 1996; D’Angelo and Franco 2009; Veland
et al. 2009). A specialized receptor-rich plasma membrane
surrounds the primary cilium which is critically impor-
tant for communicating signals from the external cellular

Fig.3 Schematic representation of primary cilium showing the close
cell cycle relationships of the primary cilium with the cell’s centro-
some complex. In G1 (a) the mother centriole associates with mem-
brane components to build the axoneme of the primary cilium. The

primary cilium grows during G2 (b), duplicates during the S phase
(c), and becomes disassembled during mitosis (d), when centrioles
become associated again with the mitotic spindle poles. Modified
from Schatten (2014)
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environment to its associated cell body (reviewed by Li and
Hu 2015). Primary cilia dysfunctions are associated with
numerous diseases such as polycystic kidney syndrome and
other diseases or disorders (Yoder et al. 2002; reviewed in
Hildebrandt and Otto 2005) for which the cell, molecular,
and genetic aspects of primary cilia dysfunctions have been
reported. Signal transduction cascades between primary cilia
and the centrosome play essential roles in accurate cell cycle
progression and in communicating external environmental
conditions and factors to cells (Schatten 2008; D’Angelo
and Franco 2009; Veland et al. 2009; Quarmby and Parker
2005; Hildebrandt and Otto 2005; Davenport and Yoder
2005; Michaud and Yoder 2006; Satir and Christensen 2008;
reviewed in Li and Hu 2015).

Several major pathways are well known to require sign-
aling through primary cilia and include the Wnt, hedge-
hog, and platelet-derived growth factor (PDGF) pathways
(Sharma et al. 2008; Berbari et al. 2009). MAP kinase
signaling between primary cilia and centrosomes is also
important for centrosome functions (Schneider et al. 2005;
Quarmby and Parker 2005). An intraflagellar transport (IFT)
system is essential to communicate signals from the primary
cilium to the cell body (reviewed in Li and Hu 2015).

Severe primary cilia dysfunctions have been reported for
several diseases which in part are related to signaling dys-
functions, and to cellular, molecular and genetic disorders.
Primary cilia dysfunctions play a role in cancer development
and progression. In advanced tumors, the primary cilium
becomes detached from the cell surface after loss of cellu-
lar polarization and loss of tissue organization. As a result,
the basal body of the primary cilium becomes located in
the interior cell body (Lingle and Salisbury 1999, 2000;
Schatten et al. 2000c) which can result in the formation of
an additional seed structure for microtubule nucleation and
organization that may participate in additional spindle for-
mations, thereby increasing the number of abnormal mitoses
in cancer tissue, that can result in increases in aneuploidy
and abnormal cell divisions.

Primary cilia dysfunctions can be the result of genetic
factors, adverse environmental conditions, and perhaps
other factors that are not yet known. Several primary cilia-
associated genes are known to be mutated in cancers which
includes Glil, DNAH9, and RPGR1P1 (reviewed in Schat-
ten and Sun 2011c). Furthermore, the oncogenic kinase
Aurora A kinase (Aurora A) is localized to the basal body
of primary cilia and may function in primary cilia disassem-
bly or it may block primary cilia reassembly in coordination
with other interacting proteins (Inoko et al. 2012). Aurora A
may not function properly in cancer cells which may result
in primary cilia—cell cycle dysfunctions.

As indicated above, primary cilia have an essential role in
hedgehog signaling that is important for primary cilia-cellu-
lar communications. As hedgehog signaling abnormalities
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are associated with cancer progression, this knowledge
offers new avenues for the design of new cancer therapeu-
tics aimed at interfering with hedgehog signaling pathway
abnormalities (Slusarz et al. 2010; Hassounah et al. 2012).

Primary cilia dysfunctions have been reported for sev-
eral cancers including prostate cancer (reviewed in Schatten
and Ripple 2018) and breast cancer (reviewed in Schatten
2013; Schatten and Sun 2015b). A decrease in the percent-
age of ciliated cells has been reported for human prostatic
intraepithelial neoplasia (PIN), invasive cancer, and perineu-
ral invasion lesions when compared to normal prostate tis-
sue (Hassounah et al. 2012). The investigators also observed
shorter cilia in PIN, cancer, and perineural invasion lesions
which may affect accurate functions. Whereas primary cilia
normally function to suppress the Wnt signaling pathway
in epithelial cells the authors found that cilia loss may play
arole in increased Wnt signaling in some prostate cancers.
Therefore, targeting the Wnt signaling pathway may open
up further new targeted treatment strategies related to Wnt
signaling.

The PDGEF signaling pathway through primary cilia has
been shown to be aberrant in breast cancer as well as in
prostate cancer. In breast cancer, expression of PDGFRa is
a poor prognostic indicator of the disease (Jechlinger et al.
2006; Carvalho et al. 2005), and in prostate cancer, PDGFRa
plays a role in survival and growth of prostate cancer cells in
the bone, resulting in early metastatic foci (Liu et al. 2011).

