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Preface

Much like the smile on Mona Lisa’s face: beautiful and mysterious…

Ever since the centrosome was discovered more than a hundred years ago, many
aspects of its structure, function and reproduction have been shrouded by mystery.
However, new information is now rapidly leading to a better understanding of this
fascinating organelle, particularly with regard to its role in reproduction, develop-
ment and disease. The centrosome is a tiny organelle intimately involved with the
organization of the microtubule cytoskeleton. Hence, it governs most microtubule-
related functions, including intracellular transport, cell motility and polarity, as
well as the segregation of chromosomes during cell division. Importantly, the cen-
trioles – cylindrical structures embedded within the animal centrosome – are evo-
lutionarily related to basal bodies. These in turn give rise to cilia and flagella which
perform key functions not only in specialized epithelia and motile gametes, but
also in many unicellular organisms, including parasites. Thus, wherever cen-
trioles/basal bodies have been conserved in evolution, they are indispensable for
cell cycle progression, cell motility or sensory perception. Likewise, the spindle
pole body (SPB) of yeast, a microtubule organizing center (MTOC) functionally
analogous to the centrosome, is essential for cell viability.
Many of the fundamental problems in centrosome biology, notably its mode of

reproduction and its relevance to human development and cancer, were already in-
troduced by Theodor Boveri (1862-1915), the eminent scientist who pioneered the
study of centrosomes at the end of the 19th century. However, the centrosome had
proven refractory to molecular analysis for decades, largely due to its low abun-
dance and small size. Thanks to modern techniques and the application of comple-
mentary research strategies to several distinct organisms, answers to long-standing
questions about the centrosome (and related microtubule-organizing centers) are
now beginning to emerge. In particular, forward and reverse genetics, mass spec-
trometry-based proteomics approaches, and the combination of live-cell imaging
and laser microsurgery have yielded important new information on the composi-
tion of the centrosome, its duplication and its role in the cell division cycle.
These results also set the stage for new enquiries into the role of the centrosome
in the etiology of cancer and other human diseases, its impact on stem cell biology,



human reproduction and infertility, and last but not least, its relevance to the pro-
pagation of intracellular parasites. From this perspective, I hope that this book will
serve as a rich source of information for a wide audience, experienced centrosome-
researchers and newcomers alike.
My sincere thanks go to all authors for contributing excellent, comprehensive

and authoritative chapters, to Ms Alison Dalfovo for expert secretarial assistance
and to Dr. Andreas Sendtko and his colleagues at Wiley-VCH for a very pleasant
collaboration throughout the preparation of this book.

Erich A. Nigg
Martinsried, June 2004
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Color Plates

Figure 3.5 Modified template model of gTuRC-mediated microtubule nucleation. (a) The original
template model proposed that g-tubulins bind to a-tubulins at the minus ends of protofilaments
similarly to longitudinal a/b-tubulin binding within a protofilament (reviewed in [15, 17]). (b) The
modified template model takes into account physical properties of g-tubulin and the mechanism
of g-tubulin-mediated microtubule nucleation by proposing that g-tubulin binds between proto-
filaments [26]. A gTuRC containing 12 g-tubulins is shown associated with the microtubule, but a
14-g-tubulin gTuRC could also be accommodated. (c) Cross-sectional views illustrating the pro-
posed binding sites for g-tubulins between the a-tubulins at the minus end of each protofilament.
This mode of binding provides an explanation for how a gTuRC containing an even number of g-
tubulins could template a 13-protofilament microtubule, the most common architecture observed
in vivo.
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Figure 4.2 Yeast Spindle Pole
Body. Shown here is a schematic
of the organization of most of
the components described in
Table 4.1.

Figure 5.5 The three fiber systems of the basal body
complex. (A) The mature basal bodies are shown in
red, the transition zones in peach and the probasal
bodies are shown in pink. The rootlet microtubules
have four microtubules (orange) or two microtubules
(yellow) and attach at specific triplet microtubules
of the basal body. The distal (solid) and proximal
(striped) striated fibers are shown in light blue. They
connect the two mature basal bodies at the two ends.
The lateral fibers are shown in green. They connect the
mature basal body to its daughter probasal body
across the rootlet microtubules. (B) Changes in the
fiber systems during the cell cycle. 1, During inter-
phase the basal bodies and transition zones are con-
tinuous with the flagella. The rootlet microtubules are
adjacent to the plasma membrane. One of the four-
membered rootlet microtubules lie adjacent to the
eyespot (rose). 2, Another view of interphase cells
illustrates that the basal bodies are connected to the
nucleus and to each other by centrin fibers. 3, At
preprophase, the flagella are lost. The probasal bodies
elongate. The distal and proximal striated fibers are

lost. 4, The two-membered rootlet microtubules shorten. The centrioles (without transition
zones) are found at the poles of the spindle. The four-membered rootlet microtubules arc over
the spindle. The eyespot is disassembled. 5, Cytokinesis is initiated at one end of the cell. This
will be followed by extension of the two-membered rootlet microtubules, the striated fibers, and
assembly of new rootlet microtubules and of a new eyespot in association with the new four-
membered rootlet microtubules.
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Figure 7.2 A selection of differently tagged, novel centrosome proteins. Rows from top to bottom
show Cep63, Cep70 and Cep78. Columns from left to right show N-terminal GFP, C-terminal GFP
and N-terminal myc-tagged proteins, respectively. The most right-hand column shows the results
of very high overexpression of these proteins (tagged at the N-terminus with GFP), generating
large aggregates or a high cytoplasmic background. Green, ectopically expressed centrosomal
proteins; red, g-tubulin; blue, DNA (DAPI). The arrowhead points to the position of the centro-
some. Scale bars, 10 mm; panels in the three left columns are to the same scale as the top right
panel.
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Figure 8.3 Proposed functions
for the centrosome in cytokinesis.
(A) Centrosomes have been impli-
cated in a number of different pro-
cesses that ultimately lead to, and
in some cases are required for,
mitotic exit and cytokinesis. On
a temporal basis, these can be
divided into mitotic spindle and
contractile ring positioning, cleav-
age furrow and midbody formation,
cell separation and abscission.
However, we emphasize that there
is likely to be significant overlap in
the biochemical pathways required

for each of these endpoints. Examples of proteins that localize to mitotic centrosomes and are
implicated in these pathways are indicated in dark blue. (B) One of the most intriguing questions
relating to the role of the centrosome in cytokinesis is why the mother centriole migrates towards
the midbody prior to cell abscission. HeLa cells are shown following methanol fixation and
staining with antibodies against a-tubulin (green) and g-tubulin (red). DNA is stained with
Hoechst 33258 (blue). Scale bar, 10 mm.



XXVIIColor Plates

Figure 11.1 Centrosome alterations in response to heat, genotoxic and aggresome stress. In
diverse systems, g-tubulin (red) localizes to centrosomes at the mitotic spindle poles (A, B, B)
and close to interphase nuclei (C). In Chinese hamster ovary (CHO) cells, heat stress (A) triggers
loss of g-tubulin localization to the poles (courtesy of H. Hut) while genotoxic stress (B) leads to
mitotic centrosome fragmentation. Electron microscopic examination demonstrates that the
centrosome fragments contain single centrioles (insets). In response to heat shock and genotoxic
stress, centrosome disruption is associated with failures of mitotic division and mitotic cata-
strophe. In Drosophila embryos, genotoxic stress also leads to dissociation of g-tubulin from the
spindle poles (B) and mitotic catastrophe. Over-expression of a mutant form of GFP taggered the
Huntingtin protein (green) in hamster cells (C), leads to aggresome formation around interphase
centrosomes (courtesy of F. Salomons and M. Rujano). The significance of aggresome formation
is not known, but this structure may contribute to neurodegeneration in a number of pathological
conditions. In all panels, g-tubulin is in red and DNA is in blue. In B, the kinetochore marker
MeiS332 is in green. In C the Huntingtin-GFP protein is in green.
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Figure 12.2 The ultrastructure of the C. elegans centrosome. (A) Schematic representation of the
triplet structure of centrioles found in mammalian cells (top) and the singlet structure observed
in C. elegans (bottom). (B) Electron micrographs of wild-type centrioles in cross-section and
longitudinal orientation (left) and wild-type centriole pairs in orthogonal orientation (right).
(C) 3-D model of a centriole pair during prometaphase derived from a tomographic recon-
struction. Microtubules (red) are organized mainly around one centriole (blue), referred to as the
mother centriole. Note that the minus ends of the microtubules do not come in contact with this
centriole. Scale bars ¼ 250 nm.

nFigure 12.3 PCM recruitment and spindle assembly in C. elegans. Early embryos at different
stages of the cell cycle were fixed and labeled for DNA (blue), microtubules (green) and g-tubulin
(red). Z-stacks through entire embryos were acquired, the images deconvolved and shown as two-
dimensional projections. Scale bar ¼ 10 mm. The anterior is to the left in all the images. (a) An
acentrosomal meiotic spindle can be observed soon after fertilization (arrow). At this stage the
centrosome contributed by the sperm has yet to separate. (b) At the beginning of pronuclear
migration, the sperm-derived centrosome has separated and recruited some g-tubulin therefore
increasing the amount of microtubules it is able to nucleate. (c) At the time when the pronu-
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cleus–centrosome complex begins rotating, the DNA is condensed, the nuclear envelope broken
down, and the levels of g-tubulin and the nucleating capacity begin increasing rapidly, a process
termed centrosome maturation. (d) After rotation, spindle assembly begins. (e) Late metaphase
spindle with aligned chromosomes. (f) Late anaphase. (g) During telophase, the nuclear envel-
ope re-forms and the posterior centrosome adopts a flattened morphology. At this time the
g-tubulin staining becomes more diffuse. (h) After cytokinesis, the centrosomes separate again
in preparation for the next cellular division.
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Figure 12.4 Layers of the C. elegans centrosome. Early embryos at different stages of the cell cycle
were fixed and triple labeled for g-tubulin (light blue), AIR-1 (green) and the centriolar protein
SAS-4 (red). Z-stacks through entire embryos were acquired and the images deconvolved. Indi-
vidual images or two-dimensional projections of two sections are shown. (a) Centrosome during
female meiosis. Note the presence of two SAS-4 positive structures, indicating that the two
centrioles contributed by the sperm have separated. (b) One pole after centrosome separation.
(c) One pole during the rotation of the pronucleus–centrosome complex. (d) One pole during
metaphase. (e) One pole during telophase. Note that at this stage two SAS-4 positive structures
can be seen at each pole, suggesting that centriole duplication has occurred.
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Figure 13.1 A schematic summary of oogenesis in Drosophila. (A) The division of a stem cell
gives rise to another stem cell and a cystoblast that goes through four rounds of mitosis to
generate a cyst of 16 cells which remain interconnected by ring canals. Two cells (orange) contain
four ring canals, and one of these invariably becomes positioned at the posterior of the cyst and
becomes the oocyte, while the other cells become nurse cells. (B) After mitosis is finished, the
centrioles (blue) of the nurse cells lose all PCM markers and migrate into the oocyte. As the
oocyte enlarges, the centrioles move to the posterior and an MTOC is assembled in this region,
although it is not clear that the centrioles are required to form this MTOC. The microtubules
(green) extend away from the MTOC and spread through the ring canals to the nurse cells (only
two ring canals are shown here). (C) At later stages of oogenesis, the centrioles disappear, and
the posterior MTOC is disassembled. The minus ends of the microtubules now associate with a
diffuse region spread along the anterior cortex. The exact organization of microtubules at this
stage of oogenesis is controversial (see, for example [151]) and long microtubules, like those
depicted here, are rarely visible at this stage of oogenesis. A microtubule plus end-directed ki-
nesin, however, can accumulate at the posterior pole (red), while a minus end-directed kinesin
can accumulate at the anterior cortex (blue) suggesting that the microtubules have an overall
polarity [152]. In this figure, anterior is on the left and posterior on the right, as indicated. This
figure was adapted from a figure provided by Daniel St Johnston.
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Figure 13.2 Perturbing centro-
some function by antibody in-
jection in syncytial embryos.
Embryos that express a tubu-
lin-GFP fusion protein were in-
jected with Texas Red-labeled
anti-CP190 (A) or anti-D-TACC
(B) antibodies and imaged on
a confocal microscope. The
anti-CP190 antibodies bind to
the centrosomes closest to the

injection site. The behavior of the microtubules, however, is not perturbed, suggesting that CP190
is not involved in regulating centrosome or microtubule behavior (see Section 13.3.4). The anti-D-
TACC antibodies precipitate the endogenous D-TACC protein and form large lumps in the cyto-
plasm, effectively depleting D-TACC from the spindles around the injection site. As a result, the
spindles closest to the injection site are noticeably shorter than those away from the injection
site, suggesting that D-TACC is involved in stabilizing spindle microtubules. Scale bar ¼ 10 mm.

Figure 14.5 Faulty mitotic spindles produce aneuploid embryos after primate nuclear transfer.
(A) Defective NT mitotic spindle with misaligned chromosomes. Centrosomal NuMA at meiosis
(B) and mitosis (C), but not in mitotic spindles after NT (D). The centrosomal kinesin HSET is
also missing after NT (E), but not centromeric Eg5 (F). Bipolar mitotic spindles with aligned
chromosomes and centrosomal NuMA after NT into fertilized eggs (G). Blue, DNA;
red, B-tubulin; green, NuMA in B, C, D, and G; HSET in E; and Eg5 in F. Reprinted with
permission from Simerly et al. [91]. Bars ¼ 10 mm.
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Figure 15.1 Cell with a radial
array of microtubules focused
on a juxta-nuclear centrosome.
A wide field fluorescent image
of a cell triple labeled for
microtubules with an antibody
to a-tubulin (green), for the
centrosome with an antibody
to g-tubulin (red or yellow
where co-localized with
a-tubulin) and for the nucleus
with DAPI (blue). Images by
courtesy of Gemma Bellett.

Figure 15.2 Apico-basal microtubule arrays
in cochlear inner pillar epithelial cells.
(a) Schematic 3-D representation of the
microtubule organization (blue) in an inner
pillar cell during assembly of the apico-basal
array. The centrosome (red with centriole
and basal body/primary cilium in blue) is
located at the apex and most of the micro-
tubule minus-ends are anchored at a pe-
ripheral apical ring (grey). The nucleus is
shown in yellow. Adapted from [52]. (b) Wide

field fluorescent image of the apical halves of three inner pillar cells showing an apico-basal array
of microtubules (labeled with an antibody to a-tubulin in green) and g-tubulin (red) concentrated
at the apical centrosome. Images by courtesy of Gemma Bellett. Bar ¼ 10 mm.
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Figure 15.4 Ninein localization in
inner pillar cells. Projection of confo-
cal optical sections through two iso-
lated inner pillar cells at a stage when
some 3000 microtubule minus-ends
are concentrated at the apical sites.
The pillar cells have been labeled
with an antibody for ninein (yellow).
Ninein is concentrated at the centro-
some and at the apical sites but
ninein speckles are also evident within
the apical half of the cytoplasm.
From [52]. Bar ¼ 5 mm.

Figure 15.5 Two centrosomal complexes: a nucleating and an anchoring complex. Schematic
diagram showing the organization of nucleating (g-TURC) and anchoring (ninein) complexes
within the centrosome based on recent findings. The possible fates of a microtubule nucleated by
a g-TURC and centrosomal anchoring complexes are outlined in 1–4. (1) Microtubule release
from the g-TURC following nucleation; (2) microtubule minus-end capping by a capping/an-
choring complex; (3) microtubule release from the centrosome or firm anchorage within the PCM
closely associated with the mother centriole; (4) release of anchoring complexes from the cen-
trosome and their transport along a microtubule.
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Figure 15.6 Release and capture. Two variants of the release and capture mechanism are illus-
trated to show the assembly of non-centrosomal apico-basal microtubule arrays in polarized
epithelial cells. The right-hand side shows the classic release and capture version involving the
release of relatively short microtubules and their subsequent translocation and capture at apical
sites, whereas the left-hand side shows the modified version involving microtubule plus-end
capture, release, translocation and minus-end capture. The two variant models are not mutually
exclusive.
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Figure 17.1 Ionizing radiation induces numerical aberrations of centrosomes in human tumor
cells. Cells were stained with an antibody to g-tubulin (green, A and B) or pericentrin (red, C and
D) for centrosomes and counterstained with propidium iodide (red, A and B) or Hoechst 33258
(blue, C and D) for nuclear labeling. U2-OS osteosarcoma cells before (A) and 48 h after (B)
g-radiation at 10 Gy. Mia PaCa2 pancreatic cancer cells before (C) and 48 h after (D) g-radiation at
10 Gy.

Figure 17.2 Aberrant mitotic cell with multipolar spindles after g-radiation at 10 Gy. Cells were
double-stained with a-tubulin (red) and pericentrin (green) antibodies.
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Figure 17.3 MiaPaCa2 pancreatic cancer cells after 10 Gy radiation showing abnormal mitosis
(metaphase) with multiple centrosomes (green, pericentrin labeling) dispersed chaotically
throughout the condensed chromosomes (A), followed by the appearance of the micro- (B)
and multinucleated (C) phenotype, characteristic of mitotic cell death.

Figure 18.2 (A) Rapid induction of centriole du-
plication errors by the HPV-16 E7 oncoprotein.
The human U-2 OS osteosarcoma cell line was
manipulated to stably express centrin-GFP
(kindly provided by M. Bornens, Institut Curie,
Paris), thus allowing the visualization of indivi-
dual centrioles as green dots by fluorescence
microscopy. Prior to cell division, the normal
centrosome of a cell contains two centrioles (left
panel) that duplicate during S-phase and give rise
to two mother–daughter centriole pairs (diplo-
some) in G2 (middle panel). Transient overex-

pression of the HPV-16 E7 oncoprotein increases the proportion of cells with uncontrolled cen-
triole duplication (right panel). Cells were evaluated at 48 h post transfection; no drug treatment
was used to induce S-phase arrest. Note the differences in fluorescence intensity between cen-
trioles. Younger centrioles have been shown to contain less centrin than older centrioles sup-
porting the notion that HPV E7 triggers abnormal daughter centriole formation. Nuclei stained
with DAPI. Scale bar indicates 10 mm. (B) Centrosome accumulation in HPV-16 E6-expressing
cells. An example of a primary human keratinocyte expressing HPV-16 E6 oncoprotein that has
accumulated multiple centrosomes in parallel with nuclear atypia. Centrosomes were detected by
immunofluorescence microscopy for g-tubulin, a pericentriolar marker. The abnormal cell nucleus
(stained with DAPI) is lobulated and dramatically enlarged. This nuclear morphology suggests a
division failure, indicating that DNA replication may be uncoupled from cell division. Scale bar
indicates 10 mm.
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Figure 19.3 Interactions between vaccinia and microtubule cytoskeleton. Microtubules are
thought to be involved in many steps of the vaccinia virus life cycle. (1) Incoming viral cores
appear to associate with microtubules. (2) Viral mRNAs are organized into granules in a
microtubule-dependent process. (3)Mitochondria retract from the cell periphery to surround the
newly formed viral-factory region. (4) Accumulation of IMV particles at the centrosome and TGN
requires intact microtubules. (5) IEV move from the TGN to the cell periphery along microtubules
before leaving the cell and stimulating actin-tail formation.
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Figure 20.1 A schematic representation of the cell division cycle of pro-cyclic forms of T. brucei.
(A) The G1 cell contains a single flagellum with a basal body and pro-basal body. The basal bodies
are connected via the Tripartite Attachment Complex to the kinetoplast (dark blue) inside the
mitochondrion. (B) The pro-basal body matures, nucleates a new flagellum and two new pro-
basal bodies are formed. (C) Mitosis occurs across the axis of the old flagellum. (D) Cytokinesis
occurs from the anterior end of the trypanosome.
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Figure 20.2 (A) A diagram of an early stage in the division of a pro-cyclic T. brucei [13] depicting
the three-dimensional arrangement of the flagella and flagellar pocket in a cell soon after the
initiation of the formation of a new flagellum. The specialized set of four FAZ microtubules
(white) are nucleated near the basal bodies. The cartoon shows two theoretical slices through the
trypanosome at the level of the flagellar pocket and at a position through the cell body more to
the anterior of the cell. The diagrams (B) and (C) illustrate the semi-conservative inheritance of
the sub-pellicular microtubules (shown as black/white for old/new) and the formation and con-
servative inheritance of a completely new flagellum (orange) and completely new FAZ filament
and four microtubules (both red).
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Basal bodies

Probasal body

Exclusion zone filaments

Differentiated mito-
chondrial membranes

Unilateral filaments

Kinetoplast

Flagellum

(a) (b) (c)

Figure 20.6 A schematic diagram of the tripartite attachment complex in Trypanosomes. Panel
(a) illustrates the basal bodies, kinetoplast and the components of the TAC (exclusion zone
filaments, differentiated mitochondrial membranes and unilateral filaments) in a trypanosome in
G1 of the cell cycle. In this period there is a single flagellum, a basal body and a pro-basal body.
Panel (b) shows the organization of the S-phase TAC. When the cell enters S-phase discrete
fibrous lobes appear at the poles of the kinetoplast, the pro-basal body matures into a basal body
and subtends the new flagellum and two new pro-basal bodies are formed. Two nascent TAC
complexes are discernable at this period of the cell cycle. Panel (c) shows the period where
movement apart of the flagella basal bodies segregates the replicated kinetoplast DNA. Note that
the position and orientation of the basal bodies have been idealized in this two-dimensional
diagram (from [58]).
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1
Early Studies on Centrioles and Centrosomes

Joseph G. Gall

1.1
Introduction

From its discovery in 1876 through the early decades of the 20th century, the cen-
triole occupied the attention of many investigators, who showed that it played a key
role in organizing fibrillar structures in the cell, including the spindle and asters
during mitosis, cytoplasmic filaments in interphase cells, and cilia and flagella
in everything from the tracheal epithelium of mammals to the flagellated sperms
of lower plants. In a broad sense, the function of the centriole as an organizer or
controller of fibrillar structures was established at the outset, long before any hint
of its molecular composition or even its fine structure was known. Centriole repli-
cation also attracted attention from the very beginning. Because of its regular dou-
bling during the cell cycle in animals, the centriole was first thought to be an
autonomous, self-replicating structure with properties similar to those of chromo-
somes. As evidence against this view began to accumulate, interest in centrioles
waned, reaching a low point in the middle of the 20th century. A resurgence of in-
terest accompanied the introduction of electron microscopy into cell biology in the
1950s, which at last revealed the fine structure of the centriole and established even
more clearly its relationship to cilia, flagella, and other microtubule-based struc-
tures. But little progress was made on the problem of centriole replication, and
still nothing was known about its molecular composition. The modern era, encom-
passing roughly the last 20 years, began with the introduction of specific immuno-
fluorescent staining, and has picked up ever-increasing speed with improvements
in microscopy, especially confocal microscopy and the use of GFP-tagged proteins
in living cells. Once again, attention is focused on the replication problem, this
time backed by the full force of modern molecular and microscopical techniques.
In this introductory chapter I will review the history of centriole research during
the past 125 years, concentrating heavily on the problem of centriole replication,
which has dominated so much of the thinking about this fascinating cell organelle.



1.2
Pioneering Studies

In 1876 Þdouard Van Beneden, then a 30-year-old Professor of Zoology at Li�ge,
provided the first tentative glimpse of the centrosome [1]1. His paper was not
about centrosomes or even about mitosis, which had not yet been accurately de-
scribed. Instead, it concerned the anatomy and development of an obscure
group of parasites, the Dicyemidae, which live in the kidneys of squids and octo-
puses. Van Beneden noticed that something unusual happened to the nucleus dur-
ing the first few cleavages of the egg. He made drawings of what he saw, the details
of which are still difficult to interpret. Nevertheless, at the poles of what we can
now recognize as the mitotic spindle he drew a small dot or circle, and labeled
it the polar corpuscle (Figure 1.1). Seven years later, while examining fertilization
in eggs of the nematode Ascaris megalocephala (now called Parascaris equorum), he
published much more accurate and detailed observations on centrosomes [2]. But
again his major interest lay elsewhere, for in this momentous 375-page mono-
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1 It was Boveri, not Van Beneden, who introduced the terms centrosome [4] and centriole [5]. As
originally conceived, centriole referred to the tiny granule at the very center of the astral configura-
tion, whereas centrosome included the larger area of differentiated cytoplasm around it – the peri-
centriolar material of recent authors. From the beginning, however, the terms were used inter-
changeably, and only from the context can one be sure what any particular author was referring to.

Figure 1.1 Van Beneden’s drawings of mitosis during the first cleavage division of the mesozoan
Dicyemella. At the poles of the spindle Van Beneden drew a small dot or circle, which he called
the polar corpuscle. Van Beneden’s original paper was published in the Bulletin of the Royal
Belgian Academy [1]. The figures reproduced here were taken from a reprinting of Van Beneden’s
plate that appeared in 1877 in the Quarterly Journal of Microscopical Science, vol 17 (new series),
plate 10. To save space I have rearranged the images so that Figures 10 and 11 are next to
Figures 12–15.



graph Van Beneden concentrated on the behavior of the chromosomes during
meiosis and fertilization, laying the foundation for the chromosome theory of in-
heritance. In 1887 he published a second and much shorter paper on Ascaris in
which he dealt with fertilization and the first two cleavage divisions [3]. Here at
last he paid careful attention to the centrosomes, showing their now-familiar asso-
ciation with the poles of the mitotic spindle and, even more remarkably, their
duplication at telophase and separation during early interphase (Figure 1.2). He
speculated that centrosomes, which by then he called central corpuscles, were per-
manent self-replicating cell organelles that acted as the insertion site for the astral
rays.
While his second Ascaris paper was being readied for publication, Van Beneden

learned that Theodor Boveri at the Zoological Institute in Munich had indepen-
dently submitted a manuscript on the same subject. Boveri was soon to become
one of the dominant cell biologists of his time, but in 1887 he was a young post-
doctoral fellow just beginning the studies on Ascaris that brought him worldwide
acclaim. In the short paper he published in 1887 [6] and in a longer monograph
that appeared in 1888 [4], Boveri came to two major conclusions about centro-
somes. First, in agreement with Van Beneden, he suggested that the centrosome
is a permanent cell organelle endowed with the property of self-replication. Second,
he postulated that a major function of the sperm during fertilization was to supply
a functional centrosome to the egg – the egg having lost its centrosome during the
divisions leading to formation of the polar bodies. Boveri’s theory of fertilization
provided a backdrop for later studies by other investigators, but was gradually aban-
doned as the complexities of fertilization became apparent over the next 10–20
years (see the discussion in [7]). On the other hand, the idea that the centrosome
is a permanent self-replicating organelle became widely accepted. Indeed, this
hypothesis was so attractive on theoretical grounds and so cogently argued by its

51.2 Pioneering Studies

Figure 1.2 Van Beneden’s drawings of the first cleavage division in the egg of the nematode
worm Ascaris megalocephala (now Parascaris equorum). Van Beneden clearly depicted doubling of
the centriole at anaphase and separation of the two resulting centrioles during early interphase.
Presumably, doubling actually occurs prior to metaphase, but Van Beneden could not resolve
individual centrioles until anaphase. These figures were taken from Van Beneden and Neyt [3],
rearranged to bring Figure 4 next to Figures 2 and 3.



supporters that it persisted until quite recently, in the face of much contrary
evidence.
Boveri’s drawings of centrioles, chromosomes, and other features of the Ascaris

egg are among the most elegant products of late 19th and early 20th century cytol-
ogy. Fortunately, a number of Boveri’s original microscope slides are still in exis-
tence, permitting us to examine the very material with which he worked
(Figure 1.3).
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Figure 1.3a

Figure 1.3 Photographs taken by the
author from one of Boveri’s own slides
of Ascaris eggs. This slide, which was
probably made before 1910, was
almost certainly stained with Heiden-
hain’s iron hematoxylin method.
(A) Metaphase of the first cleavage
division in Ascaris megalocephala
(now Parascaris equorum). Compare
with Van Beneden’s Figure 2
(Figure 1.2). (B) End of the first
cleavage division. Two centrioles lie
next to one of the two nuclei formed
by the first mitosis. Compare with
Van Beneden’s Figure 4 (Figure 1.2).



1.3
Self-replication versus De Novo Formation

In 1925 E. B. Wilson began his discussion of centrioles and centrosomes [7] with
the comment, “...we must admit that there is a certain presumption in favor of the
conclusion of Van Beneden, Boveri and their followers that the division-center (cen-
triole) may be regarded as a permanent and autonomous cell-organ that arises only
by the division of a preexisting body of the same kind”. He went on to marshal the
evidence for and against this model, but in the end he was swayed by those cases in
which centrioles appear to arise de novo, and therefore cannot be permanent and
autonomous. Wilson based his argument heavily on the formation of the so-called
cytasters that appear in the cytoplasm when the eggs of various marine inverte-
brates are induced to develop parthenogenetically. These cytasters often contain
distinct centrioles, which, of course, cannot have been derived from a sperm cen-
triole. However, it could be imagined that the egg contains an undetected centriole
that undergoes rapid division during induction of the cytasters. Wilson argued
against this possibility, but it was ultimately the inability to rigorously exclude “un-
detected” or “invisible” centrioles that plagued all discussions about their possible
de novo origin.
From an early date it was recognized that mitosis in somatic cells of mosses,

ferns, and seed plants differs from the typical condition in animal cells. Specifi-
cally, centrioles and asters are missing from the poles of the spindle, which itself
has a more rounded configuration than that in animals. It thus became clear that,
even if centrioles were self-replicating and permanent organelles in some animals,
they were not even present in most plants. However, the situation in plants was
complicated by the existence of giant centrosome-like structures (blepharoplasts)
at the poles of the spindle during the last divisions of the male gametophyte in
mosses, ferns, cycads, and even Ginkgo. I will return to these interesting cases
shortly, but first I will discuss the relationship between centrioles and the basal
bodies of cilia and flagella.

1.4
Centrioles and Basal Bodies

Sperm formation was a favorite topic of investigation during the early years of the
20th century. All of the cell organelles – nucleus, mitochondria, Golgi apparatus,
and centrioles – undergo striking changes during the transformation of the
round spermatid into the elongated sperm with a single flagellum. It was relatively
easy to follow the fate of the centriole from the end of the second meiotic division
right through to the mature sperm, and to see that the centriole forms the basal
body of the flagellum. Meves [8] even described a remarkable case in the moth
Pygaera in which flagella grow out from the centrioles while they are still situated
at the poles of the first meiotic spindle (Figure 1.4). This case showed conclusively
that one and the same structure could function simultaneously as the basal body of
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a flagellum and as the pole of a spindle. At about the same time Henneguy [9] and
Lenhoss�k [10] proposed that the basal bodies of cilia might also be identical to cen-
trioles. They reached this conclusion from a study of ciliated epithelial cells, which
apparently lacked the two centrioles that normally reside next to the nucleus dur-
ing interphase. They suggested that these two centrioles migrate to the cell surface,
where they multiply to form a cluster of centrioles. These multiple centrioles then
line up at the surface of the cell and function as the basal bodies for the cilia.
Because centrioles and basal bodies were structures near the limit of resolution

of the light microscope, lingering doubts remained about their structural identity.
These doubts were completely overcome by electron microscopic observations
made in the 1950s, which showed that basal bodies and centrioles are identical
to each other in fine structure, and both are related to the axoneme of cilia and fla-
gella [11–16]. The axoneme consists of nine doublet microtubules surrounding two
central microtubules, whereas basal bodies and centrioles have nine triplets in
their walls but lack the central microtubules.
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Figure 1.4 Metaphase of the first meiotic division in a primary spermatocyte of the moth
Pygaera. Note that the centrioles serve simultaneously as the poles of the meiotic spindle and as
basal bodies for the precociously formed flagella. Drawing created by Friedrich Meves [8].



1.5
Blepharoplasts

Some of the most striking cases of de novo centriole formation take place during
spermiogenesis in lower plants, including mosses, ferns, fern allies, cycads and
Ginkgo. All of these plants have flagellated sperms, sometimes with as few as
one or two flagella but in many cases with 100 or more (Figure 1.5). The champion
in this respect is the cycad sperm – a huge sphere some 250–300 mm in diameter –
with up to 25000 flagella arranged along a spiral band. Each flagellum has a basal
body, and the question is: where do these basal bodies come from? Light micro-
scopic studies undertaken in the late 19th and early 20th century showed that
they arise from the breakdown of a spherical structure, the blepharoplast, which
resides in the cytoplasm of the spermatid [17–19] (Figure 1.5). The size of the ble-
pharoplast varies from species to species more or less in proportion to the number
of basal bodies that it will produce. Thus the blepharoplast of the cycads is a gigan-
tic structure up to 25 mm in diameter. During the last gametophyte mitosis (which
gives rise to the spermatids), two blepharoplasts occupy the poles of the mitotic
spindle. These two blepharoplasts are produced by still smaller structures that
can be found in the cytoplasm during the preceding interphase. However, most
cells of the gametophyte completely lack anything that looks like a blepharoplast
or centriole, and so the origin of the blepharoplast itself remains a mystery.

91.5 Blepharoplasts

Figure 1.5 Stages in the formation of the flagellated sperm of the horsetail Equisetum. A small
blepharoplast arises de novo in the cytoplasm during the interphase preceding the last gameto-
phyte mitosis. This blepharoplast divides into two blepharoplasts that occupy the poles of last
mitotic spindle. In the spermatid the blepharoplast breaks up into a row of centrioles which line
up at the cell surface and create the multiple flagella of the sperm. The drawings are by Lester
W. Sharp [18]. Sharp’s original figures were rearranged to give the sequence shown here.
Reproduced from L. Sharp, Introduction to Cytology, 1934, Figure 122, page 205. cMcGraw-Hill.
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Figure 1.6a

Figure 1.6 Blepharoplasts in the water fern Marsilea. (A) Electron micrograph of one of the two
blepharoplasts in the cytoplasm of a haploid gametophyte cell. It consists of somewhat irregular
tubules that display nine-fold symmetry in cross-section. One blepharoplast will occupy each
of the poles of the last mitotic division (see Figure 1.5). It will then transform into a cluster
of procentrioles, which elongate and function as the basal bodies for the multiple flagella of
the motile sperm. (B) A diagram showing stages in the formation of basal bodies from the
blepharoplast. The blepharoplast begins as a spherical mass of somewhat irregular tubules (1),
each of which has nine-fold symmetry in cross-section. The blepharoplast eventually resolves into
a cluster of procentrioles arranged on the surface of the sphere (2). The procentrioles lose their
regular arrangement (3) and elongate to form full-length basal bodies (4). Reproduced from
I. Mizukami and J. Gall [20], The Journal of Cell Biology, 1966, 29, Figures 7 and 14, pages 102
and 103. cThe Rockefeller University Press.



EM studies show that the earliest blepharoplasts consist of curious tubular struc-
tures, whose nine-fold symmetry in cross-section is clearly related to centrioles
(Figure 1.6A). By the time the blepharoplast comes to occupy the pole of the last
mitotic division, it has become hollow, and now consists of many short centrioles
(procentrioles) covering the surface of a somewhat amorphous sphere [20, 21].
Once released, these procentrioles elongate into full-length centrioles which
migrate to the surface of the cell, and function as basal bodies for the flagella
(Figure 1.6B).
As in other cases of de novo origin of centrioles, the very earliest stages in forma-

tion of the blepharoplast remain obscure. Nevertheless, lower plants provide a clear
case of de novo centriole formation, at least in the limited sense that the blephar-
oplast arises in the absence of preexisting centrioles.

1.6
The Search for DNA

Undaunted by the evidence for the de novo origin of centrioles, or perhaps unaware
of it, proponents of self-replication hoped to find DNA in centrioles and basal
bodies. In 1924 the German chemist Robert Feulgen introduced the first staining
procedure that was specific for DNA in cytological preparations [22]. Feulgen’s
method involved mild acid hydrolysis of a tissue followed by staining with a deco-
lorized solution of the dye basic fuchsin. It gave a deep magenta color that in most
tissues was strictly limited to interphase nuclei and to the chromosomes during
mitosis. Just 1 year after Feulgen published his cytochemical test for DNA, Bress-
lau and Scremin [23] applied the method to several species of the flagellated pro-
tozoan Trypanosoma, including T. brucei, the causative agent of sleeping sickness.
They saw not only the expected staining of the nucleus but also a clearly positive
reaction in a small body at the base of the flagellum, which was known in the pro-
tozoological literature as the kinetoplast. For many years it was assumed that the
kinetoplast of Trypanosoma was identical to the basal body of other ciliated and fla-
gellated cells. The kinetoplast appeared to provide strong support for the idea that
basal bodies contain DNA and hence might be self-replicating structures like chro-
mosomes. The truth turned out to be quite different. When trypanosomes were
finally examined with the electron microscope in the 1950s, the kinetoplast was
found to be a highly modified mitochondrion closely associated with the basal
body of the flagellum, but distinct from it. Kinetoplast DNA is thus mitochondrial
DNA – albeit a most unusual type of mitochondrial DNA [24].
Nevertheless, the search for basal body DNA continued. For many years the basal

bodies of ciliated protozoa, such as Tetrahymena and Paramecium, provided fertile
ground for speculation. The cilia in these protozoa are not randomly arrayed on
the surface of the organism, but instead occur in precisely defined rows and
patches, whose patterns provide key taxonomic characters on which individual spe-
cies are recognized. When these organisms undergo cell division, the ciliary
patterns are faithfully replicated in the offspring, starting with replication of the
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rows of basal bodies. In an influential book published in 1950 Lwoff argued that
the basis of the faithful replication of the ciliary rows is self-replication of the
basal bodies themselves [25]. This theme was pushed to its logical extreme in a
study published in 1965 by Randall and Disbrey [26], who claimed that the basal
bodies of Tetrahymena contain DNA. They provided two lines of evidence: staining
with the fluorescent dye acridine orange and incorporation of [3H]-labeled thymi-
dine. Acridine orange binds to both RNA and DNA in cytological preparations,
but its fluorescence is different in the two cases – more orange in combination
with RNA and more greenish with DNA. Randall and Disbrey published an
image of a Tetrahymena pellicle in which the rows of ciliary basal bodies appeared
greenish. They stated that the fluorescence was removed by prior treatment with
DNase. They also showed an autoradiograph of a pellicle isolated from an animal
that had been incubated in [3H]-thymidine. The silver grains in the emulsion ap-
peared in rows roughly corresponding to the ciliary rows of the pellicle, suggesting
that the basal bodies had incorporated the DNA precursor during replication. An
alternative interpretation of the thymidine experiment was provided by the obser-
vations of Miller [27], who noted that rows of mitochondria lie under the ciliary
rows and that these mitochondria incorporate a detectable amount of [3H]-thymi-
dine in experiments like those performed by Randall and Disbrey. The color
shift with acridine orange staining thus remained the major evidence for DNA
in the basal bodies of Tetrahymena.
The last major claim for DNA in basal bodies – in the flagellated alga Chlamy-

domonas – was made in 1989 by David Luck and his associates [28]. Their case
rested on a combination of genetic data, in situ hybridization, and fluorescent stain-
ing, this time with the much more sensitive and highly specific DNA dye 4l,6-dia-
midino-2-phenylindole (DAPI). However, the putative basal body DNA itself was
not isolated and characterized. Luck estimated that the amount of DNA in the
basal bodies was 6–9 Mb – more than in the E. coli genome – an amount that
could have been seen earlier, even by the Feulgen reaction. A detailed critique of
the DNA data was subsequently published by Johnson and Rosenbaum [29, 30],
who could find no evidence for DNA in the Chlamydomonas basal body.
Evidence for unique physical or chemical properties of the putative basal body

DNA was notably lacking in all of these accounts. The first claims that mitochon-
dria and chloroplasts contain DNA were also based on staining, but these were
soon backed up by isolation of the DNA and demonstration of its unique physical
properties and sequence specificity (reviewed in [31]). Any credible claim for basal
body DNA should have met the same stringent criteria.