These studies show the importance of regulated signal-
ing through primary cilia and abnormal signaling in cancer
cells after loss of primary cilia which may affect centrosome
regulation and lead to centrosome pathologies as addressed
in section 2.

Section 4: Transitions from centrosome
to non-centrosome microtubule
organization during cellular polarization

Significant changes in centrosome organization and func-
tions take place during cellular polarization when cellular
asymmetry becomes established in preparation for cellular
differentiation of previously non-committed cells. These
changes start out by deconstructing and decentralizing spe-
cific centrosomal components from the nucleus-associated
centrosome to focal points at the apical and basolateral sur-
faces as studied in polarizing epithelial cells, resulting in
major remodeling of the microtubule system with individual
microtubules being nucleated and organized from the polar-
izing cell surfaces.

The underlying mechanisms of the remodeling process
are still not well understood which is further complicated
by the fact that there is considerable diversity in the molec-
ular mechanisms of microtubule reorganization. However,
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we do know from studies in tissue culture cells that the
microtubule cytoskeleton plays essential roles in establish-
ing cellular polarity (reviewed in Miisch 2004; Muroyama
and Lechler 2017) but we still do not yet have sufficient
information to fully understand the polarization process
and especially the reorganization of the nucleus-associated
centrosome to a decentralized microtubule organization
system that is typically referred to as “non-centrosomal”.

For this process to occur the centrosome gradually loses
its MTOC activity while other cellular sites acquire com-
petence to serve as microtubule organizing sites, thereby
gradually assuming microtubule organizing functions
(Fig. 4). Several hypotheses have been proposed to envi-
sion the loss of centrosomal MTOC activities which may
include changes in transcription, RNA splicing, protein
localization at the centrosome, and post-translational mod-
ifications that modify and decrease centrosomal activi-
ties to nucleate and/or anchor microtubules (reviewed
in Muroyama and Lechler 2017). It is generally thought
that MTOC inactivation is correlated with delocalization
of centrosomal components in which decreased levels or
activity of cell cycle regulators such as cyclin-dependent
kinase (CDK) and PLK1 play a role which will result in
dispersal of centrosomal proteins in specific tissues (Yang
and Feldman 2015; Muroyama et al. 2016; Pimenta-
Marques et al. 2016). Cell cycle regulators that control
centrosome inactivation can include posttranslational
modifications of centrosomal proteins and perhaps other
modifications that are yet to be explored. Transcriptional
downregulation of genes encoding centrosomal proteins
also may play a role which has been shown for the dif-
ferentiation process of the mammalian epidermis (Sen
et al. 2010). In neurons, it has been shown that alterna-
tive splicing of the centrosomal protein ninein removes

Centrosomal
microtubule organization

Fig.4 Overview of centrosomal and non-centrosomal microtubules
in mammalian cells. In non-polarized cells microtubules (red) ema-
nate from the centrosome (blue). Microtubule minus ends (—) are
anchored to the centrosome; plus ends (4) extend toward cell edges.

its centrosome-targeting domain, resulting in dispersal of
ninein (Zhang et al. 2016).

Polarization and differentiation is essential for tissue for-
mation and tissue specification. At present, we do not yet
fully understand how the microtubule cytoskeleton becomes
structurally and functionally reorganized to perform highly
specific functions in polarizing cells. These functions dif-
fer significantly from functions in non-differentiated cells
in which the nucleus-associated centrosomes facilitate and
orchestrate the multitude of cellular processes. New func-
tions in polarized cells include apical and basolateral trans-
port of cellular components to help modify the polarizing
cell surface as one of the first steps toward the formation of
specific tissues.

Cellular polarization requires changes in microtubule bio-
chemistry to achieve microtubule diversity which is facili-
tated by association with a variety of proteins as critical
process for microtubule remodeling from being organized by
the nucleus-associated centrosome to becoming organized
by membrane-associated foci. Microtubules are polarized
filaments with fast-growing plus ends and slower-growing
minus ends that enable vectorial transport of vesicles and
organelles (reviewed in Miisch 2004; Schatten and Sun
2012, 2014, 2017). As mentioned above they are organ-
ized from centrosomes in non-polarized cells and in mitotic
cells (centrosomal microtubules) but they become nucle-
ated and organized from non-centrosomal focal points in
polarized epithelial cells (non-centrosomal microtubules)
in a process requiring relocalization of specific centro-
somal proteins. Some of these centrosomal proteins uti-
lize microtubule-mediated translocation which has been
shown for ninein (Mogensen 2004). While we do not yet
have sufficient knowledge to understand the remodeling of
centrosomal components during the polarization process

Apical

B DO OOD

Non-centrosomal
microtubule organization

In differentiated cells (right), microtubule minus ends do not asso-
ciate with the centrosome but associate with the apical cell cortices
while the plus ends are oriented toward the basal side. Gray =nucleus
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microtubule dynamics are important for understanding how
centrosomal proteins may be translocated from the cen-
trosome along microtubules to associate with the cellular
membrane. Ninein localization to apical non-centrosomal
sites plays a role in anchoring microtubule minus ends. As
ninein translocation from centrosomal to non-centrosomal
sites takes place for the establishment of cellular polarity
the centrosome is still engaged in contributing centrosomal
components while its MTOC capabilities become gradually
decreased (reviewed in Muroyama and Lechler 2017).

Several molecular changes take place during cellular
polarization. We know that microtubule nucleation starts at
the microtubule minus end which depends on the y-tubulin
ring complexes (y-TuRCs) in cells (Moritz and Agard 2001).
Ninein is also co-localized with microtubule minus ends and
mediates microtubule anchoring at MTOCs. The calmodu-
lin-regulated spectrin-associated protein (CAMSAP) plays a
role in stabilizing microtubule minus ends and these proteins
play a role in centrosome and in non-centrosome microtu-
bule organization.

Among the specific centrosomal proteins that play a role
in the polarization process are: the microtubule-nucleating
protein y-tubulin, the microtubule anchoring protein ninein,
the microtubule minus-end stabilizing family of calmodulin-
regulated spectrin-associated proteins (CAMSAP) with its
members CAMSAP1, CAMSAP2, and CAMSAP3, and the
microtubule-severing protein katanin, that is believed to
play a role in controlling microtubule length and restricting
the association of CAMSAPs to microtubules. These pro-
teins have been shown in tissue culture cells to play a role
in reorganization of microtubules from the centrosomal to
the non-centrosomal organization. Microtubule reorganiza-
tion at the polarizing cell surfaces starts to take place when
adherens junctions form and E-cadherin-mediated cell adhe-
sion induces development of microtubule asymmetry that
may lead to different microtubule growth directions which is
facilitated by y-tubulin, ninein, CAMSAP2 and CAMSAP3
as well as katanin. In this context it is of interest that relo-
calization of ninein to cell junctions has been proposed to
play a role in non-centrosomal microtubule formation during
epithelial differentiation (Goldspink et al. 2017). The com-
plex polarization process further requires post-translational
modifications (PTMs) of microtubules to enable specific
associations of cargo with microtubule motor proteins for
targeted transport to remodel apical membrane domains
(reviewed in Schatten and Sun 2014).

Other proteins associated with microtubules play a role
in the polarization process. Microtubule plus ends are con-
trolled by several microtubule associated proteins (MAPS)
including the EB (end binding) family proteins, CLIP-
170 (CLIP1), XMAP215 (CKAPS), and the CLASP fam-
ily (reviewed in Akhmanova and Steinmetz 2008). Other
proteins such as several MAPS including tau and MAP4
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binding to microtubules along the individual microtubule
and promote microtubule stabilization (Kadavath et al.
2015). The microtubule-severing proteins katanin and spas-
tin are involved in microtubule regulation (reviewed in Roll-
Mecak and McNally 2010), as are the above mentioned post-
translational modifications (PTMs) of tubulin (reviewed in
Schatten and Sun 2014; Song and; Brady 2015; Valenstein
and Roll-Mecak 2016).

It is also possible that entire microtubules can be released
from the centrosome through uncapping or severing of
microtubules and stabilization at the new cellular site. The
mechanisms controlling subsequent transport of microtu-
bules to the non-centrosomal MTOC remain largely unex-
plored although we know from research in neurons that
dynein plays a key role in trafficking microtubules and/or
tubulin to their ultimate locations (He et al. 2005; del Cas-
tillo et al. 2015). The mechanisms by which centrosome-
associated microtubules become remodeled to associate
with their new location at the polarizing cell surface are still
under recent investigation and we currently do not yet have
conclusive answers. Studies using a variety of approaches to
analyze microtubule nucleation are still in progress aimed at
understanding the mechanisms that contribute to the forma-
tion of microtubules as cells undergo differentiation.

As mentioned above, the relocalization of centrosomal
components and perhaps new organization towards estab-
lishing microtubule nucleation and polymerization from the
polarizing cell surface may be different in different tissues
(reviewed in Muroyama and Lechler 2017). Centrosomal
proteins can undergo molecular changes. For example, the
different localizations of ninein is achieved through differ-
ential splicing of the ninein transcript, eliminating the cen-
trosome-targeting domain causing ninein dispersal (Zhang
et al. 2016). We know that y-tubulin becomes enriched at
the apical cell surface which determines the apical surface
as the primary microtubule nucleation side in polarizing epi-
thelial cells. Aided by ninein microtubules become anchored
and stabilized at the apical cell surface and the microtu-
bule minus ends are protected from depolymerization by
the CAMSAP/Patronin/Nezha family proteins (reviewed by
Akhmanova and Hoogenraad 2015).

The stabilization of microtubule ends by CAMSAP/
Patronin/Nezha family proteins has been shown for all spe-
cies studied so far (Baines et al. 2009; Goodwin and Vale
2010; Meng et al. 2008). In Caco-2 cells, Nezha/CAMSAP3
was identified as an adherens junction-associated protein
that regulates apicobasal microtubule organization (Meng
et al. 2008). Recently, microtubule disorganization has been
reported for a Camsap3 mutant mouse in which the microtu-
bule-binding domain (the CKK domain) was deleted.