1.7
On to Self-assembly

Viewed in historical context, the search for DNA in basal bodies and centrioles was
entirely logical. After all, there seemed to be four self-replicating organelles in the
cell – chromosomes, mitochondria, chloroplasts, and centrioles – and three of
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them contained DNA. Moreover, the semi-conservative replication of the DNA mo-
lecule provided a stunning explanation for the duplication of chromosomes, and
there was every hope that it might do the same for centrioles and basal bodies.
In many ways the duplication of centrioles during the mitotic cell cycle (at least
in animal cells) mirrors the duplication of chromosomes much more closely
than it does the somewhat random multiplication of mitochondria and chloro-
plasts: chromosomes and centrioles both go from one to two to four copies in a
synchronized fashion under tight cell-cycle control, as first seen by Van Beneden
and Boveri. Nevertheless, there is now general consensus that centriole duplication
differs fundamentally from chromosome duplication, and that the search for
centriole DNA, although undoubtedly a necessary step in our understanding,
was largely a diversion from the real issues.
What is the fundamental difference in mode of duplication? When a chromo-

some duplicates, the DNA replicates semi-conservatively, resulting in the forma-
tion of two essentially identical daughter chromosomes. However, when a centriole
duplicates, the two products are not identical. Instead, the original centriole, the
mother, remains intact and a new centriole, the daughter, is formed next to it.
At first the daughter, termed a procentriole, is shorter than the mother, but even-
tually grows to full length. Curiously, the procentriole is oriented perpendicular to
the mother and lies at the “old” end of the mother. Like so much else in centriole
biology, these fundamental facts have now been demonstrated elegantly with mo-
lecular markers, but they were clearly presaged by observations dating back many
decades. One of the earliest such observations is shown in Figure 1.7, taken from a
study of spermatogenesis in the hagfish Myxine, published in 1905 by A. and K.
Schreiner [32]. For some reason the centrioles in the hagfish spermatocytes are
unusually long; hence, one can see not only two mature centrioles but also two
shorter daughters, all four retaining orthogonal orientations with respect to each
other. The increased resolution of the electron microscope showed that the daugh-
ter procentriole shares the same nine-fold symmetry as the mature centriole and
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Figure 1.7 Drawing of replicating
centrioles in a spermatocyte of the
hagfish Myxine. Two short daugh-
ter centrioles are present at the
bases of the two long mother
centrioles. All four centrioles retain
orthogonal relationships to each
other. The drawing is by A. and
K. Schreiner [32].



established the topological relationships between the mother and daughter [15,
20, 33].
So what can we learn from this brief history? First and foremost, centrioles and

basal bodies are identical structures that can arise in the absence of preexisting cen-
trioles or basal bodies. If we want to know how they replicate, we need to know
what they are made of and how their components self-assemble. A good start
has been made on this problem in recent years, and subsequent chapters in this
book will bring us up to date on these issues. Although self-assembly must be at
the heart of centriole replication, it is equally clear that old centrioles have a pro-
found influence on the site at which new centrioles arise. The old centriole may
simply serve as a place where precursors are concentrated, or it could be more
actively involved as a catalyst or template for some steps that might otherwise be
extremely slow or rate-limiting. In addition to assembly issues per se, there is
clear evidence that in many animal cells centriole replication is tightly coordinated
with the mitotic cycle – the very feature that so impressed and to a certain extent
misled Van Beneden and Boveri. When centriole replication and the cell cycle are
not properly coordinated, there are dire consequences for the cell, and this time
Boveri correctly predicted that cancerous growth might be one of them [34].
After several ups and downs in popularity over more than a century of study, cen-

trioles and centrosomes have once again moved to center stage in cell biology re-
search. The remaining chapters in this book will summarize where we now stand
and where we hope to be in the near future, in understanding these fascinating
structures.
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2
The Tubulin Superfamily

Tim Stearns

2.1
History

The properties of the microtubule cytoskeleton are a combination of the properties
of microtubules themselves and the proteins that temporally and spatially control
microtubule growth. Tubulin, the subunit of microtubules, was identified in the
1960s [1], and the genes corresponding to the two peptide components, a-tubulin
and b-tubulin, which form a heterodimer of tubulin, were cloned in the 1970s [2].
By the 1980s it was clear that a-tubulin and b-tubulin were conserved from human
to yeast [3, 4], and a large amount of work went into the study of tubulin and mi-
crotubule structure and function. This led to the discovery of the remarkable poly-
merization dynamics of tubulin [5], and ultimately to the determination of the
three-dimensional structure of the a/b-tubulin heterodimer [6].
Although a-tubulin and b-tubulin are the major components of the microtubule

cytoskeleton, it now clear that there is a tubulin superfamily and that all of the
members of this superfamily play roles in microtubule cytoskeleton function. g-Tu-
bulin (gamma) was discovered in Aspergillus nidulans, a filamentous fungus, as a
suppressor of a mutant b-tubulin [7]. Like a- and b-tubulin, g-tubulin is conserved
in all eukaryotes; more recently identified members of the tubulin superfamily
appear to be more limited in distribution, and more specialized in their function.
d-Tubulin (delta) was discovered in Chlamydomonas reinhardtii, a motile green alga,
as a flagellar assembly mutant [8]. e-Tubulin (epsilon) and z-tubulin (zeta) were
identified in database searches for tubulin homologs in mammals and in parasitic
organisms, respectively [9, 10]. h-Tubulin (eta) was identified in Paramecium tetra-
urelia, a ciliated protozoan, as a basal body duplication mutant [11]. Paramecium
may harbor the most extended tubulin superfamily of all, with at least two more
uncharacterized tubulins in Genbank (AJ427480 and AJ427481, Dupuis-Williams,
unpublished data). I will not discuss the bacterial tubulin ortholog, ftsZ, which has
been reviewed recently [12].



2.2
Family Relations

The tubulin superfamily members differ both in how widely they are found, and in
how well-conserved they are in the groups in which they are found. The a-, b- and
g-tubulin families are found in all eukaryotes examined. However, in all three fa-
milies there are examples of organisms having multiple genes for each family.
This is particularly common for the a-tubulin and b-tubulin families in higher eu-
karyotes, in which these tubulins are among the most abundant proteins in cells.
In most cases the level of identity among family members within a species is
greater than 90%, thus identification as an a- b- or g-tubulin is usually unambig-
uous. d-Tubulin and e-tubulin are less widely distributed, found in vertebrates,
chordates, and many single-celled organisms, but not in worms, flies, or fungi.
h-Tubulin and z-tubulin are even more narrowly distributed, being described
only in single-celled organisms, excluding fungi. Since there is little available gen-
ome information for ciliates and eukaryotic parasites, it is not yet clear how widely
distributed h- and z-tubulin are even within those groups.
Within a species, each of the tubulin families shares about 25–35% identity with

the other families. A phylogenetic tree of the human tubulin superfamily is shown
in Figure 2.1A as an example of this relationship. In such trees, the lengths of the
horizontal lines are a measure of similarity so that proteins separated by shorter
lines are more similar. It is apparent that a- and b-tubulin are the most similar,
but also that none of the tubulin families is grossly divergent. This level of simi-
larity is consistent with all of the tubulins being similarly shaped proteins, and
efforts have been made to use the a-/b-tubulin structure to predict the structure
of g-tubulin, d-tubulin, and e-tubulin [13].
Comparing family members between species reveals that the level of conserva-

tion is dramatically different between the families. Phylogenetic trees of a-, g-,
and d-tubulin, from human, frog, Chlamydomonas, and trypanosome are shown
in Figure 2.1B. Trees for b-tubulin are similar to those for a-tubulin, and trees
for e-tubulin are similar to those for d-tubulin, and are not shown. These trees
show that a-tubulin proteins are the most conserved and d-tubulins the least con-
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nFigure 2.1 Rooted trees of tubulin superfamily comparisons. The length of the horizontal lines is
proportional to the degree of similarity, and is indicated by the numbers on each line. Vertical lines
are not relevant. Sequences were aligned with ClustalW and trees were plotted with njplot.
(A) Comparison of human tubulin superfamily members. (B) Comparisons of a- (top), g- (middle)
and d-tubulins (bottom) from human, frog (Xenopus laevis), Chlamydomonas, and trypanosome
(Trypanosoma brucei). Sequences used in Figures 2.1 and 2.2:
hum_alpha NP_005992; hum_beta AAH05838; hum_gamma NP_001061;
hum_delta AAF09584; hum_epsilon AAF09585.
xen_alpha CAA30093; xen_beta S05968; xen_gamma UBXLG; xen_delta AAL27450;
xen_epsilon AAN77278.
chlamy_alpha AAN87017; chlamy_beta UBKM; chlamy_gamma AAB71841; chlamy_delta T07903;
chlamy_epsilon AAM23012.
tryp_alpha AAA30262; tryp_beta P04107; tryp_gamma CAA68866; tryp_delta AAF32301;
tryp_epsilon AAF32302.
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served, with g-tubulins in between. An unrooted tree that includes all of the se-
quences from these four organisms (except z-tubulin from trypanosome) makes
this point most clearly (Figure 2.2). As examples of the most widely divergent pro-
teins, human and trypanosome a-tubulins are 84% identical, human and trypan-
some g-tubulins are 64% identical, and human and trypanosome d-tubulins are
only 28% identical. The d-tubulin comparison reveals a general problem: the
human and trypanosome sequences are within the range of homology that exists
between different tubulin families, so how can one be sure that the trypanosome
sequence is a d-tubulin, and not a member of another tubulin family? There are
some identifying sequence elements of the individual families [9, 13], but this
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Figure 2.2 Unrooted tree derived from an alignment of all of the tubulin sequences listed in
Figure 2.1. Path length between proteins is proportional to similarity. Sequences were aligned as
in Figure 2.1, and the tree was plotted with unrooted.



issue will only be definitively resolved with more work on the proteins so that iden-
tity can be based on more than sequence alone.

2.3
Localization and Function

The number of tubulin superfamily members is surprising to those who have long
toiled on the microtubule cytoskeleton – where were they all those years, where are
they in the cell, and what do they do? The remarkable answer is that most or all of
the new tubulin superfamily members are involved in the function of the microtu-
bule organizing center. This information is summarized in Table 2.1.

2.4
g-Tubulin

Since its initial discovery through fungal genetics, g-tubulin has been found in all
eukaryotic groups, and, in organisms in which the experiment can be undertaken,
is found to be essential for viability. Many eukaryotic groups, including fungi,
higher plants and at least some invertebrate animals, only have a-, b-, and g-tubu-
lin, thus these define the necessary and sufficient set for constructing a basic
microtubule cytoskeleton. g-Tubulin is found in all species in a complex with at
least two members of a related family of proteins called GCPs (Gamma Complex
Protein) [14] or Grips (Gamma Ring Protein) [15]. The founding members of this
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Table 2.1 Summary of the tubulin superfamily.

Name Localization Loss of function
phenotype

Where found in eukaryotes

a-Tubulin Microtubules
centrioles
flagella

No microtubules
essential

All

b-Tubulin Microtubules,
centrioles, flagella

No microtubules
essential

All

g-Tubulin Centrosome Defect in microtubule
nucleation

All

d-Tubulin Centrioles Defect in centriole
microtubules, asso-
ciated structures

Vertebrates, chordates,
ciliated single-celled

e-Tubulin Sub-distal appendage
of centrioles

Defect in centriole
duplication, centriole
microtubules

Vertebrates, chordates,
ciliated single-celled

h-Tubulin Not known Defect in centriole
microtubules

Paramecium

z-Tubulin Not known Not known Trypanosoma, Leishmania



family were Spc97p and Spc98p [16, 17] from the budding yeast Saccharomyces
cerevisiae. Interestingly, budding yeast only has those two proteins whereas most
organisms have at least five GCPs [18], and possibly one other type of subunit [19].
g-Tubulin was shown to localize the microtubule organizing center in all cell

types examined, which led to the idea that it might be involved in microtubule nu-
cleation (reviewed in [20]). But the breakthrough for understanding g-tubulin func-
tion came when the g-tubulin complex was purified and found to have both a ring
shape and a subunit structure similar to the minus ends of microtubules, and to be
able to nucleate microtubule polymerization in vitro [21]. It is now widely accepted
that this g-tubulin ring complex is responsible, at least in part, for nucleating mi-
crotubule polymerization from the organizing center (see [22] for recent experi-
ments), and that it does so by acting as a template for microtubule polymerization
(see Chapter 3).

2.5
d-Tubulin

Dutcher and Trabuco [8] showed that the UNI3 gene in Chlamydomonas encoded a
new tubulin, which they called d-tubulin. uni3-1 mutant cells have aberrant basal
bodies, with doublet rather than triplet microtubles, and have defects in flagellar
number. Detailed studies show that other basal body-associated structures are
also defective in this mutant [23]. This phenotype is strikingly similar to that
seen in Paramecium by silencing d-tubulin [24], suggesting that d-tubulin plays a
role in the formation of the outer C tubule of the basal body. Interestingly, Dutcher
and colleagues have shown that a mutation in a-tubulin can completely suppress
defects in the flagellar number of uni3-1 mutants, and partially suppress defects of
the basal body structure [25].
d-Tubulin was identified in mammals by database searching [9, 26]. The two

groups that identified d-tubulin in mammals differed on its localization in cells.
Chang and Stearns [9] reported localization to the centrioles of the centrosome,
whereas Smrzka et al. [26] reported localization to microtubule-associated struc-
tures in developing sperm, but not to the somatic centrosome. Given the pheno-
types associated with loss of d-tubulin function, and a preliminary report of d-tubu-
lin localization to the centrioles in Chlamydomonas [27], it seems likely that the
centriolar localization in mammalian cells is correct. No functional experiments
in vertebrate cells have been reported yet, so the role of d-tubulin in cell types
that do not make motile cilia is not yet clear.

2.6
e-Tubulin

e-Tubulin was discovered in the human genome database as a “beta tubulin-like”
cDNA [9]. Like d-tubulin, it has since been identified in other vertebrates, and
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single-celled organisms with cilia or flagella, but not in invertebrates, fungi or
higher plants. In animal cells e-tubulin localizes to the sub-distal appendages of
the mature centriole [28]. The sub-distal appendages are only assembled on the
newer of the two original centrioles at the G2/M transition, so e-tubulin is asym-
metric with respect to the centrioles prior to G2/M. This staining pattern is similar
to that reported for ninein [29], and an increasing list of proteins (for example, see
[30]). Experiments in which e-tubulin was depleted from a frog egg extract centro-
some duplication assay showed that it is required for centriole formation, but not
for microtubule nucleation or mitotic aster formation [28].
Dutcher et al. [31] showed that the product of the BLD2 gene is the Chlamydo-

monas ortholog of e-tubulin, that e-tubulin localized to basal bodies, and that the
mutant was defective for forming the doublet and triplet microtubules of the
basal bodies. Similar experiments with gene silencing of e-tubulin in Paramecium
by Dupuis-Williams et al. [32] also showed defects in basal body microtubule for-
mation.

2.7
Other Members of the Fold

Again illustrating the power of Paramecium for identifying components required
for centriole/basal body function, h-tubulin was identified as the product of the
SM19 gene [11]. The sm19-1 mutant blocks basal body duplication and results in
delocalization of g-tubulin. In parallel with the case for uni3-1 in Chlamyomonas,
mutations in SM19 can be suppressed by mutations in b-tubulin [33]. Although
there are many possible explanations for this result, it does raise the possibility
that h-tubulin interacts with b-tubulin during the formation of basal bodies. It
has not yet been possible to determine how conserved this role might be because
h-tubulin has not yet been found in other organisms. Database searches of Trypa-
nosoma and Leishmania genome sequence yielded another unique tubulin super-
family member, z-tubulin [10], about which there is no functional information.
Lastly, ESTs from Xenopus laevis that were originally cited as being representatives
of the h-tubulin and z-tubulin families [27] actually belong to a single cDNA that
appears to encode a tubulin unlike any other (Genbank accession AAN52369,
Keith Gull, unpublished data). There are several ESTs corresponding to this
cDNA, so it is likely that it is expressed.
In summary, the tubulin superfamily consists of the subunits that make up the

microtubules, but also closely related proteins that are all likely to be involved in
the assembly and function of the centrosome, and of the microtubules of the cen-
triole/basal body. It seems likely that the reason that large swaths of eukaryotic
groups do not have some of these family members is that they either lack basal
bodies and flagella, or have variations on the conserved theme. Likely all of the
conserved tubulin families have already been identified in the available genome
sequences, but there is still much room for “black sheep” to have developed in
organisms that specialize in the ciliated lifestyle.

232.7 Other Members of the Fold



24 2 The Tubulin Superfamily

References

1.Weisenberg, R. C., Borisy, G. G., and
Taylor, E. W. 1968. The colchicine-
binding protein of mammalian brain
and its relation to microtubules.
Biochemistry 7, 4466–4479.

2.Cleveland, D. W., Kirschner, M. W., and
Cowan, N. J. 1978. Isolation of separate
mRNAs for alpha- and beta-tubulin
and characterization of the corre-
sponding in vitro translation products.
Cell 15, 1021–1031.

3.Neff, N. F., Thomas, J. H., Grisafi, P.,
and Botstein, D. 1983. Isolation of the
beta-tubulin gene from yeast and
demonstration of its essential function
in vivo. Cell 33, 211–219.

4.Schatz, P. J., Pillus, L., Grisafi, P.,
Solomon, F., and Botstein, D. 1986.
Two functional alpha-tubulin genes of
the yeast Saccharomyces cerevisiae
encode divergent proteins. Mol Cell
Biol 6, 3711–3721.

5.Mitchison, T., and Kirschner, M. 1984.
Dynamic instability of microtubule
growth. Nature 312, 237–242.

6.Nogales, E., Wolf, S. G., and Downing,
K. H. 1998. Structure of the alpha beta
tubulin dimer by electron crystallogra-
phy. Nature 391, 199–203.

7.Oakley, C. E., and Oakley, B. R. 1989.
Identification of gamma-tubulin, a new
member of the tubulin superfamily
encoded by mipA gene of Aspergillus
nidulans. Nature 338, 662–664.

8.Dutcher, S. K., and Trabuco, E. C. 1998.
The UNI3 gene is required for assem-
bly of basal bodies of Chlamydomonas
and encodes delta-tubulin, a new
member of the tubulin superfamily.
Mol Biol Cell 9, 1293–1308.

9.Chang, P., and Stearns, T. 2000. Delta-
tubulin and epsilon-tubulin: two new
human centrosomal tubulins reveal
new aspects of centrosome structure
and function. Nature Cell Biol 2,
30–35.

10.Vaughan, S., Attwood, T., Navarro, M.,
Scott, V., McKean, P., and Gull, K.
2000. New tubulins in protozoal para-
sites. Curr Biol 10, R258–R259.

11.Ruiz, F., Krzywicka, A., Klotz, C., Kel-
ler, A., Cohen, J., Koll, F., Balavoine,
G., and Beisson, J. 2000. The SM19
gene, required for duplication of basal
bodies in Paramecium, encodes a
novel tubulin, eta-tubulin. Curr Biol
10, 1451–1454.

12.Romberg, L., and Levin, P. A. 2003.
Assembly dynamics of the bacterial cell
division protein FTSZ: poised at the
edge of stability. Annu Rev Microbiol
57, 125–154.

13. Inclan, Y. F., and Nogales, E. 2001.
Structural models for the self-assembly
and microtubule interactions of
gamma-, delta- and epsilon-tubulin.
J Cell Sci 114, 413–422.

14.Murphy, S. M., Urbani, L., and Stearns,
T. 1998. The mammalian gamma-tu-
bulin complex contains homologues of
the yeast spindle pole body compo-
nents spc97p and spc98p. J Cell Biol
141, 663–674.

15.Gunawardane, R. N., Martin, O. C.,
Cao, K., Zhang, L., Dej, K., Iwamatsu,
A., and Zheng, Y. 2000. Characteriza-
tion and reconstitution of Drosophila
gamma-tubulin ring complex subunits.
J Cell Biol 151, 1513–1524.

16.Geissler, S., Pereira, G., Spang, A.,
Knop, M., Soues, S., Kilmartin, J., and
Schiebel, E. 1996. The spindle pole
body component Spc98p interacts with
the gamma-tubulin-like Tub4p of
Saccharomyces cerevisiae at the sites of
microtubule attachment. Embo J 15,
3899–3911.

17.Knop, M., Pereira, G., Geissler, S.,
Grein, K., and Schiebel, E. 1997. The
spindle pole body component Spc97p
interacts with the gamma-tubulin of
Saccharomyces cerevisiae and functions
in microtubule organization and
spindle pole body duplication. Embo J
16, 1550–1564.

18.Murphy, S. M., Preble, A. M., Patel,
U. K., O’Connell, K. L., Dias, D. P.,
Moritz, M., Agard, D., Stults, J. T., and
Stearns, T. 2001. GCP5 and GCP6: two
new members of the human gamma-



25References

tubulin complex. Mol Biol Cell 12,
3340–3352.

19.Gunawardane, R. N., Martin, O. C.,
and Zheng, Y. (2003). Characterization
of a new gammaTuRC subunit with
WD repeats. Mol Biol Cell 14,
1017–1026.

20. Job, D., Valiron, O., and Oakley, B.
2003. Microtubule nucleation. Curr
Opin Cell Biol 15, 111–117.

21.Zheng, Y., Wong, M. L., Alberts, B.,
and Mitchison, T. 1995. Nucleation of
microtubule assembly by a gamma-
tubulin-containing ring complex.
Nature 378, 578–583.

22.Hannak, E., Oegema, K., Kirkham, M.,
Gonczy, P., Habermann, B., and
Hyman, A. A. 2002. The kinetically
dominant assembly pathway for
centrosomal asters in Caenorhabditis
elegans is gamma-tubulin dependent.
J Cell Biol 157, 591–602.

23.O’Toole, E. T., Giddings, T. H., McIn-
tosh, J. R., and Dutcher, S. K. 2003.
Three-dimensional organization of
basal bodies from wild-type and delta-
tubulin deletion strains of Chlamydo-
monas reinhardtii. Mol Biol Cell 14,
2999–3012.

24.Garreau de Loubresse, N., Ruiz, F.,
Beisson, J., and Klotz, C. 2001. Role of
delta-tubulin and the C-tubule in
assembly of Paramecium basal bodies.
BMC Cell Biol 2, 4.

25.Fromherz, S., Giddings, T. H., Jr.,
Gomez-Ospina, N., and Dutcher, S. K.
2004. Mutations in alpha-tubulin
promote basal body maturation and
flagellar assembly in the absence of
delta-tubulin. J Cell Sci 117, 303–314.

26.Smrzka, O. W., Delgehyr, N., and Bor-
nens, M. 2000. Tissue-specific expres-
sion and subcellular localisation of

mammalian delta-tubulin. Curr Biol
10, 413–416.

27.Dutcher, S. K. 2001. The tubulin
fraternity: alpha to eta. Curr Opin Cell
Biol 13, 49–54.

28.Chang, P., Giddings, T. H., Jr., Winey,
M., and Stearns, T. 2003. Epsilon-tu-
bulin is required for centriole duplica-
tion and microtubule organization.
Nature Cell Biol 5, 71–76.

29.Mogensen, M. M., Malik, A., Piel, M.,
Bouckson-Castaing, V., and Bornens,
M. 2000. Microtubule minus-end
anchorage at centrosomal and non-
centrosomal sites: the role of ninein.
J Cell Sci 113 (Pt 17), 3013–3023.

30.Louie, R. K., Bahmanyar, S., Siemers,
K. A., Votin, V., Chang, P., Stearns, T.,
Nelson, W. J., and Barth, A. I. 2004.
Adenomatous polyposis coli and EB1
localize in close proximity of the
mother centriole and EB1 is a func-
tional component of centrosomes.
J Cell Sci 117, 1117–1128.

31.Dutcher, S. K., Morrissette, N. S.,
Preble, A. M., Rackley, C., and Stanga,
J. 2002. Epsilon-tubulin is an essential
component of the centriole. Mol Biol
Cell 13, 3859–3869.

32.Dupuis-Williams, P., Fleury-Aubusson,
A., de Loubresse, N. G., Geoffroy, H.,
Vayssie, L., Galvani, A., Espigat, A.,
and Rossier, J. 2002. Functional role of
epsilon-tubulin in the assembly of the
centriolar microtubule scaffold. J Cell
Biol 158, 1183–1193.

33.Ruiz, F., Dupuis-Williams, P., Klotz,
C., Forquignon, F., Bergdoll, M., Beis-
son, J., and Koll, F. 2004. Genetic
evidence for interaction between eta-
and beta-tubulins. Eukaryot Cell 3,
212–220.





3
Microtubule Nucleation

Michelle Moritz, Luke M. Rice and David A. Agard

3.1
Introduction

The microtubule cytoskeleton provides a vital framework for the polarization of
cells, the movement of vesicle traffic, and the segregation of chromosomes. Micro-
tubules are highly dynamic, yet rigid, 25-nm diameter cylindrical polymers of a/b-
tubulin that can extend for tens of microns inside the cell, and for millimeters in
vitro. The assembly of microtubules begins with a thermodynamically unfavorable
process in which small oligomers of a/b-tubulin heterodimers form. Rapid poly-
merization of the microtubule does not occur until a stable oligomer of a certain
size is reached. This rate-limiting, stable oligomer is termed the nucleus, and its
size varies with buffer conditions, ionic strength, pH and the presence of accessory
proteins that facilitate nucleation. The nucleation-elongation behavior exhibited
during microtubule assembly is therefore characterized by three phases: a slow
phase in which nuclei form, followed by a rapid growth phase in which a/b-tubulin
heterodimers elongate the polymer, and finally by a steady-state phase in which
most of the a/b-tubulin is incorporated into polymers (Figure 3.1; reviewed in
[1–3]). In addition to nucleation-elongation behavior, a microtubule assembly dis-
plays a striking phenomenon termed dynamic instability. This involves random
switching between polymerization and depolymerization of some microtubules,
the subunits of which are then incorporated into others. This results in a smaller
number of longer microtubules at steady-state (reviewed in [1] and [4]).



3.1.1
The Nucleation of Microtubules can occur Spontaneously In Vitro,
but Requires g-Tubulin In Vivo

The nucleation and polymerization of microtubules can occur spontaneously in
vitro from pure tubulin in the presence of Mg2þ and GTP. However, in vivo, the
process usually involves microtubule-organizing centers such as the centrosome
of animal cells and the spindle pole body of yeasts, which result in a radial array
of microtubules that are focused at their minus (slow growing) ends, with their
fast-growing plus ends oriented outward (reviewed in [5]). Certain cell types employ
other modes of producing microtubules. For example, in some animal cells con-
taining centrosomes, non-centrosome-associated microtubules sometimes form
[6]. In plants, microtubules do not grow out of one discrete site, but emanate
from different points on the surface of the nucleus as well as on the cell cortex
[7, 8]. Some meiotic cells also lack centrosomes yet produce microtubules [9].
The nucleating activity of the centrosome and spindle pole body is thought to

depend on the tubulin isoform g-tubulin (see Chapter 2). A variety of genetic, anti-
body interference, and biochemical studies have implicated this protein as the
major factor in microtubule nucleation (reviewed in [10]). Studies in animal cells
of microtubules that did not originate from the centrosome found that the micro-
tubules still grew from small cytoplasmic foci containing g-tubulin [6]. g-Tubulin’s
role is less clear in plants, but it most likely nucleates the unfocused microtubules
that are distributed around the cell. Plant g-tubulin may also provide some other
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Figure 3.1 The three phases of microtubule assembly. First, a/b-tubulin heterodimers assemble
slowly into small oligomers in a thermodynamically unfavorable process called nucleation, which
gives rise to the characteristic lag seen in microtubule growth. Rapid elongation of microtubules
occurs once rate-limiting oligomers, called nuclei, have formed. When most of the tubulin is
incorporated into polymer, steady state is reached. (Figure adapted from [69]).



function, because it can also be found along the lengths of microtubules [7]. In
meiotic cells lacking centrosomes, it may be that soluble g-tubulin complexes initi-
ate microtubule growth, and then microtubule motors and cross-linking proteins
organize the microtubules into arrays such as the meiotic spindle. Microtubule-
associated proteins such as TPX2 and XMAP215 are also important for this chro-
matin-based microtubule formation (see below, and [9, 11–14]). In all cell types stu-
died to date, however, g-tubulin appears to be required for the efficient formation of
at least a subset of microtubules.
The biochemical characterization of g-tubulin from cell extracts led to the discov-

ery that g-tubulin is found in two major, highly conserved protein complexes inside
cells. The most abundant complex in most cell types is the Z 2.2-MDa g-tubulin
ring complex (g-TuRC), which is thought to consist of 12 or 14 g -tubulin molecules
and at least six additional proteins. A second complex of Z 280 kDa is called the
g-tubulin small complex (g-TuSC) in Drosophila or the Tub4 complex in S. cere-
visiae. It is a heterotetramer, consisting of two copies of g-tubulin and one copy
each of two accessory proteins, Dgrip84/Spc97/GCP2 (nomenclature from Droso-
phila/S. cerevisiae/human) and Dgrip91/Spc98/GCP3. In higher eukaryotes, this
complex is a subunit of the g-TuRC (reviewed in [15–17]).
Most of the accessory proteins of these complexes share homology within and

between species and it has been proposed that these regions allow interactions be-
tween the accessory proteins or with g-tubulin [18–21]. In the electron microscope,
the g-TuRC displays an open ring structure of Z 25 nm diameter (Figure 3.2) [22–
24]. Due to the repeating subunits visible around the open rim of the ring, as well
as the stoichiometry of the proteins in the complex, it is thought that this is where
the g-tubulins reside. The accessory proteins would then compose the closed face,
or “cap”, of the ring [24]. The role of these accessory proteins, however, is not
known. It is clear that g-tubulin can nucleate microtubules on its own in vitro
(see Section 3.2 and [25, 26]), so the accessory proteins may play a regulatory
role, or a purely structural role such as maintaining the open-ring shape of the
g-TuRC and/or attaching the g-tubulins to the centrosome. In vitro studies compar-
ing the nucleating activities of the g-TuSC and g-TuRC revealed that the large com-
plex is a better nucleator, suggesting that the full complement of accessory proteins
enhances the activity [23].

3.1.2
Models for the Mechanism of g-TuRC/Tub4 Complex-mediated Microtubule Nucleation

The dimensions and physical appearance of the g-TuRC by itself or when in com-
plex with microtubules, as well as its ability to functionally cap the minus ends
of microtubules suggests a “templating” model for microtubule nucleation
(Figure 3.2). This model proposes that the g-tubulins on the open face of the
ring interact laterally with one another, in reference to the interactions between
a/b-tubulins in adjacent protofilaments of the microtubule. This ring of g-tubulins
is proposed to facilitate the assembly of a/b-tubulins, forming the minus end of the
microtubule, which then grows rapidly and takes on the 13-protofilament architec-
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ture dictated by the structure of the g-TuRC. An alternative “protofilament” model
proposes that the g-tubulins in the ring interact longitudinally, in a manner similar
to a/b-tubulins in the same protofilament, and that they provide enough stability to
form the first protofilament of the microtubule (Figure 3.2; reviewed in [15, 17].
These models differ radically in their assumptions of how the g-tubulins interact
with one another, which carries over into how the g-tubulins interact with a/b-tu-
bulin and facilitate nucleation.
Inferences about g-tubulin structure from the known atomic structures of a/b-

tubulin suggest that g-tubulin is likely to interact longitudinally with a- or b-tubu-
lin, and may interact laterally. The preliminary information that could be gleaned
from these structural comparisons did not discriminate between the template or
protofilament models, although they may slightly favor the former [27]. Interest-
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Figure 3.2 Structure of the gTuRC by electron microscopy. (a) Top: image from electron tomo-
graphy of isolated, negative-stained Drosophila gTuRC showing a modular, capped open ring
structure. Centre: side view of the gTuRC ring revealing repeating subunits around the ring wall
and the asymmetric, globular cap on one face of the ring. Bottom: model of the subunit orga-
nization of the gTuRC structure based on electron microscopy and the known stoichiometry of
gTuRC components. (b) Image from electron tomography of a microtubule grown from an iso-
lated Drosophila gTuRC. White arrow indicates the cap (presumably gTuRC ) at the end of the
microtubule. (c) Template model for microtubule nucleation by the gTuRC. g-Tubulins are pro-
posed to interact laterally with each other and to bind to a-tubulins at the minus end of the
microtubule. (d) Protofilament model for microtubule nucleation by the gTuRC. g-Tubulins are
proposed to interact longitudinally with each other and to promote formation of the first proto-
filament of the microtubule (reviewed in [15, 17]). Figures reproduced with permission from
Moritz et al. [24].



ingly, in a study of g-tubulin overexpression in vivo, g-tubulin formed novel tubular
structures [28]. Moreover, a detailed analysis of pure human g-tubulin in vitro
showed that g-tubulin displays interaction and assembly characteristics that are
unlike those of a/b-tubulin [26]. These results suggest that it may be misleading
to infer g-tubulin’s behavior from comparisons with a/b-tubulin. For example, in
the in vitro study, under physiological conditions g-tubulin existed as oligomers
that could only be converted to monomers at KCl concentrations of 0.5 M and
above. At low ionic strength and at low concentration g-tubulin forms a tetramer,
while at high concentrations it oligomerizes further into filaments and tubules that
are insensitive to cold, independent of GTP, and do not display the protofilament
architecture typical of microtubules [26]. Furthermore, studies of the interaction of
g-tubulin peptides with a/b-tubulin in vitro revealed evidence for unique, lateral
binding properties unlike those of a/b-tubulin [29]. The functional significance
of these regions of g-tubulin in vivo is supported by mutagenesis studies [30].
These results indicate that the biochemical properties of g-tubulin are notably dis-
tinct from those of a/b-tubulin and begin to suggest that the template and proto-
filament models are at best simplifications of the actual mechanism of g-tubulin-
mediated microtubule nucleation.
How might the relatively small Tub4 complex of S. cerevisiae fit into this picture

of microtubule nucleation? The heterotetrameric Tub4 complex is the predominant
g-tubulin complex that can be isolated from S. cerevisiae and there is little evidence
to suggest that it forms a large complex similar to the g-TuRC in vivo [31, 32]. A
weak microtubule-nucleating activity has been observed for the Tub4 complex in
vitro [32], and this may be sufficient to produce the relatively small number of
microtubules needed in yeast cells. It is possible, however, that the Tub4 complex
forms a larger aggregate at the spindle pole body that is functionally similar to the
g-TuRC. The capped appearance of microtubules at the spindle pole body in the
electron microscope [33, 34] is very similar to that of microtubules grown from iso-
lated g-TuRCs [24, 35, 36] and from centrosomes [24, 37], suggesting that a larger
complex may assemble.

3.2
Kinetic Models of the Mechanism of Microtubule Nucleation

Microtubule assembly from a/b-tubulin heterodimers follows a nucleation-elonga-
tion mechanism, in which efficient polymer elongation depends on the intrinsi-
cally inefficient formation of oligomers of a/b-tubulin heterodimers. The largest,
rate-limiting oligomer constitutes an important species, known as the nucleus.
While the molecular details of microtubule assembly remain poorly understood,
the past 20 years of study has provided important clues about the mechanism of
this process.
Microtubule assembly reactions are commonly monitored by following the in-

crease in light scattering via absorbance at 350 nm, which allows time-dependent
measurement of the extent of polymerization. A set of polymerization curves
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measured over a range of initial protein concentration contains a wealth of infor-
mation about the underlying mechanism. Voter and Erickson published such a
set of microtubule assembly curves in 1984 [38], and these data retain benchmark
status in the search for a complete understanding of microtubule nucleation.
Initial attempts to fit the assembly data with a kinetic model originally developed
for actin polymerization failed [38]. This kinetic model, formulated by Oosawa,
assumes that the critical nucleus for actin is formed in a single, rate-limiting
step [39, 40]. The fact that the Oosawa model was unable to fit the microtubule
assembly data demonstrated that microtubule assembly was fundamentally more
complex than that of actin, and made it clear that a more complicated kinetic
mechanism was required to accurately describe the microtubule assembly data.
None of the models proposed at the time however, were able to provide convincing
fits of the kinetic data [38]. A detailed molecular model of the organization of the
nucleus and how it assembled from a/b-tubulin subunits remained elusive.
A key step in understanding microtubule assembly (and any other biological self-

assembly) is the ability to specify the concentration dependence of the assembly
reactions. In a model-independent analysis of the Voter and Erickson data, Flyv-
bjerg and colleagues demonstrated that the overall concentration dependence of
the assembly reactions could be determined from two parameters extracted directly
from the assembly curves [41–43]. The assembly curves displayed an important
property, scaling, which, simply put, means that all the curves are fundamentally
the same shape, independent of tubulin concentration and time (Figure 3.3). Scal-
ing was demonstrated in a two-step process. First, the amplitude of each assembly
curve was normalized by dividing the amplitude at each time-point by the final pla-
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Figure 3.3 Illustration of scaling behavior displayed by microtubule assembly curves. (a) Micro-
tubule assembly can be followed over a range of tubulin concentrations by turbidity at A350nm.
Increasing concentrations of a/b-tubulin give higher values of A350nm at steady state, and have
faster assembly reactions. (b) The first step in the scaling process is to normalize the amplitudes
(y-axis) of each curve, dividing the value of the assembly curve at each time point by the final
value obtained by that curve at steady-state. (c) The second step in the scaling process is to
normalize the time series (x-axis) for each curve. This is accomplished by dividing all the time
points for a given curve by T0.1, the time at which that curve reached 10% of its steady-state
amplitude. The assembly curves scale, indicating that the same mechanism of microtubule
nucleation is used at all tubulin concentrations. This places strict limitations on the possible
kinetic models that can be used to describe the assembly process [42, 43].



teau value for that curve. Second, the time of each assembly curve was normalized
by dividing the time of each time-point by the time required to reach 10% assem-
bly (the so-called characteristic time T0.1) for that curve. After these two operations,
all the transformed assembly curves were remarkably similar. Flyvbjerg and collea-
gues showed that both the amplitude and the characteristic time of each curve were
simply related to the initial a/b-tubulin concentration. This implied that one single
assembly mechanism was operating over the entire concentration range. In other
words, once the initial a/b-tubulin concentration was specified, one single function
of concentration and time would describe all the assembly curves [41–43].
How was the overall concentration dependence of microtubule assembly deter-

mined? Flyvbjerg and colleagues noted that, at all initial a/b-tubulin concentra-
tions, the assembly curves displayed early growth proportional to the fourth
power of time (t4). This suggested that there were four rate-limiting steps (includ-
ing elongation) in the assembly mechanism. It remained to be determined how
many a/b-tubulin subunits participated at each step. Flyvbjerg et al. demonstrated
that the characteristic time T0.1 was related to the inverse cube of the initial a/b-
tubulin concentration, which was consistent with all rate-limiting intermediates
being composed of multiples of 3 a/b-tubulin subunits. The mechanism that
they fit convincingly to the microtubule assembly data could be described as a
progression of increasingly large rate-limiting intermediates (hexamer, then
nonamer) leading up to the nucleus (dodecamer), which then undergoes elonga-
tion by repeated monomer addition [41–43].
Pure g-tubulin exhibits microtubule-nucleating activity in vitro [25]. Our ability to

purify large quantities of recombinant human g-tubulin provided us the opportu-
nity to apply the Flyvbjerg method of analysis to our own microtubule assembly
data obtained in the presence or absence of this nucleator over a broad range of
a/b-tubulin concentrations (Figure 3.4) [26]. Surprisingly, we found that g-tubu-
lin-mediated microtubule nucleation proceeded by different mechanisms, depend-
ing on the concentration and oligomerization state of g-tubulin. At low nanomolar
concentrations, where g-tubulin forms a tetramer, it simply accelerated the rate of
nucleus formation, apparently by stabilizing a pre-nucleus intermediate. It did not
decrease the nucleus size. However, at higher concentrations, where g-tubulin can
form large filaments and arrays, it dramatically facilitated microtubule nucleation
by decreasing the size of the nucleus. The oligomerization-state dependence of the
mechanism and the biochemical properties of these oligomers suggest new work-
ing models for how g-tubulins in the g-TuRC may be interacting with a/b-tubulins
in a microtubule (Figure 3.5) [26].
Fits of the Flyvbjerg model to the microtubule assembly data with and without

added g-tubulin provide rate constants that predict the efficiency with which
each of the rate-limiting intermediates form. Comparing the rate constants for
the g-tubulin tetramer-nucleated data to those of the buffer control indicated that
formation of the first intermediate (the hexamer of a/b-tubulins) was unaffected;
instead, g-tubulin favored formation of a later intermediate (a nonamer of a/b-tu-
bulins), most likely by specifically binding it. Based on thermodynamic arguments
and the hexamer precursor, the most likely configuration of this nonamer inter-
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mediate is a sheet of three-by-three heterodimers. One way to explain how this
nonamer intermediate is specifically bound by the g-tubulin tetramer while the
hexamer is not is to propose that the g-tubulin tetramer binds between the three
short protofilaments [26].
Interestingly, when considered in terms of the entire gTuRC, this mode of bind-

ing provides a logical explanation for how this nucleating complex can produce mi-
crotubules with the 13 protofilaments most often seen in vivo (Figure 3.5b,c). His-
torically, this fact has presented a puzzle because studies of the stoichiometry of
proteins in the Tub4 complex in yeast suggest that it contains two copies of g-tubu-
lin and one copy each of the accessory proteins Spc97 (Dgrip84/GCP2) and Spc98
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Figure 3.4 Analysis of g-tubulin-mediated microtubule assembly data using the Flyvbjerg
method. [26, 42, 43]. In all four panels, microtubule assembly data measured in the spectro-
photometer is displayed as filled grey circles, and the kinetic models that were fit to the data are
shown as solid lines. (a) Assembly of a/b-tubulin at a range of concentrations, no g-tubulin
added. (b) Assembly of identical concentrations of a/b-tubulin as in (a), but with 100 nM pure
human g-tubulin added to the reactions. g-Tubulin forms tetramers under these conditions, and
there is a small but measurable increase in the rate at which microtubules assemble, indicating
that g-tubulin tetramers have microtubule nucleating activity. (c) Assembly of a/b-tubulin at a
range of concentrations, no g-tubulin added. (d) Assembly of identical concentrations of a/b-
tubulin as in (c), but with 670 nM pure human g-tubulin added to the reactions. At these high
concentrations, g-tubulin forms larger oligomers that have a dramatic effect on the rate of mi-
crotubule assembly. The differences between (a) and (c) result from slightly different buffers used
in the two different experiments. In all cases, fits to the data obtained using the Flyvbjerg model
are very good, and therefore provide an important framework for understanding g-tubulin func-
tion in microtubule nucleation [26].



(Dgrip91/GCP3) [31]. By analogy and some physical evidence, the corresponding
gTuSC subunit of the gTuRC that is found in higher eukaryotes is thought to
have the same composition [18, 23]. The presumed gTuSC subunits visible in
the wall of the gTuRC ring in the electron microscope also appear to be bi-lobed
structures (Figure 3.2a) [24]. Unfortunately, our current electron microscopy
images of the gTuRC have allowed only a rough count of the subunits that consti-
tute the ring wall. However, taking into account all of this evidence, the gTuRC is
most likely to contain an even number (12 or 14) of g-tubulins. Thus, placing the
g-tubulins between the protofilaments provides a template that would produce
13-protofilament microtubules. It should be possible to test this model by
higher-resolution imaging and cross-linking studies of the binding of g-tubulin
to a/b-tubulin.
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Figure 3.5 Modified template model of gTuRC-mediated microtubule nucleation. (a) The original
template model proposed that g-tubulins bind to a-tubulins at the minus ends of protofilaments
similarly to longitudinal a/b-tubulin binding within a protofilament (reviewed in [15, 17]). (b) The
modified template model takes into account physical properties of g-tubulin and the mechanism
of g-tubulin-mediated microtubule nucleation by proposing that g-tubulin binds between proto-
filaments [26]. A gTuRC containing 12 g-tubulins is shown associated with the microtubule, but a
14-g-tubulin gTuRC could also be accommodated. (c) Cross-sectional views illustrating the pro-
posed binding sites for g-tubulins between the a-tubulins at the minus end of each protofilament.
This mode of binding provides an explanation for how a gTuRC containing an even number of g-
tubulins could template a 13-protofilament microtubule, the most common architecture observed
in vivo (see Color Plates page XXIII).