While the establishment of cell polarity is critical for
coordinated tissue functions loss of cell polarity is asso-
ciated with disease and it is a hallmark of cancer cells.
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However, the process involving loss of cellular polarization
is still not well understood. Loss of microtubule organization
by y-tubulin and anchoring proteins at the apical cell surface
may play a role in this process.

Section 5: Other centrosome dysfunctions
associated with the pathogenesis of human
disease

Centrosomes as center for proteolytic activity

As addressed above, the functional complexity and impor-
tance of the centrosome reaches well beyond its microtu-
bule organizing capacity, as centrosomal proteins as well
as centrosome-associated proteins play a role in numerous,
seemingly unrelated, cellular processes that can be perturbed
by centrosomal dysfunction. The role of centrosomes in the
pathogenesis of human disease is intriguing and multifac-
eted. Human disease phenotypes and centrosome dysfunc-
tions are linked in various ways which has resulted in newly
appreciated centrosome functions in mammalian cells and
dysfunctions underlying various diseases. Several centro-
some-related diseases involve the basal body of motile cilia
and non-motile primary cilia that share protein compositions
and intertwined cellular functions including signal transduc-
tion and, indirectly, intraflagellar transport (IFT) within cilia
for cellular signaling and cellular responses. Several of these
dysfunctions become apparent in post-mitotic cells, such as
neurons. In addition, as indicated in section 1, the centro-
some plays a consequential role in the spatial organization
of cellular organelles including the Golgi apparatus (Rios
et al. 2004) and it also plays a critical role in the distri-
bution of macromolecular complexes, vesicles containing
various contents, and mitochondria. Several studies includ-
ing those using proteomic analysis have identified a number
of proteins that, when mutated, cause a wide spectrum of
human genetic phenotypes as diverse as Alstrom syndrome,
oro-facial-digital syndrome, kidney diseases, and others
(Andersen et al. 2003; reviewed in Badano et al. 2005) as
discussed below in this section.

Among the centrosome-related diseases caused directly
or indirectly by centrosome dysfunctions are ubiquitin—pro-
teasome-mediated protein degradation, neuronal migration,
axonal targeting, and ciliation. The role of centrosomes in
ubiquitin—proteasome-mediated protein degradation is par-
ticularly intriguing, as proteasome activity takes place close
to the centrosome and the ubiquitin—proteasome degradation
(UPD) pathway appears to be significantly dependent on the
organizing capabilities of the centrosome.

The importance of UPD in regulating cell cycle check-
points in eukaryotes through specific targeting of cell cycle
regulators has been well documented which has been studied

particularly well for UPD mediation of cyclin degradation as
important part of cell cycle regulation, and it is also known
that the UPD system plays an important role in cellular dif-
ferentiation and development, stress response, morphogen-
esis of neuronal networks, and neurotransmission and apop-
tosis (Izzi and Attisano 2004.; DiAntonio and Hicke 2004,
Peters 2002). The 26S proteasome is the major component of
the UPD system targeting proteins that are modified through
ubiquitination in a process requiring the combined actions
of three different types of enzymes, E1, E2, E3 (Pickard and
Cohen 2004). As proteasomes are concentrated at the mam-
malian centrosome the centrosome has also been viewed as
a proteolytic center (Wojcik et al. 1996; Wigley et al. 1999;
reviewed in Badano et al. 2005). The concentrated locali-
zation of proteasomal components including ubiquitin, the
20S and 198 subunits of the proteasome, as well as the E3
enzyme parkin, is especially noteworthy, as they colocalize
with the centrosomal marker y-tubulin and these proteaso-
mal components co-purify with y-tubulin in the centrosomal
fractions after sucrose-gradient ultracentrifugation (Wigley
et al. 1999).

The accumulation and concentration of proteasomal
components around centrosomes appears to be microtubule-
independent, as suggested by studies in which intracellular
levels of misfolded proteins were experimentally increased
by either proteasome inhibition with drugs such as lacta-
cystin, or overexpression of misfolded mutant proteins,
resulting in an expansion of the centrosome-associated pro-
teasome network with expansion and recruitment of proteo-
lytic components from the cytosol without involvement of
microtubules. These studies provide experimental evidence
for a critical role of centrosomes in the organization and
subcellular localization of proteasomes (Wigley et al. 1999;
Fabunmi et al. 2000). This area of centrosome research is
still wide open for further investigations to determine the
role and activities of centrosomes in monitoring and degrad-
ing misfolded proteins and perhaps signaling interactions
and communications with the surrounding Golgi apparatus
and endoplasmic reticulum.