The kinetic model derived by Flyvbjerg and colleagues represents an important
advance in our understanding of microtubule assembly, and provides a necessary
framework for dissecting the mode of action of microtubule nucleating proteins
such as g-tubulin and its complexes. Nevertheless, the insight provided by the
Flyvbjerg analysis is limited in several key aspects. What is the role of GTP hydro-
lysis by a/b- and/or g-tubulin in microtubule nucleation? What is the subunit orga-
nization of the various rate-limiting intermediates? Why are they rate limiting? The
answers to these and other questions will come from a more detailed understand-
ing of microtubule assembly based in part on the known structure of the a/b-tubu-
lin heterodimers and of the microtubule lattice. A detailed molecular model com-
bining kinetic data with subunit and polymer structure has recently been pub-
lished to describe actin assembly [44], so an analogous model for microtubules
should be forthcoming in the near future.

3.3
The Involvement of Non-g-TuRC Proteins in Microtubule Nucleation

There are fundamental differences between the interphase and mitotic micro-
tubule arrays in cells, suggesting that there is cell cycle-dependent regulation of
gTuRC localization and activity. In interphase, the microtubules are relatively
long and stable, and most grow from a single organizing center such as the cen-
trosome. In mitosis, more gTuRC is recruited to the centrosome (a phenomenon
termed centrosome maturation) resulting in the nucleation of a larger number
of microtubules that are also relatively short and highly dynamic as they form
the bipolar array of the spindle [45, 46]. A complicated network of interacting reg-
ulatory proteins such as the small GTPase Ran, Aurora A kinase, Polo-like kinase,
as well as other cell cycle-control proteins has been found to control centrosome
maturation, microtubule nucleation and spindle assembly during mitosis and
meiosis [11, 47–55]. Only recently have we begun to understand some of the details
of these intricate pathways, which are described in more detail in other chapters in
this book.
What is intriguing from the standpoint of microtubule nucleation is that certain

non-gTuRC proteins are emerging that may contribute to this activity. For example,
a target of Polo-like kinase, ninein-like protein (Nlp), has been shown to associate
with g-tubulin and the gTuRC protein, GCP4. Nlp’s regulated association is impor-
tant for interphase microtubule nucleation [54]. Some other non-gTuRC proteins
implicated in microtubule nucleation fall under the control of the Ran signaling
pathway. Ran was originally described as an abundant GTPase that is required
for transport of proteins and RNA in and out of the nucleus, but more recently
it has been found to play an additional important role in controlling microtubule
nucleation and organization during mitosis and meiosis (reviewed in [56–58]). So
far, no direct connection between regulatory proteins and the gTuRC has been
revealed. RanGTP has been implicated in the release of activated spindle assembly
factors such as the microtubule-associated proteins TPX2, NuMA and XMAP215
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[11, 14, 52, 55, 59, 60]. These studies have pointed to a requirement for distinct
classes of microtubules that are regulated, and perhaps generated, differentially.
For example, depletion of TPX2 had little effect on centrosomal microtubules,
but was important for microtubules that form around chromatin during spindle
assembly [12]. In addition, another layer of regulation has emerged in studies of
TPX2, which was found to target Aurora A kinase to the spindle, and to stimulate
its activity in a microtubule-dependent manner [55, 61–63].
Evidence from fluorescence microscopy assays of aster formation suggests that

TPX2, XMAP215 and, surprisingly, the ribonucleotide reductase protein R1 have
microtubule nucleating activity [12–14, 64]. Since TPX2 and XMAP215 interact
with microtubules, it follows that they may play a role in nucleation. R1, on the
other hand, is a subunit of an enzyme involved in DNA synthesis and as such
would not be predicted to affect microtubule nucleation. It has been proposed
that R1 is bifunctionally required for distinct cellular events, DNA synthesis and
centrosome/spindle pole body activation. One possibility that should be explored
further is that R1 plays a role in preventing spindle formation in the presence
of DNA damage or replication blocks [64]. Indeed, a connection between DNA
defects and centrosome activity mediated through checkpoint kinase 2 has been
revealed in Drosophila [65, 66] (see Chapter 11). R1 may be similarly involved.
Thus, the possibility has been raised that multiple nucleators contribute to the for-
mation of microtubules and that specific nucleators may act on different popula-
tions of microtubules [14]. This idea is also supported by studies in which g-tubulin
was mutated or depleted by RNAi in C. elegans, which showed that only interphase
microtubules failed to form [67]. Many other studies in which g-tubulin activity was
impaired have indicated that at least subsets of microtubules still polymerize (re-
viewed in [3]). These tantalizing results must be tempered by the limitations of
fluorescence microscopy, a technique that does not allow the distinction between
bundling and stabilization of pre-existing, small microtubule seeds from bona
fide nucleation. However, this is an intriguing subject that should be investigated
further using purified proteins and a kinetic assay such as the one described in
Section 3.2.

3.4
Future Directions

The microtubule cytoskeleton is a remarkably complicated and dynamic cellular
machine whose proper function relies on the coordinated activity of a large num-
ber of structural and regulatory proteins. Many proteins involved in producing and
modifying microtubules for their various functions have now been identified and
crude understandings of their purpose have been catalogued. The next steps will
be to discern the molecular and kinetic mechanisms by which accessory proteins
and nucleotide binding states modify the activity of microtubule nucleating pro-
teins such as g-tubulin. Clearly, we must explore the roles of GTP binding, hydro-
lysis and release in g-tubulin/gTuRC function. In addition, the possibility that
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accessory proteins are required for GTP exchange on g-tubulin should be pursued.
g-Tubulin is also phosphorylated in a cell cycle-dependent manner and this modi-
fication has an effect on microtubule number and organization [68]. This aspect of
g-tubulin regulation deserves a more detailed characterization in other cell types
and in vitro with purified proteins. It will be important to discover the kinase(s)
responsible for this phosphorylation. Complementary studies of g-tubulin assem-
bly properties have revealed g-tubulin’s unique characteristics among tubulins.
We must now pursue further its interaction with a/b-tubulin and with accessory
proteins. In conclusion, through the use of an effective method of kinetic analysis
as described here, we are beginning to understand the basic molecular mechanism
of g-tubulin-mediated microtubule nucleation. We can now apply this method to
understanding the contributions of accessory proteins in the g-TuRC and beyond,
as well as to understanding the mechanisms and roles of putative non-g-tubulin
microtubule nucleators.
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The Budding Yeast Spindle Pole Body: A Centrosome Analog

Suzanne van Kreeveld Naone and Mark Winey

4.1
Introduction

Microtubules are nucleated and organized by a diverse group of organelles known
as microtubule organizing centers (MTOCs). These organelles are responsible for
non-random arrays of microtubules that perform such functions as ciliary and
flagellar movement, maintenance of cell shape and form, intracellular and axoplas-
mic transport, anchorage of cell surface receptors and chromosome movement.
The latter task is performed by a subset of MTOCs that function as spindle
poles, orienting the bipolar spindle during mitosis in the cell cycle and during
meiosis in the formation of germ cells.
To form bipolar spindles, the spindle pole organelle must be duplicated once and

only once in preparation for each round of chromosome segregation, be it mitosis
or one of the meiotic segregations. After duplication, the resulting spindle pole
organelles move to opposite sides of the nucleus to organize the microtubules
of the spindle, which function to capture and move one set of chromosomes
into each daughter cell along with one spindle pole. Correct arrangement of a
bipolar spindle ensures proper segregation of DNA to each daughter cell, and
failure to do so results in aneuploid cells, which is a hallmark of many human
cancers.
Two spindle pole organelles that have been studied in greater detail are the bud-

ding yeast spindle pole body (SPB) and the vertebrate cell centrosome. SPBs and
centrosomes share analogous functions of organizing the bipolar spindle, as well
as the more recently studied signaling roles that affect cell cycle progression. To
accomplish these analogous functions, SPBs and centrosomes appear to share
many homologous components despite the significant morphological differences
between the organelles. Furthermore, the organelles may have similar mechanisms
by which they regulate duplication. Due to the conservation of function between
SPBs and centrosomes and because yeast is a genetically tractable organism amen-
able to biochemical and cell biological studies, many consider the SPB as a model
for the study of centrosomes.



SPB structure in Saccharomyces cerevisiae has been studied in detail using such
techniques as electron microscopy (EM) of SPBs in situ and of isolated SPBs,
cryoEM of isolated SPBs, and high voltage electron tomography of SPBs in situ.
These studies reveal that the SPB is a multi-layered cylinder embedded in the nu-
clear envelope (Figure 4.1a), its basic structure comprising an outer, central and
inner plaque [1–7]. The SPB is anchored in the nuclear envelope by hook-like ap-
pendages that emanate from the central plaque [7], and it nucleates cytoplasmic
and nuclear microtubules from the outer and inner plaques, respectively. The over-
all dimensions of the organelle are 150 nm in thickness (outer plaque to inner pla-
que) with a diameter of 110 nm in haploid cells [3]. Interestingly, the diameter is
larger in diploids (160 nm), increasing the surface area of the SPB and allowing for
additional microtubule nucleation sites. The mass of a diploid SPB is between
1 and 1.5 gigadatton [6], and the mass of the SPB core is Z 0.3 GDa [8]. Finally,
on one side of the SPB is an electron-dense structure called the halfbridge,
which is a modification of the nuclear envelope and the site at which SPB duplica-
tion is initiated.
As is apparent in Figure 4.1b, the centrosome is a quite dissimilar looking orga-

nelle that consists of two centrioles surrounded by an amorphous substance called
the pericentriolar material (PCM). The centrioles are barrel-shaped structures com-
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Figure 4.1 Spindle pole organelles. Electron micrographs of the (a) budding yeast SPB and the
(b) mammalian centrosome (courtesy of Dr. Thomas Giddings, Jr.). The barrel of triplet micro-
tubules can be clearly distinguished in the micrograph of the centrosome, which shows a cen-
triole in cross-section. Schematics beneath the micrographs show the basic structures of each
organelle (HB, halfbridge; OP, outer plaque; CP, central plaque; IP, inner plaque; S, satellite; CMT,
cytoplasmic microtubule; NMT, nuclear microtubule; NE, nuclear envelope; C1, centriole 1;
C2, centriole 2; PCM, pericentriolar material; MT, microtubule).



posed of polyglutamylated microtubule triplets, and they often exhibit a perpendi-
cular orientation with respect to each other (Figure 4.1b). The centrosome is
roughly 10-fold larger than the SPB and, unlike the SPB, resides in the cytoplasm.
The structure of the centrosome is described in more detail elsewhere in this
volume (see Chapters 7 and 9).
The nuclear envelope-embedded, multi-layered SPB is not an oddity of the bud-

ding yeast Saccharomyces cerevisiae, but is common in fungi. Similar organelles are
also found in other organisms, sometimes under the name “spindle plaque”,
which was the original name of the SPB. Organisms in which spindle plaques
have been documented include other fungi (Schizosaccharomyces pombe, Aspergillus
nidulans, Exophiala dermatitidis), slime molds (Dictyostelium discoideum), ciliates
(Paramecium, Tetrahymena) and protists (Naegleria). The fission yeast (S. pombe)
spindle pole body is described, using electron microscopy, as an ellipsoid-shaped
structure of amorphous internal structure with dimensions of 90 nm in thickness
and 180 nm in diameter. This organelle is located near the nuclear envelope and is
associated with a darkly-staining structure that is analogous to the halfbridge in
budding yeast [9]. Unlike the budding yeast SPB, the fission yeast SPB localizes
to the cytoplasm during most of interphase (where it also duplicates), but moves
into the nuclear envelope to perform its role in mitosis [9]. Electron microscopy
of the Dictyostelium SPB shows a layered core structure surrounded by a corona
made up of dense nodules embedded in amorphous material (reviewed in [10]).

4.2
Molecular Composition of the Spindle Pole Body

Beyond the morphological characterization of the SPB, the molecular components
have also been under study. A large variety of approaches over the years has yielded
a list of at least 19 core components of the SPB, i. e. those proteins that contribute
to the structure or function of the SPB and are found at the organelle throughout
the cell cycle. This definition excludes a number of signaling molecules that tran-
siently localize to the SPB during the cell cycle (i. e. Tem1p of the mitotic exit net-
work), but they are discussed later, and also excludes proteins brought to the SPB
by their association with microtubules (i. e. dynein). The techniques used to un-
cover SPB components include identifying the epitopes for monoclonal antibodies
raised against cellular extracts enriched for SPBs (i. e. Spc110p, [11]), identifying
proteins by mass spectrometric analysis of cellular extracts enriched for SPBs
(several, e. g. Nud1p, [12]), immunoprecipitation approaches using known SPB
components to find associated proteins (i. e. Sfi1p, [13]), and genomics approaches,
either identifying yeast orthologs of centrosomal proteins (i. e. TUB4 encodes
gamma(g)-tubulin, [14]) or localizing the gene products of unannotated ORFs
using green fluorescent protein (GFP) gene fusions and looking for SPB localiza-
tion (i. e. CMN67, [15]). Genetic studies also have contributed a number of compo-
nents whose genes were identified by mutant alleles in screens designed to un-
cover phenotypes affecting SPB function in the cell cycle (i. e. Cdc31p, [16]), karyo-
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Table 4.1 Core SPB components and their localization with respect to the SPB, their relevant SPB
functions (MT, microtubule), their mammalian counterparts and relevant references.

Gene Localization Function Vertebrate
homolog

Partial
reference

BBP1 Nuclear membrane
at SPB

SPB duplication,
structural component

23

CDC31 Halfbridge SPB duplication Centrin 3, 2
and 1

16, 89, 90

CMD1 Inner plaque Nuclear MTs,
structural component

Calmodulin
2, 1 and 3

24, 32, 33

CNM67 Outer plaque, satellite Cytoplasmic MTs,
structural component

15, 34

KAR1 Halfbridge SPB duplication 17, 47, 48

MPS1 SPB Protein kinase,
SPB duplication

hMPS1,
mMPS1,
xMPS1

18, 26, 96, 97

MPS2 Nuclear membrane
at SPB

SPB duplication 18, 23, 43

MPS3 Halfbridge SPB duplication 19

NDC1 Nuclear membrane
at SPB, nuclear pore

SPB duplication 44, 92

NUD1 Outer plaque, satellite Cytoplasmic MTs,
structural component

Centriolin 8, 35, 36

SFI1 Halfbridge SPB duplication hSfi1 13

SPC29 Inner plaque, satellite SPB duplication,
structural component

8, 28

SPC42 Central plaque,
satellite

SPB duplication,
structural component

6, 25, 26

SPC72 Outer plaque and
halfbridge

Cytoplasmic MTs,
structural component

71, 73

SPC97 Gamma-tubulin
complex

MT nucleation and
SPB duplication

TUBGCP2 22, 30, 59, 62

SPC98 Gamma-tubulin
complex

MT nucleation TUBGCP3 21, 22, 30,
61, 62

SPC110 Inner plaque MT nucleation Kendrin 11, 31–33

STU2 Outer plaque,
microtubules

Cytoplasmic MTs XMAP215 20, 37, 38, 42

TUB4 Gamma-tubulin
complex

MT nucleation TUBG1,2 14, 30, 57, 58



gamy (i. e. Kar1p, [17]), microtubule organization (i. e. Mps1p and Mps2p, [18]), or
incorporation of GFP-tagged SPB components into SPBs (i. e. Mps3p, [19]). In
addition, the use of genes encoding SPB components in two-hybrid screens
(i. e. Spc72p, [20]) and the use of mutant alleles of these genes in suppressor or
enhancer screens (i. e. Spc98p, [21]; Spc97p and Spc98p, [22]; Bbp1p, [23]) have
also contributed components. Finally, studies examining genes with no apparent
connection to the SPB have also uncovered components (i. e. Cmd1p, [24]).
Table 4.1 includes the list of core SPB components that are found in either the
layers of the SPB or in the adjacent half bridge.

4.2.1
The Central Plaque

The SPB can be viewed as being built around a crystalline array of the Spc42p pro-
tein in the central plaque region (Figure 4.2). Spc42p is a coiled coil protein that
exists as dimers and forms an extended plaque when the protein is overexpressed
in yeast cells [25]. Structural analysis of these isolated extended plaques (we call
them “superplaques”, [26]) by cryo-EM [6] revealed hexagonal crystalline packing
of Spc42p; interestingly, electron tomography of intact SPBs in situ also suggests
the presence of the Spc42p crystalline array [7]. Beyond the presumptive role of
the coiled coil domains in assembly, the Spc42p protein must also be phosphory-
lated properly [8, 26]. Coiled coil domains are common in SPB and centrosomal
components (see also Chapter 7). These domains have been shown to be protein
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Figure 4.2 Yeast Spindle Pole
Body. Shown here is a sche-
matic of the organization of
most of the components de-
scribed in Table 4.1 (see Color
Plates page XXIV.



interaction motifs and are found where a rigid structure is needed (reviewed in
[27]). In fact, the SPB can be viewed as layers of coiled coil proteins, one on top
of the next. In order to build a model for the SPB, it has been important to under-
stand the orientation of each of the proteins in the organelle and to identify their
binding partners. This has been accomplished largely through identifying binding
partners by two hybrid and co-immunoprecipitation tactics and then mapping the
interacting domains. This data has been used to infer how the organelle is orga-
nized and a model is presented in Figure 4.2. The validity of this model is being
tested using fluorescence resonance energy transfer (FRET). These analyses utilize
strains in which various SPB components are tagged with the GFP variants, yellow
fluorescent protein (YFP) and cyan fluorescent protein (CFP); these differentially-
tagged molecules will generate a FRET signal when they are in close proximity (as
discussed in [19]).

4.2.2
The Inner Plaque

From the Spc42p array working towards the nucleus, there are the proteins Spc29p
and Spc110p, both of which bind to the N-terminus of Spc42p indicating that the
N-terminus of Spc42p points towards the nucleus and the C-terminus points to-
ward the cytoplasm [8, 28]. Spc29p binds Spc42p and Spc110p, as well as other pro-
teins discussed later, indicating that it holds these two coiled coil proteins together
[28]. Spc110p binds Spc42p via its C-terminus, and this is probably indirectly via
Spc29p binding [8]. The C-terminus of Spc110p also binds Cmd1p (calmodulin),
but at a site different from that on Spc110p which binds Spc29p [29]. At its N-ter-
minus, Spc110p binds the g-tubulin complex, composed of Tub4p (g-tubulin),
Spc97p and Spc98p (discussed in detail below), via direct binding of Spc98p [22,
30]. This complex is responsible for microtubule nucleation and forms the inner
plaque or the nuclear face of the SPB. The connection between the central plaque
and the inner plaque formed by Spc110p encouraged the idea that this protein
formed a strut that set the distance between these two plaques. This idea was pro-
ven true in a series of elegant experiments in which John Kilmartin lengthened or
shortened the central coiled coil domain of Spc110p by gene engineering [31].
Using the assumption that this domain existed as an elongated structure, he
could predict the change in distance that would result between the central and
inner plaque, which was found to be accurate by EM analysis of the resultant
SPBs. Spc110p is the sole length-determining strut holding the g-tubulin complex
onto the nuclear face of the SPB, and this observation has been informative in un-
derstanding the function of the human kendrin that also binds calmodulin and is
thought to be in the pericentriolar material associating with g-tubulin complexes
[32, 33].
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4.2.3
The Outer Plaque

The outer plaque is more complex, because more proteins are involved and impor-
tant signaling functions occur here. From the Spc42p array working towards the
cytoplasm, the organization is such that the C-terminus of Spc42p binds to the
C-terminus of Cnm67p [8, 34]. Like the spacer function of Spc110p in the inner
plaque, Cnm67p shows a similar function in the outer plaque, as described
using engineered versions of the gene [34]. Next, the N-terminus of Cnm67p
binds to the C-terminus of Nud1p [28]. Nud1p is the protein with which compo-
nents of the mitotic exit pathway (MEN) associate as they coordinate the comple-
tion of mitosis and cytokinesis (discussed later), and a Nud1p domain appears to
be conserved in a vertebrate ortholog, centriolin, that is found at centrosomes
[35]. After this, Nud1p binds to Spc72p, preferentially to the phosphorylated
form of Spc72p [36]. Lastly, the g-tubulin complex of the inner plaque has the
same composition as that found on the outer plaque, but on the outer plaque
the g-tubulin complexes bind to Spc72p, instead of Spc110p.
Another Spc72p binding partner is Stu2p [20]. Stu2p seems to have several func-

tions, as mutations in this protein leads to fewer and less dynamic cytoplasmic
microtubules, cell cycle arrest and failure to elongate the mitotic spindle [37, 38].
Although the exact function of Stu2p at SPBs is not fully understood, recent
studies point to a role in microtubule plus-end destablization [37, 39]. There is a
Stu2p-related family of proteins in vertebrates, XMAP215-like, that bind centrioles
via an interaction with Spc72p-related proteins called transforming acidic coiled
coils (TACCs) [40–42]. Overall, the major components of the entire SPB from g-tu-
bulin complexes of the inner plaque in the nucleus to the g-tubulin complexes of
the outer plaque in the cytoplasm are known and much regarding their arrange-
ment and interactions has been elucidated.

4.2.4
Nuclear Membrane Factors

The multiple layers of the spindle pole body span the nuclear envelope resulting in
access to both the nucleoplasm and cytoplasm. This is achieved by placing the
spindle pole body in a fenestra in the nuclear envelope similar to nuclear pore com-
plexes [5]. Recent electron tomographic analysis of SPBs revealed a “hook like”
structure that may anchor the SPB in the nuclear envelope [7]. There are two
known membrane proteins in the SPB, Mps2p and Ndc1p, that are thought to an-
chor the SPBs in the nuclear envelope [43, 44]. Mps2p has a single transmem-
brane-spanning segment and binds Bbp1p [23]. In turn, Bbp1p binds Spc29p of
the central plaque providing a link from the membrane to the central plaque of
the SPB [23]. Ndc1p has multiple transmembrane segments, but it is unknown
with which other SPB components it interacts. The S. pombe ortholog of Ndc1p
is Cut11, which has also been shown to localize at SPBs. In cut11 mutants, the
SPBs are observed in the nucleoplasm, suggesting that they are unable to interact
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at the nuclear envelope fenestra [45]. In addition, expression of budding yeast
NDC1 in S. pombe cut11 mutant strains leads to a partial rescue of this phenotype
[45]. Both Cut11 and Ndc1p are also found at nuclear pore complexes and may be
involved in anchoring these organelles in the nuclear envelope similar, to their
function at the SPB.

4.2.5
The Halfbridge

Longitudinal sections through the SPB reveal a darkly staining (indicating protein)
segment of the nuclear envelope on one side of the SPB called the halfbridge
(Figure 4.1a). When viewed en face, the SPB is not completely round; the halfbridge
interacts with the SPB along a straight edge in the otherwise round SPB [5]. The
halfbridge is critical to SPB assembly and becomes a further modified “full bridge”
during the assembly of new SPBs (discussed below). Four proteins are known to be
in a complex at the halfbridge: Cdc31p, Kar1p, Mps3p and Sfi1p. CDC31 is the cen-
trin homolog in budding yeast and encodes a small calcium binding protein [46].
Centrin is widely conserved among eukaryotes. Cdc31p binds two different mem-
brane proteins, Kar1p and Mps3p [19, 47, 48] and one internal repeat protein Sfi1p
[13]. Both Kar1p and Mps3p have single transmembrane-spanning domains and
may form a trimeric complex with Cdc31p [19]. Sfi1p binds multiple Cdc31p mo-
lecules at its repeat domains and is also conserved in humans [13]. These proteins
are the only proteins found thus far at the halfbridge; however, there may be other
components, particularly on the nuclear side of the halfbridge.

4.2.6
Structure Summary

There are a few additional proteins that have been localized to SPBs, but their exact
location in the organelle has not been determined. Notable is the Mps1p protein
kinase that is required during SPB duplication (see below). The kinase has been
localized to SPBs, and it has been shown to bind Spc42p [26]. The binding to
Spc42p could be in a cytoplasmic pool that has not yet assembled, and/or it
could be in the SPB. Mps1p levels are very low in the cell, and it is expected
that it would be a low stoichiometry component of the SPB. There may be similar
proteins that have yet to be characterized (i. e. Spc105p, [12]).
Although the SPB is presented as a static structure of interlocked coiled coil pro-

teins that make a large structure viewable in the EM, it is a dynamic organelle [49].
Adams and Kilmartin have reported that the size of the SPB changes during the
cell cycle (reviewed in [50]). Furthermore, SPBs can incorporate ectopically ex-
pressed, GFP-tagged SPB components indicating some level of turnover of compo-
nents [19]. The dynamic nature of the SPB has been studied carefully in strains in
which Spc110p was tagged with GFP and fluorescence recovery after photobleach-
ing (FRAP) was used to look at the rate of its recovery at the SPB [49]. About a 50%
exchange of Spc110p occurs during G1/S, a stabilization follows during G2 (no ex-
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exchange of Spc110p occurs during G1/S, a stabilization follows during G2 (no ex-
change), and more incorporation of Spc110p takes place during G2/M (no ex-
change). These data suggest that SPB assembly/duplication should be described
in terms of growth and exchange of components, rather than in terms of conser-
vative or dispersive assembly [49]. It may not be surprising that component turn-
over occurs. SPBs are absolutely essential for the cell, yet there is no report of
their de novo formation as has been reported for centrioles in centrosomes [51].
The collective data in the field indicate that all SPBs are formed from existing
ones as discussed below and that SPBs need to be maintained, which could include
repairing damage. Component turnover in SPBs may serve both to affect the func-
tion of the organelle and to maintain its integrity.

4.3
Microtubule Nucleation

The most significant function of SPBs, like other spindle pole organelles, is the nu-
cleation and organization of microtubules. Microtubules in budding yeast make up
the structural framework of mitotic and meiotic spindles, whose role it is to move
chromosomes during mitosis and meiosis [52], and to position the nucleus [53, 54].
The widely conserved g-tubulin complex is responsible for the nucleation of micro-
tubules from a/b tubulin dimers.
g-Tubulin was discovered in Aspergillus nidulans [55, 56], and is a member of the

tubulin superfamily, which is discussed in detail elsewhere in this volume (see
Chapters 2 and 5). TUB4, the budding yeast gene that encodes g-tubulin, was
found in the genome project, and several groups have shown by genetic analysis
that g-tubulin is needed for microtubule nucleation [14, 57, 58]. Tub4p forms a
stable 6S complex with two other proteins: Spc98p and Spc97p [21, 30, 59]. Each
complex contains one molecule of Spc97p, one molecule of Spc98p and two or
more molecules of Tub4p. A reconstituted g-tubulin complex using recombinant
proteins with the addition of several other recombinant SPB components exhibits
limited ability to nucleate microtubules in vitro [60]. The 6S g-tubulin complex is
similar to complexes reported in other organisms, and the g-tubulin binding pro-
teins have been conserved and include vertebrate forms of Spc98p (HsSPC98 or
hGCP3; [61, 62]) and Spc97p (hGCP2, [62]). In other systems, a larger complex,
the g-TURC with a diameter of 25 nm and a sediment coefficient of 26–32 S
has been identified [63], but this complex does not seem to exist in yeast. Genetic
analysis in yeast has shown that the proteins encoded by SPC97 and SPC98 both
function in microtubule organization, but their specific roles, if any, in microtu-
bule nucleation is not known.
S. cerevisiae exhibits a closed mitosis, with the SPB embedded in the nuclear

envelope for the entire life cycle of these cells [64]. Because of its unique location,
the SPB is capable of nucleating two subsets of microtubules: one in the cytoplasm
and one in the nucleoplasm. As discussed before, the organelle has different tether-
ing molecules for these two sets of microtubules. Spc98p and Spc97p of the g-tu-
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bulin complex bind a protein of the inner plaque, Spc110p [30]. Specifically,
Spc110p binds Spc98p more directly and Spc97p binding is dependent on
Spc98p [22]. Similar to the components of the g-tubulin complex, Spc110p is con-
served and its ortholog, pericentrin/kendrin, is found at the pericentriolar material
of centrosomes where it binds g-tubulin complexes by its N-terminal region [22, 33,
65]. Mutations in SPC110 or CMD1 (which encodes a binding partner of Spc110p)
cause defects in microtubule attachment and SPB structure [66, 67]. Spc110p is a
phosphoprotein in vivo, and it is a substrate of the Mps1p kinase [68] and likely of
the Cdc28p kinase [69], the major CDK in yeast. Proper Spc110p modification
appears to enhance binding of the g-tubulin kinase complex. Interestingly,
Spc98p is also a phosphoprotein, and this modification is dependent on both the
cell cycle and the Mps1p kinase [70]. Although g-tubulin complexes are found
on both faces of the SPB, phospho-Spc98p appears to be limited to the nuclear
face [70].
Cytoplasmic microtubules are nucleated from sites both on the outer plaque of

the SPB and from the bridge during SPB duplication. g-Tubulin complexes are
tethered via Spc72p to either the outer plaque, by Spc72p binding to Cnm67p,
or to the halfbridge by Spc72p binding to the N-terminus of the halfbridge compo-
nent Kar1p [71, 72]. Mutations in SPC72 result in defects in spindle elongation,
cytoplasmic microtubule organization and nuclear migration [71], as expected for
defects in tethering of cytoplasmic microtubules. Spc72p and Cnm67p are not es-
sential individually in some strain backgrounds, presumably because the other
gene will supply sufficient cytoplasmic microtubules [15, 73, 74]; in fact, the double
mutation is lethal [74]. Spc72p localization changes in a cell cycle-dependent man-
ner, as does the phosphorylation pattern of Spc72p [8, 72]. It is likely that unpho-
sphorylated Spc72p binds Kar1p in G1 and phosphorylated Spc72p binds Nud1p in
S/G2 and M [36]. Spc72p plays only a minor role during vegetative growth; this
localization and therefore recruitment of the g-tubulin complex becomes essential
during karyogamy [72]. The Tub4p binding domain on Spc72p has been mapped to
the N-terminal 176 amino acids [71].
Finally, microtubule nucleation capacity is regulated on centrosomes, with nu-

cleation capacity increasing during “maturation” in preparation for mitosis (see
Chapters 8–10). The number of MTs nucleated by the SPB appears to be limited
by the size of the SPB, on which the MTs are packed tightly on the nuclear face
[7], and does not appear to change much during the cell cycle. The SPB does in-
crease in size with ploidy as a result of fusion of SPBs during karyogamy, and
the larger SPBs appear to accommodate the increased number of MTs necessary
to capture the additional chromosomes during mitosis. There also appears to be
regulation of the g-tubulin complex by post-translational modification. SPC97 is
not controlled transcriptionally, but SPC98 is repressed during stationary growth
[75]. TUB4, on the other hand, is controlled transcriptionally throughout the cell
cycle and is likely elevated after the G1/S transition [14]. Post-translational modifi-
cation of Spc98p is discussed above, and a study by Vogel and Snyder [76] shows
that the carboxy terminus of Tub4p is important for the re-organization of existing
microtubules and the movement of the spindle into the bud. Tub4p also has been
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shown to be modified as part of its nucleation function [77]. Tub4p is a phospho-
protein in vivo and is phosphorylated at a C-terminal tyrosine; this phosphorylation
seems to be most prominent in G1 of the cell cycle and is absent during mitosis.
Phosphorylation of Tub4p at Tyr445 seems to be an important in vivo modification,
as mutation of this residue caused a defect in the kinetics of microtubule dynamics
and in their organization [77]. The mechanism by which Tub4p affects MT
dynamics is not clear, particularly since yeast does not appear to have minus-end
flux that would likely be controlled by g-tubulin [78].

4.4
Assembly/Duplication of SPBs and Centrosomes

Two very important duplication events which occur once and only once each cell
cycle, are the duplication of DNA and the duplication of the centrosome. The fide-
lity of these events ensures that each daughter cell receives exactly one copy of the
duplicated genome. Regulation of centrosome duplication must be stringent, as
failure of this event may result in either monopolar or multipolar spindles and
aneuploid cells; both phenomena have been observed in several types of human
cancer and other diseases (see Chapters 16–18). Finally, even though the yeast
SPB and the vertebrate centrosome are structurally different, many of the compo-
nents are conserved, and the manner by which they duplicate during each cell cycle
is comparable (reviewed in [50]).

4.4.1
Electron Microscopic Description of Duplication

SPB duplication in budding yeast was first described, using electron microscopic
techniques, as three discernible steps [3]. Early in G1, each cell starts out with
one SPB and its associated halfbridge structure (Figure 4.3a). The first step of du-
plication is elongation of the halfbridge structure and the appearance of electron-
dense material on the distal, cytoplasmic face of the halfbridge (Figure 4.3b). This
material, called the satellite, is thought to be the nascent SPB and is composed of
Spc42p, Spc29p, Nud1p and Cnm67p [8]. Spc42p, a central plaque component, and
Spc29p, an inner plaque component that binds Spc42p, are both required for SPB
duplication. Cnm67p and Nud1p are both outer plaque proteins that have not been
shown to be required in duplication, but such a function could be masked by their
cytoplasmic microtubule function [15, 8]. The placement of the satellite at the
distal, cytoplasmic site on the halfbridge is consistent, but it is not known what
specifies this assembly site. Sfi1p was reported recently to be localized at this
site of satellite formation [13].
Second, a “duplication plaque” has been identified recently (Figure 4.3c), and is

described as an intermediate between the satellite-bearing SPB and duplicated
side-by-side SPBs. The duplication plaque is an expanded satellite that resembles
the layered appearance of the SPB, and it can nucleate cytoplasmic microtu-
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bules [8], dependent on recruitment of components of the outer plaque, includ-
ing Spc72p and the g-tubulin complex (Spc97p, Spc98p and Tub4p). The dupli-
cation plaque appears to be the structure that is inserted into a pore in the
nuclear envelope that may be formed by the fusion of the ends of the half-
bridge and retraction of the halfbridge lipid bilayers [8, 50]. The third step re-
vealed by Byers and Goetsch [3] was the duplicated side-by-side SPBs that are at-
tached to each other by the complete bridge (Figure 4.3d). Later, these two dupli-
cated SPBs will separate and move to opposite ends of the nucleus to form the
bipolar spindle (not shown), each taking with them a halfbridge structure. While
the mechanism of bridge scission is unknown, it is known that kinesin-like
motor proteins and Cdc28p, with B-type cyclin, activity is required for the separa-
tion event [79–81].
There are obvious similarities between SPB duplication and the duplication of

centrioles in centrosomes. In both cases, there is an existing organelle on which
a new organelle is assembled at a specific site, either the formation of the satellite
on the halfbridge or the formation of the procentriole at the base of the centriole
that continues to lengthen and mature by acquiring modifications (i. e. distal and
subdistal appendages) [82, 83]. A review by Adams and Kilmartin [50] offers a more
extensive comparison of these processes. Both processes appear to be conservative,
in which a new SPB organelle or centriole is made adjacent to an existing structure
[84], but the analysis of Spc110p turnover indicates the duplication involves signif-
icant subunit turnover in the existing SPB [49]. Furthermore, both duplication
events are close to the G1/S boundary, with both processes starting in G1 (satellite
formation and centriole separation).
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Figure 4.3 SPB and centrosome dupli-
cation cycles. Both processes start with
(a) single organelles at the beginning of
the cell cycle. First, (b) each undergoes
the initial step of satellite formation and
centriole splitting, respectively. Second,
(c) both duplication intermediates con-
tinue to mature, and third, (d) fully dupli-
cated organelles result. The newly as-
sembled yeast SPB is inserted into the
nuclear envelope, and the new centrioles
have achieved full size.



4.4.2
Cell Cycle Regulation of Duplication

Both SPB duplication and centrosome duplication are under the control of CDK
kinases. The role of CDK2/cyclin A or E in centrosome duplication is treated else-
where in this volume (see Chapter 9). In yeast, the SPB cycle is under the control
of the cyclin-dependent kinase Cdc28p, together with an activating cyclin (Cln and
Clb proteins) [85]. Cdc28p appears to play a role both in promoting SPB duplica-
tion and preventing reduplication of this organelle. Specifically in G1, the activity
of Cln1, 2, and 3p are necessary for the initiation of SPB duplication. Low Cdc28p
activity, from mutant phenotypes or mating factor treatment, leads to a satellite
bearing SPB indicating that Cdc28p is needed to proceed beyond this step [4]. Dur-
ing S and G2/M, when the SPBs are maturing and moving apart to form the bi-
polar spindle, the activity of Clb5, 6 is necessary. The activity of the mitotic cyclins,
Clb1–4, seems to be necessary to prevent reduplication [85]. Lastly, as cells exit
mitosis, undergo cytokinesis and segregate both DNA and a single SPB into
each daughter cell, Clb1–4 activity needs to be low, as this is thought to “license”
the SPB to be able to duplicate in the next cell cycle [85].

4.4.3
Genetic Analysis of Duplication

Genetic analysis of SPB duplication has identified a number of genes required for
the duplication of this organelle. All of the genes are essential and are studied pri-
marily using conditional alleles. The duplication genes have been identified in ge-
netic screens (i. e. [18, 19]) or in the course of the analysis of genes encoding com-
ponents of the SPB (i. e. [23, 25]). The general phenotype of cells harboring these
mutations is a mitotic arrest with a monopolar spindle instead of the normal bipo-
lar spindle. This phenotype was first recognized for cdc31-1 [16] and indicates that
cells will proceed into the cell cycle growing a bud and replicating chromosomes in
the absence of SPB duplication. The mutant cells arrest in mitosis, because mono-
polar spindles cannot capture chromosomes correctly and the spindle assembly
checkpoint is activated [86]. The cells can eventually exit the arrest (i. e.[87, 88]),
but how this happens is not understood. Finally, the observation that aberrant
microtubule arrays seen in these mutants arise from a single, unduplicated SPB
revealed that these SPBs exhibit different morphologies in different mutant strains
(e. g. [18]). These different morphologies indicate that the genes act at different
steps in SPB duplication, an interpretation that has been supported by execu-
tion-point experiments and epistasis tests (e. g. [18]). Such work has led to the iden-
tification of genes required for each of the steps of SPB duplication that had been
identified previously by EM analysis.
As mentioned above, CDC31 was the first gene known to be required for SPB

duplication in yeast. The single SPB in cdc31 mutants was observed to have little
or no bridge structure, suggesting that Cdc31p is necessary for forming or main-
taining the bridge and, therefore, would be required early in SPB duplication. In-
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deed, execution-point experiments showed that Cdc31p is not required after the for-
mation of the satellite [18]. Furthermore, Cdc31p is found at the halfbridge [89].
Importantly, CDC31 encodes the yeast homolog of centrin. Centrins are small, con-
served calcium binding proteins that are found at MTOCs and are involved in the
duplication of centrioles [90] and basal bodies [91]. Cdc31p is not a membrane pro-
tein, yet it is associated with the halfbridge. Cdc31p is tethered to the halfbridge by
the membrane proteins Kar1p and Mps3p. Furthermore, Kar1p interacts with
Mps3p indicating that there is a complex of these two proteins that binds
Cdc31p. Another halfbridge binding partner, Sfi1p, has been discovered quite
recently [13]. Much like those with cdc31 mutations, cells containing tempera-
ture-sensitive mutations in KAR1, MPS3, and SFI1 fail in SPB duplication at the
restrictive temperature and have unduplicated SPBs with little or no halfbridge.
How these proteins in various complexes act to initiate SPB duplication leading
to the formation of the satellite is unknown, but is likely to be conserved in that
centrin is required for the duplication of SPBs, centrioles and basal bodies. More-
over, Sfi1p is widely conserved [13].
Analysis of the SPB components Spc42p and Spc29p reveals that the two genes

responsible for these components are also required for SPB duplication. These pro-
teins are required after formation of the satellite, because when strains mutant in
either gene are released from mating factor arrest (after satellite formation) at the
restrictive temperature, they still fail in SPB duplication [25, 28]. These findings are
well explained by the discovery that both these proteins are components of the sa-
tellite, and would be added to the satellite as the duplication plaque is formed. In-
terestingly, overexpression of Spc42p leads to a large lateral expansion of the cen-
tral plaque that has been used for structural analysis and as the basis of assembly
assays [25]. The protein kinase Mps1p, discussed further below, is also required for
the maturation of the satellite, and its activity is required for proper assembly of
Spc42p, most likely because Spc42p is a substrate of Mps1p [26]. The other satellite
components Cnm67p and Nud1p have other cellular functions which complicate
experiments to determine if they have roles in SPB duplication [15, 8].
The final step in SPB duplication, identified by mutation, is the insertion of the

nascent SPB, or duplication plaque, into a pore in the nuclear envelope. Mutants in
two membrane proteins of the nuclear envelope, Mps2p and Ndc1p, appear to fail
in this step, giving rise to an unusual phenotype [18, 92]. In these mutants, two
SPB-like organelles are observed, but only one of them has normal nuclear micro-
tubules and is associated with the chromatin. The other SPB is on the cytoplasmic
side of the nuclear envelope and only has microtubules in the cytoplasm, which
will serve to move this defective SPB away from the other SPB. As it is moved,
the defective SPB will only bring along the nuclear envelope but not the chromo-
somes. The defective SPB in these mutants appears to be quite similar to a dupli-
cation plaque that has not been inserted into the nuclear envelope. It is not known
how these proteins function, but Mps2p is known to bind Bbp1p [23]. Mutations in
BBP1 have a similar phenotype to those of MPS2 and NDC1 mutants, suggesting
that Bbp1p participates in the insertion event. Furthermore, Bbp1p binds Spc29p,
suggesting a role for anchoring the SPB in the nuclear envelope [23]. Upon inser-
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tion into the pore in the nuclear envelope, the new SPB has access to components
present in the nucleoplasm and can thus form the inner plaque. As mentioned,
components of the inner plaque include Spc110p and its binding partner calmodu-
lin which, in turn, bind the g-tubulin complex (Spc97/98p and Tub4p). Mutations
in genes encoding these components can show defects in the inner plaque or its
complete absence [57, 66]. Completion of the inner plaque marks the completion
of SPB duplication, resulting in duplicated side-by-side SPBs (Figure 4.3d).
Critical for SPB duplication is the Mps1p protein kinase. Mps1p is found at

both SPBs and kinetochores, where it functions in both SPB duplication and in
the spindle assembly checkpoint [18, 26, 86, 93]. The original allele of MPS1,
mps1-1, exhibits unduplicated SPBs with a large halfbridge, indicating that the sa-
tellite was not formed or was not functional for duplication [18]. Execution-point
experiments revealed that Mps1p is required upon release from mating factor ar-
rest and the likely substrate for this requirement may be Spc42p, an Mps1p bind-
ing partner and in vitro substrate [26]. Further analysis of MPS1 led to the identi-
fication of additional mutant alleles that appear to be defective earlier in SPB du-
plication similar to CDC31/KAR1/MPS3 mutants (mps1–8, [26]) or later in dupli-
cation similar to NDC1/MPS2/BBP1 mutants (mps1–737, [94]). These findings in-
dicate that Mps1p is required at all known steps of SPB duplication either because
it has multiple substrates and/or some substrate(s) needs multiple phosphorylation
events to act at all steps during duplication. No other regulator of SPB duplication
behaves this way. Mps1p protein kinase is conserved, and vertebrate orthologs have
been shown to be involved in the spindle assembly checkpoint [95–97]. Localiza-
tion of Mps1 at centrosomes [96, 98, 99] and Mps1 control of centrosome duplica-
tion [98, 99] has been controversial [97].
Several other important regulators of SPB duplication have been identified and

include the proteosome subunit Pcs1p [100], the ubiquitin-like proteins Rad23p
and Dsk2p [101], the chaperone Cdc37p [102] and the heat shock transcription fac-
tor Hsf1p [103]. Which steps in duplication require these genes are not known, but
it is clear that a diverse collection of protein activities is required for SPB duplica-
tion. In many cases, the vertebrate orthologs of genes required for SPB duplication
are clearly required for centrosome duplication. More detailed analysis of SPB
duplication will yield insights into the control of this process, which will also
shed light on the control of centrosome duplication.