Ubiquitin-proteasome degradation

Diseases related to dysfunction of ubiquitin—protea-
some degradation include viability of post-mitotic neu-
rons, as UPD dysfunctions are implicated in several
neurodegenerative disorders, including Parkinson dis-
ease (Nussbaum and Ellis 2003) in which mutations of
the gene that encodes parkin, an E3 ubiquitin-protein
ligase, causes autosomal recessive juvenile parkinson-
ism (ARJP) (Ishikawa and Tsuji 1996; Takahashi et al.
1994; Kitada et al. 1998; Imai et al. 2000; Shimura et al.
2000). As mentioned above, parkin is concentrated in the
centrosomal area and it binds to y-tubulin as shown in
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co-immunoprecipitation assays both in vivo and in vitro
using rat brains and HEK293 cells, respectively (Zhao
et al. 2003; reviewed in detail by; Badano et al, 2005).

Based on research related to Parkinson and other neu-
rological diseases centrosome dysfunctions can be impli-
cated in the pathogenesis of protein clearance disorders,
which invites further studies to gain further functional
insights into still little understood diseases and their
underlying mechanisms leading to pathologies.

The centrosome has further been implicated in the
pathogenesis of diseases related to migration disorders, as
the centrosome is critical for nuclear translocation. Sev-
eral human dysplasias are related to centrosome dysfunc-
tions including in patients with lissencephaly (smooth
brain), in which the cortex appears as a smooth surface
which is associated with mental retardation, seizures, and
death in early childhood (Walsh 1999; Wynshaw-Boris
and Gambello 2001; reviewed in Badano et al. 2005).

Vesicular transport dysfunctions and disease

Other diseases in which centrosome dysfunction are
implicated are related to the centrosome’s role in vesicu-
lar transport. As the main microtubule organizing center
the centrosome orchestrates and directs transport of
vesicles along microtubules to their functional destina-
tions (reviewed in Schatten 2008). Huntington disease,
associated with progressive loss of cognitive function,
dementia, and motor defects as a consequence of neu-
ronal dysfunction and loss, is among the neurodegenera-
tive disorders in which defects in microtubule-dependent
vesicular transport have been reported. The huntingtin
gene underlies the pathogenesis of the disease, and hun-
tingtin is localized in the nucleus and the cytoplasm
associated with vesicles and microtubules (Harjes and
Wanker 2003). The molecular associations of huntingtin
have been well explored and it was shown that hunting-
tin interacts with huntingtin-associated protein (HAP1),
which binds to the p150Glued subunit of dynactin and
the pericentriolar material 1 protein (PCM1), proteins
that play a role in centrosome and basal-body functions.
Huntingtin controls the microtubule-mediated vesicle
transport of the brain-derived neurotrophic factor (BDNF)
that is produced in the cortex and released in the striatum
for cell survival; defective vesicle transport might play a
role in the pathogenesis of Huntington disease (Gauthier
et al. 2004). It is also noteworthy that fibroblast cells
derived from mice and patients with Huntington disease
contain abnormal centrosome numbers, reduced mitotic
indices, increased frequencies of aneuploidy, and per-
sisting midbodies (Sathasivam et al. 2001; reviewed in
Badano 2005).

@ Springer

Basal-body dysfunctions and disease

Basal body and ciliary diseases are numerous and these
are also related to centrosomal dysfunctions, as there is a
close link structurally as well as functionally between cen-
trosomes, basal bodies, and cilia (reviewed in Schatten 2008;
Quarmby and Parker 2005; Li and Hu 2015) and as also
addressed above in section 3.

Loss-of-function mutations affecting the basal body can
result in human disorders including reversal or randomiza-
tion in body symmetry, hydrocephalus, retinal degeneration,
and cystic kidney and liver disease (reviewed in Badano
2005). It includes a wide spectrum of molecular dysfunc-
tions that have been determined for several diseases caus-
ing various effects. For example, in Bardet—-Biedl syndrome
(BBS), a pleiotropic disorder in which retinal degeneration,
obesity, learning difficulties, and polydactyly, as well as
gonadal and renal malformations including cystic kidneys
are observed, some of the proteins involved in the syndrome
could be affected by functional signal relay between cilia,
basal body, and the centrosome, related to IFT which will
affect cell cycle regulation including mitosis and cell divi-
sion. Trafficking of cargo between cilia to the associated
cells may well be regulated by centrosomes, which has been
shown for BBS. These effects are reported to be caused by
centrosomal and ciliary dysfunction (Katsanis 2004; Kulaga
et al. 2004; Kim et al. 2004; Blacque et al. 2004; Ansley
et al. 2003). Two of the eight known BBS proteins, BBS4
and BBSS, localize to centrosomes and basal bodies as
shown in mammalian cell lines.

Autosomal dominant polycystic kidney disease (ADPKD)
has been clearly linked to mutations in the polycystic kid-
ney disease genes PKD1 and PKD2 (Yoder et al. 2002),
and it has been shown that the PKD1 and PKD?2 proteins,
polycystin 1 and 2, interact and serve as mechanosensors
of extracellular fluid flow in the primary cilia of the renal
epithelium that regulates intracellular Ca** flux (Yoder et al.
2002; Nauli et al. 2003). These studies focused attention on
the important role of primary cilia as discussed in section 3.

Section 6: Centrosome functions in oocyte
germ cells and dysfunctions in reproductive
disorders and reproductive aging

Among the fastest aging cells in the female body are oocytes
located in the female reproductive tract. As an increasing
number of women have postponed the time to become preg-
nant oocyte aging has become a major problem and research
on oocyte aging has identified several factors contributing
to the aging process with significant effects on the meiotic
spindle that contains the machinery for chromosome segre-
gation during first and second meiosis, primarily consisting



Histochemistry and Cell Biology (2018) 150:303-325

317

of a microtubule-rich spindle, spindle poles composed of
centrosomal material, and chromosomes. The meiotic spin-
dle is distinguished from the mitotic spindle by the absence
of centrioles within the centrosome complex which has
resulted in using different terminologies by different research
groups. We prefer the term “acentriolar centrosomes”, as
centrosomal material in the meiotic spindle fulfills the major
functions known for mitotic cells which is to nucleate and
organize microtubules that are critically important for chro-
mosome separation and meiotic cell division. Furthermore,
the meiotic centrosomal material has similar compositions
as mitotic centrosomal material including the major cen-
trosomal protein y-tubulin and the centrosome-associated
protein NuMA. As is the case for different cell systems the
meiotic acentriolar centrosome can have different composi-
tions in different species on both qualitative and quantita-
tive levels and it also can have different regulatory enzymes
although the general mechanisms are quite similar for
mitotic and meiotic centrosome regulation. It should, how-
ever, be emphasized that the mouse oocyte system uses very
different mechanisms for acentriolar centrosome formation
and organization compared to non-rodent mammalian sys-
tems such as humans, the porcine, bovine, and most other
mammalian oocytes (reviewed in Wang et al. 2011; Schatten
and Sun 2013, 2015a; Qiao et al. 2014). As discussed below
in this section, the mouse oocyte system also displays dif-
ferent characteristics during aging; furthermore, it contains
acentriolar centrosomes during the first mitotic divisions of
embryogenesis unlike non-rodent mammalian embryos that
do contain centrioles within the centrosome complex during
the first cell divisions of embryogenesis which is related to
different fertilization mechanisms in rodent and non-rodent
systems (reviewed in detail in Schatten and Sun 2011a, b, c;
Schatten et al. 2012).

In aging oocytes, loss of meiotic spindle integrity is
among the most noticeable and most consequential changes
resulting in an inability of microtubules to accurately interact

with meiotic chromosomes, thereby resulting in chromo-
somal abnormalities (aneuploidies) which can have implica-
tions in fertilization failures, arrested embryo development,
childhood cancer, or embryo loss (reviewed in Miao et al.
2009a, b; Wang et al. 2011; Schatten and Sun 2013; Qiao
et al. 2014) (Fig. 5). In aging non-rodent oocytes the acen-
triolar centrosomes become instable resulting in dispersion
of centrosomal components and centrosomal proteins while
numerous small aggregates become formed in the ooplasm.

The integrity of the highly dynamic meiotic spindle struc-
ture is actively maintained in younger oocytes by a complex
set of regulatory kinases and other regulatory proteins until
fertilization takes place. These include roles for CDK1/cyc-
lin B and kinases such as PKA, AKT, MAPK, Aurora A,
CaMKII, the phosphatases CDC5, CDK14s, and others that
participate in the meiotic process. Alterations in regulatory
kinases have been shown in aging oocytes (reviewed in Miao
et al. 2009a, b; Wang et al. 2011; Qiao et al. 2014).

The dispersion of centrosomal components from the mei-
otic spindle poles into the cytoplasm is different in rodent
and non-rodent mammals which has been discussed in sev-
eral previous papers (Kim et al. 1996; George et al. 1996;
Alvarez Sed¢ et al. 2011; reviewed in Miao et al. 2009a;
Schatten et al. 2012; Schatten and Sun 2013). In brief, in
non-rodent mammals, NuMA, and y-tubulin become dis-
persed from the meiotic spindle, while small centrosomal
aggregates are formed in the cytoplasm to nucleate and
organize small cytoplasmic asters. In contrast, such small
cytoplasmic asters are not seen in aging rodent oocytes,
while they are seen in younger rodent (mouse) oocytes as
part of the very different mechanism used for meiotic spin-
dle formation in rodent oocytes (Schatten et al. 1988, 1985;
Maro et al. 1985; reviewed in Schatten and Sun 2015a). The
cytoplasmic asters typical for young mouse oocytes disinte-
grate in the mouse during oocyte aging (Miao et al. 2009a).
These differences are important to keep in mind for correct
interpretations of centrosome and microtubule dynamics in

centrosome
V4

)

Fig.5 MII meiotic spindle in unfertilized oocyte (left) is critically
important for accurate alignment and separation of chromosomes.
Center: loss of spindle integrity in aging oocytes shows disorganized
microtubules (green), disorganized centrosomes (red dots), and dis-

chromosomes
kinetochore

%’ microtubules
kinetochore

interpolar
microtubules

organized chromosomes (blue) which will result in aneuploidy. The
image on the right shows a schematic diagram of meiotic spindle
organized by acentriolar centrosomes
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rodent (mouse) and non-rodent (human, bovine, porcine)
oocytes.