4.5
Signaling Platform

In addition to their well-characterized role in organizing the bipolar spindle during
mitosis, spindle pole organelles have more recently been implicated as having a
role in mitotic exit, cytokinesis, progression into S phase and possibly in commit-
ment to enter mitosis. The common theme for the role of the spindle pole orga-
nelle in these processes is that the organelles function as a scaffold for the signal-
ing molecules in the given pathway.
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The best characterized example of this scaffolding function of the budding yeast
SPB is for the signaling molecules of the mitotic exit network (MEN). The most
important role for the MEN is the destruction of B-type cyclins and the decrease
of cyclin–CDK activity, which allows the cells to exit mitosis and undergo cytokin-
esis. The major MEN-regulated event responsible for CDK inhibition is release into
the cytoplasm of the Cdc14p phosphatase from its inhibitory binding partner
Net1p/Cfi1p in the nucleous [104]. In order to release Cdc14p from the nucleolus,
the cell must align its mitotic spindle appropriately so that one SPB (the older one)
is directed toward the bud and the other is directed back into the mother cell [105].
Several MEN components localize preferentially to the cytoplasmic side of the old
SPB. A clever experiment using strains harboring a red fluorescent protein (RFP)-
tagged Spc42p has shown that the old SPB preferentially goes to the daughter cell
[104]. On this old SPB is found the GTPase Tem1p and the GAP complex consist-
ing of the Bub2p/Bfa1p complex. This Bub2p/Bfa1p/Tem1p complex is tethered to
the SPB via interactions with Nud1p. Nud1p is also responsible for the correct lo-
calization of the MEN components Mob1p/Dbf2p and Cdc14p to the SPB. Initially,
Tem1p localizes to the older SPB in its inactive GDP-bound state. When the nu-
cleus is moved to the bud neck between the mother and bud, Tem1p has access
to its activating GEF Lte1p, which transforms it into the active GTP-bound state.
Lte1p is spatially limited to the bud and, therefore, will only act on Tem1p as
the SPB crosses into the bud. Activated Tem1p then acts through the protein
kinases Cdc15p and the Dbf2p-Mob1p complex. Another MEN pathway compo-
nent Cdc5p (the budding yeast polo kinase) is found at the SPB and has been
shown to promote Dbf2p kinase activity and to activate Bub2p/Bfa1p. Once in
the cytoplasm, Cdc14p acts directly to stabilize Sic1p (a CDK inhibitor), indirectly
to increase levels of Sic1p (by stabilizing the Swi5p transcription factor), and
directly to allow Cdh1p/Hct1p to bind and activate the APC to destroy B-type
cyclins (reviewed in [106]).
An analogous pathway to the MEN may exist in vertebrates. Among the known

mammalian orthologs of proteins in the MEN pathway are proteins with signifi-
cant orthology to Cdc14p called hCdc14A and hCdc14B [107, 108]. Recently,
hCdc14B was shown to localize to the nucleolus, whereas hCdc14A localizes to
interphase centrosomes [108, 109]. Studies with hCdc14A also show a role in
centrosome structure, mitotic spindle organization, chromosome segregation,
karyokinesis, cytokinesis [108, 109], and activation of APC (via dephosphorylation
of Cdh1p subunit, [107]). In addition to the Cdc14p ortholog in mammalian
cells, there are similar proteins to Dbf2p and Mob1p in humans [110–112].
Although these orthologs have been identified, their molecular functions are un-
known. In addition, a possible ortholog for the Bfa1p/Bub2p GAP complex has
been found and is known as GAPCenA (GAP centrosome associated, [113]).
Next, polo kinase family members (Cdc5p in budding yeast) have been known
for some time to be localized to centrosomes or SPBs, where they have roles in
maturation and in signaling (see Chapters 8 and 9). Similar to the MEN function
of Cdc5p, the polo kinase in Xenopus laevis known as Plx1, is required for M-phase
exit in egg extracts [114]. Lastly, a novel centriolar protein called centriolin has been
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described to have a Nud1p-like domain, and a defect in this protein points to a
function in both cytokinesis and cell cycle progression [35]. Even though a com-
plete analogous MEN pathway is not yet clear in higher eukaryotes, it has been
shown that spindle misalignment in mammalian cells does delay cell cycle pro-
gression [115].
Like the yeast SPBs, centrosomes, or perhaps components associated with these

organelles, have a role in cytokinesis as well. To illustrate this, removal of centro-
somes [116, 117] results in cytokinesis failure and the cells remain binucleate or
attached by an intercellular bridge. Consistent with a role for centrosomes in cyto-
kinesis, live-cell imaging shows that the maternal centriole moves to the site of the
intercellular bridge just before the bridge narrows and the microtubules depoly-
merize [118].
Fission yeast have a signaling pathway called the septation initiation network

(SIN; analogous to MEN) wherein the importance of SPB localization of the signal-
ing molecules was first recognized (reviewed in [106]). It has been shown that the
Cdc14p ortholog in the SIN (Clp1/Flp1) can regulate CDK activity, as well as
having a less well understood role in cytokinesis. Like in the MEN, Clp1/Flp1 is
localized to SPBs and the nucleolus; however, it is released earlier in mitosis
than in the MEN, and the SIN functions to maintain its localization out of the
nucleolus. Unlike the MEN, the SIN is only responsible for cytokinesis/septation
and not mitotic exit. The SIN is composed of the following components: Spg1
(GTPase), Cdc16-Byr4 (GAP complex), and protein kinases (Cdc7, Sid1, Sid2 and
Plo1). Like in the MEN, Spg1 localizes to SPBs and is inhibited by Cdc16-Byr4.
Localization of these MEN components to the SPB relies on the SPB components
Sid4 and Cdc11. Once mitosis is initiated, the GAP complex leaves the SPBs and
the kinase Cdc7 (Cdc15p ortholog) is recruited; it is thought that the GAP pre-
sence at SPBs prevents Cdc7 recruitment [119, 120]. The protein kinase Sid1,
along with its associated factor Cdc14, localizes to the SPB once anaphase has
begun, and this localization correlates with late anaphase events such as the re-
duction in CDK activity [121]. Unlike the Sid1 kinase, the Sid2 kinase, along
with associated factor Mob1, localizes to SPBs throughout the cell cycle and re-
quires activation at the SPB (likely via Cdc7 and Sid1/Cdc14) to move to the site
of septation, the medial ring [122–125]. The polo kinase Plo1 is also required for
septation, and it is likely to fulfill its function before the SIN is initiated [126–128].
A new role for SPBs in mitotic commitment has recently come forth in studies

of S. pombe [129]. The progression into mitosis is regulated by the cyclin/Cdk
kinase complex (Cdc2/Cdc13) [130]. Cdk activity is regulated by the activating phos-
phatase Cdc25 and by the inhibiting Wee1 kinase. Once Cdk is activated, there is a
feedback loop that further activates Cdc25 and this is accomplished by phosphor-
ylation of Cdc25 by Cdk, other kinases [131–133] and perhaps polo kinase [129].
It appears that a fission yeast SPB component Cut12, which localizes to the cyto-
plasmic domain of the SPB [134], can bind and activate the polo kinase Plo1 during
mitotic commitment [129]. It will be interesting to see if this function is conserved
in other organisms since polo kinases are so widely distributed.
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The large number and variety of proteins found at centrosomes suggest that
these organelles may play a part in a number of signaling pathways.

4.6
Developmental Alteration of SPB Function

Centrosomes can be specialized for different functions. During the cell cycle there
is maturation in preparation for mitosis. Maternal and paternal centrosomes can
be selectively controlled during fertilization by association with the centromatrix
[135]. Centrosomes can be transformed to perform functions involving ciliary
growth and organization (e. g. centrioles interconverting to basal bodies, see Chap-
ters 1 and 5). Developmental specialization of spindle pole organelles can be stud-
ied in budding yeast, wherein the SPB acts in membrane organization. This work
may be relevant to the membrane association of centrosomes, particularly the
Golgi, as centrosomes may play a role in the organization of this organelle
(reviewed in [136]).
During meiosis in yeast, the SPB is duplicated twice. The first duplication event

gives rise to the poles of the meiosis I spindle, and the second duplication of the
two meiosis I SPBs gives rise to the four SPBs needed to form the two meiosis II
spindles. Both of the meiosis II spindles reside in the same nucleus that is parti-
tioned into the four spores after meiosis II [5]. The SPBs play a critical role in the
sporulation process after meiotic segregation. The outer plaque of the SPB changes
to a very dark-staining structure on which the prospore membrane begins to form.
The prospore membrane extends out from each of the SPBs and engulfs part of the
nucleus and the cytoplasm that will be included in the spore. The spore wall is
then assembled on the prospore membrane [2, 137–140]. This strategy appears
to ensure that four spores each include an SPB and the chromosomes that are
attached to it via the spindle microtubules.
The molecular basis of the specialized function of the meiosis II SPB has come

to light recently through the identification of the SPB components that are specific
to this special SPB. Some components were found by screening for genes that en-
coded predicted coiled coil proteins whose transcription increased during meiosis
[141–143]. The genes recovered were tested for SPB localization by tagging with
GFP and these were MPC54 and MPC70 (SPO21). Mpc54p and Mpc70p exhibit
physical interactions with the SPB components Nud1p, Spc42p and Cnm67p,
and localize only to meiotic SPBs [141]. During meiosis, SPBs contain the central
plaque proteins Spc42p and the outer plaque proteins Nud1p and Cnm67p. How-
ever, Spc72p is no longer at the SPB, and it is replaced by the meiotic plaque con-
taining the proteins Mpc54p and Mpc70p [141]. Mutants of either MPC54 or
MPC70 exhibit a normal progression through meiosis, but they are unable to spor-
ulate. More recently, Mpc54p and Mpc70p and additional components involved in
prospore membrane and ascus formation, Ady3p, Ady4p and Spo74p, have been
recovered in a deletion screen looking for genes with meiotic defects [144].
These were shown to localize to the SPB as well [145, 146].
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The relatively simple yeast cell offers the opportunity to look at the modification
of SPBs for specialized functions. It would be interesting if some of the molecules
involved in this process of prospore formation were conserved for similar mem-
brane management functions in other cell types. It remains to be seen in what
other ways the SPBs may be modified for specific functions or at specific points
in the organism’s life cycle.

4.7
Parting Thoughts

Early on in the study of the budding yeast SPB, it was not clear if this unusual
membrane embedded organelle would bear any resemblance to other MTOCs, par-
ticularly centrosomes, beyond their shared functions in microtubule nucleation.
The significant differences in morphology and the lack of centrioles in yeast cer-
tainly lent credence to the hypothesis that SPBs were unique in the realm of
MTOCs. In some respects, this is true. SPBs in yeast duplicate and function with-
out homologs of tubulin isoforms such as delta or epsilon, and without apparent
tubulin modification (both of which are present in vertebrate cells). Nonetheless,
it has been clearly demonstrated that SPBs use conserved molecules both for mi-
crotubule nucleation and as signaling platforms, as well as having conserved mo-
lecules regulating their duplication events. This conservation means that the ana-
lysis of yeast SPBs has made, and will continue to make, significant contributions
to the understanding of spindle pole organelles in general.
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5
Dissection of Basal Body and Centriole Function in the
Unicellular Green Alga Chlamydomonas reinhardtii

Susan K. Dutcher

5.1
Introduction

In 1702, Leeuwenhook recorded his observations of a unicellular green alga. “Their
bodies seemed to be composed of particles that represented an oval figure; and
therewithal they had two short thin instruments which stuck out a little way
from the round contour and wherewith they performed the motions of rolling
around and going forward”. These two instruments were clearly the two anteriorly
placed flagella of a unicellular green alga and these flagella have led many
researchers to study the alga, Chlamydomonas reinhardtii. At the base of the two
flagella are basal bodies, which were not visible with Leeuwenhook’s microscopes.
Later researchers provided clear evidence that the structures at the base of flagella
were similar to the centrioles, structures observed by Boveri near the nucleus and
at the poles of spindles [1]. With the advent of electron microscopy, the elaborate
structure of basal bodies and centrioles were revealed. Each of the structures is a
barrel of nine triplet microtubules with various additional appendages [2]. As a
starting point for this chapter, basal bodies refer to the structures that are present
at the base of cilia or flagella while centrioles refer to the structures that are present
near the nucleus or at the poles of spindles. Chlamydomonas has basal bodies dur-
ing interphase that are converted to centrioles at mitosis. Basal bodies are charac-
terized by the presence of a transition zone and are continuous with the flagellar
axoneme. Centrioles lack both the transition zone and flagellar axoneme and
instead are associated with the spindle poles.



5.2
Why Study a Green Alga to Learn about Centrioles and Basal Bodies?

Model organisms provide experimentally accessible conditions to study a biological
process shared by a larger group of organisms. In much the same way that Saccha-
romyces cerevisiae has provided understanding of the spindle pole body, Chlamydo-
monas has begun to provide information about the role of the basal body/centriole
through the analysis of mutations that disrupt basal body duplication and assembly
and perturb their cellular functions. Chlamydomonas is a unicellular green alga
with two anteriorly placed flagella. Its ellipsoidal cell body is about 10 mm in length
and the two flagella are about 10–12 mm long. Because it is normally haploid, mu-
tant phenotypes are easily identified. Conversely, recessive lethal mutations can be
propagated in diploid organisms. Meiotic progeny can be isolated to allow mapping
of mutant phenotypes to one of 17 linkage groups by conventional or physical mar-
kers. Chlamydomonas is easy to grow in the laboratory in either liquid or solid med-
ium and it has rapid mitotic (8 h) and meiotic (5 days) cycles. Moreover, the mo-
lecular genetic techniques of DNA transformation, insertional mutagenesis, and
RNA interference (RNAi) are straightforward. A draft of the sequence of the
Z 130-Mb genome has recently become available from DOE/JGI and the genome
has about 19000 predicted protein-coding genes. Because Chlamydomonas can be
grown in large quantities in simple liquid cultures, it is possible to isolate basal
bodies in quantities sufficient for biochemical analysis. This combination of prop-
erties has made it possible to use Chlamydomonas reinhardtii to identify proteins
and genes that affect basal body duplication and assembly as well as to begin to
understand the roles of basal bodies/centrioles in these cells.

5.3
Structure of the Basal Body and Centriole in Chlamydomonas

The basal body in Chlamydomonas is an elaborate organelle with a highly complex
morphology and many different associated fibers. To understand basal bodies and
centrioles, it is easiest to begin with a discussion of their structure. Electron micro-
scopy of Chlamydomonas by Ringo [3] and Johnson and Porter [4] provided the first
information about the structure and cellular localization of the basal body in Chla-
mydomonas. During interphase, the basal bodies are present at the anterior end of
the cell while the cup-shaped chloroplast resides at the posterior end of the cell
(Figure 5.1). The basal body and the associated transition zone are about 400 nm
in length (Figures 5.2 and 5.3). The morphology of the basal body evolves along the
proximal to distal length [5]. At the proximal end is a ring of amorphous electron-
dense material, which is less than 40 nm in length. Out of this darkly staining ma-
terial arise the nine, angled triplet microtubule blades. Each blade has an A, B, and
C microtubule or subfiber. The A subfiber is a complete microtubule with 13 pro-
tofilaments while the B and C subfibers are incomplete microtubules with only 11
protofilaments. At the proximal end, just above the amorphous material, the nine
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blades are connected by a central pinwheel structure. Although this structure was
first observed by Ringo [3], tomographic reconstruction of the basal bodies makes it
clear that each spoke of the pinwheel has a dense knob and is connected to the A
subfiber of the triplet microtubule [5]. The lumen for the next 200 nm contains
lightly staining, nebulous material with no obvious structure. At the distal end
of the basal body proper, transitional fibers radiate out from the triplet microtu-
bules with an attachment to all of the subfibers. The transitional fibers are quite
dynamic and change rapidly as sections progress up the basal body. The transition
fibers change from a triangular striated appearance to slender threads that become
Y-shaped. These Y-shaped fibers end on dense knobs that are inserted in the
plasma membrane (Figure 5.3). These dense knobs have been hypothesized to
be flagellar pores that allow entry of the flagellar axonemal proteins [6]. The
basal bodies, as defined by triplet microtubules, end just after the appearance of
the transitional fibers. The C subfiber ends and the structures that comprise the
transition zone begin. The transition zone has two stellate fiber arrays
(Figure 5.3). The first array appears as a nine-pointed star with the vertices cen-
tered on the A subfiber and contains a central hub formed of electron-dense trian-
gular points. A central amorphous disk that is only about 10–15 nm thick separates
the first stellate array from the second array. This amorphous disk, which can be
seen in longitudinal section, cannot be visualized in cross-section by conventional
electron microscopy because it is too shallow. The second stellate array also con-
sists of a nine-pointed star, but its hub is much more elaborate. The two arrays

735.3 Structure of the Basal Body and Centriole in Chlamydomonas

Figure 5.1 Light microscopy (A) and electron microscopy (B) images of Chlamydomonas rein-
hardtii. Panel A show a field of recently mated Chlamydomonas cells by differential interference
contrast (DIC) optics. The darkly staining spots are the eyespots. Each dikaryon has two eyespots,
one contributed by each parent and four flagella, two contributed by each parent. Scale bar, 5 mm.
(Reprinted with permission from Journal of Cell Science [18]). Panel B shows a thin section of a
Chlamydomonas cell. The flagella and the associated basal bodies are located at the top of the
image. The nucleus and its darkly staining nucleolus are labeled. The chloroplast encompasses
the majority of the cell volume. Scale bar, 0.5 mm.
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Figure 5.2 Selected tomographic slices from the proximal to the distal region of a wild-type
Chlamydomonas basal body complex. (A) One of the two basal bodies is shown in cross-section
(BB1) and the other basal body is shown in longitudinal view (BB2). The proximal base of BB1
consists of an amorphous, electron-dense ring and there is a nine-fold symmetrical pinwheel
structure in its center, indicated by an arrow. A two-membered rootlet microtubule (rMT) is
labeled. The proximal striated fiber (psf) connects the two mature basal bodies. (B) The pinwheel
structure is formed from three rings (arrow). Contractile vacuoles (CV) are seen in the vicinity of
the basal body complex. (C) Two probasal bodies (ProBB) lie adjacent to the mature basal bodies.
One of the four-membered rootlet microtubules (rMT) is present in the lower left quadrant. A fiber
connecting the BB2 to the rootlet microtubule is present and indicated by an arrow. (D) and (E)
The distal striated fiber (dsf) and rootlet microtubules (rMT) are indicated. (F) Transitional fibers
(tf) radiate out from the triplets at the distal end of the basal body. (Reprinted with permission of
Molecular Biology of the Cell [5]).

Figure 5.3 Selected tomographic slices from the transition zone of a wild-type Chlamydomonas
basal body. (A) Proximal region of the transition zone contains doublet microtubules and
Y-shaped connectors (arrows). (B) and (C) First stellate fiber array consists of a nine-pointed star
that contains a central hub formed from electron-dense triangular points. (D) A central, amor-
phous disk (arrow) replaces the first stellate fiber array. (E) A second stellate fiber array at the
distal end of the transition zone has nine-pointed star with an elaborate center. (F) A longitudinal
view of the two stellate fibers appears as an osmophilic H. The crossbar is the amorphous ma-
terial in panel D. Bar, 100 nm (Reprinted with permission of Molecular Biology of the Cell [5]).



are osmophilic and appear H-shaped in longitudinal sections (Figure 5.3). When
basal bodies become the centrioles at the poles of the mitotic spindle, the conver-
sion is associated with the loss of the transition zone. The centrioles in Chlamydo-
monas are composed of amorphous material and the pinwheel at the proximal end.
The molecular composition of these various substructures remains largely un-

known with a few exceptions. The Y-shaped connectors at the distal tip of the tran-
sitional fibers contain p210, which was identified in Spermatozopsis similes [7].
Rib43, a coiled-coil protein, is found in isolated preparations of the three protofila-
ments that are shared between the A and B subfibers and the B and C subfibers [8].
The stellate fibers contain centrin [9], but it is not known what additional proteins
are present. The Vfl1 protein is a coiled-coil protein with five leucine-rich repeats.
It localizes to the lumen of the transition zone of mature basal bodies and also to
newly formed probasal bodies. The protein is localized to the side of the basal body
that faces the other basal bodies. Mutations in vfl1 shows defects in establishment
of rotational symmetry and this results in basal body missegregation [10]. Two-di-
mensional gel electrophoresis of preparations enriched in basal bodies reveal over
150 polypeptides. a- and b-tubulin comprise over 60% of the protein by mass
(Figure 5.4). In vivo labeling with radioactive phosphate shows that over one-
third of the polypeptides are phosphorylated. The MPM-2 antibody, which recog-
nizes a number of phosphorylated epitopes in mammalian cells, stain the poles
of mitotic spindles in Chlamydomonas [11].

755.3 Structure of the Basal Body and Centriole in Chlamydomonas

Figure 5.4 Two-dimensional PAGE of iso-
lated basal bodies illustrates the complexity
of these organelles. The proteins are sepa-
rated by molecular weight in the vertical
direction. Proteins with relative molecular
weights ranging from 220 to 13 kDa are
well resolved. In the horizontal dimension,
the proteins are separated by charge with
pH 9.5 on the right to pH 4.5 on the left.
At about 55 kDa and a pI of 5 are a- and
b-tubulin.



5.4
Additional Fibers that Connect Basal Bodies and Centrioles

It is also useful to analyze the cytoskeletal elements that hold the two basal bodies
together and attach them to other parts of the cell. There are three types of fiber
systems (Figure 5.5). Fibers that contain centrin are important to the segregation
of the basal bodies. Rootlet microtubules are critically important to cellular polarity
and cleavage furrow placement. Finally, non-contractile fibers, the most diverse
group, include SF-assemblin and Vfl3.

5.4.1
Contractile Fibers

Centrin is a 20-kDa EF hand-containing protein that is present in the distal and
proximal striated fibers as well as in the stellate fibers of the transition zone
(Figure 5.5). These fibers connect the two basal bodies to each other. Additional
centrin-containing fibers connect the basal bodies to the nucleus [12]. Contraction
of centrin fibers is mediated by changes in intracellular calcium [13]. Disruption of
centrin function has deleterious consequences for the cell. In RNAi-treated cells or
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Figure 5.5 The three fiber systems of the basal body
complex. (A) The mature basal bodies are shown in
red, the transition zones in peach and the probasal
bodies are shown in pink. The rootlet microtubules
have four microtubules (orange) or two microtubules
(yellow) and attach at specific triplet microtubules
of the basal body. The distal (solid) and proximal
(striped) striated fibers are shown in light blue. They
connect the two mature basal bodies at the two ends.
The lateral fibers are shown in green. They connect the
mature basal body to its daughter probasal body
across the rootlet microtubules. (B) Changes in the
fiber systems during the cell cycle. 1, During inter-
phase the basal bodies and transition zones are con-
tinuous with the flagella. The rootlet microtubules are
adjacent to the plasma membrane. One of the four-
membered rootlet microtubules lie adjacent to the
eyespot (rose). 2, Another view of interphase cells
illustrates that the basal bodies are connected to the
nucleus and to each other by centrin fibers. 3, At
preprophase, the flagella are lost. The probasal bodies
elongate. The distal and proximal striated fibers are

lost. 4, The two-membered rootlet microtubules shorten. The centrioles (without transition
zones) are found at the poles of the spindle. The four-membered rootlet microtubules arc over
the spindle. The eyespot is disassembled. 5, Cytokinesis is initiated at one end of the cell. This
will be followed by extension of the two-membered rootlet microtubules, the striated fibers, and
assembly of new rootlet microtubules and of a new eyespot in association with the new four-
membered rootlet microtubules (see Color Plates page XXIV.



cells with a missense mutation, the amount of centrin is reduced and basal bodies
missegregate [14, 15]. When the 5l UTR is deleted, the cells die (K. Mills, E. Tra-
buco, and S. K. Dutcher, unpublished results). Thus, it is clear that centrin is vital
to centriole/basal body function. It is not known if centrin is simply required for
segregation of the basal bodies or if it has an essential role in basal body/centriole
duplication as is observed for the yeast homolog CDC31 [16, 17]. The lethal pheno-
type of the deletion allele suggests centrin has an essential role.

5.4.2
Rootlet Microtubules

Rootlet microtubules consist of four bundles of microtubules arranged in a cross-
shaped pattern (Figure 5.5). Two of the bundles have two microtubules in them
and these are arranged at 180 h from each other. The other two bundles have
four microtubules and are also separated by 180 h. Together these bundles form
a cross-shaped rootlet system. During interphase, the rootlet microtubules are an-
chored at the basal body and extend about three-quarters of the length of the cell
closely apposed to the plasma membrane. Rootlet microtubules are involved in
positioning the eyespot, an organelle important for phototactic behavior, which
is located on the equator of the cell [18]. During mitosis, the rootlets containing
two microtubules shorten considerably. The rootlets with four microtubules arc
over the spindle and bend to form a 90 h angle [19]. This structure, originally called
the metaphase band [4], simply represents the rootlet microtubules that have been
recruited for a distinct secondary function during mitosis. During mitosis, these
perpendicular rootlet microtubules serve to recruit actin to the cleavage furrow.
Chlamydomonas cells harboring mutations that result in the loss of B and/or C sub-
fibers have rootlet microtubules that are not anchored properly. This causes the
cleavage furrow to be misplaced relative to the two daughter nuclei [5, 20, 21].

5.4.3
Non-contractile Fibers

One set of non-contractile fibers contains SF-assemblin, a 30-kDa coiled-coil pro-
tein [22]. These fibers overlay the rootlet microtubules for part of their length
(Figure 5.5). They may reinforce the rootlet microtubules. Reduction in the level
of message by RNAi constructs for SF-assemblin results in flagellar assembly de-
fects [23].
Vfl3 is a coiled-coil protein of about 65 kDa. It is localized to lateral fibers, which

may play a role in attaching the probasal body to the mature basal body (Figure 5.5).
Mutations in the VFL3 gene result in cells with defects in basal body segregation.
Homologs of the VFL3 gene are found in most multicellular organisms [24].

775.4 Additional Fibers that Connect Basal Bodies and Centrioles



5.5
Overview of the Cell Cycle of Chlamydomonas

The events of the mitotic cell cycle in Chlamydomonas nasuta were first investigated
by Kater in 1929 [25] by light microscopy. The position of C. natusa in the Chlamy-
domonas phylogeny based on ribosomal DNA sequence is close to C. eugametos (A.
Coleman and T. Prehold), but it provides an excellent portrait of cell division in
Chlamydomonas and serves to underscore the process of conversion of basal bodies
to centrioles. When grown in constant light, Chlamydomonas spends most of the
cell cycle in G1. S-phase, G2, and M occur quickly. Non-mitotic cells are flagellated
(Figure 5.6A) and their basal bodies are connected by a darkly staining fiber to the
nucleus. This is likely to be the centrin connection between the basal bodies and
the nucleus. Preprophase (Figure 5.6B) is characterized by increased granularity
in the nucleus, loss of flagella, and a 90 h rotation of the protoplast within the
cell wall. The rotation is not required, as it can be blocked by bright light and
cell division still occurs [18]. The basal bodies begin to move apart (Figure 5.6C)
and are subsequently found at the poles of the spindle (Figure 5.6D). During mi-
tosis another darkly-staining fiber spans the spindle in these images. This fiber is
likely to be the four-membered rootlet microtubules [19]. At telophase, the begin-
ning of the cleavage furrow is observed (Figure 5.6E) and it is extended from
one end of the cell towards the other (Figure 5.6F) until cytokinesis is complete
(Figure 5.6G). The new daughter cells re-grow flagella (Figure 5.6H) and emerge
from the old cell wall, which is discarded. Remarkably, this early light microscopic
characterization has been confirmed by electron [3, 4], immunofluorescence [9],
and DIC microscopy [18]. The movement of the centrioles can be visualized in
real time using DIC optics (Figure 5.7).

5.6
Duplication of Basal Bodies in Chlamydomonas

In mammalian cells, centriole duplication begins at the G1 to S transition [26]. In
contrast, Chlamydomonas cells exiting mitosis have already assembled probasal
bodies [27]. Electron microscopy of Chlamydomonas cells in G1, as judged by
FACS analysis, shows that they have two probasal bodies adjacent to the two ma-
ture basal bodies. These probasal bodies are 40–90 nm in length [5] and are often
missed by conventional electron microscopy [3, 4]. This is likely to be due to their
short length relative to the normal depth of thin sections used for electron micro-
scopy. The probasal bodies contain the amorphous material that is present in the
mature basal bodies, which suggests that this material is important for early events
in basal body assembly. The pinwheel structure and the knob-like elaborations are
also present. The microtubule blades in these probasal bodies have complete triplet
blades. Elongation of the probasal bodies to new, full length basal bodies occurs
just prior to prophase (Figure 5.5B). Concurrently, the centrin-containing striated
fibers that connect the two mature basal bodies are lost [3] breaking the link be-

78 5 Dissection of Basal Body and Centriole Function in the Unicellular Green Alga



tween the two mature basal bodies. This process allows separation of two centriole
pairs. Each pair consists of an old basal body/centriole and a new basal body/cen-
triole. Each pair segregates to a pole of the mitotic spindle. The pairs of centrioles
are found outside of the perforated nuclear envelope and the spindle microtubules
are inserted into the nucleus through these perforations [28].

795.6 Duplication of Basal Bodies in Chlamydomonas

Figure 5.6 Drawings from 1929 showing cell division in Chlamydomonas nasuta closely resemble
the current view of the cell cycle in Chlamydomonas reinhardtii. (A) Interphase cells are flagellated
and the basal bodies are connected by a fiber that can be visualized with Schaudinn’s fixative.
This is likely to be the centrin connection between the basal bodies and the nucleus. (B) Pre-
prophase is evidenced by increased granularity in the nucleus. (C) The basal bodies begin to
move apart. (D) Basal bodies are found at the poles of the spindle and a more darkly staining
fiber connects them. This fiber is likely to be the rootlet microtubules [19]. (E) At telophase, the
beginning of the cleavage furrow is observed. (F) The cleavage furrow is extended from one end
of the cell towards the other. (G) Cytokinesis is complete. (H) The new daughter cells will re-grow
flagella and then emerge from the old cell wall, which is discarded. Reproduced from [25].



Studies of basal body duplication in Paramecium by Dippell [29] elegantly showed
intermediates in basal body assembly. A ring of nine singlet microtubules was
formed, the B tubule was added, and before all of the B subfiber was added, the
C subfiber would begin to be added. Cross-sectional images thus reveal a cylinder
of microtubules with varying numbers of B and C subfibers (Figure 5.8A). This
type of image has not been observed in Chlamydomonas.
Several lines of evidence suggest that the assembly pathway may differ from that

proposed by Dippell [29]. The localization of two proteins (p210 and Vfl1) suggests
a different pathway. In mature basal bodies, p210 co-localizes with the Y-shaped
fibers at the distal end of the transitional fibers in mature basal bodies in Sperma-
tozopsis [7] and the Vfl1 protein localizes to the distal end [10]. If basal body dupli-
cation were to proceed strictly by the model proposed by Dippell in Figure 5.8A,
then one would not expect to see p210 or Vfl1 on probasal bodies. However, in
both cases, these proteins are present on probasal bodies and end up at the distal
end of the basal bodies. As shown in the diagram in Figure 5.8B, it is suggested
that several of these proteins may sit on the plus end of the assembling micro-
tubules and move outward during elongation much like the attachment between
kinetochores and microtubules [30]. The phenotype of basal bodies in bld2;
rgn1-1 cells also suggest that disassembly may occur from the minus end of the
microtubules of the basal body in these mutant cells. Electron micrographs of
these cells show basal bodies with blades missing at the proximal end but intact
at the distal end [31].
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Figure 5.7 Migration of centrioles at mitosis. Differential interference contrast micrograph of
Chlamydomonas centrioles in preprophase of mitosis. (A) The four centrioles are arranged in a
diamond configuration and can be oriented relative to the contractile vacuole that appears as
a large crater below the centrioles. Large black arrows point to the mother centrioles and the
smaller arrowheads indicate the daughter centrioles (t ¼ 0 min.). (B) The mother–daughter pairs
of centrioles have separated and are moving towards the spindle poles (t ¼ 7 min.).
(Reprinted with permission from the Journal of Cell Science [18]).



815.6 Duplication of Basal Bodies in Chlamydomonas

Figure 5.8 (A) Schematic diagram of basal body assembly as suggested by Dippell [29]. The first
sign of basal body assembly is the appearance of an amorphous disk. This is followed by singlet
microtubules that correspond to the A-tubule. These are followed by B- and, finally, C-tubules.
Each stage is not completed simultaneously for all nine blades, so it is possible to observe
mixtures of singlet, doublet and triplet microtubules within a given cross-section. (B) Schematic
diagram of basal body assembly with a traveling cap model of regulation. Proteins (black) des-
tined for fibers at the distal end (such as p210) travel at the tip of elongating microtubule blades.
This complex could also serve as a negative regulator to prevent premature elongation of pro-
basal bodies. These proteins leave the distal end of the mature basal body and move to various
fibers once elongation is complete.



5.7
Role of Tubulin Isoforms in Basal Body Duplication

The role of various tubulin isoforms in basal body duplication has been addressed
by mutational analysis and gene silencing in Chlamydomonas, Trypanosoma brucei
and Paramecium tetrauleis. Gamma (g)-tubulin plays an important role in all micro-
tubule organizing centers [32]. Its role in basal body duplication has been ad-
dressed using gene silencing in Trypanosoma [33] and in Paramecium [34]. The ex-
periments in Trypanosoma also suggest a role for g-tubulin in assembly of the cen-
tral pair of microtubules in the flagellar axoneme. This result is consistent with the
previous localization of g-tubulin to the interior of Chlamydomonas basal bodies
[35]. In Paramecium, reduction in g-tubulin results in defects in basal body duplica-
tion. Examination of the proximal end of the triplet microtubules in the tomo-
graphic reconstructions of Chlamydomonas using the IMOD software, which allows
one to rotate the reconstructed image, shows closed microtubule ends [5]. These
closed ends have been associated with the presence of g-tubulin and the gamma-
tubulin ring complex proteins [36].
Delta (d)-tubulin, which is present in most organisms with triplet microtubules

in their centrioles, does not appear to play a primary role in basal body duplication
[37]. When this gene is deleted in Chlamydomonas, basal bodies are able to dupli-
cate but fail to form triplet microtubules along most of the length of the basal body.
The majority of the basal body blades contain A and B subfibers. At the distal end
of the basal body where the transitional fibers are found, a short stretch of triplet
microtubules is observed [5, 21].
Epsilon (e)-tubulin, which is also present in most organisms with triplet micro-

tubules in their centrioles, is likely to have a more profound role in basal body du-
plication. This gene is essential in Chlamydomonas. When the amount of e-tubulin
is reduced [38] or a truncated form is made ([39] and unpublished data), short in-
complete basal bodies result. In Chlamydomonas, these incomplete basal bodies are
40–90 nm in length and are primarily composed of singlet microtubules [40]. In
Paramecium, such basal bodies have singlet, doublet, and triplet microtubules
[38]. Similarly, Xenopus extracts that have been immunodepleted for e-tubulin fail
to assemble centrin-containing centrioles [41]. It is likely therefore that e-tubulin
plays a key role in basal body duplication.
Recently, eta (h)-tubulin has been found in Paramecium [42] as well as in data-

bases for Ciona, and Chlamydomonas. Two mutations in Paramecium suggest that
h-tubulin has an important role in basal body duplication. The temperature-sensi-
tive h-tubulin mutation, sm19, fails to duplicate basal bodies upon shift to the re-
strictive temperature. Already assembled basal bodies appear to be nearly wild-
type, but new ones fail to assemble. This is consistent with the notion that the as-
sembled h-tubulin remains stable at the restrictive temperature or that h-tubulin
provides a scaffolding function only during basal body duplication. Antibodies to
h-tubulin in Paramecium are not available to discriminate between these two me-
chanisms.
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5.8
Timing of Basal Body/Centriole Duplication in Chlamydomonas

The duplication of centrioles and basal bodies are a key step in the cell cycle and
yet, little is known about the mechanisms or controls of this event in Chlamydomo-
nas or in other organisms. In most organisms, new centrioles form at right angles
nearby to pre-existing centrioles, but the reasons are unknown. New centrioles
form at specific times in the cell cycle and the molecules that regulate this timing
are beginning to be uncovered in other organisms. The direction of assembly of
centrioles/basal bodies remains unknown.
Mutations in Chlamydomonas have made it possible to ask questions about de

novo assembly of basal bodies in the absence of existing centrioles or basal bodies.
Development in Xenopus or Sciara requires the contribution of a centriole for
proper development [43, 44] while Spisula and Marsilea are able to generate cen-
trioles de novo [45]. To address the reasons why some cells can form centrioles
de novo, but cells with centrioles only form new ones adjacent to old ones, Marshall
and coworkers [46] used a temperature-sensitive mutation in the centrin gene (vfl2)
to isolate aflagellate cells due to basal body missegregation. Immunofluorescence
with antibodies to acetylated a- or g-tubulin suggested that aflagellate cells lack
basal bodies. Pedigree analysis of single cells or examination of bulk cultures
showed that these aflagellate cells were able to build basal bodies and flagella.
These experiments suggest that basal bodies can arise de novo in Chlamydomonas
with the caveat that probasal bodies (Z 40 nm) may not be easily detected by im-
munofluorescence.

5.9
Function of Basal Bodies and Centrioles in Chlamydomonas

Basal bodies and centrioles in Chlamydomonas reinhardtii serve several roles during
the cell cycle. During interphase, basal bodies provide a templating function for the
two anteriorly placed flagella and act as docking sites for kinesin II and compo-
nents of intraflagellar transport [47, 48]. In addition, they are required for the
organization of the rootlet microtubules [49]. Rootlet microtubules, in turn, are
implicated in the positioning of the eyespot, an organelle needed for phototactic
behavior [18]. Basal bodies are also required for the correct placement and attach-
ment of centrin fibers as well as the lateral fibers, which connect the basal bodies
to the nucleus and to the probasal bodies, respectively. During mitosis, basal bodies
convert to centrioles and are found at the poles of the spindle. It is not clear if they
are required in the formation of the mitotic spindle. Centrioles continue to have a
role in organizing the rootlet microtubules, which are required for the correct pla-
cement of the cleavage furrow [20]. The connection of centrioles to the centrin
fibers that connect to the nucleus remains important for placement of the nucleus
relative to the cleavage furrow [20].
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5.10
What Makes a Basal Body Different from a Centriole?

One major difference between basal bodies and centrioles is the presence of the
transition zone. In sea urchin blastulae, each cell has a single flagellum that is
attached to a basal body and associated transition zone. At the commencement
of mitotic preprophase, the flagellum and transition zone are retracted. The
basal bodies then migrate to the poles of the spindle [50]. A similar set of events
is observed in Chlamydomonas [4]. The transition zone is released from the basal
body proximal to the stellate fibers to generate a centriole (Figure 5.5B(3)).

5.10.1
Transition Zone and Docking

One role of the transition zone may be in docking the intraflagellar transport pro-
teins and their motors. Kinesin II, which is a heterotrimeric complex of two kine-
sin proteins and a large associated protein, is found concentrated around the basal
bodies in Chlamydomonas and is required for transport of some but not all flagellar
proteins from the cell body to the tip of the flagella [48, 51]. Two multimeric-com-
plexes that contain at least 16 polypeptides are required for flagellar assembly [48,
52]. They assemble into a complex that is referred to as the intraflagellar transport
(IFT) particle [53]. Immunoelectron microscopy suggests that IFT52, one member
of the complex, is concentrated at the distal tips of the transitional fibers as they
contact the plasma membrane [47]. Mutations in the gene for IFT52 result in afla-
gellate cells [54]. The transition zone may be important in anchoring these fibers.