Several factors account for destabilization of the mei-
otic spindle in aging oocytes; the inability of centrosomal
proteins to accurately associate with the centrosome struc-
ture may be the result of destabilization of the centrosomal
matrix structure itself or it may be the result of microtubule
destabilization at the centrosome-facing microtubule areas.
These microtubule areas close to centrosomes are acetylated
in fresh oocytes but may not be acetylated in aging oocytes.
As several centrosomal proteins as well as the centrosome-
associated protein NuMA rely on motor-driven transport
along microtubules to form and maintain a functional cen-
trosome transport may be impaired in aging oocytes as a
result of destabilized microtubules. Furthermore, activities
of several enzymes important for centrosome maintenance
and functions are decreased in aging oocytes including
MAPK (reviewed in Miao et al. 2009a, b; Wang et al. 2011;
Qiao et al. 2014) which contributes to microtubule and cen-
trosome destabilization.

Knowledge about specific aspects involved in oocyte
aging will help us understand the aging process and help to
find countermeasures to halt or reverse aging of mamma-
lian oocytes and perhaps other cells undergoing aging in the
human body. As will be discussed below several remedies
to counteract the aging process have already been identi-
fied and others are being studied to obtain more detailed
information.

Centrosome dysfunctions have also been implicated in
other systems during aging and senescing in which supernu-
merary centrosome abnormalities have been reported (Schat-
ten et al. 1999). Aging-related abnormalities seen in mitosis
become already pronounced at the transition from G2 to M
when many of the cell cycle regulators are downregulated
in aging cells and affect centrosome functions. The G2/M
phase is especially critical for microtubule and centrosome
reorganization. In aging cells, centrosomes have lower activ-
ity in centrosome-associated protein kinases (Cande 1990;
Huang 1990) which includes Plk (Ly et al. 2000). It has been
shown in stem cell division that centrosome mis-orienta-
tion contributes to reduced stem cell division during aging
(Cheng et al. 2008), which is associated with the decline in
spermatogenesis during aging.

Reversal or halting of mechanisms affected
by oocyte aging to delay or prevent the aging
process and to restore oocyte viability

in age-affected oocytes

Because the timing of pregnancies is increasingly being
postponed by women and couples for various reasons such
as sociological or professional reasons numerous in vitro
fertilization clinics (IVF) have been established to help
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overcome oocyte aging that typically occurs in women past
age 35 (reviewed in Miao et al. 2009a, b; Wang et al. 2011;
Qiao et al. 2014). As a result, numerous approaches have
been initiated to delay or prevent the aging process and
to restore oocyte viability in age-affected oocytes which
includes approaches to prevent destabilization of the mei-
otic spindle with focus on stabilizing centrosomes and
microtubules (reviewed in Schatten and Sun 2015a RFD).
Supplementation of culture medium or oocyte microin-
jection with chemicals or factors that delay, inhibit, or
reverse the oocyte aging process have been proposed and
include chemicals such as caffeine (reviewed in Miao et al.
2009a), nitric oxide (NO; Goud et al. 2005a, b), dithi-
othreitol (DTT; Raussel et al. 2007; Tarin et al. 1998), and
trichostatin A (TSA; Jeseta et al. 2008; Huang et al. 2007).

The use of caffeine to delay or prevent oocyte aging
by controlling the activity of MPF has been explored by
Kikuchi et al. (Kikuchi et al. 2000, 2002; reviewed in
Miao et al. 2009a). As MPF and MAPK activities gradu-
ally decrease during oocyte aging (Xu et al. 1997; Tian
et al. 2002; Fan and Sun 2004; Tatone et al. 2006; Liang
et al. 2007) studies showed that 10 mM caffeine could
prevent the decline in MPF and MAPK activity in aging
bovine oocytes (Lee and Campbell 2008) and further
studies showed that continuous application of caffeine is
necessary to maintain the effect (Miao et al. 2009a, b, ;
reviewed in). Caffeine was able to prevent aging changes
of meiotic spindles when added directly after oocyte matu-
ration or it could restore spindle integrity when added 48 h
after maturation (i.e., aged for 48 h) with chromosomes,
microtubules, and the centrosomal proteins y-tubulin and
NuMA displaying normal appearance like in fresh oocytes
(Miao et al. 2009a, b).

Dithiothreitol (DTT) and p-mercaptoethanol both have
been used to test the beneficial effects on oocyte aging and
these compounds have been shown to affect oocyte aging
through different mechanisms (Tarin et al. 1998); both may
affect centrosome dynamics and prevent centrosome disinte-
gration in aging oocytes, thereby preventing disorganization
of the MII spindle. Other studies proposed different mecha-
nisms by which DTT affects oocyte aging such as preventing
oxidation of free thiol groups and/or altering a redox-inde-
pendent signaling pathway. A direct effect on microtubules
and centrosomes has not yet been established although the
effect of DTT on centrosomes had been reported (Schatten
1994). p-Mercaptoethanol studies have not yet been per-
formed specifically to analyze the effects on oocyte aging
but a clear effect on centrosomes had been established in
previous studies by Daniel Mazia (Mazia et al. 1960) using
sea urchin eggs as model system. Subsequent studies indi-
cated that -mercaptoethanol may affect centrosome rep-
lication (Sluder and Begg 1985). B-Mercaptoethanol may
be useful to slow deterioration of the MII spindle in aging
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oocytes but more research is needed to determine the spe-
cific effects on mammalian oocytes.