5.10.2
Transition Zone and Autonomy

Another role of the transition zone is in autonomy [55]. Chlamydomonas will shed
its flagella in response to acid shock, chloral hydrate, dibucaine and other noxious
compounds; this is known as autonomy. This process makes sense because most of
the cell is covered by a cell wall, while the flagella are surrounded by a plasma
membrane. The loss of the flagella decreases the surface area that is exposed to
compounds which can cross the exposed plasma membrane, but not the cell
wall. The severing of the flagella occurs distal to the stellate fiber arrays
(Figure 5.9C) and the plasma membrane re-forms around the basal bodies. The
events in deflagellation produce a different organelle than the conversion of
basal bodies to centrioles at mitosis. The basal body retains the transition zone
following deflagellation, but loses it prior to mitosis (Figure 5.9C).
Two molecules have been proposed to play roles in the deflagellation response to

noxious compounds. The first is the centrin located in the stellate arrays
(Figure 5.5A), but the evidence for centrin playing a role in the severing process
is contradictory [56, 57]. The other molecule is katanin, which is a heterodimer.
The p60 subunit of katanin, which is an AAA ATPase, was first identified from
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sea urchin extracts, which can sever microtubules. The p80 subunit has a WD do-
main and is thought to target the other subunit to the centrosome [58]. In Chlamy-
domonas, the PF15 gene encodes a p80 subunit [59]. However, the pf15 null allele
does not have a defect in deflagellation [60]. No mutants are currently available in
the p60 subunit. There are several lines of evidence to support a role for katanin in
deflagellation. Purified sea urchin katanin will severe flagellar axonemes from
Chlamydomonas. Antibodies to sea urchin katanin will block calcium-induced in
vitro deflagellation [61, 62]. Confirmation of the role of katanin with a mutant or
by RNAi will confirm its role in deflagellation. It is not known which molecules
are needed for the severing of the axonemal doublet microtubules needed for
deflagellation.
Mutations that are unable to complete autonomy have been isolated. When sub-

jected to an acid shock, the flagella fail to detach in the fa1 and fa2 mutant strains
[63]. Fa1 is a novel protein that is localized to the basal body/transition zone, but it
has no homologs in other organisms [63, 64]. FA2 encodes a kinase that is most
similar to the Nek kinases in other organisms. In addition to a defect in deflagella-
tion, fa2-1 cells are slow to transit from G2 to M and are slow to assemble flagella
upon exiting from mitosis [65]. The target(s) of Fa2 is unknown, but it is interest-
ing to speculate that it alters a component(s) of the transition zone that is needed
for disassembly and then assembly of the transition zone. This would predict that
the cells that exit mitosis are slow to assemble transition zones and to build
flagella.

855.10 What Makes a Basal Body Different from a Centriole?

Figure 5.9 Electron micrographs of longitudinal views of flagella and basal bodies. (A) Wild-type
flagella and basal bodies with the osmophilic H of the transition zone (arrow) that is present on
both basal bodies. (B) Flagella and basal bodies from uni1-1 mutant cells. The older of two basal
bodies has material that resembles the osmophilic material of the transition zone in several
positions, but the morphology is altered (arrows). The younger of the two basal bodies has
no transition zone. This resembles a centriole at the poles of the mitotic spindle (Reprinted
with permission form Cell [72]). (C) Basal body and flagellum from a cell treated with acid.
The flagellum is beginning to detach at the point indicated by the arrow.



5.10.3
Maturation of Basal Bodies

Because centrioles replicate conservatively and segregate semi-conservatively, a cell
will have an old or mother centriole and a new or daughter centriole at any one
time. New centrioles mature through the cell cycle. In mammalian cells this
maturation can be monitored by the appearance of several proteins, which include
ninein, ODF2, centriolin, and dynactin [66–69]. Ninein, centriolin, and ODF2 are
localized to the subdistal appendages. e-Tubulin is also present only on the old cen-
triole [70] and immuno-electron microscopy localizes it to the subdistal appendages
as well [53]. The role of the subdistal appendages remains unknown, but they may
play a role in assembling the primary cilium, which is an internal cilium that is
only assembled on old centrioles. The subdistal appendages in mammalian cells
and the transition zone in Chlamydomonas have similar structures and may play
similar roles.
The structure of centrioles has been characterized in isolated centrosomes from

lymphoblastoma cells. Subdistal and distal appendages are present on the distal
end of mother centrioles but not on daughter centrioles. The subdistal appendages
interact with two adjacent microtubule blades of the centriole and are attached at
the transition between the triplet and doublet blades [71]. Their fine structure
suggests radially assembled fibers that are interrupted by transverse fibers. Subdis-
tal appendages are wider at the base, become thinner as they emanate away from
the centriole, and appear flexible. At the very distal end of the centriole are the dis-
tal appendages, which are structurally distinct from the subdistal appendages.
They appear as a long rod with a swollen tip. In cells with a primary cilium,
these fibers help attach the centriole to the plasma membrane [12]. The transition
fibers in Chlamydomomas also appear at the transition between triplet and doublet
microtubules. They are wider at their base and change shape distally along the
basal body length until they transform into Y-shaped connectors [5]. The evolution
of the transition fibers into the Y-shaped connectors is not obvious in thin-section
electron microscopy, but is illuminated by tomographic analysis. It is possible that
distal appendages of centrioles are also an extension of the subdistal appendages.
The only marker for the Y-shaped connector is a protein in the naked green alga,
Spermatozopsis [7]. It localizes to probasal bodies and at the distal end of mature
basal bodies. Remarkably, ninein and centriolin have a similar behavior during de-
velopment, localizing to newly forming centrioles and to the subdistal appendages.
To date, no markers are currently known for the distal appendages; however, they
are less robust in size compared to the subdistal fibers and may have escaped ob-
servation. It is not clear whether subdistal appendages and the distal fibers have
been well resolved in all studies. The appearance of these immunological markers
suggests that the appendages are assembled onto the daughter centrioles in G2 of
the cell cycle, while transitional fibers in Chlamydomonas are present in G1.
Unlike the pair of mammalian centrioles in a somatic cell, the mother and

daughter basal bodies in Chlamydomonas must both be mature and competent to
assemble flagella. e-Tubulin in Chlamydomonas surrounds both basal bodies but
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the relationship to the transition zone is not known [39]. As suggested above, the
transition zone could be an indication of maturity. In four different uni1 mutant
strains, the two basal bodies differ [72]. One has a transition zone, which is abnor-
mal, and the other has no transition zone (Figure 5.9A and B). The basal body with
a transition zone assembles a flagellum while the one without a transition zone
lacks a flagellum. The Uni1 gene product may thus play a role in signaling assem-
bly of the transition zone on the new basal body at the end of mitosis. At this time,
the Uni1 gene product is unknown.

5.11
Conclusion

At the end of mitosis, Chlamydomonas must convert its centrioles back into basal
bodies and duplicate two new probasal bodies. The conversion involves assembly
of new transition zones on the old centrioles. These basal bodies must assemble
flagella and assemble new fiber systems which include centrin fibers, rootlet
microtubules, and non-contractile fibers. Formation of new probasal bodies must
also occur. These must be attached to the old basal bodies, perhaps via Vfl3, and
the probasal bodies must be capped so that further elongation is blocked until
the next prophase. Some of the genes involved in these events are known in Chla-
mydomonas (Table 5.1).
In a remarkable paper from 1929, Kater was able to describe many of the key

events associated with the interconversion of basal bodies and centrioles using
only the light microscope. With the development of genetic and proteomic tools,
we are now elucidating the intricate protein and gene networks that regulate
this complex and intriguing process.
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Table 5.1 Basal body/centriole proteins in Chlamydomonas and their homologs.

Chlamydomonas-
protein (gene)

Localization in
Chlamydomonas

Function in
Chlamydomonas

Homologs Localization

Centrin (VFL2) Distal, proximal
striated fibers,
stellate arrays

Essential Present in most
organisms

Centriole

d-Tubulin
(UNI3)

Basal bodies Triplet microtu-
bule assembly
and flagellar
assembly

Present in most
organisms with
centrioles

Manchette in
mice

e-Tubulin
(BLD2)

Surrounding
basal bodies and
centrioles

Essential Present in most
organisms with
centrioles

Subdistal
appendages of
centrioles

Fa1 Transition zone Flagellar
autonomy

Coiled-coil

Fa2 Unknown Flagellar auto-
nomy and cell
cycle progression

Homolog in
most organisms

Unknown

SF-assemblin Fibers Basal body
segregation

Coiled-coil

Vfl1 Transition zone Basal body
segregation

Coiled-coil

Vfl3 Lateral fibers Basal body and
probasal body
attachment

Present in most
organisms with
centrioles

Unknown
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6
The Centrosome in Evolution

Juliette Azimzadeh and Michel Bornens

6.1
Introduction

A major outcome of the systematic sequencing of genomes has been to promote a
reappraisal of the traditional phylogenetic trees based on morphology and embry-
ology. This, together with improvements in tree reconstructions, has promoted a
deep reorganization of the entire life tree. For example the new molecule-based an-
imal phylogeny proposes a view of the evolution of protostomes and deuterostomes
which is clearly more consistent than the previous phylogenies [1].
On the other hand, the considerable progress in the understanding of cell and

molecular biology of development has led to a better recognition that evolution
is a cellular process. This led Gerhart and Kirschner [2] to suggest that had Theo-
dosius Dobzhansky known that cell function can be explained in terms of gene
products, he would have completed his famous comment “Nothing in biology
makes sense except in the light of evolution” to “Nothing in evolution makes
sense except in the light of cell biology”.
In many respects, the centrosome organelle has a specific status in cell organi-

zation and evolution. The most compelling feature is that the centrosome is not
present in all organisms: plants control their microtubule arrays during interphase
as well as during mitosis, and divide without a centrosome. On the other hand,
complete parthenogenetic development can take place in frog embryos when the
sperm cell is replaced by the centrosome of a somatic cell, whether from the
same or from a divergent species. This result emphasizes another compelling
feature of this organelle, namely that the core structures of the centrosome from
animal cells, the centrioles, can function as basal bodies/kinetosomes to grow
cilia or flagella and vice versa.
We will attempt in this brief account to outline the major questions raised by the

centrosome organelle and propose tentative answers in the light of evolution.



6.2
The Centriole/Basal Body Structure is a Derived Character1 of Eukaryotes

Among divergent eukaryotes, the great range of differences in shape and complex-
ity of cellular structures on which microtubules are nucleated, has not arisen as an
evolutionary change from the simple to the complex, but rather the other way
around: all data from molecular phylogeny indicate that the centriolar structure
and the associated (9 þ 2) flagellum are very ancient inventions, present at the ap-
parition of the early eukaryotic cells [3]. The structurally simpler centrosome2 from
yeasts or the lack of recognizable centrosomes, for example in seed plants, are de-
rived features. In most cases, a structural association can be observed between cen-
trioles/basal bodies, or other centrosomal structures, and the nucleus.

6.3
The Basal Body/Axoneme is the Ancestral Structure

A general survey of the consensus phylogeny of eukaryotes clearly indicates that
the centriole/basal body structure did not appear without an axoneme. Centrioles
localized in a central body not directly associated with the plasma membrane are
observed in more recent taxa3, essentially in animals. The basal body/axoneme is
maintained in the great majority of taxa as most of them have maintained a flagel-
late stage in their life cycle (Figure 6.1). As this survey indicates, it would in fact be
easier to draw up a list of those taxa in which the flagellum has totally disappeared.
Taxa lacking basal bodies/axonemes are found mainly in the green lineage and in-
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1 “Derived character” refers to a character state that is present in one or more but not all subclades of a
clade (i. e. a monophyletic group of organisms, that share a common ancestor) under consideration.
A derived character state is inferred to be a modified version of the primitive condition of that
character, and to have arisen later in the evolution of the clade.

2 We will use the classical term “centrosome” (etymologically “central body”) throughout as a generic
term to describe any isolatable single-copy organelle such as the SPB of fungi, the NAB of cellular
slime molds, the centroplast of heliozoa or the centriole-based centrosome of animal cells, all of
which have in common three basic properties: to generally maintain themselves at the cell center
due to their microtubule nucleating/anchoring properties, to be physically associated with the nu-
cleus, and to duplicate once during the cell cycle. The acronym MTOC, for Microtubule Organizing
Center, usually has limited acceptance as it does not specifically describe an isolable structure. This
can cause some difficulties. For example, in myotubes, in which centrioles have been eliminated, the
microtubules are nucleated from the nuclear periphery [4], which can thus be described as an MTOC
but not as a centrosome. In the pillar cells of the mammalian inner ear, microtubules are nucleated
at the centrosome which is located in an apical position and also produces a primary cilium. The
microtubules are then transported away from the centrosome and anchored at distant apical sites
which, with good reason, are often referred to as MTOCs (see Chapter 15). In other words, whereas a
centrosome is necessarily an MTOC, the reverse is not true.

3 Taxon, taxa (pl.) refers to a group or category of living organisms i. e. the published groups within
each of the divisions in the Linnean hierarchy.
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clude the whole taxon of Rhodophytes (red algae) and some of the higher taxa such
as the spermatophytes (seed plants) in the chlorobiontes in which angiosperms
and conifers may have lost the centriole structure independently, and the zygnema-
tales (unicellular or filamentous green algae formerly known as conjugate algae
due to the mirror symmetry of their cell organization).
The remarkable conservation of the canonical centriole/basal body structure,

with the nine triplets of microtubules, seems to be necessary for the assembly
or the activity of the axoneme. When the axoneme is no longer functional, the
basal body structure becomes less constrained. Derived centrioles with doublets
or singlets are observed in unicellular organisms, such as some apicomplexans,
or in multicellular organisms like arthropods and nematodes from the taxon Ecdy-
sozoa in which cilia are most often derived structures involved in sensory recep-
tion. When axonemes are totally absent, basal body/centrioles are also absent. Var-
ious centrosomal structures, no longer associated with the plasma membrane, can
be observed instead, such as the Spindle Pole Body (SPB) of higher fungi, the Nu-
cleus Associated Body (NAB) of cellular slime molds, and other “simpler” struc-
tures in some diatoms or some actinopods. Alternatively, there is no recognizable
centrosome organelle as is the case of microsporidia which share a common ances-
tor with fungi, and have lost the centriole or any type of centrosome, a situation
that may be linked to their survival strategy as intracellular parasites.
In metazoan organisms where cell differentiation leads to a great number of cell

types proficient in various specific functions, different situations may be encoun-
tered. In vertebrates most cells have a centriole pair organizing the centrosome
but some cells do not as exemplified by myotubes and muscle cells [4]. Only the
male gamete has a motile flagellum and some specialized epithelial cells are char-
acterized by cilia on their apical surfaces which beat with a wave-like motion to mo-
bilize external materials e. g. mucus in the trachea or oocytes in the oviduct. De-
pending on the type of tissue, post-mitotic differentiated cells may possess a
non-motile primary cilium growing from the older centriole of the centrosome,
which becomes anchored to the plasma membrane. This transition can be pro-
duced reversibly in vitro depending on the serum level in the culture medium,
illustrating that the same organelle can switch from basal body function in G0-
arrested cells to centriole function in proliferating cells.

6.4
Functions Associated with the Flagellar Apparatus

Three major functional modules, all expressing a facet of cell polarity, are asso-
ciated with the basal body/axoneme: cell locomotion in which it acts as a swim-
ming organelle due to its beating activity, sensory reception in which it acts as a
sensory organ due to the concentration of receptors on the ciliary plasma mem-
brane which cannot diffuse beyond a barrier at the base of the cilium where the
basal body is anchored, and cell division in which, in agreement with the early
views of Boveri [5], the basal body/axoneme acts in coordinating karyokinesis

96 6 The Centrosome in Evolution



and cytokinesis, due to the duplication process governing basal body/centriole bio-
genesis and, as we learned after Boveri, to its critical role in the cell-wide organiza-
tion of the microtubule network.

6.4.1
Cell Locomotion

Although the details of the generic dynein-dependent sliding of doublet microtu-
bules in the axoneme have long been known, the overall control of the flagellar
movement is far from being understood. We will only note here that the mechan-
isms of flagellum-dependent motility can be quite different. For instance, in the
euglenid taxon there are examples of the classical beating movement of the flagel-
lum (e. g. Euglena) or the movement of an undulating membrane by the flagellum
(e. g. trypanosomes). But the flagellum can also produce a very efficient unidirec-
tional gliding motion powered by flagellar surface motility as is the case with Per-
anema trichophorum [6]. The surface motility which can be uncoupled from ciliary
beating and may be driven by a retrograde motor along the axoneme seems to
move transmembrane mastigonemes. This surface motility serves additional func-
tions in this organism, such as prey capture, a feature which has also been docu-
mented in other taxa. The stramenopile Epipyxis pulchra, can use its two different
flagella as an efficient pair of pliers to catch, engulf, or release, any prey passing at
grasping distance [7, 8]. A striking feature of this unicellular organism is that once
contact has been made between the different types of prey and the flagellar surface,
the organism is able to select the preferred prey, suggesting that a sensory mechan-
ism is also at work in this process. The strong vortex created by the beating of
numerous cilia in the Paramecium gullet is an alternate and powerful method of
capturing prey. These few examples show how the basal body/axoneme and its
membrane can be used in various ways to ensure basic functions for cell survival
such as polarity, motility, sensory reception, and moreover, can be adapted to var-
ious challenges including the capture of prey.

6.4.2
Sensory Reception

In all metazoa cilia have been recruited for sensory reception. This is true in deu-
terostomes and protostomes and a great range of stimuli seem to be collected in
this way. In taxa where the basal body/centriole structure is derived, as in Ecdyso-
zoa (arthropods and nematodes), the only cilia which remain are derived structures
involved in sensory reception [9].
In vertebrates there is a growing body of evidence that primary cilia, which are

very common in vertebrate tissues, are sensory organelles, the cone and rod cells in
the retina being an example of this. Primary cilia might be involved in specific sig-
naling in various tissues, including during early mammalian development where
they participate in the left–right patterning of the embryo. With regard to this spe-
cific case, a very elaborate use of the cilia is observed in the Hensen node: a popu-
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lation of moving monocilia from centrally-located node cells create a flow and im-
motile cilia from peripherally-located cells detect the flow in a manner apparently
similar to the mechano-reception observed in kidney cells [10].
Genetic and biochemical analysis of flagellar assembly in the unicellular algae

Chlamydomonas reinhardtii has revealed a strong conservation of the intraflagellar
machinery responsible for transporting precursor complexes to the tip of the grow-
ing cilia or flagella, a conservation which correlates with the conservation of the
axoneme structure among divergent eukaryotes [11]. This study on a unicellular
model has a direct impact on human pathology: the severe polycystic kidney dis-
ease appears to be due to mutations in genes participating in this highly conserved
machinery. This results in either the absence of primary cilia in epithelial cells
lining the kidney nephron or in their dysfunction [12, 13]. In both cases, cilia-
dependent mechano-reception at the surface of the kidney epithelium is impaired.
In addition, kidney cells resume growth, pointing to the long-noted correlation
between the presence of a primary cilium and G0-arrest in the cell cycle.
As in the case of locomotion, the use of cilia for sensory reception is thus exhi-

biting an amazing variation together with a strong conservation of basic principles.

6.4.3
Cell Division

The precise way in which the basal body/axoneme acts as a division organ varies
amongst divergent organisms but should not be expected to be limited to karyokin-
esis. It is beyond the scope of this chapter to analyze the different patterns that
have been selected during evolution (see Chapters 5, 9, and 20). Perhaps the eugle-
nid protists provide the best examples of how cell organization is controlled
throughout the cell division process by the flagellar apparatus. In trypanosomes
for example, the whole division process starts at the duplicating basal body and ter-
minates at the tip of the flagellum [14]. Even the positioning and segregation of the
mitochondrial genome is ensured by the duplication of basal bodies through dis-
tinct transmembrane structural linkage [15]. The very efficient RNAi inactivation
which is now feasible in trypanosomes, has led to the clear demonstration that be-
yond the temporal order of events, control of the whole process of cell division is
dependent upon basal body duplication (see Chapter 20) [16]. A very interesting in-
sight has recently been provided by this approach: when the expression of a protein
required for intraflagellar transport and thus necessary for flagellum assembly is
knocked out, the length of the flagellum is decreased as expected, but so is the
cell size [17]. Indeed, matching the swimming capacity of the cell with the size
and weight of the body that has to be moved might have survival value. This re-
markable result thus suggests a mechanism by which the flagellum is used as a
ruler to sense the size of the cell and is involved in promoting cytokinesis, a pos-
sibility which is also supported by the fact that the tip of the flagellum defines the
site of cleavage during cytokinesis. Trypanosomes completely devoid of flagella can-
not divide.
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There are reasons to think that in other systems the microtubule network as a
whole could also participate in the coupling of cell growth and cell division. The
cortical microtubule network of unicellular organisms shows a unique polarity
with regard to the flagellar apparatus, in much the same way as the more internal
microtubule network in animal cells does with regard to the centrosome. In both
cases, the cellular distribution and to some extent the dynamics of most membrane
compartments is dependent upon microtubule organization and dynamics. This
represents a powerful means for organizing intracellular compartments. Assembly
of new membrane compartments during cell growth would be expected to require
more microtubules, and this net increase in microtubule polymer could in some
way monitor mass increase (see also below).
A role in cell division is indeed the earliest recognized property of the centro-

some. Studying fertilization in Ascaris and in sea urchin, Boveri [5] referred to
the centrosome as the “cell division organ” without which cell division could not
occur. To him, the uniparental inheritance of the centrosome via the male gamete
was one way of insuring that the unfertilized egg could not divide, and thus, that
parthenogenetic development could not occur. In agreement with this view, unfer-
tilized eggs could be “activated” by pricking them, leading to cytoplasmic reorgani-
zation as shown by the displacement of cortical pigments, but would never cleave.
This was then challenged by reports suggesting that parthenogenesis could be trig-
gered in amphibian eggs provided the needle used to prick the egg was first dipped
into the blood of the frog. The rate of success was very low however, and the pos-
tulated blood regulatory factor necessary for parthenogenesis was never character-
ized. But this claim together with the discovery that plant cells could apparently
divide without a centrosome placed Boveri’s hypothesis under suspicion. It was
not until the 1970s that centriole/basal body-containing neck fractions of sperm
cells from Xenopus and sea urchin were demonstrated to be the only fractions
able to trigger parthenogenetic cleavage [18]. In agreement with Boveri’s view,
the centrosome was therefore shown to be necessary and sufficient to induce
parthenogenesis. In addition, the demonstration that heterologous centrosomes
were also competent indicated a functional conservation of centrosome-associated
activities among divergent species. Centrosome-induced parthenogenesis in Xeno-
pus has since then been extensively used as an approach to analyzing the mini-
mum requirements for centrosome continuity (for a full account of this aspect,
see [19]) and Xenopus egg extract has been shown to be a powerful tool in analysis
of vertebrate centrosome reproduction in vitro [20].
Even if we are far from a comprehensive view, a better understanding now exists

as to how the centrosome can critically participate in the control of whole cell
division processes by organizing the array of microtubules and by acting as a plat-
form where regulatory complexes accumulate. From the initiation of centrosome
duplication, which takes place before S phase onset as established by genetic
analysis in budding yeast, to mitosis and cytokinesis, the centrosome–microtubule
system is directly involved in the physical and regulatory integration of constraints
required for the control of each major cell cycle transition (see below and
Chapters 8–11).
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Another major aspect of the basal body to centriole conversion during fertiliza-
tion is that the newly formed centrosome is required for the definition of embryo
polarity. It is beyond the scope of this chapter to review this aspect, but there is a
strong case in several systems for a correlation between the entry point of the
sperm and the antero-posterior polarity of the early embryo. Caenorhabditis elegans
provides a good model system for analyzing this aspect [21] (see Chapter 12), since
embryo polarity can be reversed by manipulating the entry point of the sperm [22].
How signaling between the centrosome and the cortex is established is an intri-
guing question.

6.5
The Conservative Mode of Duplication of the Basal Body/Centriole/SPB:
An Essential Clue for Cell Morphogenesis

How cell shape and polarity are conserved over time and faithfully transmitted
through cell division are questions critical to our understanding of the evolution
of organisms. The duplication mechanism of the centriole/basal body, or of the
yeast centrosome, is conservative: a completely new structure forms aside the
“old” structure, usually during S phase. The question thus arises as to whether
centrosome inheritance has any role in the control of cell morphogenesis over
time.
There is growing evidence that there is an age-related centriole/basal body activ-

ity that is relevant for cell morphogenesis. An example is provided by unicellular
bi-flagellates, such as C. reinhardtii, in which the generational asymmetry of the
basal bodies and their mode of inheritance provide clues to the maintenance of cor-
tical polarities during cell division such as the location of the eye spot, which is
essential for cell survival as an asymmetric organelle allowing the cell to detect
the light and orient its swimming towards or away from the source depending
on its intensity [23]. There are other cases of defined modes of basal body inheri-
tance which are essential for the reproduction of cell polarities. The mode of in-
heritance of the two different flagella in heterokonts follows a precise pattern
and seems to be controlled by basal body inheritance [24]. A striking example is
that of the unicellular flagellate Pyramimonas octopus, which has eight flagella
that sequentially occupy defined positions before reaching a predetermined loca-
tion after three cell generations [25].
Yeasts are model systems in which centrosome inheritance has been studied in

most detail. As in most animal systems, the yeast SPB is responsible for microtu-
bule organization in interphase cells, duplication before mitosis and organization
of the mitotic spindle. Beyond the perfect symmetry of the mitotic spindle neces-
sary for correct karyokinesis, there is an asymmetry characterized by two function-
ally distinct SPBs, required for exit from cytokinesis. Two conserved GTPase-regu-
lated protein kinase cascades in budding and fission yeasts have been shown to be
critical for coordinating completion of mitosis with cytokinesis (for reviews see [26,
27]). In both cases, the regulatory complexes accumulate at the SPB but the two
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SPBs of the dividing cell are biochemically distinct with respect to the associated
protein kinase cascade. The reason for this is still poorly understood in the fission
yeast Schizosaccharomyces pombe. In the budding yeast Saccharomyces cerevisiae
however, it is only the SPB that migrates into the daughter cell that carries the
GTPase-regulated cascade complex and this is believed to be the mechanism
whereby entry of the nucleus into the bud is monitored [26]. The SPBs are also in-
trinsically distinct in terms of generation. A defined mode of SPB inheritance has
been demonstrated in budding yeast: the “old” SPB always segregates into the bud,
but it is the astral microtubule–cortex interaction which seems to control the loca-
lization of the GTPase-regulated cascade complex at the SPB [28].
However, recent results suggest that SPB inheritance could also be important.

Alignment of the spindle along the division axis and spatial coordination of spindle
position with the cleavage apparatus is crucial to ensure proper inheritance of
nuclei in the mother and bud-derived cells (see [29]). Partially overlapping mechan-
isms ensure spindle alignment via the interaction of microtubules with anchoring
sites on the cortex (for reviews see [30, 31]). Recent reports indicate that cortical
determinants of spindle alignment are not recruited directly to the cortex as pre-
viously assumed but are instead delivered to the cortex on the plus ends of poly-
merizing microtubules [32, 33]. The mechanism controlling the asymmetrical load-
ing of cortical determinants on one SPB is not fully understood, but one possibility
is the generational asymmetry of SPBs which might be correlated with structural
and biochemical differences.
Recent evidence strongly suggests that not only is the time of assembly impor-

tant but also the lineage of the SPB: at the end of S. cerevisiae meiosis, once the
four haploid genomes have been segregated, the outer plates of the four SPBs
act as platforms for the assembly of meiotic plaques, a prerequisite for spore for-
mation. Strains heterozygous for components of the meiotic plaque most often
produce two spores instead of four, and these spores are always non-sisters [34].
By modulating the stringency of the sporulation medium, asci with three, two or
only one spore could be formed (M. Knop, EMBL, personal communication). Re-
markably, the spores which are formed are not the result of a random mechanism,
but are dependent on the age of the SPB, demonstrating the existence of four dif-
ferent states for SPBs. Similarly, by analyzing the pedigree of dividing cells while
studying the asymmetric localization of Fin1 (the homolog of the human Nek2
kinase) on the mitotic SPBs, I. Hagan. Hagan was able to identify four states for
the SPB (I. Hagan, Paterson Institute for Cancer Research, personal communica-
tion). The biochemical nature of these states of maturation is not known but pre-
sumably involves a mitosis-dependent modification of SPBs. These remarkable
results led to a reappraisal of the correlation between SPB inheritance and the
mitotic asymmetric accumulation of the GTPase-regulated protein kinases control-
ling cytokinesis in yeasts.
In cells from metazoa, there are also reasons to believe that the four centrioles of

a dividing cell are different: established cell lines expressing centrin-GFP often
show four intensities of centriole labeling which seem to respect the lineage of
the centrioles [35]. It is not yet known whether the asymmetry in centrosome
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inheritance introduces a constitutive asymmetry into the cell division process. It
has recently been shown however, that completion of cytokinesis in cultured
human HeLa or murine L929 cells coincides with the migration of the mother
but not the daughter centriole towards the cytokinesis site [36]. Such behavior is
reminiscent of the situation in yeast and suggests that centrioles and SPBs have
a conserved role in the signaling pathway controlling cytokinesis, a possibility
which has recently been supported by the discovery of centriolin, a mother cen-
triole-associated protein having similarities with one protein of the protein kinase
cascades that control the last steps of division in yeast [37]. Intriguingly, in the ma-
jority of cases, the movement of the mother centriole towards the mid-zone occurs
only in one of the two daughter cells.
Why would SPB inheritance, instead of random segregation, have any benefit for

cell division or cell morphogenesis? SPBs are apparently highly stable organelles
with a very low turnover of their core components. The same is true for vertebrate
centrioles [38]. This feature could make the SPB/centrosome a stable internal land-
mark for morphogenesis and polarity through cell generations. Together with other
landmarks essential for cell polarity and present in other compartments, for exam-
ple the cell cortex [39], this would then ensure a faithful process.
That pre-existing “old” structures or patterns could influence the organization of

“new” structures or patterns is a finding relevant to the centriole/basal body dupli-
cation process itself and, moreover, has been demonstrated for large assemblies of
basal bodies in ciliates [40]. Known as “cortical heredity” (because it was mainly
observed on cortices where the structural patterns are very precise), or as cytotaxy,
this epigenetic process confers a structural memory encompassing several cell gen-
erations. For example, a defect introduced into the cortex of a Paramecium can be
propagated to the progeny of this cell during more than 1000 generations. A simi-
lar inheritance process, involving internal long-lived structures such as the centro-
some and stable cortical marks, might contribute to the stability of cell shape over
time in other eukaryotic cells.

6.6
The Centrosome or Central Body

The centriole-based centrosome of animal cells is derived from the centriole/basal
body/flagellum. One could imagine that this has occurred during the apparition of
multicellularity from colonial aggregates. At the stage of the colonial aggregates,
individual cells may all have been flagellated, with a cortical microtubule network
similar to that observed in unicellular flagellates, and would have been capable of
locomotion and sensory reception. As the colony became more integrated, specia-
lized cells becoming interdependent have specialized, some of them losing their
flagella and thus becoming more proficient in performing other functions. By mi-
grating to the cell center, the pair of basal bodies would have formed the centro-
some. Of the three major functions originally associated with the flagellar appara-
tus (motility, division, sensory reception), the centrosome would have directly con-
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served a role in coordinating cell division. The two other functions would not have
disappeared with the disappearance of the flagellum, but taken on other modalities
more adapted to tissue organization. Cell migration, rather than swimming, would
have developed together with a conspicuous cortical actin system, while the micro-
tubule network would no longer be sub-cortical as in unicellular flagellates but in-
tracytoplasmic. Sensory reception would have evolved to utilize actin-anchored re-
ceptors for cell–cell interactions.
The movement of the centriole pair towards the cell center could have taken

place through molecular mechanisms which are still responsible for maintaining
the centrosome at the cell centre in contemporary organisms. The interaction of
dynein and other proteins at the plus ends of astral microtubules with the cell cor-
tex is known to control nuclear positioning by controlling the positioning of the
centrosome with which the nucleus is tightly associated [41].
Strikingly, nuclear positioning seems to be controlled in a highly conserved man-

ner in divergent species. In animal cells, in cellular slime molds [42] and in fungi
[31], dynein, dynactin and other plus-end proteins interact with proteins at the cell
cortex to generate forces acting on the centrosome where microtubule minus ends
are anchored. Nuclear migration in Aspergillus nidulans depends upon a conserved
gene network which is also involved in nuclear positioning during neuronal migra-
tion in humans [43]. A human genetic defect causing lissencephaly (a result of
impaired neuronal migration) resides in a homolog of a fungal nuclear migration
gene which is required for dynein function. Interestingly, Arabidopsis, which lacks
centrioles/basal bodies or SPBs, also lacks dynein and dynactin [44]. This correla-
tion suggests that the major function of cytoplasmic dynein is to position the nu-
cleus within the cell via centrosome/SPB-anchored microtubules.
From this remarkable conservation, it can be inferred that the yeast SPB and the

NAB of the cellular slime molds are derived from the centriole/basal body/flagel-
lum. The alternative would be that they have arisen through convergent evolution4.
This is very unlikely with regard to the conservation of the gene network control-
ling nuclear positioning or centrosome duplication (see below). Moreover, closely
related taxa still possess a basal body/flagellum, for example, plasmodial slime
molds (Physarum) or lower fungi (Chytridiomycetes, see below). In animals the
conversion of basal body to centriole, and thus the back and forth movement of
these organelles from the cortex to the cell center, can always occur. In fungi or
cellular slime molds, the loss of the flagellum would have resulted not only in
the loss of the centriolar structure, but also in a permanent and tight association
of a derived and structurally simpler organelle with the nucleus at the cell center.
It has already been mentioned that the bud-ward-directed SPB in S. cerevisiae acts

as a platform delivering spindle alignment determinants to the appropriate place.
This identifies a generic property of centrosomes, i. e. their capacity to be used as
platforms for assembling regulatory complexes. Several examples have been re-
ported for the regulation of the cell cycle according to very different modalities
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(see Chapters 4, 8, 9, and 10). One such example is the clustering of regulatory
complexes which might trigger a specific activity, a possibility recently substan-
tiated in mammalian cells with regard to mitotic onset [45]. Another example of
this generic property of centrosomes is that it may be responsible for spatial ar-
rangements, for example, the relative position of the two daughter nuclei with re-
spect to the cleavage furrow (see Section 6.5). This is how many regulatory activ-
ities necessary for cytokinesis are first concentrated at the centrosomes before
being presented to the cleavage apparatus.
The centrosome can thus be seen as a specific differentiation of the ancestral or-

ganelle adapted to a different cellular context to maintain its control over cell divi-
sion, the reproduction of polarities and cell motion. In contrast, in multicellular
organisms sensory reception of external stimuli such as light, sounds, external
fluid movements etc., would still be dependent on a ciliary structure present on
specialized cells.

6.7
Evolution of Centrosome-associated Gene Products

Centrosomes from divergent species may be very diverse in their architecture, but
nevertheless share several molecular components known to be associated with
centrosomal properties. Among these is g-tubulin, a member of the tubulin super-
family required for the nucleation of microtubule assembly, and centrin, a protein
closely related to calmodulin and specifically associated with centrosomal struc-
tures over a broad range of eukaryotes.

6.7.1
g-Tubulin

Like a- and b-tubulin, the subunits of microtubules, g-tubulin is found in all eukar-
yotes and is necessary for microtubule function. Four other members of the tubu-
lin superfamily have been identified, which appear to have a more restricted distri-
bution among eukaryotes. This is thought to be due to the fact that d-, e-, h- and
z-tubulin are required for the biogenesis of centrioles/basal bodies rather than
for microtubule function [46–49] (see Chapter 2). As emphasized by these authors
[46–49], genes for these rare tubulins are completely lacking in the genomes of the
fly Drosophila melanogaster and the nematode C. elegans. The phylogeny of h- and z-
tubulin is unclear due to the great sequence divergence between species, but it
seems that d- and e-tubulin are monophyletic [47, 50]. This suggests that d- and
e-tubulin genes have been inherited by a metazoan common ancestor and have
been lost secondarily by Drosophila and C. elegans, possibly by the entire superphy-
lum of Ecdysozoa to which both species belong. These species are known to form
“incomplete” centrioles, however: Drosophila centrioles are most often composed of
doublet microtubules, whereas nematode centrioles are usually composed of nine
singlet microtubules as in the case of C. elegans, but can also have 10 singlet mi-
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crotubules [51]. The absence of the canonical centriole triplet structure appears to
correlate with the loss of the rare tubulin isoforms [46].
By contrast, g-tubulin is a highly conserved protein in eukaryotes. Within the

subset of organisms shown in Figure 6.2, protein identity is 61–76% between me-
tazoa and plants, 60–70% between metazoa and higher fungi, and 56–71% be-
tweenmetazoa and ciliates (sequences from C. elegans, S. cerevisiae and Candida albi-
cans not included; see below). g-Tubulin is not a core component of centrosomes
however, and the evolutionary constraints imposed on this gene product are likely
to be due to its nucleating properties rather than its association with any particular
microtubule-organizing structure. This is illustrated most strikingly by the great
sequence conservation of g-tubulin in flowering plants that completely lack a cen-
trosome. There are noticeable exceptions however: g-tubulin from C. elegans and
budding yeast are rather divergent compared to other taxa (comparison with
other g-tubulin proteins shows 24–41% identity for C. elegans, 28–38% for bud-
ding yeast; on average: 37 and 33%, respectively). This could be due to a high evo-
lution rate in these species, but also possibly to modifications in the number and/
or nature of the g-tubulin interactants. As suggested by McKean et al. [46], one con-
straint on the g-tubulin sequence may be the need to interact with some rare tubu-
lins. For instance, g-tubulin co-sediments with d-tubulin [52], and a direct interac-
tion is consistent with structural models predicting interactions between tubulin
superfamily members [53]. The complete loss of the rare tubulins in organisms
such as budding yeast and C. elegans could thus contribute to the divergence of
their g-tubulin genes. It is noteworthy that C. elegans is the only metazoan with
a divergent g-tubulin and it also constitutes a rare case in which microtubules
have 11 or 15 protofilaments instead of the canonical 13 protofilaments [54].
Differences in the composition of g-tubulin-containing nucleating complexes

may also account for sequence divergence in the case of yeast g-tubulin, Tub4p.
Tub4p exists in a stable complex with Spc97p and Spc98p [55, 56]. Spc97p and
Spc98p proteins are related to each other and are both capable of binding to g-tu-
bulin. In animal cells, g-tubulin is also associated with orthologs of Spc97p and
Spc98p within a tetrameric complex, the g-TuSC [57–60]. All three proteins that
constitute the g-TuSC are ubiquitous in eukaryotes, and the composition and
size of g-TuSCs appear to be conserved between species [56, 60, 61]. In vertebrates
and Drosophila, however, microtubules are nucleated by a larger complex, the g-
TuRC, which results from multimerization of the g-TuSC and the addition of at
least six other components [57, 58, 60, 62, 63]. Several of these additional compo-
nents have been identified in human, Drosophila and Xenopus, and found to be re-
lated to Spc97p and Spc98p [63–67]. Three related genes have also been identified
in the Arabidopsis genome in addition to SPC97 and SPC98 [67, 68]. In Drosophila,
it has been shown that not only Dgrip84 and Dgrip91, the respective homologs of
Spc97p and Spc98p, but also three other g-TuRC subunits, can interact directly
with g-tubulin [63]. The need for g-tubulin to interact individually with all the
other components of the g-TuRC may constitute an important constraint on its se-
quence, as proteins with more interactants are thought to evolve more slowly [69].
The loss of these additional g-tubulin complex proteins in budding yeast may have
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lowered the constraint imposed on the Tub4p sequence and this possibly accounts
for its remarkable sequence divergence.

6.7.2
Centrin

Centrin proteins are associated with SPB/centrosomal structures from yeast to ver-
tebrates, but are also expressed in taxa that have lost any type of centrosome such
as land plants. Centrins are small proteins of the calcium-binding, EF-hand super-
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family of proteins. Like the closely related calmodulin, centrin proteins have been
shown to act as regulators in very diverse cellular processes [70–72], but their pre-
cise function(s) within centrosomes remains poorly understood [73].
Two distinct roles have been established. First, centrins are involved in SPB/cen-

trosome duplication: mutations in the budding yeast centrin, encoded by the
CDC31 gene, or in the fission yeast homolog, SpCdc31, led to a block in the earliest
step of SPB duplication and resulted in mitotic arrest with a monopolar spindle
[74–76]. Similarly, it was recently demonstrated that knock-down of human centrin
2 (HsCEN2) by RNAi prevents centriole duplication in cultured cells [77]. Second,
centrins are constituents of calcium-sensitive fibers that connect the basal bodies to
one another and to the nucleus in diverse flagellate green algae [78]. These fibers
contract in response to elevated calcium concentrations. They are implicated in
basal body localization and segregation, as shown by mutations or knock-down
of the Chlamydomonas reinhardtii centrin (CrCEN) gene [79].
Phylogenetic analysis of centrins from a wide variety of eukaryotes (Figure 6.3)

shows that the two founding members of the centrin family, i. e. CrCenp (C. rein-
hardtii) and Cdc31p (S. cerevisiae), belong to two different, well-defined subfamilies
to which many of the known centrin genes belong. The first subfamily contains
centrins from green algae and lower land plants, insects, and vertebrate homologs
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m Figure 6.2 Phylogenetic tree of the g-tubulin family constructed with the neighbor-joining (NJ)
method [115] using the CLUSTAL W program [116] and drawn using Phylodendron, Version 0.8d
(D.G. Gilbert) at www.es.embnet.org. The following g-tubulin sequences were included:
(A) OPISTHOKONTS: Metazoa: (i) Chordates: Dr, Danio rerio (AAH45486); Hs, Homo sapiens
TubG1,2p (P23258, Q9NRH3); Xl, Xenopus laevis (P23330); (ii) Echinoderms: Spu, Strongylocen-
trotus purpuratus (AAG01846); (iii) Ecdysozoa: Arthropods: Ag, Anopheles gambiae (XP_317665);
Dm, Drosophila melanogaster Tub23C, 37C (CG3157, CG17566); Nematodes: Ce: Caenorhabditis
elegans (P34475); Fungi: (i) Ascomycota: Ca, Candida albicans (O93807); An, Aspergillus nidulans
(P18695); Nc, Neurospora crassa (P53377); Sc, Saccharomyces cerevisiae (P53378); Sp, Schizo-
saccharomyces pombe (P25295); (ii) Basidiomycota: Cc, Coprinopsis cinerea (BAC77342); Mv,
Microbotryum violaceum (P32348); Um, Ustilago maydis (CAD33849); (B) MYCETOZOANS: Dd,
Dictyostelium discoideum (CAA04130); Ppo, Physarum polycephalum (CAA70417); (C) ALVEO-
LATES: (i) Ciliates: Eo, Euplotes octocarinatus (P34786); Pt, Paramecium tetraurelia (CAA09991);
Mc, Moneuplotes crassus TubG1, 2p (P54403, P54404); Tt, Tetrahymena termophila (U96076);
(ii) Apicomplexans: Pf, Plasmodium falciparum (P34787); (D) EUGLENOZOANS: Eg, Euglena
gracilis (AAK37966); Tb, Trypanosoma brucei (CAA68866); (E) DIPLOMONADS: Gl, Giardia lamblia
(EAA41546); (F) GREEN PLANTS: (i) Ulvophytes: Cr, Chlamydomonas reinhardtii (Q39582);
(ii) Streptophytes: Mosses: Pp, Physcomitrella patens (Q9XFG3); Liverworts: Cj, Conocephalum
japonicum (AAM44306); Ferns: Ap, Anemia phyllitidis (P34785); Angiosperms: Dicots: At,
Arabidopsis thaliana TubG1p (P38557); Monocots: Zm, Zea mais (Q41807). a-tubulins: AtA6,
Arabidopsis thaliana a-tubulin 6 (NP_849388); HsA2, Homo sapiens a-tubulin 2 (Q13748); PtA1,
Paramecium tetraurelia a-tubulin 1 (CAA67847); ScA1, Saccharomyces cerevisiae
Tub1p(NP_013625); b-tubulins: AtB2, Arabidopsis thaliana b-tubulin 2 (NM_125664); HsB2, Homo
sapiens b-tubulin 2 (AAH39175); PtB1, Paramecium tetraurelia b-tubulin 1 (S25182); ScB,
Saccharomyces cerevisiae Tub2p (NP_116616). Species expressing divergent g-tubulins are repre-
sented with dotted lines. Grouping of these unrelated fast evolving sequences with the outgroup,
i. e. a- and b-tubulins, is an artefact due to long-branch attraction [117]. The range of protein
identity within the different subgroups is indicated.



of human centrin 2, an ubiquitously expressed isoform, and centrins 1 and 4, two
isoforms specific for ciliated epithelia [80–85]. The second main subfamily is
formed by fungal Cdc31-like centrin proteins and vertebrate homologs of human
centrin 3, the other ubiquitously expressed human isoform [86]. These two subfa-
milies not only differ in their sequence, but also appear to be functionally distinct.
This has been illustrated by expression studies of human centrins in yeast and
Xenopus two cell-stage embryos [76, 87, 88], which showed that HsCen3p, but
not HsCen2p, has a dominant-negative effect on SPB or centrosome duplication.
This has led to the proposal that Cen3p, like yeast Cdc31p, may be preferentially
implicated in centrosome duplication, whereas Cen2p might participate in other
cell division events such as centrosome segregation or cytokinesis [88] This propo-
sal is no longer tenable however, as one of its predictions, namely that C. reinhardtii
should also express a Cdc31p-like isoform, has not been fulfilled. In addition, the
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Drosophila genome does not contain any sequence encoding a Cen3p isoform. On
the other hand, inactivation of CrCenp in C. reinhardtii causes defects in basal body
replication [89]. Similarly, depletion of HsCen2p by RNAi blocks centrosome dupli-
cation [77], a result which indicates that in vertebrate cells, Cen2p and Cen3p may
have not only very similar if not identical localizations [86, 87], but might also
cooperate in the same functions.
The widespread but not universal distribution of Cdc31p and CrCenp subfami-

lies indicates that the duplication of their common ancestor is an early event in eu-
karyotic evolution and that the absence of one or other isoform in some taxa is a
derived character. Loss of one isoform would be a secondary event that may have
occurred several times (Figure 6.1). The duplication of the common ancestor prob-
ably occurred before the separation of bikonts, which gave rise to green plants and
major protozoan groups, and opisthokonts, which are the common ancestors of
fungi, animals, and choanozoans, since the two isoforms are expressed in the pro-
tist Giardia intestinalis. During later evolution, one of the two isoforms was lost
early in some taxa, leaving only the CrCenp-like isoform as in green algae or the
Cdc31p-like isoform as in higher fungi. In other taxa, for example vertebrates,
the two isoforms have both been conserved. Additional divergence seems to have
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m Figure 6.3 Phylogenetic tree of the centrin family based on the neighbor-joining method (see
Figure 6.1). The NJ tree was constructed from alignment of protein sequences covering the four
EF-hand domains (residues 29–162 for Chlamydomonas reinhardtii centrin). The following centrin
sequences were used: (A) OPISTHOKONTS: Metazoa: (i) Chordates: Dr, Danio rerio Cenp
(CF269323, BQ450470), Cen3p (BM141295); Gg, Gallus gallus (CD216537); Hs, Homo sapiens
Cen1, 2, 3p (Q12798, P41208, O15182); Mm, Mus musculus Cen4p (NP_665824); Xl, Xenopus
laevis Cenp (AAA79194), Cen3p (AAG30507); (ii) Lophotrochozoans: Platyhelmynthes: Eg,
Ecchinococcus granulosus (BI244113); Sj, Schistosoma japonicum (BU780242); (iii) Ecdysozoa:
Arthropods: Dm, Drosophila melanogaster CenA, Bp (RE19335, AT22559); Nematodes: Sr, Stron-
gyloides ratti (BI0876); Ce, Caenorhabditis elegans (NM_066585); Fungi: (i) Ascomycota: Kl, Kluy-
veromyces lactis (AL427669); Sc, Saccharomyces cerevisiae Cdc31p (S47549); Sp, Schizosaccharo-
myces pombe SpCdc31p (T41061); (ii) Basidiomycota: Pm, Pisolithus microcarpus (CB011055);
(B) MYCETOZOANS: Dd, Dictyostelium discoideum Crp (C84755); (C) ALVEOLATES: (i) Ciliates:
Ec, Entodinium caudatum CenA, Bp (AF065248, AF065247); Eo, Euplotes octocarinatus (Y18899);
Is, Isotricha sp. BBF-2003 (CF181956); Pt, Paramecium tetraurelia ICL1A (Q27177); Tt, Tetrahy-
mena termophila (AAF66602); (ii) Apicomplexans: Cp, Cryptosporidium parvum (B88508); Pf,
Plasmodium falciparum CenA, Bp (NP_703273, NP_702332); Tg, Toxoplasma gondii (CB755050);
(D) EUGLENOZOANS: Ld, Leishmania donovanii (AF406767); Tc, Trypanosoma cruzi (AW621079);
(E) DIPLOMONADS: Gl, Giardia lamblia CenA, Bp (U59300, U42428); (F) HETEROLOBOSEA:
Ng, Naegleria gruberi (U21725); (G) PARABASALIDS: Tv, Trichomonas vaginalis (CAB55607);
(H) GREEN PLANTS: (i) Ulvophytes: Cr, Chlamydomonas reinhardtii (P05434); Mp, Micromonas
pusilla (CAA58718); Sd, Scherffelia dubia (Q06827); Ss, Spermatozopsis similis (P43645); Ts, Tet-
raselmis striata (P43646); (ii) Streptophytes: Ferns: Mv, Marsilea vestita (U92973); Angiosperms:
Dicots: An, Atriplex nummularia (P41210); At, Arabidopsis thaliana CenA, Bp (CAB16762, T45582);
Nt, Nicotiana tabacum (AAF07221); Monocots: Os, Oryza sativa (BAC79876); Zm, Zea mais
(CF384542). Calmodulins: AtCaM1 (P25854); CrCaM (P04352); MmCaM1 (AAH54805); PtCaM
(P07463); ScCaM (P06787); SpCaM (P05933). Dotted lines indicate artefactual positioning due to
long-branch attraction [117]. The range of protein identity within the different subgroups is in-
dicated.



taken place among the chlorobiontes in flowering plants, and among the bilateria
in Ecdysozoa, where loss of the Cdc31p-like isoform is observed in the fly and in
nematodes, together with an important sequence divergence of the CrCenp-like
centrin in worms (Figure 6.3). Finally, organisms such as alveolates, i. e. ciliates
and apicomplexans, express an additional subfamily of centrins related to the Para-
mecium ICL1 (InfraCiliary Lattice 1) centrins. Paramecium infraciliary lattice is a
contractile cytoskeletal network that subtends the whole cellular surface, and
that contains Z 20 isoforms of ICL centrins [90, 91]. Silencing of ICL1 genes
leads to complete disorganization of the ICL, but has no apparent effect on cell
growth or morphology [91, 92], indicating that proper basal body duplication and
ciliogenesis do not require this subfamily of centrins. These functions are likely
to involve other bona fide centrin genes recently identified in the Paramecium
genome, that are related to either CrCenp- or Cdc31p-like centrins (F. Koll, CGM/
CNRS, personal communication).
The distribution of CrCenp subfamily members suggests that these genes could

be specifically required for basal body/axoneme-related functions. First, centrin
genes that are specifically expressed in flagellated or ciliated cells are of the CrCenp
type. This is exemplified for instance, by Naegleria centrin, which is expressed only
during differentiation from amoebae to flagellates, concomitant with the de novo
formation of basal bodies and flagella [93], and by mammalian centrin 1 [82–84]
and centrin 4 [85] which are expressed in ciliated epithelial cells. Second, centrins
of the CrCenp subfamily are present in the transition zone linking the basal body
to the axoneme, and along the axoneme of diverse organisms [84, 94, 95]. These
centrins have been shown to be light chains associated with inner dynein arms
in Chlamydomonas and in the ciliate Tetrahymena [95, 96], and to participate in
the control of the ciliary beat in Tetrahymena and in human ciliated epithelial
cells [84, 95].
This view is also supported by the evolution of CrCenp-like centrins in eukar-

yotes. In the green lineage, basal bodies and axonemes are found in green algae,
as well as in motile gametes of lower land plants such as mosses, ferns, and
ancient seed plants like cycads and Ginkgo. The centrin gene of the water fern
Marsilea vestita, which is expressed during spermiogenesis concomitant with the
formation of the motile apparatus [97], is closely related to algal centrins
(Figure 6.3). In contrast, the flowering plants which have also evolved from Chlor-
ophytes, never assemble basal bodies. Interestingly, this correlates with a signifi-
cant divergence of their centrin genes which form a fourth well-defined subfamily.
This suggests that in angiosperms, centrin genes have been released from the evo-
lutionary constraints imposed on other CrCenp-like centrins by the conservation of
a motile apparatus, and have probably been maintained for their involvement in
other cellular functions.
In higher fungi, the CrCenp subfamily is completely missing: it is not found in

the fully sequenced genomes of the yeasts S. cerevisiae and S. pombe, and sequences
identified in other higher fungi all correspond to a Cdc31p homolog. As these or-
ganisms are expected to have inherited both types of centrin from an opisthokont
common ancestor, they must have lost the missing centrin gene secondarily. This
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event, like divergence of centrins in angiosperms, seems to correlate with the loss
of the motile apparatus. To support this view, it would be of great interest to study a
group of fungi situated at the base of the fungal tree in the class of chytridiomy-
cetes which form flagellated gametes. Remarkably, a very recent identification of
centrin genes in the chytridiomycete Blastocladiella emersonii has demonstrated
that it possesses both CrCenp- and Cdc31p-like isoforms (K. F. Ribichich and
S. L. Gomes, University of Sao Paulo, personal communication). These primitive
fungi could prove to be very useful for studying centrin function, and possibly
many other aspects of basal body/centriole biology.

6.7.3
Centrin-binding Proteins

Characterization of the recently identified yeast centrin-binding protein Sfi1p and
related proteins in other species [98] will certainly lead to a greater understanding
of the mechanisms involving centrins in centrosome function, especially those
based on centrin-based fiber contraction. In budding yeast, both Sfi1p and
Cdc31p localize to the half-bridge, a structure on which the assembly of the new
SPB is initiated, and which is essential for SPB duplication. Sfi1p contains multi-
ple internal repeats, each individual repeat being able to bind Cdc31p, and is pro-
posed to form centrin-associated calcium-dependent contractile fibers. In contrast
to other SPB components interacting with Cdc31 identified previously, Sfi1p has a
vertebrate homolog. hSfi1p also contains multiple centrin-binding repeats, and
localizes to the centrioles in human cells [98]. Although the function of hSfi1p
remains to be determined, these results suggest that it could also play a role
in centrosome duplication. Interestingly, hSfi1p binds both Cen2p and Cen3p
in vitro. This could account for the fact that both centrins seem to be involved
in mammalian centrosome duplication [76, 77, 88].
So far, potential homologs of SFI1 are found in vertebrates (human, mouse and

ESTs from zebrafish and Xenopus), fungi (S. cerevisiae, S. pombe, Candida albicans
and Aspergillus), and the protozoa Giardia intestinalis (EAA38810; Sfi1p repeats
were identified by ScanProsite [99] as described in [98]). Interestingly, homologs
are found in green algae as well, notably in C. reinhardtii (K. F. Lechtreck, Univer-
sity of Cologne, personal communication) and in Spermatozopsis similis. In the lat-
ter case, the potential SFI1 homolog has been shown to bind centrin specifically
[100]. Whether these proteins are constituents of the different fiber systems in
green algae has still to be determined, but it is a very tempting hypothesis. This
would suggest that during evolution both centrin and an ancient protein complex
have been recruited to different centrosomes, and possibly for different functions
associated with these organelles. Determination of the precise localization of verte-
brate and algal Sfi1p homologs within the centrosome/flagellar apparatus will be
very interesting with regard to the hypothesis that some structural aspects of dupli-
cation may have been conserved, particularly the possibility proposed by Adams
and Kilmartin [101], that a structure functionally equivalent to the yeast half-bridge
exists in vertebrate centrosomes.
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Interestingly, we were not able to identify any SFI1 homolog in Drosophila and
C. elegans genomes. The worm expresses a very divergent centrin gene however.
C. elegans centrin is related to CrCenp subfamily members at its C-terminal half
but greatly diverges at its N-terminus, lacking the two N-terminal EF-hand do-
mains. It is expressed only in a subset of neural cells, and knock-down of its ex-
pression by RNAi indicates that it is a non-essential gene in C. elegans (see
www.wormbase.org: Gene summary for R08D7.5). This is further supported by
comparison with another nematode, Strongyloides ratii, which also expresses a di-
vergent centrin gene (Figure 6.3). Although related, the two worm centrins share
only 30% protein identity, indicating that they have been released from the evolu-
tionary constraints imposed on other centrin genes. Assuming that vertebrate
Sfi1p is functionally similar to yeast Sfi1p and that the mechanisms underlying du-
plication of fungal SPBs and animal centriole-based centrosomes share common
principles, this would seem to imply that nematodes have evolved different me-
chanisms to initiate centrosome duplication. This would be consistent with accu-
mulating data on C. elegans, showing that most of the worm centrosomal compo-
nents have no obvious counterparts (as judged by currently available bioinfor-
matics) in other systems [102–105]. Moreover, divergence of the centrin gene in
the worm correlates with the absence of motile cilia in the worm body as well as
in sperm, which have an amoeboid movement. The absence of an SFI1 homolog
is more intriguing for Drosophila, were two CrCenp-like centrins have been identi-
fied and localized (J. Azimzadeh and M. Bornens, in preparation). This may sug-
gest that in flies, as in nematodes, initiation of centrosome duplication does not
involve quite the same molecular mechanisms as in other opisthokonts. Conserva-
tion of CrCenp-like centrins in Drosophila could thus merely reflect their require-
ment for a motile apparatus-related, Sfi1p-independent function, as Drosophila,
in contrast to C. elegans, forms flagellated male gametes.
An interesting and perhaps disappointing outcome of this survey is that classical

model organisms for studying development, notably Drosophila or C. elegans, may
have intrinsic limitations with regard to the unraveling of the centriole/basal body
assembly pathway. It is likely therefore, that understanding centriole/basal body
assembly in animal systems will benefit from the use of unicellular model systems
such as Paramecium, Tetrahymena, Chlamydomonas or Trypanosoma, all systems in
which gene inactivation is now possible. It may be significant, however, that in
C. elegans, the most conserved components so far are those associated with intra-
flagellar transport [11]. The recent discovery of a basal body component, which
seems to be mutated in the Bardet–Biedl syndrome (characterized by kidney mal-
formation among other defects) and which is conserved in nematodes [106] may
contribute an important piece to the puzzle.
An experimental method to estimate the global conservation of the centrosome

in divergent species is the parthenogenetic assay in the Xenopus egg (see above). It
has been convincingly demonstrated that centrosomes from deuterostomes, sea
urchin [18] and various vertebrates [107] as well as from lophotrochozoa (proto-
stomes) such as the clam Spisula (R. Palazzo and M. Bornens, unpublished
data), were able to induce parthenogenetic cleavage of Xenopus eggs. However,
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centrosomes from Drosophila, either from syncitial embryos or from cultured cells,
although they assemble a robust aster of microtubules from egg tubulin, were un-
able to induce parthenogenesis [108]. Perhaps this is related to the absence of SFI1
in the genome of this species.

6.8
Conclusion: The Centrosome – A Cell Individuation5 Organ?

The conservation of the centriole/basal body from the early eukaryotes illustrates
the considerable success of this cytoskeletal structure. The flagellar apparatus
and the centrosome appear as two versions of the same organelle ensuring similar
functions in different cell contexts. The conversion of basal body/kinetosome to
centriole, back and forth, which occurs at each generation in metazoans seems
to recapitulate the long evolution of this organelle and of its connections with
either the plasma membrane or the nuclear periphery.

6.8.1
Survival Value of Coupling Basic Functional Modules on the Same Organ

One may wonder why cell locomotion, sensory reception and cell division are in-
timately associated with the flagellar apparatus and whether these functional mod-
ules were progressively recruited by the ancestral apparatus or were all associated
from the start. Compartmentalized eukaryotic cells are much larger than prokaryo-
tic cells, and the cytoskeleton is believed to have allowed cells to enlarge (although
bacteria are now known to have an elaborate cytoskeleton). A cytoskeleton evolving
in an hypothetical primitive eukaryotic cell which has managed to feed efficiently
on the surrounding medium, would have to participate in the division process.
Since the volume of the cell would increase faster than the surface of exchange,
cell division could be seen as the more urgent function to which the cytoskeleton
would be recruited. Sub-cortical distribution of the cytoskeleton may become neces-
sary to sense cell growth and to organize cell division accordingly (see diagram in
Figure 6.4). However the benefit would have been limited as the dividing cells
would feed on the same medium. If the dividing apparatus is also a motile system,
polarizing the sub-cortical cytoskeleton, this would be an important benefit as the
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5 Individuation is a process or an act whereas individualization is the result of an individuation process
or human decision. The principle of individuation has been debated from the beginning. One school
of thought placed the emphasis on what distinguishes one individual from another, thus the prin-
ciple was matter or substance. The other school of thought placed the emphasis on what gives a
being its practical existence; in this case the principle involved time and space or shape. Applied to
cells, the former school of thought would probably see the principle of cell individuation in the
transcriptome/proteome, whereas the latter school would be concerned with what gives cells their
dynamic stability and robustness. In the second school of thought the most appropriate stage for
analysis is when a new cell separates from the mother cell.



daughter cells would then be able to explore new territories. If the motile system is
also a sensory device however, there is a decisive benefit as the dividing cells
“know” where to go to find food. Coupling modules for sensory reception and
for locomotion on the same organ might thus have been a critical requirement
for large cells. The association of the three basic modules with the same cytoske-
leton apparatus – the centriole/basal body axoneme and the polarized cortical
microtubule array – would have given optimal survival value to primitive eukaryotic
cells.

6.8.2
Co-Evolution of the Centrosome and the Cleavage Apparatus

The centriole/basal body-associated functional modules are essential to cell polarity
and require regulatory integration at the cell level. We have noted that the centro-
some acts as a regulatory platform, in particular for the organization and the acti-
vation of the mitotic exit pathway coordinating karyokinesis with cytokinesis by fis-
sion. It is noteworthy that the complete loss of centrioles or derived structures in
the green lineage is correlated with major changes in cell economy. The most con-
spicuous difference for cell division is that it is not achieved by fission as in fungi
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Figure 6.4 Diagram naively illustrating the decisive survival value for a large cell to associate
modules for cell division, cell locomotion and sensory reception on the same polarized cytos-
keleton apparatus (represented by a gray line parallel to the cell contour). Only the cell contour,
the nucleus (hatched) and its link to the cytoskeleton have been represented.



or animal cells. A long evolution among the phragmoplastophytes has led to the
progressive loss of the centriole correlated with the loss of a contractile cleavage
furrow which has been replaced by the phragmoplast growing from the center
to the cell periphery. Intermediary situations can be observed in plasmodesmo-
phytes. The complete loss of the centriole or a derived structure is observed in
higher spermatophytes. Strikingly, in this case cytokinesis is not completed and
the plasma membrane is continuous around sister cells through plasmodesmata;
this leads to a synplasm rather than a tissue formed of independent cells. Another
example is the Rhodophyta, which represent an early loss of the centriole/basal
body in the green lineage: here too a different cleavage mechanism has evolved
and division is not completed. This clearly indicates a co-evolution of the centro-
some and the actin-dependent constriction of the plasma membrane. Complete
cell division seems to be possible only when a centrosome-based aster of microtu-
bules is dynamically interacting with cortical actin to control the formation of a
ring-shaped cleavage furrow, suggesting that all these components constitute a
generic integrated module for cell division.

6.8.3
The Biological Significance of Having a Cell Center

The centralized organization of the microtubule array appears critical for cell indi-
viduation, possibly because the microtubule-nucleating structure acts as a platform
where regulatory complexes are assembled or activated, and which can then regu-
late peripheral events through microtubule-dependent transport, and in turn can
be regulated through feedback loops. Another feature is probably critical for cell
individuation, and that is the ability to control the positioning of the nucleus
within cells. This is possible through the association of the nucleus with the cen-
trosome. All these features are required for cell migration which is essential during
metazoan development. In contrast, plant cells are immotile and multicellularity
has been acquired by completely different mechanisms. As mentioned above,
Arabidopsis has lost dynein and dynactin together with the centriole, thus losing
the ability to move the nucleus within the cell in a microtubule-dependent manner
[109].
Cleavage of the unfertilized Xenopus egg provides a direct illustration of the fact

that centralized organization of the microtubule array is critical for cell individua-
tion. Cleavage can be triggered by injection of a somatic centrosome whereas
activation of the egg by pricking it does not lead to the individuation of two
blastomeres in spite of an equivalent complement of microtubules in the egg.
Another example is when starfish eggs are enucleated after fertilization: due to
the sequential duplication of the sperm centrosome, individuation of 29 blasto-
meres lacking nuclei is observed [110, 111]. Similarly, when supernumerary centro-
somes are artificially induced in the cellular slime mold D. discoideum, each of
those centrosomes triggers the individuation of an enucleated cytoplast at the
time of cytokinesis [112].

1156.8 Conclusion: The Centrosome – A Cell Individuation Organ?



Individuation is a critical issue in living systems6. Many organisms have complex
life cycles in which unicellular and multicellular phases, or multinucleated plas-
modes, are observed sequentially. A survey of the centrosome throughout evolu-
tion, as well as during the development and differentiation of animal embryos
in which multinucleation occurs by fusion of monucleated precursors or by inter-
rupted cytokinesis, strongly suggests that the centrosome is required for cell indi-
viduation. This could explain the conservation of this organelle throughout evolu-
tion. This may also imply that deciphering the properties of the centrosome will be
critical for a comprehensive understanding of growth and form in living systems.
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6 In living systems individuation processes can involve very different substrates. One of many examples
that have occurred during evolution is the individuation of a new species or a multicellular organism
from a colony of unicellular protists. During development of an embryo, formation of tissues is an-
other example of individuation processes. In the human species individuation processes include psy-
chosomatic development. Indeed the separation–individuation process leading to adulthood [113] and
the separation–individuation of cells during cytokinesis are metaphorically identical, leading to the
‘mother and daughter cell’ terminology.
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A Proteomic Approach to the Inventory of the Human
Centrosome

Christopher J. Wilkinson, Jens S. Andersen, Matthias Mann and Erich A. Nigg

7.1
Introduction

Over the past decade, our ability to determine the protein composition of complex
biological samples has improved greatly, thanks to the advent of high resolution,
high sensitivity mass spectrometers on the one hand, and the computing power
and databases needed to interpret the results obtained with such instruments on
the other hand. As a consequence, proteomic approaches have met with great suc-
cess in recent years. Both organelles, for example nucleoli and mitochondria, and
organisms, notably yeast and Plasmodium falciparum – the parasite responsible for
malaria – have been studied in this way [1–5].
The centrosome is another obvious, albeit challenging target for a proteomic ana-

lysis. Despite more than 100 years of study and the impact of molecular biology, a
complete description of its component parts still constitutes an important goal for
the future. It also seems clear that traditional approaches, driven mainly by func-
tional screens, may not discover all components. Hence, mass spectrometry-based
approaches hold great promise for a thorough analysis of this complex organelle.
The first important application of mass spectrometric proteomics to a microtubule-
organizing center was the analysis of the yeast spindle pole body by Kilmartin,
Mann and co-workers several years ago [6]. This yeast equivalent of the centrosome
yielded to mass spectrometric analysis after a heroic purification effort, emphasiz-
ing the difficulty of purifying low abundance organelles. For a comprehensive ana-
lysis of the centrosome, the difficulties in a proteomic approach were expected to
be similar. Although the centrosome is by no means the smallest amongst the cel-
lular organelles, its purification is made difficult by its low copy number
(Figure 7.1) and its interactions with both the cytoskeleton and other subcellular
organelles, notably the Golgi apparatus and the nucleus. Lastly, there is no deli-
neating membrane. So, the more extensively the centrosome is purified, the
greater the danger of losing components.



7.2
What is a Centrosome Component?

The absence of a clearly visible (membranous) boundary raises the general ques-
tion of how to define a centrosomal component. With our limited current knowl-
edge of centrosome structure it is in fact difficult to determine exactly where this
organelle ends. Boundaries are further blurred by the fact that many components,
although clearly enriched at the centrosome, also occur in large cytoplasmic pools.
Prominent examples for proteins existing both at the centrosome and in the cyto-
plasm include g-tubulin and centrin [7, 8]. Nevertheless, these proteins can readily
be used as markers in fluorescence microscopy, because their enrichment at the
centrosome results in a high signal density. Many microtubule (MT)-associated
proteins are also expected to be present in relatively high concentrations at the cen-
trosome. To distinguish such proteins from the genuine (core) components, cells
are usually exposed to either cold or nocodazole treatment, both of which depoly-
merize MTs. Those proteins whose centrosome localization resists cold or nocado-
zole treatment are operationally defined as core centrosome components.
Of particular importance is the highly dynamic structure of the centrosome

which displays major structural alterations and compositional changes during
the cell cycle [9, 10] (see also Chapter 9). Several proteins have been described
whose centrosomal localization is severely diminished at the onset of mitosis
e. g. PCM-1, C-Nap1, and Nlp [11–13] while others, notably the g-tubulin ring com-
plex, are recruited in greater quantity as the centrosome undergoes so-called ma-
turation at the G2/M transition [14]. Yet other proteins localize to the spindle
poles only during mitosis, some of which, like NuMA [15], are nuclear proteins
during interphase. In these latter cases, electron microscopy may be required to
determine the exact location of such proteins in the area of the poles. As exempli-
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Figure 7.1 The centrosome in perspective.
The size of the centrosome compared to
other cellular organelles in the cell is shown
to scale, together with estimates of their
abundance.



fied by plants, spindle poles can clearly exist in the absence of centrosomes. Thus,
although the terms “spindle pole” and “(mitotic) centrosome” are often used inter-
changeably, they do not necessarily describe the exact same structure. Thus, some
proteins may accumulate in the vicinity of the poles without being components of
the centrosome proper.
From a technical perspective, there are a number of issues that are becoming in-

creasingly important the more widely the centrosome is being studied. In particu-
lar, it is important to bear in mind that animal sera occasionally contain antibodies
with anti-centrosome activity even prior to immunization [16]. To make sure that a
newly raised antibody does not erroneously report on centrosome association of a
protein under study, it is critical, therefore, to perform control experiments with
pre-immune rather than non-immune serum, i. e. serum collected from the
same animal that was subsequently used for immunization rather than another in-
dividual of the same species. Furthermore, it is generally useful to confirm the im-
munocytochemical localization of a novel endogenous protein by showing that an
epitope-tagged product of the corresponding cDNA also localizes to the centro-
some. However, such experiments do not necessarily constitute an infallible
method either. In addition to the pitfall that overexpression might produce artefac-
tual associations, we have occasionally (albeit rarely) observed that different tags
yielded different results (e. g. [17], C. J. Wilkinson and E. A. Nigg, unpublished
results). This may reflect misfolding or masking of targeting signals caused by
particular tags. As with all (immuno-)cytochemical approaches, complementary
biochemical data are thus desirable. This is true in spite of the fact that none of
the available purification methods affords centrosomes without significant contam-
ination by cellular proteins, so that biochemical approaches provide corroborating
rather than unequivocal evidence.

7.3
Composition of the Human Centrosome: A Proteomic Approach

The exact number of centrosomal proteins is difficult to establish with confidence.
Nevertheless, a survey of the literature suggests that nearly a 100 proteins associate
with centrosomes at some stage of the cell cycle in different species. Of these,
about 60 are expected to be present on the interphase centrosome in humans.
Many centrosomal proteins have been discovered through genetic analyses or
through the production of antibodies to purified centrosomes (or MT-binding pro-
teins). The search for interaction partners of centrosomal components by yeast
two-hybrid screens and immunoprecipitation experiments has further expanded
the catalog. Most recently, mass spectrometry has been used to determine the com-
position of the g-tubulin ring complex [18]. Of great promise is the application of
this technology to whole centrosomes which is now becoming feasible [19–21], as
described in more detail below.
A priori, it might seem desirable to improve current protocols for centrosome

purification, prior to subjecting such samples to a proteomic analysis. However,
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as the centrosome lacks a clear boundary, harsher purification methods inevitably
entail the danger of losing peripheral components. In a recent study [21], we there-
fore decided to analyze a partially pure sample of centrosomes, taking advantage of
both the increased sensitivity of contemporary mass-spectrometry instruments and
advanced data analysis algorithms. In brief, two methods were used to generate
peptides for mass spectrometric analysis. In one protocol, whole centrosome pre-
parations were digested with trypsin, in the other, samples were first subjected
to one-dimensional gel electrophoresis, followed by in-gel trypsin digestion of 15
slices. Peptides were then separated by nano-liquid chromatography before injec-
tion into a quadrupole time-of-flight mass spectrometer by an electrospray source.
This analysis identified over 2000 peptides corresponding to 500 proteins [21].

Since the centrosomes had been purified from asynchronously growing cells
(with about 70% in G1, the remainder in S, G2 and M), we expected to find pri-
marily, proteins associated with the interphase centrosome. Of the approximately
60 described components of the interphase centrosome, 47 were indeed found
(Table 7.1). These included both prominent structural proteins (e. g. pericentrin,
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Table 7.1 Known centrosome components detected by mass-spectrometric analysis of purified
centrosomes*.

Structural components
Alpha tubulin
Beta tubulin
Gamma tubulin
Gamma-tubulin complex component 2
Gamma-tubulin complex component 3
Gamma-tubulin complex component 4, h76p
Gamma-tubulin complex component 5
Gamma-tubulin complex component 6
Centrin 2
Centrin 3
AKAP450 (AKAP350, GC-Nap)
Pericentrin/Kendrin

(alternatively spliced proteins)
Ninein
Pericentriolar material 1 (PCM-1)
ch-TOG protein
C-Nap1, Cep250, Cep2
Centriole associated protein CEP110, Cep1,

centriolin
Centrosomal P4.1-associated protein (CPAP)
CLIP-associating proteins CLASP1 and CLASP2
ODF2, cenexin
Lis1
Nudel
EB1
Centractin
Myomegalin

Regulatory molecules
Cell division control 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
Serine/threonine-protein kinase Nek2
Serine/threonine protein kinase Sak
Casein kinase I, delta and epsilon isoforms
Protein phosphatase 2A
Protein phosphatase 1 alpha isoform
14-3-3 proteins, epsilon and gamma

isoforms

Motor and related proteins
Dynein heavy chain
Dynein intermediate chain
Dynein light chain
Dynactin 1, p150 Glued
Dynactin 2, p50
Dynactin 3

Heat shock proteins
Heat shock protein Hsp90
TCP subunits
Heat shock protein Hsp73

*Centrosome proteins were identified as described in [21].



ninein, C-Nap1) as well as components of the g-tubulin ring complex and regula-
tory proteins (e. g. the protein kinase Nek2). Of the other proteins identified by
mass spectrometry, about 90 had not previously been studied in any detail and
about 350 had previously been characterized in contexts that bear no obvious rela-
tion to centrosomes.
Considering that the purification protocol used in the above experiments was

known to yield preparations in which centrosomes are enriched but far from
pure, we were not surprised to find that many of the proteins identified by mass
spectrometry appeared to be contaminants, at least by sequence criteria. Such pro-
teins included ribosome subunits, translation initiation factors, actin binding pro-
teins or nuclear components, i. e. proteins that have not previously been observed
at the centrosome, although they have been studied extensively. As described else-
where in this volume (Chapter 8), it is increasingly recognized that centrosomes
may function not only as microtubule-organizing centers, but may also provide
solid-state platforms for facilitating or enhancing intracellular signaling processes.
Thus, it would be premature to conclude that all of the “non-centrosomal” factors
described above merely represent contaminants, although this presently constitu-
tes the most parsimonious interpretation. Clearly, as the sensitivity of mass spec-
trometry improves, the more contaminants one expects to identify. This then raises
the important issue of how to distinguish bona fide centrosomal components from
contaminants.
When all identified proteins were sorted by number of peptide hits, which is a

reflection of both the abundance and the size of the parental protein, the top pro-
teins on the list turned out to be mostly centrosomal or novel. It was these latter
proteins we therefore focused on for further testing, using two complementary
approaches. First, about 30 novel proteins were selected on the basis of their rank-
ing and the availability of cDNA clones from public collections [22, 23] and tested
for centrosomal localization. As the production of antibodies to such a large num-
ber of proteins was not practical, we sought to verify their centrosome association
by expressing them as tagged proteins in cultured human cells, and then observing
their cellular localization by (immuno)fluorescence microscopy. To minimize the
possibility of overexpression artefacts and avoid the problems associated with tag-
ging as discussed above, all proteins were tagged in three different ways: GFP at
the N- or C-termini, or myc at the N-terminus. Fortunately, our results agreed in
all but one case, where only one of the tags reported on a centrosome association,
so that a positive localization remains tentative. For all other proteins that scored
positive for centrosome localization (19 in total), staining of two dots, co-localizing
with g-tubulin, was generally observed at low expression levels. At higher levels of
expression, several proteins in addition formed large, globular aggregates in the
cell. Not surprisingly, these proteins all displayed extensive regions of predicted
coiled-coil structure. The other centrosomally localized proteins additionally
showed a diffuse cytoplasmic staining. A representative selection of these localiza-
tion data is shown in Figure 7.2.
The second method we used for identifying bona fide centrosomal proteins was

termed protein correlation profiling (PCP) [21]. This method is based on an algo-
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rithm that allowed us to track the relative abundance of peptides through the dif-
ferent sucrose fractions that were obtained at the final stage of centrosome purifi-
cation. In brief, while it is difficult to use mass spectrometry for absolute quanti-
fication, the relative signal intensity of the same peptide in different samples ana-
lyzed consecutively is a fairly reliable measure of its relative abundance. Using this
approach, peptide elution profiles could be established for hundreds of peptides
and then compared to the profiles obtained for known centrosomal proteins.
Based on co-elution profiles, a “goodness of fit” could be established that allowed
the classification of proteins as likely centrosomal components or likely contami-
nants. Although definitive validation of candidate centrosomal proteins predicted
by PCP will have to await more direct localization studies, the invaluable advantage
of the PCP approach is that it provides an opportunity to extract information on
hundreds of proteins from mass spectrometry data, thereby obviating the need
to raise antibodies against hundreds of proteins merely for explorative purposes.
In general, the PCP method should prove useful in the analysis of any multipro-
tein complex that can be enriched by fractionation but is difficult to obtain in
pure form.
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Figure 7.2 A selection of differently tagged, novel centrosome proteins. Rows from top to bottom
show Cep63, Cep70 and Cep78. Columns from left to right show N-terminal GFP, C-terminal GFP
and N-terminal myc-tagged proteins, respectively. The most right-hand column shows the results
of very high overexpression of these proteins (tagged at the N-terminus with GFP), generating
large aggregates or a high cytoplasmic background. Green, ectopically expressed centrosomal
proteins; red, g-tubulin; blue, DNA (DAPI). The arrowhead points to the position of the centro-
some. Scale bars, 10 mm; panels in the three left columns are to the same scale as the top right
panel (see Color Plates page XXV).



In summary, through our follow-up on candidate centrosomal proteins identified
by mass spectrometry, we identified 19 novel centrosome components through epi-
tope tagging. In addition, four of the unknown proteins under study were indepen-
dently identified by other laboratories as bona fide centrosome components, antici-
pating our validation by tagging (Table 7.2). All these localization data were inde-
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Table 7.2 Proteins newly identified and shown to localize to human centrosomes.

Protein name Clone Motifs, comments Accession number

Cep27 FLJ10460 One coiled-coil domain NP_060567

Cep41 FLJ22445 One coiled-coil domain, Rhodanese-like NP_061188

Cep57 KIAA0092 Two coiled-coil domains TREMBL:Q9BVF9

Cep63 FLJ13386 Six coiled-coil domains TREMBL:Q9H8N0

Cep68 KIAA0582 NP_055962

Cep70 FLJ13036 Two coiled-coil domains, tetratricopeptide
(TPR)

NP_077817

Cep72 KIAA1519 Leucine Rich Repeat (LRR) TREMBL:Q9P209

Cep76 FLJ12542 NP_079175

Cep78 FLJ12643 TREMBL:Q9H9N3

Cep131 KIAA1118 Four coiled-coil domains, troponin TREMBL:Q9UPN4

Cep135 KIAA0635 13 coiled-coil domains,
(suggested in [54])

NP_055460

Cep152 KIAA0912 Eight coiled-coil domains TREMBL:O94986

Cep164 KIAA1052 Seven coiled-coil domains,
WW (two conserved tryptophans)

NP_055771

Cep192 KIAA1569
FLJ00145

NP_115518

Cep215 KIAA1633 Nine coiled-coil domains, homology
to rat myomegalin

NP_060719

Cep290 KIAA0373 Nine coiled-coil domains, homology
to human CTCL tumor antigen

SWISS-PROT:O15078

ALMS1
(463 kDa)

KIAA0328 Alstrom syndrome, disease linked NP_055935

OFD-1
(117 kDa)

Four coiled-coil domains, LisH
(validated in [31])

SWISS-PROT:O75665

NA-14
(13 kDa)

One coiled-coil domain,
(validated in [55])

SWISS-PROT:O43805

CCCAP
(74 kDa)

Five coiled-coil domains
(validated in [56])

TREMBL:O60527

CP110 KIAA0419 Two coiled-coil domains,
(validated in [57])

SWISS-PROT:O43303



pendently confirmed also by PCP, attesting to the predictive power of this novel
method. Furthermore, PCP identified another 41 proteins (Table 7.3) whose pep-
tide profiling scores indicate that they are likely associated with centrosomes [21].
Remarkably, almost all recently described new centrosome proteins have also

been identified in this survey, raising the question of how near to completion
the present inventory is. We believe that the vast majority of the core components
has probably been identified, although, clearly, the inventory is not yet quite com-
plete. A few of the proteins previously reported to be associated with interphase
centrosomes were not observed. In some cases, this might call for a re-examination
of the published evidence. In other cases, we presume that low abundance may ex-
plain our inability to detect particular proteins. This latter explanation may apply to
Nlp [12] and to d- and e-tubulin [24]. More difficult to explain is the absence of
TACC in our inventory, a fairly abundant protein we would thus have expected
to be present [25]. Perhaps, this protein was lost during purification. Finally, con-
sidering that the preparation analyzed in this study consisted primarily of inter-
phase centrosomes, the absence of prominent spindle pole-associated components,
such as NuMA [26], was not surprising. This strongly predicts, however, that pro-
teins associating preferentially with mitotic spindle poles remain to be discovered.

7.4
Inspection of Novel Centrosome Proteins by Sequence Analysis

Most previously known components of the centrosome appear to play primarily
structural roles. In line with this conclusion, a bias for structural proteins is appar-
ent also in the novel components identified through proteomics [21]. Known func-
tional domains or motifs were relatively rare, and, as a consequence, sequence ana-
lysis provides few clues as to the possible functions of the novel proteins. Strik-
ingly, however, about half of the novel proteins are predicted to contain extensive
coiled-coil regions. Proteins with a propensity to adopt coiled-coil structures were
previously known to be common amongst components of both the centrosome
and the spindle pole body (see Chapter 4 by Winey), but why the centrosome re-
quires so many distinct structural proteins is yet another mystery of this organelle.
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Table 7.2 (continued)

Protein name Clone Motifs, comments Accession number

Rootletin
(230 kDa)

KIAA0445 14 coiled-coil domains, (independently
validated in [58])

NP_055490

FOP
(43 kDa)

LisH, Chromosomal translocation,
disease linked

NP_008976

References are given for proteins independently verified elsewhere in the course of this screen. Novel
factors are termed Cep where Cep stands for centrosomal protein and is followed by the molecular
weight calculated from the full length sequence. Adapted from [21].
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Table 7.3 Candidate centrosome components predicted by PCP (adapted from [21]).