Nitric oxide (NO) has been used to prevent or delay
oocyte aging (Goud et al. 2005a, b); NO exposure decreases
the rate of spindle abnormalities, but the mechanisms under-
lying the effects are not entirely clear although it may indi-
rectly preserve the integrity of microtubules in the MII spin-
dle and therefore preserve spindle integrity in aged oocytes
(Goud et al. 2005a).

Trichostatin A (TSA) has been used to show that it may
have different effects on oocyte aging in different species
(reviewed in Miao et al. 2009a). TSA is a non-specific
inhibitor of HDAC6 and may have dual functions in aging
oocytes. In addition to its role in epigenetic alterations TSA
may have a stabilizing effect on microtubules that become
destabilized in aging oocytes, especially those facing the
centrosomal area.

Several of these chemicals or compounds may be added
simultaneously to the culture medium during in vitro ferti-
lization (IVF) procedures to promote a combinatorial effect
and affect multiple mechanisms that are affected by aging.
Such combined effects may also promote stabilization of
the labile microtubules around the centrosomal area which
may also allow targeted association of microtubule motor
proteins with microtubules for transport of centrosomal pro-
teins to the centrosome core structure. It would contribute
to prevention of centrosome disintegration including NuMA
that we have shown in aging human oocytes to be impaired
as a result of dynein-dependent NuMA translocation to cen-
trosomes (Alvarez Sedo et al. 2011).

We do not yet know whether or not the centrosomal
matrix structure is affected by aging. We know from experi-
ments in sea urchin eggs that this material is fibrous and has
the ability to compact and decompact during the cell cycle
(Schatten et al. 1987, 1992). We do not yet know whether
changes in this centrosome matrix structure that is thought
to be composed of intermediate filament-like structures take
place during oocyte aging but we know that in non-repro-
ductive cells intermediate filaments have been proposed to
be affected by aging (Hyder et al. 2011). It is possible that
centrosomal proteins cannot associate properly with the cen-
trosomal matrix structure in aging oocytes or, alternatively,
as mentioned above, that centrosomal proteins cannot be
transported dynamically along microtubules to the centro-
some in aging cells because transport along microtubules
is impaired (Alvarez Sed¢ et al. 2011). In fresh oocytes,
centrosome dynamics include active transport of centroso-
mal proteins along microtubules and active maintenance of
centrosomes at the MII stage before fertilization takes place.

Taken together, the topic of aging effects on centrosomes
is still under-explored in somatic cells and more research is
needed on the centrosome matrix structure itself, on centro-
some-regulating enzyme activity and on microtubule stability.

In this context, it would also be important to investigate corre-
lations between centrosome instability and age-related cancer
in which centrosome pathologies are frequent.

Conclusion and future directions

New insights into centrosome biology has resulted in a wealth
of new information on how centrosome dysfunctions are impli-
cated in diseases and how newly gained knowledge can be
utilized to remedy centrosome dysfunctions in diseases or dis-
orders such as cancer, neurological disorders, and others. The
past decade has increased our understanding on mechanisms
involved in centrosome functions and mis-regulation leading
to dysfunctions with new insights into the Golgi-centrosome
nexus, interconnected primary cilia-centrosome functions, sig-
nal transduction, and proteolytic activities orchestrated and/
or facilitated by centrosomes and new therapeutic potential
to prevent centrosome clustering in cancer cells, thereby pre-
venting abnormal cancer cell divisions. We have increased our
knowledge of the role of centrosomes in polarizing cells from
nucleus-associated centrosome functions to centrosome inac-
tivation while establishing new MTOC sites during cellular
polarization. This field is only at the beginning and not yet
well understood, as is the effect of aging on centrosomes, both
presenting wide open fields for new investigations.

While model organisms such as Drosophila, C elegans,
and others have contributed good information on centrosomes
that could to some extent be applied to mammalian systems,
it is important to study centrosomes in mammals, as there
are important differences even between different mamma-
lian species, especially regarding centriole and centrosome
organization and cell cycle-specific functions. For these rea-
sons, we still need more specific information for mammalian
centrosomes.

Taken together, as our understanding of molecular mecha-
nisms underlying disease has increased enormously during the
past few decades the role of centrosomes being implicated in
orchestrating numerous cellular processes and tissue forma-
tions has further increased the appreciation for centrosomes
and it can be expected that this very small but important non-
membrane bound organelle will see further appreciation in
future years, validating further the prediction by the classic
visionary cytologist Walther Flemming (1875, 1891) who had
predicted that the discovery of the centrosome would be as
important as the discovery of the nucleus.
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