Accession number Protein name

NP_055625 CAP350
TREMBL:Q9C0D2 KIAA1731
NP_055730 KIAA1074
NP_055627 KARP-1-binding protein
NP_005886 Golgin-160
TREMBL:Q8WU14 KIAA0542
NP_663622 FLJ31872
TREMBL:Q9H7P7 FLJ00020
TREMBL:Q96DK7 KIAA1764
SWISS-PROT:P22314 Ubiquitin-activating enzyme E1
TREMBL:Q96SE1 NGAP-like protein
TREMBL:Q13025 Autoantigen
TREMBL:Q8N137 Lyst-interacting protein LIP8
NP_653319 AY099107
TREMBL:Q8NDE8 FLJ38327
TREMBL:Q9HCJ8 FLJ12902
TREMBL:Q8WXW3 Progesterone-induced blocking factor 1
TREMBL:Q96NL6 FLJ30655
TREMBL:Q8TC05 Mdm1
SWISS-PROT:O00139 Kinesin-like protein KIF2
NP_659436 MGC20806
TREMBL:O94927 KIAA0841
TREMBL:Q8NA30 NEDD1
TREMBL:Q96RI5 Unconventional myosin 1G methonine form
TREMBL:O43606 IT1
NP_066300 FEZ1
TREMBL:Q8NA72 FLJ35779
NP_116205 FLJ14640
TREMBL:Q8N3K0 DKFZp761A078
NP_758440 TUWD12
TREMBL:Q9Y6R9 BC282485_1
NP_079280 FLJ13215
SWISS-PROT:Q9P2S5 WD-repeat protein 8
NP_060610 FLJ10565
TREMBL:Q8NCB8 FLJ90366
NP_056241 FLJ90808
TREMBL:Q9NS50 FLJ32194
NP_803546 C14orf61
SWISS-PROT:Q9Y5B8 Nucleoside diphosphate kinase 7
NP_060285 FLJ22363
NP_078824 FLJ23047



One emerging idea is that the centrosome functions not only as a MT-organizing
center but also as a solid-state platform for regulatory molecules and a junction for
signaling processes [9, 27–29] (see Chapter 8). From this perspective, it would seem
plausible that a complex structural scaffold may be required to allow for the speci-
fic and orderly binding of numerous factors. The many coiled-coil proteins may
therefore act as a core structure to which weakly interacting proteins can bind tran-
siently.
Another possible explanation for the multitude of centrosomal coiled-coil pro-

teins is that interactions between such proteins may be ideally suited to confer
the striking flexibility that recent experiments have brought to light [30]. Live
cell imaging performed on interphase centrosomes has in fact revealed that the
two centrioles within a given centrosome display a much more dynamic behavior
than had previously been appreciated. This plasticity may require a dynamic archi-
tecure that a rigid matrix, composed of only few components, would be less likely
to provide. Similarly, it is possible that numerous structural components are
required to generate a sufficiently malleable and responsive structure to allow
for cell cycle- or differentiation-dependent alterations in centrosome structure
and composition.
Two proteins identified in the survey, termed ALMS1 and OFD1, have previously

been identified genetically as being linked to human diseases. In particular, the C-
terminal half of ALMS1 was localized to the centrosome by tagging [21] and, inde-
pendently, antibodies to OFD1 have been shown to decorate the centrosome [31].
Both proteins need further investigation to confirm their association with the cen-
trosome but their identification as candidate centrosome components is intriguing.
The diseases caused by defects in these genes are relatively rare and poorly under-
stood. Patients with Alstrom syndrome (ALMS1) display a complex set of symp-
toms. Childhood obesity starts at the early age of 6 months and many patients de-
velop type 2 diabetes. The disease is also associated with neurosensory defects and
subsets of patients show dilated cardiomyopathy, hepatic dysfunction, hypothyroid-
ism, male hypogonadism, short stature and mild developmental delay [32, 33]. The
symptoms of oral–facial–digital syndrome type I (OFD1) are more straightforward.
Typically, the patients have malformations of the digits and face or oral cavity such
as a cleft palate. In addition, two-fifths of patients have defects in the central ner-
vous system [34]. Thus, in both of these diseases, a considerable variety of tissues
appears to be affected. With the identification of the mutated proteins as putative
centrosome components, it is tempting to speculate that the cause of these diseases
is disruption of centrosome (or basal body) function during development. This
adds to emerging evidence suggesting a critical role of the centrosome/basal
body in forming the architecture of particular tissues [35, 36]. Perhaps we are
about to witness the dawn of “centrosomopathies”.
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7.5
Cell Cycle Changes in Centrosome Composition

The structure and behavior of the centrosome changes markedly throughout the
cell cycle. This is reflected by the appearance or disappearance of individual centro-
somal proteins at particular cell cycle stages, notably at the G2/M transition when
the centrosome undergoes maturation in preparation for spindle formation [37,
38]. Other potentially important changes concern the establishment and dissolu-
tion of different types of linkages that are thought to connect the two parental cen-
trioles to each other, and each parental centriole (mother centriole) to its growing
pro-centriole (daughter centriole), respectively (Figure 7.3A). Critical changes un-
doubtedly occur also during duplication of the centrioles in S phase, and it has
long been known that the two parental centrioles can be distinguished from
each other by the cell cycle-regulated appearance of appendages at the distal and
sub-distal end of only the older (“mature”) centriole [39]. The functions of these
appendages remain to be fully understood, but roles in microtubule anchoring
and the formation of the primary cilium have been documented [39].
Cell cycle-dependent changes in centrosome structure have been extensively de-

scribed at the electron microscopic level, but their detection by light microscopy
remains difficult. This is a reflection of both the lower resolution of light micro-
scopy and the internal organization of the centrosome. Antibodies against most
PCM components (including g-tubulin) will stain material associated with both
centrioles and, therefore, give rise to two closely spaced dots under the microscope.
Depending on the plane of focus and the spatial orientation of the organelle, how-
ever, the two dots will occasionally coalesce into one. As cells progress through the
cycle, the two-dot staining pattern will not visibly change, even though the two cen-
trioles duplicate (Figure 7.3B). This is because parental centrioles and their closely
apposed pro-centrioles are not easily visualized as separate entities by antibodies
directed against PCM components.
A further complication arises from the fact that in some G1 phase cells the two

parental centrioles will be very close to each other (thus difficult to recognize as two
distinct dots), whereas in others they split over distances of several microns (hence
clearly producing two dots) (e. g. [40, 41]). Unfortunately, these split single centro-
somes are frequently – but erroneously – considered as two already duplicated
centrosomes (Figure 7.3C). Because of the small size of centrioles, the scarcity
of centriolar markers and the geometric considerations described above, a rigorous
and reliable quantitative analysis of centrosome duplication by light microscopy
remains a difficult task.
Using cell lines stably expressing GFP-centrin and high resolution microscopy,

Bornens and colleagues have been able to visualize both centrioles and growing
pro-centrioles [30, 42]. By carefully studying centrosome duplication in S phase
cells, these workers were able to observe two faint dots (representing pro-cen-
trioles) appearing next to the two more intensely labeled dots (representing the par-
ental centrioles). Subsequently, the brightness of the pro-centriolar signals in-
creased during S phase progression, so that by G2, four dots could be seen (repre-
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senting two doublets of duplicated centrioles). Thus, by studying centriolar mar-
kers under optimal conditions, it is possible to monitor centrosome duplication
by observing the increase in the number of fluorescently labeled dots from two
to four. However, as signals frequently coalesce, depending on geometry and
plane of focus, the unequivocal counting of these signals is far from trivial.
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7.6
The Impact of MS on Centrosome Analysis during Cell Cycle and Development

We are confident that the ability to analyse the centrosome by mass spectrometry
will greatly help in monitoring changes occurring at this organelle as cells prolif-
erate and differentiate. In particular, it should be possible to purify centrosomes
from cells synchronized at different stages of the cell cycle. With increasing sensi-
tivity of mass spectrometry and a concomitant decrease in the amount of material
needed for analysis, it will also become attractive to apply mass spectrometry to
study changes in centrosome composition during the development of different tis-
sues. A comparison of the components in such preparations should theoretically
reveal proteins that are added or lost during the cell cycle and/or during differen-
tiation. An important advance favoring this type of study is the emerging ability to
use non-radioactive heavy isotopes for protein labeling [43–46]. Since the masses of
peptides derived from isotope-labeled cells will be shifted relative to those from un-
labeled cells, it is possible to carry out quantitative comparisons of protein levels
between two different cell populations by mass spectrometry. Particularly powerful
are experimental protocols in which labeled and unlabeled samples are mixed prior
to organelle purification and mass spectrometric analysis, eliminating errors due to
variations in sample processing.
Another, wide open field for future investigation concerns the role of posttransla-

tional modifications, notably phosphorylation, in the control of centrosome struc-
ture and activity [47]. Clearly, the increasing sensitivity of mass spectrometry and
the continued development of peptide fractionation and isolation procedures
[48–51] hold great promise for elucidating these regulatory events. In the case of
the centrosome, these approaches appear particularly important and attractive, as
conventional biochemical approaches for studying posttranslational modifications
are severely limited by the low amounts of centrosomal proteins that can be pre-
pared for study.
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m Figure 7.3 Cell cycle dynamics of the centrosome. This figure summarizes, in schematic form,
a few considerations that are relevant to the study of centrosome dynamics by light microscopy.
(A) Two different centriolar linkers probably exist in the centrosome, one linking the emerging or
newly formed (daughter) centriole to the parental centriole, the other linking two parental cen-
trioles that will themselves give rise to pro-centrioles during S phase. The latter connection must
be broken during G2 to allow the two duplicated centrosomes to separate for spindle formation.
The former link must be dissolved at the end of mitosis to allow the two centrioles to move
separately and, most likely, to allow subsequent duplication. (B) The limits of resolution of light
microscopy and the broad distribution of many pericentriolar matrix proteins make it difficult
to monitor centrosome duplication by fluorescence microscopy. (C) The different possible
orientations of multiple centrioles relative to each other and the observer and the ability of
the centrosome to split (because of centrioles separating from each other) constitute further
potential sources of confusion when counting centrosomes.



7.7
Expanding Proteomic Information into Knowledge about Function

The described proteomic approach has provided an invaluable source of informa-
tion on the component parts of the human centrosome [21], and we expect that
mass spectrometry will continue to provide insight into cell-cycle and developmen-
tal changes in centrosome composition. Clearly, though, the persisting key task is
to use this information to derive models of how the whole centrosome works. In
the past, centrosome proteins have often been discovered through genetic screens
or biochemical searches for interacting partners of already characterized proteins.
And in at least some of these cases, clues to the functions of newly discovered pro-
teins were thus available. For proteins discovered through proteomics, with no
obvious functional links or insight from sequence information, knowing where
to start to decipher a function is less obvious. A priori, overexpression of a novel
protein may lead to observations (e. g. g-tubulin recruitment) that suggest a specific
function (e. g. [12]). Conversely, depletion of a protein, notably by siRNA technol-
ogy, may yield information on a loss-of-function or hypomorphic phenotype [52,
53]. However, by siRNA it may be difficult to deplete some centrosomal proteins
sufficiently to produce a clear-cut phenotype. In particular, in cases where large
cytoplasmic pools exist and turnover at the centrosome occurs, very extensive de-
pletion may be required before the function of the centrosomal pool is impaired.
Thus, in spite of the undisputed power of siRNA approaches, it will ultimately
be important to assess the function of selected centrosomal proteins by gene
knock-out strategies. Finally, another persisting challenge is to develop novel assays
to probe various aspects of centrosome function. These assays should focus not
only on the roles of centrosomes in microtubule organization, cell polarity and
motility, but also in cell cycle progression and development.

7.8
Conclusion and Prospects

The use of proteomic approaches to investigate the centrosome has been remark-
ably successful. It thus seems legitimate to hope for a comprehensive description
of centrosome composition in a not-too-distant future. Furthermore, mass spectro-
metry holds great promise for monitoring changes in centrosome function. This is
true regardless of whether changes in centrosome behavior during cell cycle pro-
gression or differentiation involve changes in protein composition or in the activity
of particular components in response to posttranslational modifications. As in
many other fields to which mass spectrometry has been applied as an analytical
technique, it is thus likely to develop into a core tool for centrosome research.
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8
The Role of the Centrosome in Cell Cycle Progression

Andrew M. Fry and Rebecca S. Hames

8.1
Introduction

The centrosome is a tiny subcellular organelle present in only one or two copies
per cell. Yet, through its role as the primary site of microtubule nucleation and or-
ganization, it contributes to numerous cellular processes including anteriograde
and retrograde transport, positioning of organelles and chromosome segregation.
If this was not enough, there is now a growing body of evidence that the centro-
some plays additional important roles in orchestrating many of the key transition
events that occur during cell cycle progression including mitotic entry, anaphase
onset, cytokinesis and S-phase entry. It seems to do this by acting as a solid-
phase signaling platform providing docking surfaces on which key enzymes can
be brought into contact with their substrates and upstream regulators. In this re-
view, we will consider the evidence that has implicated the centrosome in regulat-
ing specific cell cycle transitions and discuss the consequences that this new and
exciting information has on our understanding of cell cycle control.
Progression through the eukaryotic cell cycle requires the precise coordination

and integration of many critical biochemical events. Frequently, these involve pro-
tein phosphorylation and dephosphorylation reactions, as well as the activation of
targeted proteolysis. However, the cell is not a test-tube and in reality these enzy-
matic processes are carefully regulated in a spatial as well as temporal fashion [1].
At the simplest level, enzymes and substrates may be physically separated into dif-
ferent subcellular compartments until the appropriate time in the cell cycle. How-
ever, on a more sophisticated level, activators or inhibitors may be brought into
close physical proximity to their targets through immobilization on particular sub-
cellular structures.
The animal cell centrosome is a discrete non-membranous organelle that sits in

the cytoplasm close to the nucleus [2, 3]. Its fungal counterpart, the spindle pole
body (SPB), may also be found just outside the nuclear envelope or, in some spe-
cies, within the nuclear envelope [4, 5]. The core structural components of the
higher eukaryotic centrosome include two barrel-shaped centrioles, composed pre-



dominantly of nine highly stable microtubule triplets, and the surrounding peri-
centriolar material (PCM). The PCM contains proteins required for microtubule
nucleation and anchoring that are held within a fibrous lattice somehow attached
to the walls of the centrioles (see Chapters 3, 5, and 15 for a detailed description of
centrosome structure and microtubule nucleation). Because the centrosome lacks a
surrounding lipid bilayer, its three-dimensional architecture is maintained through
specific protein–protein interactions. Not surprisingly, then, most centrosomal pro-
teins contain protein interaction domains, with coiled-coil motifs featuring promi-
nently. These protein interaction domains were originally assumed to contribute
solely to the maintenance of the centrosome structure itself and to the recruitment
of proteins involved in regulating microtubule nucleation or centriole duplication.
However, the growing list of diverse enzymes detected at the centrosome (see [6, 7])
has challenged this assumption and raised the possibility that the centrosome acts
as a docking platform for a wide range of regulatory molecules that do not neces-
sarily have a function directly related to centrosome biology itself. In this scenario,
the centrosome behaves as a command center integrating signals from different
pathways and ensuring the correct output. This activity may be entirely indepen-
dent of microtubules or it may utilize microtubules to facilitate movement of sig-
naling molecules to and from the centrosome.
Evidence for a centrosomal role in externally-regulated signal transduction path-

ways remains rather sketchy at the present time. In contrast, there is now abun-
dant and persuasive evidence that the centrosome acts as a scaffold for coordinat-
ing intrinsic cell cycle events [8, 9]. How the centrosome plays a key role in regu-
lating mitotic entry, the metaphase–anaphase transition, execution of cytokinesis
and S-phase entry will form the central debate of this chapter.

8.2
Cell Cycle Dynamics of Centrosome Structure

An excellent description of the morphological events and biochemical regulation of
the centriole duplication cycle is included elsewhere in this volume. In the context of
this chapter it is nevertheless worth briefly reviewing the gross structural changes
that take place in the centrosome during cell cycle progression. As cells progress
from G1 into S phase, the process of centriole duplication begins. This continues
during S and G2 with the elongation of pro-centrioles. By late G2, centriole duplica-
tion is mostly complete and the cell possesses two centrosomes that each contains
two closely juxtaposed centrioles. Throughout interphase, the two centrosomes
are held in close proximity as the result of some component part of the PCM that
acts as a linker connecting the two fully-formed centrioles [7]. Prior to mitotic
entry this tether is disassembled in a process referred to as centrosome disjunction
[10]. But centrosome disjunction can also be thought of as just one part of a more
global change known as centrosome maturation that takes place at the G2/M transi-
tion [11]. During centrosome maturation, many centrosomal proteins, e. g. Plk1 [12]
or NuMA [13], are recruited for the first time in the cell cycle while others, e. g.
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C-Nap1 [14] or Nlp [15], are discarded. These changes in protein composition may
trigger centrosome disjunction at the same time as increasing the rate of microtu-
bule nucleation. Generally, there is an overall increase in centrosome bulk at this
time in line with the increased requirement for microtubule nucleation. As a result
of centrosome maturation, it is fair to say that the composition of an interphase cen-
trosome is quite different from that of a mitotic spindle pole. Late in mitosis, there is
a similar, albeit opposite, reversion of the spindle pole to an interphase centrosome.
As this happens, the two centrioles within a single pole lose their close apposition
and start to behave in a remarkably independent manner [16]. The ensuing move-
ments of the centrioles at this stage in the cell cycle might contribute to the fidelity
of cytokinesis, as described later in this chapter, and elsewhere in this volume.
Finally, as cells re-enter G1 they inherit a single centrosome with two centrioles
ready to begin the centriole duplication cycle once again.

8.3
Old and New Functions of the Centrosome

From a functional perspective, the centrosome, and its homologous structures in
other species, is first and foremost the primary site of microtubule nucleation
within the cell. It therefore contributes enormously to cellular properties that are
dependent upon the microtubule network, including segregation of duplicated
chromosomes on a microtubule-based spindle (reviewed in [17]). This function
was established many years ago and disruption of centrosome number or architec-
ture has now been intimately linked with chromosome segregation defects, aneu-
ploidy, chromosome instability and loss of cell polarity, all of which are classic hall-
marks of malignant tumor cells [18–20]. However, more recent research into cen-
trosome biology, partly fuelled by the cancer connection, has thrown up some in-
triguing and unexpected results with respect to the exact role of the centrosome in
animal cells. Astral arrays of microtubules and bipolar spindles can form both
in vivo and in vitro in the absence of centrosomes, challenging the view that the
centrosome is essential for spindle formation and chromosome segregation (e. g.
[21, 22]). Indeed, early embryonic divisions in many rodents occur in the absence
of centrosomes and acentrosomal cell lines that are viable have been isolated from
Drosophila [23]. Flies can even develop to maturity in the presence of centrosomes
deficient in certain core centrosomal proteins [24]. Critically, though, parthenogen-
esis (the complete development to adulthood of an egg without fertilization) of
frogs and mammals can only occur if a centrosome is present demonstrating
that centrosomes do provide an essential function in the development of verte-
brates [25]. Although this function may relate to its central role in microtubule
nucleation or organization, it may equally reflect a non-microtubule related activity.
Indeed, work from a number of laboratories has now demonstrated that, in addi-
tion to its microtubule-related function, the centrosome plays key roles in regulat-
ing specific cell cycle transitions, and these might explain the essential nature of
the centrosome. Furthermore, failure of these non-microtubule-related functions
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may also contribute to the centrosome-associated phenotypes of cancer cells. In the
following sections, we will examine some of the possible mechanisms by which the
centrosome may contribute to different cell cycle transitions.

8.4
The Centrosome in G2/M Control

Early research into how the G2/M transition is regulated laid the foundations for
our entire understanding of eukaryotic cell cycle control. Genetic studies on fission
and budding yeast cell division and biochemical studies into the process of oocyte
maturation led to the conclusion that cell cycle transitions are universally regulated
by cyclin-dependent kinases in conjunction with their regulatory subunits, cyclins
[26, 27]. In essence, it was demonstrated that the G2/M transition requires activa-
tion of Cdk1/cyclin B and, as we now know, Cdk1/cyclin A. Much, however, re-
mained at that time to be understood about how Cdk/cyclin complexes are regu-
lated in time and space.
Cdk1 is now recognized to require more than cyclin binding for its activation. It

is through a complex modulation of its phosphorylation status that Cdk1 becomes
turned on at the G2/M transition [28, 29]. It must be phosphorylated on an activat-
ing threonine (Thr-161 in human Cdk1) within the T-loop of the catalytic domain
and dephosphorylated on Thr-14 and Tyr-15 residues in the ATP-binding pocket.
The activating threonine is phosphorylated by the Cdk-activating kinase, CAK.
The inhibitory phosphorylation sites in the ATP-binding cleft are phosphorylated,
in higher eukaryotes, by Myt1 (Thr-14) and Wee1 (Tyr-15), and both are depho-
sphorylated by the dual-specificity phosphatase, Cdc25. Cdk1 can phosphorylate
and activate Cdc25, thereby creating a positive feedback loop once a small fraction
of Cdk1 has become active [30, 31]. Cdc25 is also subject to phosphorylation and
activation by the Polo-like kinase, Plk1/Plx1 [32]. It has not been proven, but
seems likely, that Wee1 is simultaneously inhibited by Plk1 [33], thereby further
promoting the activation of Cdk1. However, the observation that mitotic entry
can occur in the absence of Polo kinase activity in certain systems suggests that
the primary role of Polo at this stage of the cell cycle is to influence the rate of
mitotic commitment rather than mitotic commitment per se [34].
The questions that we wish to address are to what extent Cdk1 activation takes

place at the centrosome and whether the centrosome is required for Cdk1 activa-
tion. Cdk1 has long been known to localize to centrosomes from the onset of mi-
tosis [35, 36]. As major changes in microtubule nucleation capacity occur at this
time and Cdk1 is capable of regulating microtubule dynamics [37], a reasonable
proposition was that a fraction of Cdk1 is required to localize to the centrosome
in order to initiate these changes. In other words, Cdk1 is targeted to the centro-
some simply to regulate its microtubule nucleation capacity. This view however
has been challenged by the localization of upstream regulators of Cdk1/cyclin B
to mitotic centrosomes. In particular, Polo kinases have been shown in a wide
variety of organisms to localize to mitotic centrosomes and SPBs from very early
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in mitosis to around the time of anaphase [12, 38–42]. Hence, Cdk1 activation may
occur first at the centrosome through localized activation of Cdc25 by Polo kinase.
It is probably not that simple though, as association of Polo kinase with the SPB in
fission yeast does require some Cdk1 and Cdc25 activity [41]. Importantly, though,
the efficient amplification of the positive feedback loop for mitotic commitment
may be specifically promoted at the centrosome through bringing partially active
Cdk1 into close physical proximity with Cdc25 and Plk1 (Figure 8.1). In support
of this, a report suggested that inhibitory Tyr-15 phosphorylation is lost from cen-
trosomal (and cytoplasmic) Cdk1 before it disappears from nuclear Cdk1 [43].
In a careful study performed in human cells, the timing of Cdk1/cyclin B1 acti-

vation was followed using phosphospecific antibodies [44]. The activation of the
Cdk1/cyclin B1 complex is usually associated with phosphorylation on particular
sites within the cytoplasmic retention sequence of cyclin B1, including Ser-126
and Ser-133. Ser-126 is an autophosphorylation site and therefore directly reflects
Cdk1 activation. Using antibodies that recognize these phosphorylated sites, Jack-
man and coworkers clearly demonstrated that Cdk1/cyclin B1 activation is detected
on centrosomes in prophase as well as weakly in the cytoplasm, prior to its appear-
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Figure 8.1 The centrosome acts as a solid-phase platform for cell cycle-related signaling events.
Through recruitment and concentration of signaling pathway components (right-hand figure),
the centrosome (or SPB in fungi) can act as a scaffold or platform dramatically enhancing the
efficiency of signal transduction events as compared to that seen in solution (left-hand figure).
This is illustrated here using components that promote mitotic commitment as an example.
Recruitment to the centrosome of Cdk1, together with its upstream regulators Cdc25 and Plk1,
triggers rapid and efficient generation of active Cdk1, a pre-requisite for the sudden passage of
cells from G2 to M. This is achieved through Plk1 phosphorylating and activating Cdc25 which, in
turn, stimulates the removal of inhibitory phosphorylation sites on Cdk1. Concentration at the
centrosome also facilitates positive feedback loops, with Cdk1 being able to further activate
Cdc25 by phosphorylation. Localization at the centrosome is likely to be transient and so, once
activated, Cdk1 can migrate to other sites in the cell for substrate phosphorylation. The one
caveat to this model is that hard evidence for Cdc25 localization to the centrosome at the G2/M
transition is still lacking.



ance in the nucleus [44]. Ser-133 may be phosphorylated slightly before Ser-126,
and was found to be a Plk1 phosphorylation site. Hence, co-localization at the cen-
trosome also promotes phosphorylation of cyclin B1 by Plk1. Contrary to a previous
report [45] Jackman and colleagues also found that Plk1 did not directly promote
the translocation of cyclin B1 into the nucleus. Thus, it appears that translocation
of the complex to the nucleus is not the trigger event that activates Cdk1 as had
been previously proposed, but that Cdk1 is first activated perhaps weakly in the
cytoplasm and then, through concentration of positive feedback components,
strongly on centrosomes.
In the filamentous fungus Aspergillus nidulans, another serine/threonine protein

kinase, NIMA, is absolutely required for the G2/M transition [46]. The mechanistic
reason for this is not clear although it may also relate to the local concentration of
mitotic regulators, as nimA mutants fail to correctly localize Cdk1/cyclin B to either
the nucleus or SPB [47]. NIMA itself localizes to the SPB, as does the fission yeast
equivalent Fin1 [47, 48]. Although not an essential gene, temperature sensitive fin1
mutants exhibit spindle defects and fin1 null alleles require an intact spindle
checkpoint for viability, suggesting an intrinsic role in SPB spindle function [49].
However, there is interesting circumstantial evidence that Fin1, like NIMA, also
contributes to mitotic commitment. A dominant mutant of a fission yeast SPB
component, Cut12, is able to initiate mitotic entry in the absence of Cdc25 function
[50]. In this cut12/stf1 mutant, it was found that the Polo kinase, Plo1, localized to
the SPB throughout the cell cycle, rather than only at mitosis as happens in wild-
type cells [41]. This premature recruitment is abolished in a fin1

ts
mutant, while

artificially upregulating Fin1 expression promoted the early appearance of Plo1
on interphase SPBs [49]. Thus, Fin1, and perhaps NIMA, may accelerate mitotic
entry through recruitment of mitotic kinases such as Polo to the fungal equivalent
of the centrosome. The closest structural homolog to NIMA and Fin1 in vertebrates
is Nek2 [51]. Nek2 strongly localizes to the centrosome where it is thought to
regulate centrosome structure at G2/M and thus contribute to spindle formation
[52, 53]. Whether Nek2, or one of the 10 other NIMA-related kinases present in
mammals, has a direct role in mitotic commitment remains to be seen.
The definitive proof that centrosomes are required for G2/M entry seemed to

have come when centrosomes were microsurgically removed from cells leading
to an apparent arrest in G2 [54]. However, by combining this same approach
with live cell imaging, it became apparent that the karyoplasts lacking centrosomes
primarily arrested in G1 after progressing through mitosis ([55] and discussed in
more detail later). So are centrosomes dispensable for the G2/M transition after
all? Available evidence suggests that centrosomes may not be strictly required
for mitosis in animal cells (as they are not required in higher plants and female
meiosis in many animal species), but that they are likely to contribute to the effi-
ciency and/or accuracy of mitosis. Experimentally, acentrosomal cultured cells can
enter mitosis, but perhaps in a delayed and less coordinated fashion. Centrosomes
certainly accelerate mitotic entry and activation of Cdk1/cyclin B in frog eggs [56]
and, following microinjection, can release starfish oocytes from a G2 arrest [57]. In
summary then, it seems reasonable to propose that centrosomes promote a high
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precision mitotic entry by facilitating the positive feedback activation loop of
Cdk1 by Plk1, Cdc25 and perhaps NIMA. Once activated, Cdk1 may leave the
centrosome and trigger further activation of Cdk1 elsewhere in the cell, thereby
leading to the sudden and dramatic entry of cells into mitosis.

8.5
Initiation of Cyclin B Destruction at the Centrosome

Following mitotic entry, the next critical transition point in the cell cycle is the me-
taphase to anaphase transition. This is under the control of the spindle assembly
checkpoint, which prevents anaphase onset until all chromosomes have achieved
attachment to opposite spindle poles (reviewed in [58]). In an elegant approach
that made use of cells containing two spindles, it was shown that one spindle
could initiate anaphase despite the presence of mono-orientated chromosomes
on the second spindle [59]. This implied for the first time that the molecular com-
ponents of the spindle assembly checkpoint are physically restricted to the spindle
structure itself. The obvious location for components of the checkpoint is the kine-
tochore/centromere region where attachment of microtubules and tension gener-
ated by bipolar attachment can be monitored. In support of this model, multiple
spindle checkpoint proteins including Mad1, Mad2, BubR1 (Mad3), Bub1, Bub3,
Mps1, Aurora B, Rod and Zw10, have all been localized to the kinetochore [58].
The main target of the spindle assembly checkpoint is the multi-subunit ubiqui-

tin ligase known as the anaphase promoting complex or cyclosome (APC/C) [60].
Amongst other substrates, the APC/C polyubiquitylates securin and cyclin B target-
ing them for proteasome-mediated degradation. Destruction of securin initiates
anaphase by releasing separase which in turn cleaves the centromeric cohesin
molecules that tether the sister chromatids [61]. Destruction of cyclin B promotes
mitotic exit. Recognition of substrates by the APC/C requires an additional adaptor
subunit that at the time of the metaphase/anaphase transition is the Cdc20 (Fizzy/
Fzy) protein, and in late mitosis/G1 is the Cdh1 (Fizzy-related/Fzr) protein [62].
The current view on how the spindle assembly checkpoint prevents anaphase
onset is that checkpoint proteins, notably Mad2, Bub3 and BubR1, form a mitotic
checkpoint complex (MCC) with Cdc20 preventing it from interacting with and
activating the APC/C [63–66]. Once full bipolar attachment has been achieved,
Cdc20 is no longer assembled into checkpoint complexes thereby allowing APC/
C-Cdc20 complexes to form initiating the polyubiquitylation of substrates.
The question we are interested in here is where the APC/C-Cdc20 is first acti-

vated: is it primarily at the kinetochore or could it rather occur at the centro-
some/spindle pole? Circumstantial evidence has come from the localization of
APC/C components, notably Cdc16 and Cdc27, as well as Cdc20 to the centrosome,
first, in fixed cells [67, 68] and, more recently, in live cells [70, 71, 126]. In reality,
though, the localization of these proteins is both complex and dynamic with the
APC/C and Cdc20 being found at a number of locations in mitosis including kine-
tochores and the cytoplasm. Furthermore, in Drosophila embryos, Cdc16 and Cdc27
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do not show entirely overlapping patterns of localization or complex size raising
the possibility that there may be multiple, distinct versions of the APC/C operating
at different sites [69].
Although present at many sites throughout the cell, there is good evidence that

the APC/C is first activated towards cyclin B at the spindle poles. Live cell imaging
of GFP-tagged cyclin B destruction in HeLa cells [72], cellularized Drosophila em-
bryos [126] and yeast cells [73] reveals a loss of protein that starts at the spindle pole
before moving in a wave along the rest of the spindle and only then onto the cyto-
plasm (or nucleus in yeast). Perhaps even more exciting is the demonstration that,
in a particular Drosophila mutant (cfo), centrosomes detach from their spindles and
whilst this does not prevent destruction of cyclin B at the spindle poles, there is no
destruction on spindles and embryos arrest in anaphase [74]. This experiment pro-
vides powerful evidence that destruction of cyclin B begins on spindle poles and
requires an intact physical connection to the spindle to propagate the wave of de-
struction. It is also possible that a checkpoint is activated in response to centro-
some detachment preventing further destruction of cyclin B. Intriguingly, in syn-
cytial (early stage) Drosophila embryos, cyclin B is only destroyed on the spindle,
whereas it remains present in the cytoplasm [71]. This spatially restricted pattern
of destruction suggests that it cannot be the global activation of the APC/C itself
that controls the timing of cyclin B destruction, since the APC/C is not spatially
restricted. Instead, it is possible that spatial restriction of Cdc20 could be critical.
In fact, Cdc20 does appear to be restricted to the spindle during the syncytial
stage of insect cell development leading Raff and colleagues to propose that this
is why destruction of cyclin B is limited to the spindle in these embryos [71].
Furthermore, they hypothesize that destruction of cyclin B throughout the rest
of the cell might depend upon Cdh1 which is only expressed after cellularization,
although contrary to the proposed model, Cdh1 is highly concentrated on centro-
somes throughout the cell cycle. It remains to be tested whether such spatial re-
striction of Cdc20 and Cdh1 can explain the temporal pattern of cyclin B destruc-
tion in adult vertebrate cells where Cdc20 binds to the APC/C before Cdh1.
Another possibility is that Cdc20 is released from checkpoint complexes in the

vicinity of the spindle pole thereby making this the first place that APC/C-Cdc20
can form (Figure 8.2). Following microtubule attachment at the kinetochore
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nFigure 8.2 Spatial regulation of cyclin B1 destruction at the metaphase/anaphase transition.
In early metaphase, cyclin B1 is stable and localized to the spindle pole and spindle fibres. Live
cell studies in Drosophila embryos indicate that the APC/C ubiquitin ligase is present at spindle
poles at this time but is inactive due to the absence of the essential adaptor subunit Cdc20.
Cdc20 is thought to be assembled into inhibitory complexes with spindle checkpoint proteins
including Mad2, BubR1 and Bub3 at unattached kinetochores. Following microtubule attachment,
these complexes are transported along spindle fibers towards spindle poles by minus end-
directed motors such as cytoplasmic dynein. Once at the poles, the checkpoint complexes are
somehow disassembled allowing Cdc20 to bind and activate the APC/C. For correct operation of
the checkpoint, release of Cdc20 and activation of the APC/C depends upon complete attachment
of all kinetochores to the spindle. It is not clear how or where this is controlled, but time-lapse
imaging in human cells and Drosophila embryos reveals that destruction of cyclin B1 is first
observed at spindle poles before spreading outwards along spindle fibres.
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many checkpoint proteins including Mad2, BubR1, CENP-E, Rod and Zw10, exhi-
bit unidirectional migration from the kinetochores to the spindle poles along spin-
dle fibers [75–77]. Based on the rate of these movements, it is believed that they are
mostly driven by the minus end-directed microtubule motor, cytoplasmic dynein
[77, 78]. This may be a mechanism to disseminate the checkpoint complexes
throughout the spindle or to turn off the checkpoint following microtubule attach-
ment. The next question though is how the Cdc20-checkpoint protein complexes
are disassembled. Cdc20 is phosphorylated in early mitosis by Cdk1 and MAPK
to promote its association with spindle checkpoint proteins and prevent it from
binding the APC/C [79]. If the dephosphorylation of Cdc20 that followed check-
point inactivation occurred primarily at the spindle pole this would lead to disas-
sembly of the checkpoint complexes and restricted formation of APC/C–Cdc20
at this site. Currently, this is pure speculation but could perhaps be addressed
with Cdc20 phosphosite-specific antibodies in a similar approach to that described
above for showing that Cdk1–cyclin B1 activation occurs first at the centrosome.
Finally, as well as binding of Cdc20, activation of the APC/C requires phos-

phorylation of APC/C subunits by Cdk1 and Plk1, and dephosphorylation of sites
phosphorylated by PKA [80–82]. The localization of Cdk1 and Plk1 to centrosomes
during mitosis has already been discussed, so what about PKA? A fraction of
PKA clearly localizes to interphase centrosomes [83, 84] as a result of binding to
A-kinase anchoring proteins including AKAP450 (also known as AKAP350 or
CG-NAP) and pericentrin that are concentrated at the centrosome [85]. Displace-
ment of specific pools of PKA from mitotic spindle poles may involve a shift in
binding preference from centrosomal to non-centrosomal AKAPs [86]. Equally
important is the localization of the phosphatase, possibly PP1, which removes
the phosphates added by PKA. So, although we argued above that APC/C proteins
are not spatially restricted, they could still be locally activated by changes in their
phosphorylation state.
Clearly, there are many experiments that still need to be done to prove whether

or not the APC/C is activated first at spindle poles and, if so, to determine the me-
chanism for this and whether it relates to Cdc20 localization, activation or possibly
phosphorylation of the APC/C. The above discussion has mostly focused on the de-
struction of cyclin B. Yet the destruction of other substrates may depend upon
activation of the APC/C at other sites. Securin is localized throughout the cell as
well as on the spindle in mitosis and, temporally, destruction of securin is coinci-
dent with that of cyclin B, at least within the constraints of current time-lapse ima-
ging [87]. The localization pattern therefore does not preclude the possibility that
securin destruction is initiated at spindle poles, but equally there is no strong evi-
dence to say that it is. Despite this current gap in our understanding, there is grow-
ing acceptance that mitotic protein destruction is spatially regulated and that the
spindle poles have an important role to play at least in initiating the destruction
of cyclin B.
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8.6
The Contribution of Centrosomes to Cytokinesis

Following the separation of chromosomes, cytokinesis, or division of cytoplasm,
must occur to ensure an equal distribution of genetic material to the two daughter
cells (reviewed in [88]). The spatial cues for cytokinesis are coordinated with chro-
mosome segregation as the orientation of cell division is determined by the posi-
tion of the mitotic spindle [89]. The first visible sign of cytokinesis is the formation
of an acto-myosin based contractile ring, which forms perpendicular to the central
spindle in late anaphase. As this begins to constrict, the plasma membrane inva-
ginates and the cleavage furrow appears, a process that requires synthesis of
new plasma membrane. As the furrow further constricts, the microtubule bundles
of the central spindle become confined to the ill-defined structure known as the
midbody that connects the dividing cells. The final step of mitosis is abscission,
when the last remnants of cytoplasmic connections are broken to produce two
identical daughter cells, signaling the end of cell division. The molecular processes
of cytokinesis and abscission are complex and still far from understood. Intrigu-
ingly, though, there is now a wealth of evidence that implicates the centrosome
in a number of distinct events that ultimately lead to cytokinesis (summarized
in Figure 8.3A).
Using different technologies, three groups recently asked whether cells lacking

centrosomes can complete cytokinesis. Firstly, Khodjakov and Rieder used highly
focused lasers to selectively obliterate centrosomes (see Chapter 10). Surpris-
ingly, this did not prevent formation of a bipolar spindle [90], but it did inter-
fere with spindle orientation presumably due to loss of astral microtubules [91].
The consequence of having spindles that lacked cortical attachment was incom-
plete chromosome separation and the formation of thin chromatin bridges con-
necting the daughter nuclei, a feature known to inhibit cytokinesis [92]. Indeed,
30–50% of cells with laser-ablated centrosomes failed to complete cytokinesis. Sec-
ondly, Hinchcliffe and Sluder used needle microsurgery to remove centrosomes to-
gether with a portion of cytoplasm from BSC-1 cells. Again, a significant frac-
tion of the acentrosomal karyoplasts were delayed in mitosis and failed to com-
plete cytokinesis [51]. Thirdly, Piel and Bornens showed that an acentrosomal
Drosophila cell line, 1182-4, frequently exhibited incomplete cytokinesis leading
to the accumulation of two or more connected interphase cells [93]. Taken together,
these independent experimental approaches clearly indicate that centrosomes are
essential for a robust separation of chromosomes, which in turn is needed for sub-
sequent progression through cytokinesis. However, alone they do not necessarily
reveal an intrinsic role for the centrosome in the biochemical pathways leading
to cytokinesis.
In the context of this chapter, we are particularly interested in whether the cen-

trosome acts as a signaling platform to direct events leading to cytokinesis, beyond
simply determining the extent of chromosome separation or the plane of cell
division. A more direct role for the centrosome in coordinating the timing of
cell abscission is suggested by the behavior of individual centrioles during late
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Figure 8.3 Proposed functions
for the centrosome in cytokinesis.
(A) Centrosomes have been impli-
cated in a number of different pro-
cesses that ultimately lead to, and
in some cases are required for,
mitotic exit and cytokinesis. On
a temporal basis, these can be
divided into mitotic spindle and
contractile ring positioning, clea-
vage furrow and midbody forma-
tion, cell separation and abscission.
However, we emphasize that there
is likely to be significant overlap in
the biochemical pathways required

for each of these endpoints. Examples of proteins that localize to mitotic centrosomes and are
implicated in these pathways are indicated in dark blue. (B) One of the most intriguing questions
relating to the role of the centrosome in cytokinesis is why the mother centriole migrates towards
the midbody prior to cell abscission. HeLa cells are shown following methanol fixation and
staining with antibodies against a-tubulin (green) and g-tubulin (red). DNA is stained with
Hoechst 33258 (blue). Scale bar, 10 mm (see Color Plates page XXVI).



mitosis. Careful imaging of fixed and live cells revealed unexpectedly that just prior
to cytokinesis there is a dramatic splitting of the two centrioles in each spindle pole
[93, 94]. The mother centriole moves into the midbody, whilst the daughter cen-
triole remains stationary in the center of its respective cytoplasm (see
Figure 8.3B). As the mother centriole moves back into the cell center, cytokinesis
is completed. The regulation of the movement of the mother centriole is not fully
understood but the protein kinase p160ROCK (Rho-associated kinase) may be re-
quired since a small molecule inhibitor of this kinase can trigger premature migra-
tion of the mother centriole to the midbody and early mitotic exit [95]. These move-
ments also depend on remodeling of the post-anaphase microtubule network as ad-
dition of nocodazole causes the mother centriole to remain at the midbody, inhibit-
ing abscission, while removal of nocodazole causes immediate abscission [93]
Thus, in certain cell types, mother centriole movements correlate very closely
with the timing of cell abscission, although whether they are a necessary prerequi-
site still remains to be proven.
What could be the purpose of these dramatic centriolar migrations? One possi-

bility is that as the mother centriole migrates away from the midbody, the inter-
phase cytoskeleton is established allowing the generation of opposite forces
which propel migrating cells apart [96]. However, during tissue morphogenesis
in the animal, cell division and cytokinesis do not usually require cell migration.
An alternative hypothesis is that the mother centriole actively transports signaling
factors necessary for abscission into close proximity with the midbody. In fact a
number of important regulatory proteins localize to the centrosome during early
mitosis and then move to the midbody during late mitosis. These include protein
kinases, such as polo, and motor proteins, such as the kinesins Eg5 or MKlps [12,
97–99]. MKlp1 can bind MgcRacGAP (CYK-4 in C. elegans), a Rho family GTPase-
activating protein, to make the centralspindlin complex. This complex is thought to
mediate the microtubule bundling that occurs in the central region of dividing cells
[100]. It has been proposed that, in Drosophila, the centralspindlin complex of
Pav-KLP (the homolog of MKlp1) and RacGAP50C interacts with Pebble, a
Rho1-GEF (guanine nucleotide exchange factor), and together this trimeric com-
plex somehow positions the contractile ring and coordinates cytoskeletal remodel-
ling during cytokinesis [101].
The MKlps also physically associate with and are phosphorylated by polo kinases

and these processes may be promoted by centrosomal recruitment. Mutations in
pavarotti, the Drosophila gene encoding Pav-KLP, or depletion of MKlp2 in mam-
malian cells leads not only to mislocalization of polo, but also to failure of cytokin-
esis [97, 102]. Likewise, disruption of polo activity either through genetic mutation
or the use of siRNA oligonucleotides results in a failure to complete cytokinesis
[103, 104]. The mechanism by which polo regulates cytokinesis is not fully under-
stood although evidence suggests that polo-dependent phosphorylation of NudC
(nuclear distribution gene C) is required [105]. Polo kinases also have an important
role to play in activating the mitotic exit network in yeast (see below). Thus, a
major function of the kinesin motors may be to transport polo, and other regula-
tors, from the centrosome to the midbody. However, as this transport can occur
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along microtubules, it still does not explain why the mother centriole itself should
need to visit the site of abscission.
Apart from the centrosome, other cellular organelles including the Golgi com-

plex and endoplasmic reticulum contribute to the regulation of late mitotic events.
In particular, it seems likely that endosomal pathways are required to deliver mem-
brane to the site of cleavage furrow formation. However, even in this process, the
centrosome may have a role to play. Arfophilin-2, an ADP ribosylation factor bind-
ing protein, is implicated in cytokinesis due to sequence homology with Drosophila
nuclear fallout, a centrosomal protein implicated in cellularization and cytokinesis
[106]. Arfophilin-2 binds Rab11, another protein implicated in regulating traffic
through the recycling endosome compartment. Importantly, RNA-mediated inter-
ference of Rab11 in C. elegans leads to specific regression of the cleavage furrow
at the final stage of abscission [107]. Both arfophilin-2 and Rab11 have been loca-
lized to the perinuclear region in the vicinity of the centrosome implying that cen-
trosomes may contribute to cytokinesis through integrating distinct signals in the
endosomal recycling pathway [108].
The completion of cytokinesis in fungal cells is absolutely dependent upon a

checkpoint mechanism called the mitotic exit network (MEN) in budding yeast
and septum initiation network (SIN) in fission yeast (reviewed in [109, 110]).
These checkpoints operate though GTPase-regulated protein kinase cascades,
many components of which are associated with the SPBs. Hence, it is entirely plau-
sible that the SPB is acting as a solid phase platform to promote these signaling
events in much the same way as described earlier for control of the G2/M transi-
tion. Importantly, the mitotic exit checkpoint in budding yeast is dependent on the
cellular position of the SPB ensuring that mitotic exit and cytokinesis only occur
after migration of the nucleus into the bud. The GTPase Tem1p binds to the spin-
dle pole that migrates into the bud via the Bfa1p–Bub2p GAP complex and is kept
inactive until late anaphase. Both Tem1p and Bub1p are associated with the daugh-
ter SPB. At this point Lte1p, a putative GEF, is released from the cortex of the bud
and activates Tem1p, which binds cdc15, Dbf2 and Mob1 triggering the release of
the phosphatase Cdc14p from the nucleolus. This in turn dephosphorylates Cdk
substrates, promoting Cdk inactivation and allowing mitotic exit. Defects in cyto-
plasmic microtubule interactions with the cell cortex and misalignment of the
spindle delays Tem1p activation and mitotic exit, thus coordinating cell cycle pro-
gression with spindle positioning [111] (see also Chapter 4).
In animal cells, misaligned spindles also delay mitotic progression, raising the

possibility that there is conservation of these processes between SPBs and centro-
somes, and possibly a conserved spindle positioning checkpoint [112]. Evidence for
this comes from the existence of mammalian homologs of some of the MEN com-
ponents such as Cdc14p, Bub2p and Mob1p [113, 114]. Human Cdc14A phospha-
tase localizes to the centrosome and its overexpression causes chromosome segre-
gation defects and cytokinesis failure [115, 116]. Centriolin, a novel protein that
localizes to the mother centriole as well as the midbody, shares a limited region
of homology with the budding yeast MEN component Nud1p, which anchors
the MEN complex to the SPB through direct interactions with Bub2p [117]. Deple-
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tion of centriolin by siRNAs causes cytokinesis failure and, ultimately, G1 arrest
with chains of cells remaining interconnected by long intercellular bridges.
These data support the idea that mammalian cells may possess a regulatory path-
way similar to the MEN/SIN that coordinates the final stages of cell division. It is
intriguing to speculate that the dependency of fungal cytokinesis on SPB position-
ing in some way reflects the way that abscission in mammalian cells may be de-
pendent on the repositioning of the mother centriole. Hence, the mother centriole
could anchor a regulatory pathway that controls the final stages of mitosis and pro-
motes cytokinesis.
Clearly, the centrosome is intimately involved in late mitotic events. The chal-

lenge now is to understand how the centrosome contributes to cytokinesis at the
molecular level. We discussed earlier how cyclin B1 destruction is initiated at the
centrosome, and it has long been known that failure to degrade cyclin B1 prevents
midbody formation and ultimately cytokinesis [118]. However, it is highly unlikely
that the sole purpose of the centrosome with respect to cytokinesis is to degrade
cyclin B1. The impressive migration of the mother centriole alone suggests a
much more direct role for this organelle perhaps in transporting proteins to
their site of action at the midbody. These proteins may form complexes with
other components of the same signaling pathway whilst still at the centrosome
or else after they arrive at the midbody. Either way, this would provide a mechan-
ism whereby active complexes only exist when the inactive constituents come
together at a specific localization within the cell, thus regulating the spatial and
temporal aspects of the signaling cascade and checkpoints involved in transit
through cytokinesis.

8.7
A Role for Centrosomes in G1/S Progression?

Perhaps the most startling finding to arise from recent experiments on centrosome
function is the apparent dependency on centrosomes of the G1/S transition. The
same techniques used to define a cytokinesis function have also revealed a centro-
some requirement for S-phase entry [55, 91]. As has already been discussed, the
removal of the centrosome by microsurgery or laser ablation leads to acentrosomal
cells which exhibit a prolonged mitosis and frequent failure of cytokinesis. How-
ever, those cells which do make it through cytokinesis never progress into the sub-
sequent S-phase in the absence of centrosomes. This is most elegantly demon-
strated if only one centrosome is destroyed by laser microsurgery during prophase.
In this case, the acentrosomal daughter cell becomes arrested in G1 phase,
whereas the centrosome-containing offspring progresses to the next mitosis [91].
Acentrosomal G1 cells are capable of assembling a microtubule organizing center
containing g-tubulin and pericentrin, but not centrioles [5]. This raises two intri-
guing possibilities: (i) the presence of a checkpoint that monitors the existence
of core centrosomal structures such as centrioles, or (ii) a dependency on the cen-
trosome for G1/S promoting activity.
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A less attractive possibility, but one which must be considered, is that cytokinesis
was never properly completed in these experiments despite the appearance of post-
mitotic cells. In this case, failure to completely divide may result in thin chromo-
somal or cytoplasmic bridges that are sufficient to activate a checkpoint. Certainly,
a p53-dependent post-mitotic checkpoint has been well characterized in response
to tetraploidization and it is possible that this is also activated in cells that are
still partially connected [119]. So the critical question is whether the lack of a cen-
trosome prevents S-phase entry in cells that have completed mitotic division events
without error. In the experiments using needle microsurgery to remove the centro-
some, cells were not synchronized and so one might expect some of these to have
been in G1 when their centrosome was removed. A small fraction of these cells
never did progress to the subsequent mitosis leaving open the possibility that
they were arrested prior to G1/S [55]. Likewise, laser ablation of centrosomes
has been performed in G1 cells but it was not reported whether these cells entered
S phase or not [120]. Centriole disassembly has also been induced by microinjec-
tion of polyglutamylated tubulin antibodies and this did not appear to cause a
G1/S arrest, but whether the centrioles were completely disrupted is hard to tell
[121]. Experiments in one specialized cell system, fertilized mouse oocytes, do sup-
port a requirement for the centrosome for S-phase progression. In these cells,
assembly of the zygotic centrosome depends upon maternally-derived centrosomal
material coalescing into a functional microtubule organizing center. Antibody inhi-
bition of the PCM-1 protein prevents the assembly of this maternal centrosome
and, concomitantly, leads to an interphase arrest [122].
The idea of a G1 checkpoint that monitors centriole number or integrity is an

attractive one but there is currently little experimental data to support it. It is
already clear that the centriole duplication cycle is carefully integrated with the
chromosomal replication cycle with both events depending upon activation of
Cdk2 and inactivation of Rb [10]. It is possible then that G1 checkpoint proteins
such as Rb, or indeed p53, may respond to loss of centrioles. The important ques-
tion this raises is what molecular components of the centriole is the checkpoint
monitoring? A number of proteins have been identified which are mother cen-
triole-specific, including e-tubulin, cenexin, centriolin and ninein. On the basis
that cells should always possess a mother centriole, any one of these proteins
could signal the presence of centrioles if its localization to the mother centriole
led to its activation or stabilization.
The alternative to the checkpoint hypothesis is that centrosomes are required in

a positive fashion to promote pathways required for G1/S progression. This may
occur through recruitment or concentration of molecules that are essential for
the initiation of DNA synthesis in a similar manner to that already described for
G2/M entry. Cyclin E, which activates Cdk2 at the G1/S transition, is concentrated
in the region of the centrosome in Xenopus embryos [123] and, presumably Cdk2
must come into contact with the G1 centrosome to phosphorylate substrates
such as nucleophosmin [124]. The importance of the phosphorylation status of
Cdk2 for its activation is not as well studied as that for Cdk1, but it is possible
that members of the Cdc25 family and Plk family have a role to play. The fact

158 8 The Role of the Centrosome in Cell Cycle Progression



that embryonic and adult cell extracts as well the Drosophila acentrosomal cell line
can cycle from G1 into S phase implies that there is no absolute requirement for a
centrosome function in this cell cycle transition. However, as for the G2/M transi-
tion, one can still speculate that the centrosome facilitates efficient activation of the
G1/S transition via a scaffolding function.

8.8
In Conclusion

The emerging theme that we have tried to emphasize in this chapter is that the
centrosome is more than just a microtubule organizing center, playing a vital
role in controlling cell cycle transitions in both mitosis and interphase. We have
attempted to show how the centrosome might facilitate cell cycle transitions by act-
ing as a multivalent signaling platform that ensures switches required to trigger
the next phase of the cell cycle are flipped in an efficient and irreversible manner.
In essence, we are proposing that the centrosome performs a scaffolding function
for integrating, regulating and amplifying signaling pathways that control cell cycle
transitions. At the molecular level, this means that the primary function of some,
and maybe many, of the large coiled-coil proteins that inhabit the centrosome, is to
provide binding surfaces for regulatory enzymes. Indeed, scaffold proteins have
taken on great importance in understanding how signaling pathways such as
the MAPK pathways integrate and respond to different extracellular cues [125].
The detection of signaling molecules such as PKA, Ca2þ/CaM-dependent protein
kinase, PI-3-K, fyn, PKC-u and casein kinase I raise the possibility that the centro-
some also plays a part in the regulation of externally-derived signal transduction
events, perhaps to promote G1/S progression. Unraveling the significance of the
centrosome in receptor-based cell signaling may yet be a rich vein for future cen-
trosome research. Certainly, it would seem that the days when biochemical events
leading to cell signaling and cell cycle transitions were thought to take place in a
cytosolic soup, are numbered.
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9
Centrosome Duplication and its Regulation
in the Higher Animal Cell

Greenfield Sluder

9.1
Introduction

As the primary microtubule-organizing center of the higher animal cell, the centro-
some has a profound influence on all microtubule-dependent processes. Before the
cell enters mitosis the single interphase centrosome duplicates exactly once, and
after nuclear envelope breakdown, the two sister centrosomes nucleate the astral
arrays that contribute most of the microtubules to the formation of the spindle.
Centrosomes, through these astral microtubules, determine spindle polarity, spin-
dle position/orientation in the cell, and the plane of cleavage. The presence of
more than two centrosomes at the onset of mitosis, a condition called centrosome
amplification, greatly increases the chances that the cell will assemble a multipolar
spindle and distribute chromosome unequally (for examples see [1–3]). The penal-
ties for mistakes in chromosome distribution can be severe for the organism; geno-
mic instability due to whole chromosome losses or gains can lead to loss of normal
alleles for tumor suppressor genes and other genetic imbalances that can promote
unregulated growth characteristics and a diminished apoptotic response to cellular
damage (reviewed in [4–6]) Genomic instability due to unequal chromosome dis-
tribution at mitosis is thought to be a major driving force in multi-step carcinogen-
esis [7–10]. Centrosome amplification is an intractable problem for the cell because
extra centrosomes are not eliminated and there is no checkpoint that aborts mitosis
when spindle polarity is abnormal [3]. Thus, it is of the greatest importance for the
cell to have two and only two centrosomes when it enters mitosis.
Centrosome reproduction, or duplication, is the process whereby the single inter-

phase centrosome exactly doubles before mitosis. The cell must ensure four see-
mingly simple things: the centrosome must duplicate; the two sister centrosomes
must separate; duplication must be limited so that one centrosome becomes only
two; and the centrosome must duplicate at the right time in relation to nuclear
events in the cell cycle. Although all of this is elementary in concept, making
sure that all four conditions are met with no mistakes, cell cycle after cell cycle
is not a simple proposition. The regulation of centrosome duplication involves



multiple mechanisms, some intrinsic to the centrosome and others based in the
activities of kinases that control nuclear events in the cell cycle. None of these con-
trols have been fully explored and perhaps there are more to be identified.

9.2
The Events of Centrosome Reproduction

On the basis of morphological events, centrosome reproduction has been broken
down into four events: centriole disorientation, centriole duplication, centrosome
disjunction and sister centrosome separation (Figure 9.1). These events are defined
by what can be seen chronologically by light and electron microscopy and by what
can be inferred from the behavior of centrosomal components under normal and
experimental conditions.

9.2.1
Centriole Disorientation

Mother and daughter centrioles are thought to be tethered to each other. This is
inferred from observations that centrosome isolation produces centrosomes with
paired centrioles and centrioles are in close proximity in an orthogonal arrange-
ment during G1 in some cell types. In other cells, such as HeLa, the centrioles se-
parate widely in G1 [11–13], but return closer together during S, G2, and M. For
cells in which the centrioles remain in close proximity, the slight separation and
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loss of orthogonal relationship between the centriole pair, observed during late G1,
is commonly said to be the leading event in centrosome reproduction (Figure 9.1b)
[14–16]. Although this morphological change has been interpreted to mean a dis-
junction event, a proposition supported by the behavior of centrioles in Xenopus
egg extracts [16], it is not rigorously known if this represents the functional separa-
tion of the mother and daughter centrioles or rather a relaxation in their spatial
association without loss of physical connection in somatic cells. Although the cen-
trioles separate slightly at this time, the centrosome as a whole does not split until
later in interphase.

9.2.2
Centriole Duplication

Centriole duplication is first seen at the beginning of S phase or during S phase
by the appearance of short daughter centrioles, or pro-centrioles, at right angles to
and separated slightly from the two parental centrioles at their proximal ends
(Figure 9.1c) [14, 15, 17–19]. These pro-centrioles elongate during S and G2, reach-
ing mature length in mitosis or the following G1 [14, 20]. Daughter centrioles (the
elongating pro-centrioles) do not acquire distal and subdistal appendages until they
fully mature in the subsequent cell cycle [21–23]. Although we can observe when
assembled pro-centrioles first appear, pro-centriole assembly could in principle, be
the physical manifestation of initial reproductive processes that began in G1, mito-
sis, or even in the previous cell cycle.

1699.2 The Events of Centrosome Reproduction

m Figure 9.1 Schematic representation of the centrosome duplication cycle. Centrioles are
shown as shaded barrels; the appendages on the older centrioles represent sub-distal and distal
appendages. The pericentriolar material is not shown; in some cell types it surrounds both
centrioles and in other types it is associated primarily with the older centriole. a. At the end of
mitosis each daughter cell receives a single centrosome containing a pair of centrioles in close
proximity. The centrioles are shown to be connected by a fibrous link. b. Centriole disorientation is
seen as a relaxation of the tight orthogonal relationship between the older and younger centrioles
in late G1. Although this is said to be the leading event of centrosome duplication, it is not known
if this represents a disjunction event or the relaxation of a persistent connection. c. The start
of centriole duplication is seen by the assembly of short pro-centrioles at right angles to the
proximal ends of the two parental centrioles. The pro-centrioles elongate throughout the rest
of interphase, reaching their mature length in mitosis or the following G1. d. In normal cells a
centrosome intrinsic mechanism blocks re-duplication of centrioles. The two centrosomes, each
containing a parent centriole and a pro-centriole, remain tethered to each other. e. The two
centrosomes disjoin, or lose their connection, at a variable time in G2 due to a change in the
balance of Nek2 and PP1 activities as well as Cdc14 phosphatase activity. f. The severing of this
connection allows the sister centrosomes to spatially separate around the nucleus. During G2 the
centrosomes mature and both parental centrioles have distal and sub-distal appendages. Cen-
triole duplication is said to be conservative because the pro-centriole is assembled from subunits
in the cytoplasm, not from components of the mother centriole. Centriole distribution to sister
centrosomes is said to be semi-conservative because parental centrioles are distributed to both
centrosomes. g. At mitosis centriole pairs are located at each spindle pole. The mother and
daughter centrioles may or may not be linked to each other. Figure adapted from Hinchcliffe
and Sluder [127] and Nigg [6].



9.2.3
Centrosome Disjunction

During and after the duplication of the centrioles, the two sister centrosomes are
thought to be physically linked by a tether [21] that will be degraded or severed at a
variable time in G2 when the two sister centrosomes undergo centrosome disjunc-
tion with a mother–pro-centriole pair in each sister centrosome (Figure 9.1e) [24,
25]. Centrosome disjunction is the unseen event that cuts the physical link between
duplicated centrosomes and is distinct from the actual separation of the sister cen-
trosomes that indicates that disjunction has occurred.

9.2.4
Centrosome Separation

Centrosome separation is the spatial separation of centrosomes around the nucleus
during prophase (Figure 9.1f), driven by a combination of plus and minus end-
directed microtubule motor proteins. The extent to which aster separation occurs
before the onset of mitosis can vary between cells in the same population. In
some cases the two centrosomes remain close together until nuclear envelope
breakdown, while in others both asters are well separated around the nucleus be-
fore the end of prophase [26].
The disjunction of the sister centrosomes, as seen by their spatial separation, is

attributed to the activity of centriole-associated Nek2 kinase when its antagonist –
protein phosphatase 1a – is inactivated at the onset of mitosis [27] (reviewed in
[28]). In G2 Nek2A phosphorylates C-Nap1, a protein located at the proximal
ends of the two parental centrioles, but not pro-centrioles (Figure 9.2). This phos-
phorylation leads to the eventual loss of C-Nap1 from the centrioles and the loss of
connection between the sister centrosomes thereby allowing them to separate. It is
not presently clear if the connecting fiber between the centrioles is composed of
C-Nap1 or if this protein serves as the interface that anchors other connecting
fiber proteins to the centrioles as suggested by immunoelectron microscopy. Late
in mitosis or early G1, C-Nap1 is again observed at the centrosomes. The extent
to which centrioles are linked during mitosis bears further investigation. On the
one hand, the mother and daughter centrioles are arranged in an orthogonal
arrangement and in close proximity to each other during mitosis, suggesting
that they are physically linked (see [12, 13, 29]). On the other hand, the centrioles
in each centrosome will separate to establish independent spindle poles when
mitosis is prolonged [30–33]. This either reflects a lack of attachment or is due
to changes in kinase/phosphatase equilibria during prolonged mitosis that lead
to a loss of centriole cohesion.
Lest we think that this is the complete story for centrosome cohesion/disjunc-

tion, recent studies raise the possibility that there are more players to be discov-
ered. Quantitative fluorescence work with inducible Nek2A wild-type and kinase-
dead constructs suggests that Nek2A activation alone may not be sufficient to
fully displace C-Nap1 from centrosomes and the loss of C-Nap1 from centrosomes
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is not sufficient for centrosome disjunction [34]. Also, Mailand and co-workers [35]
have reported that Cdc14A phosphatase activity is involved in centrosome disjunc-
tion. This centrosome-localized phosphatase must act at a different level than pro-
tein phosphatase 1a because overexpression of Cdc14A leads to precocious separa-
tion of the sister centrosomes and downregulation of its abundance leads to a fail-
ure in centrosome separation. Finally, phosphorylation of the centrosomal protein
centrin during G2/prophase correlates with centrosome disjunction [36].
The mechanism that determines that only one daughter centriole will be as-

sembled at right angles to and seemingly slightly separated from its mother is
not understood. Our current thinking is that the parent centriole provides a site
or docking location for proteins that initiate the self assembly of a template for
the assembly of triplet microtubules and core structures of the pro-centrioles.
This notion is supported by the report of specific precursor structures, seen as
an annular ring or a looped fiber containing nine densely staining foci that later
elaborate into triplet microtubules, next to the mother basal body in ciliate and
Chlamydomonas basal body duplication [37, 38] (reviewed in [39]). However, it ap-
pears that the mother centriole is capable of providing more than one site for
pro-centriole formation, at least in Drosophila. At restrictive temperatures somatic
cells with a temperature-sensitive mutation in Cyclin-dependent kinase 1 (Cdk1)
show cycles of DNA endoreduplication and the formation of more than one daugh-
ter centriole in close association with the mother centriole [40].

1719.2 The Events of Centrosome Reproduction

Figure 9.2 Model for the spatial localization of proteins involved in regulating the connection
between centrioles. The centrioles are connected by an extensible link of unknown composition
shown here as a group of fibers. The C-Nap1 protein, concentrated at the proximal ends of
the centrioles, anchors the linking fibers to the centrioles. C-Nap1 exists in a ternary complex with
the kinase Nek2 and the phosphatase PP1. During G2 the phosphorylation of C-Nap1 by Nek2
leads to the release of the connecting fiber from the centrioles. The extent of C-Nap1 phos-
phorylation, however, is determined by a balance in the activities of Nek2 and PP1. Figure adapted
from Fry [28].



In higher animal cells, exceptions to the spatial specificity of pro-centriole for-
mation at the mother centriole are found in the de novo formation of centrioles
after parthenogenetic activation of sea urchin eggs [41, 42], the formation of
multiple basal bodies from specialized generative structures during differentiation
of ciliated epithelia [43, 44], and centrosome assembly in somatic cells with com-
promised p53 function after the resident centrosome is laser ablated [45]. In
addition, centriole formation is under developmental control in the mouse zygote.
Centrioles are not seen in the early mitotic divisions but are found later in devel-
opment [46]. It is not known if this represents the de novo formation of centrioles
or the propagation of cryptic templating structures for centrioles (see [47, 48] for
the establishment of this cryptic template paradigm in the ciliate Naeglaria and
the surf clam Spisula oocyte, respectively). The existence of cryptic centriole
determinants is favored by the fact that centrioles arise in proper copy number
in each mouse embryo cell, in sharp contrast to the multiple centrioles that
are assembled in variable number during de novo centriole formation during
parthenogenesis in zygotes and in somatic cells from which the centrosome is
laser ablated.
The assembly of just one daughter centriole at a slight distance from its mother

during centriole duplication has recurrently brought to mind DNA replication, the
modern paradigm for a templated reproductive process in which information and
copy number are under rigid control. Almost 40 years ago workers started consid-
ering the notion that centrioles and basal bodies could be semi-autonomous orga-
nelles with their own DNA, much like mitochondria. A variant on this theme was
the hypothesis that centrioles, like ribosomes, contain RNA that serves a structural
role during their assembly. These possibilities inspired numerous studies, the vast
majority of which concentrated on trying to demonstrate the existence of centriole/
basal body specific DNA or RNA under the assumption that presence implies func-
tion. Since all of this work was fraught with serious technical problems and ulti-
mately produced inconclusive observations, we will not review this field but rather
refer the curious to two reviews [49, 50]. Suffice it to say that presently there is no
credible evidence for the existence of DNA in centrioles/basal bodies or for the
direct involvement of RNA in centrosome duplication.

9.2.5
Some Proteins Needed for Centrosome Reproduction

Recent studies have started to identify a number of centrosomal proteins that are
required for centrosome duplication. Since these may be structural proteins and
there is no evidence that their availability is limiting under normal circumstances,
we will not treat them as participants in the normal control pathways for centro-
some duplication, at least for the moment. Although we will only enumerate
some of these studies, we note that the further investigation of these proteins
will become increasingly important as we seek to discover and understand the mo-
lecular interactions involved in the assembly of daughter centrioles. Parenthetically,
we add that such investigations might provide insight into the developmental
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regulation of basal body/centriole assembly from putative cryptic determinants in
Naeglaria and early mouse embryos.
Gamma tubulin is a key component of the gamma tubulin ring complexes in the

pericentriolar material that nucleates microtubules [51]. RNA interference of
gamma tubulin expression in Paramecium [52] and its downregulation in Tetra-
hymena [53] has revealed that this protein is required for basal body duplication.
Also, other tubulin isoforms, such as epsilon-tubulin and delta-tubulin, are required
for the complete assembly of basal bodies [54–58] (reviewed in [39, 59, 60]; see also
Chapters 2 and 5). Beyond the tubulin family, various isoforms of centrin, EF-hand
proteins found concentrated in the lumen of the centriole [61] and in a more dis-
persed form throughout the pericentriolar material, are required for centriole du-
plication in HeLa cells [62] and Xenopus embryos [36]. Lastly, two groups identified
the SAS-4 gene in C. elegans whose protein product is localized to the centriole or
closely associated structures throughout the cell cycle [63, 64]. When the expression
of this protein is diminished with RNAi, the centrosome as a whole does not du-
plicate. It remains to be determined if this is due to a failure of centriole duplica-
tion or separation (see also Chapter 12).

9.3
Control of Centrosome Duplication

Control of centrosome duplication is exercised by limits that are intrinsic to the
centrosome itself and by extrinsic controls imposed by changing cytoplasmic con-
ditions during cell cycle progression. Limits intrinsic to the centrosome determine
the number of new centrosomes that arise from the original centrosome; cytoplas-
mic controls determine when the centrosome duplicates in relation to the progres-
sion of nuclear events such as DNA synthesis and mitosis.

9.3.1
Control of Centrosome Number: Intrinsic Mechanisms

There is a “counting” mechanism that ensures that each round of duplication will
produce only one new centrosome. This numerical control is determined by the
cycle of centriole disjunction and duplication. Since centrioles act to localize the
pericentriolar material, the number of centriole pairs determines the number of
spindle poles. This limit to the number of centrosomes is of critical importance
for all cells and particularly so for the early cleavage divisions during development.
Zygotes contain at fertilization enough centrosomal subunits to assemble many
complete centrosomes [65, 66], yet they normally assemble only one new centro-
some at each cell cycle.
The evidence that centrioles are the counting mechanism originated with the re-

markable finding of Mazia and co-workers [67] that it is possible to experimentally
manipulate the reproductive capacity of centrosomes in sea urchin zygotes. When
mitosis is prolonged by any of several independent methods, the two spindle poles
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split during mitosis to yield four functional poles that will not further subdivide
even when mitosis is prolonged to 20 times its normal duration (Figure 9.3a–c)
[30, 32]. Ultrastructural analysis of such tetrapolar spindles reveals that each
pole contains only one centriole, confirming that the centrosomes have split, not
duplicated [31, 32]. After the cell divides into four, these half centrosomes each as-
semble a daughter centriole, thus becoming complete normal centrosomes with
full reproductive capacity (Figure 9.3d). However, they do not undergo centriole
separation or centrosome disjunction, and each cell assembles a monopolar spin-
dle at the next mitosis (Figure 9.3e). In some cases two of the four spindle poles at
first mitosis do not fully separate and, as a consequence, the zygote divides into
three with one blastomere inheriting two spindle poles (Figure 9.3f, lower daughter
cell). At second mitosis, this daughter assembles a functional bipolar spindle and
divides in a normal fashion (Figure 9.3g). At subsequent cell cycles, the centro-
somes duplicate normally. This indicates that the centrosome of monopolar spin-
dles is functionally normal.
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Figure 9.3 Diagrammatic representation of the experimental manipulation of the reproductive
capacity of spindle poles in sea urchin zygotes. a. The first division spindle has a pair of centrioles
at each spindle pole. b–c. When prometaphase is prolonged, the centriole pairs with associated
pericentriolar material split without duplicating. The four spindle poles, each containing a single
centriole, separate and a tetrapolar spindle is formed. d. In telophase, as the cell divides into four,
the singlet centrioles duplicate. At the next mitosis monopolar spindles are assembled, and each
centrosome has the normal complement of two centrioles. f–g. If two centrosomes of the
tetrapolar spindle fail to completely separate (lower cell), a single nucleus is re-formed in one
blastomere. At mitosis a bipolar spindle is assembled; its poles have a normal complement of
centrioles and consequently reproduce in a normal fashion in subsequent cell cycles. h–l. Mitosis
in blastomeres containing a monopolar spindle (continuation of stage shown in diagram e).
h. Blastomere containing a monopolar spindle – enlarged diagram. i–j. Prometaphase is often
substantially longer than normal due to unattached kinetochores. The spindle pole splits and the
spindle re-organizes into a bipolar configuration with one centriole in each centrosome. k. In
telophase each daughter cell inherits a single centriole which later duplicates. l. At mitosis
monopolar spindles are again assembled. During prolonged prometaphase the one spindle pole
splits yielding a bipolar spindle with a single centriole in each centrosome (not shown).



If a daughter cell with a monopolar spindle remains in mitosis longer than
normal, as often happens due to unattached kinetochores, the centrosome of
the monopolar spindle will split to give two functional spindle poles with one
centriole apiece (Figure 9.3h–j). These poles undergo centriole duplication with-
out disjunction during interphase, and monopolar spindles are once again
formed at the following mitosis (Figure 9.3k–l). The importance of centrioles in
the control of centrosome number was further substantiated by the finding
that zygotes lacking centrioles form a single microtubule organizing center that
does not double between mitoses [68]. These observations are not peculiar to em-
bryonic cells; when mitosis is prolonged in mammalian cells cultured by transfec-
tion with a non-degradable cyclin B construct, the spindle poles often double from
two to four [33].

9.3.2
Block to Re-replication

If mitosis is to be normal, it is of obvious importance for the cell to ensure that the
centrosome duplicates only once during each cell cycle. How the cell accomplishes
this has been a matter of some confusion because a number of cultured cell types
and many zygotes exhibit multiple rounds of centrosome duplication when they
are arrested in S phase [32, 69–71] (discussed in [72]). These findings raised the
problematical question of why centrosomes normally do not re-duplicate during
S phase, especially when DNA synthesis is slowed by environmental perturbations.
Observations that the period of centrosome re-duplication during S phase arrest is
on average more than twice as long as the entire cell cycle in sea urchin zygotes
and CHO cells [32, 71] suggested that, under normal circumstances, S phase
does not last long enough for centrosomes to re-duplicate.
This rationalization was never particularly strong for mammalian somatic cells,

because those with an intact p53 pathway duplicate their centrosome only once
even though the cell cycle is arrested in S phase [73, 74] (G. Sluder, unpublished
data). Indeed, a recent study reveals that the normal cell does not take chances
on the duration of S phase for an event as important as centrosome duplication
[74]. These workers fused cells in different phases of interphase to determine if
an already duplicated centrosome would re-duplicate in S-phase cytoplasm, condi-
tions that are supportive of centrosome duplication. The results of this study are
most clearly illustrated by the behavior of centrosomes in cells resulting from
the experimental fusion of cells in G1 and G2. As reported earlier (reviewed in
[75]) the G1 nucleus undergoes DNA synthesis but the G2 nucleus does not and
later both nuclei enter mitosis synchronously. These fused cells each start with
an unduplicated centrosome from the G1 cell and a duplicated centrosome (seen
as a pair of centrosomes) originating from the G2 cell. The revealing finding of
the study by Wong and Stearns was that the G1 centrosome duplicated while
the G2 centrosomes did not, even though both were exposed to S-phase conditions.
These results indicate that there is a block to re-duplication; it is not based in a pu-
tative inhibitor present in G2 cytoplasm; and it is intrinsic to the centrosome itself.
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Additional support for the existence of this block to re-duplication comes from
findings that the constitutive overexpression of cyclin E in rat and human cells
leads to the precocious duplication of the centrosome before S phase but not to
a high incidence of centrosome re-duplication [76]. As we will discuss later, the
late G1 rise in the activity of Cyclin-dependent kinase 2 (Cdk2) complexed with
cyclin E or cyclin A drives initiation of centrosome duplication.

9.3.3
Time of Centrosome Duplication: Extrinsic Controls

The cell must ensure that the events of centrosome reproduction are properly
coordinated with nuclear events in the cell cycle if it is to have just two centro-
somes at the onset of mitosis.
In principle, a logical way for the cell to coordinate nuclear and centrosomal

events would be for nuclear activities, such as the synthesis of DNA, to determine
when the centrosome can reproduce. A direct test of these possibilities using
enucleated sea urchin zygotes revealed that neither the presence of the nucleus
nor its activities are required for repeated cycles of centrosome reproduction [77].
The finding that all the centrosomes duplicated synchronously within each zygote
suggests that the temporal control of centrosome reproduction is under cytoplas-
mic control.

9.3.4
Cyclin-dependent Kinases in the Control of Centrosome Reproduction

The apparent cytoplasmic control over the time of centrosome duplication sug-
gested the possibility that the activities of the Cdks that control cell cycle progres-
sion might also control centrosome duplication. This would provide a logical way
for the cell to coordinate centrosome duplication with nuclear events in the cell
cycle. The involvement of Cdk1 (also known as p34cdc2) in centrosome duplication
was first examined. The fact that centrosomes repeatedly reproduce when the zy-
gote cell cycle is arrested in interphase by complete inhibition of protein synthesis
from the time of fertilization [65, 66] indicates that centrosome duplication cannot
be driven in any simple way by the cyclic rise and fall of Cdk1–cyclin A or B activity.
These cyclins are proteolytically degraded at the end of mitosis/meiosis and Cdk1
activity requires their synthesis anew at each cell cycle, something that does not
happen in the presence of inhibitors to protein synthesis. Nevertheless, it was pos-
sible that the absolute value of Cdk1-B or Cdk1-A activity during interphase might
provide conditions that gate the ability of centrosomes to duplicate in a fashion
analogous to the Cdk-dependent block to re-duplication of DNA [78]. However,
tests of this possibility revealed that centrosomes repeatedly reproduce in zygotes
arrested during S phase regardless of whether Cdk1 activity is high or low [32].
That centrosome reproduction is independent of the absolute value of Cdk1 activity
at the cell cycle stage that normally supports centrosome duplication, argues
against its involvement in the control of this process.
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Attention then turned to Cdk2 because the activation of Cdk2–cyclin E and
Cdk2–cyclin A are normally required for the G1/S transition and the maintenance
of S-phase progression [79, 80], times in the cell cycle when centriole duplication
occurs. In the late 1990s a number of laboratories investigated the role of Cdk2–
cyclin E activation in centrosome reproduction, and a series of papers (here cate-
gorized by experimental system) appeared in rapid succession.

9.3.4.1 Zygote Systems
Hinchcliffe and co-workers [81] developed an S phase-arrested Xenopus egg extract
that supports multiple rounds of sperm centrosome duplication in vitro. When
Cdk2–cyclin E activity was inhibited by recombinant D34Xic-1, an NH3-terminal
truncated form of Xenopus Cdk inhibitor Xic-1p27, the asters doubled once but re-
peated doubling of the asters did not occur. The basis for the one-time doubling
of the asters is not known but may have represented the splitting and separation
of the two sperm centrioles each of which organizes an aster (see [31]). Multiple
rounds of aster duplication were restored when an excess of purified Cdk2–cyclin
E was added to the D34Xic-1 treated extracts. At the concentration used D34Xic-1
specifically inhibits the activity of Cdk2–cyclin E but not Cdk1–cyclin A or Cdk1–
cyclin B [82]. Cdk2–cyclin A activity was not a factor in these experiments, because
Cdk2 does not complex with cyclin A until after the mid-blastula transition in Xe-
nopus [83]. Since the majority of S phase-promoting activity is provided by Cdk1–cy-
clin A activity [80], which is not inhibited by D34Xic-1 at the concentrations used,
the inhibition of Cdk2–cyclin E should not have driven the cell cycle out of S phase.
Lacey and co-workers [16] developed and used a different Xenopus egg extract

assay system in which isolated mammalian centrosomes were used to examine
centriole disjunction as a function of Cdk2–cyclin E activity. Centriole separation
was used as a measure of centrosome duplication because centriole disorientation
was thought to be the leading event in centrosome reproduction [14]. In control
extracts the mother–daughter centriole pairs disjoined while extracts containing
the Cdk2 kinase inhibitors p21 or p27 [84, 85] did not show centriole disjunction.
These results were confirmed by microinjecting the Cdk2 inhibitors p21 or p27
into Xenopus embryos arrested in interphase with protein synthesis inhibitors,
which allow repeated centrosome duplication [66]. The centrosomes in the injected
blastomeres did not repeatedly duplicate, while those in the uninjected blastomeres
of the same zygote re-duplicated.

9.3.4.2 Mammalian Somatic Cells
An early indication that Cdk2–cyclin E activity determines when the centrosome in
mammalian somatic cells duplicates came from the report of Mantel and co-work-
ers [86] that inhibiting p21cip1/waf-1 in human hematopoetic cells increased Cdk2
activity and caused the cells to accumulate multiple centrosomes.
When Chinese hamster ovary (CHO) cells are arrested in S phase with hydro-

xyurea for prolonged periods of time, the centrosome duplicates multiple times
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[71]. Matsumoto et al. [87] used this experimental system to demonstrate that cen-
trosome re-duplication is inhibited when the activity of Cdk2 is blocked by drugs or
the overexpression of p21cip1/waf-1. However, an independent study provided evi-
dence that Cdk2–cyclin A is more effective than Cdk2–cyclin E in restoring multi-
ple rounds of centrosome duplication in CHO cells arrested at the G1/S transition
by transfection with a mutant form of Rb that lacks Cdk phosphorylation sites [88]
(also see [89]). While co-expression of cyclin A restored significant levels of re-
peated centrosome duplication, overexpression of cyclin E did not. These findings
also suggest that the action of Cdk2–cyclin A in centrosome duplication occurs
downstream of its role in the Rb phosphorylation pathway needed to drive the
G1/S transition.
Although these observations, taken together, suggest that somatic cells and early

cleavage stage zygotes may use different Cdk2–cyclin complexes to regulate centro-
some reproduction, these cell types may not use fundamentally different control
strategies. Perhaps centrosomes are responsive to both Cdk2–cyclin A and
Cdk2–cyclin E. Since Cdk2 does not complex with cyclin A until the mid-blastula
transition in Xenopus zygotes, Cdk2–cyclin E may be the only kinase complex avail-
able. In somatic cells that contain both Cdk2–cyclin A and Cdk2–cyclin E kinase
complexes, Cdk2–cyclin A activity may also play an important role in promoting
centrosome duplication. Even though these interesting details bear further investi-
gation, the theme that arose from these studies is that the cell’s entry into S phase
and centrosome duplication are linked through a rise in Cdk2 activity.
However, more recent studies indicate that this notion is overly simple; there

must be functional redundancy for kinases that promote centrosome duplication.
Berthet and co-workers [90] and Ortega and co-workers [91] independently gener-
ated Cdk2 knockout mice that were viable, albeit with defects in germ cell develop-
ment. Immunoprecipitates of cyclin E1 complexes from Cdk2�/� animal tissue
extracts showed no kinase activity, at least towards histone H1, while cyclin A2
immunoprecipitates were active. In addition, Geng and co-workers [92] generated
cyclin E1 and cyclin E2 knockout mice that developed normally and were viable,
although the cyclin E2�/� males were sterile. When these mice were crossed,
the E1/E2 double knockout was an embryonic lethal due to problems with placen-
tal development. Nevertheless, these embryos survived until the 10th day of gesta-
tion indicating that cell proliferation occurs in the absence of cyclin E. These
observations make a strong argument that cell proliferation and presumably
centrosome duplication do not absolutely require Cdk2 or cyclin E. Perhaps cyclin
A with a yet to be identified kinase partner or other kinases are able to compensate
under these extraordinary experimental circumstances. Although these new ob-
servations rule out the simple notion that Cdk2–cyclin E and Cdk2–cyclin A activ-
ities are uniquely required for centrosome duplication, particularly in mammalian
somatic cells, they do not eliminate a role for these kinase complexes in the initia-
tion of centrosome duplication in normal cells. Cdk2–cyclin E/A activity, although
not essential, may nevertheless be important for the timeliness and fidelity of
centrosome duplication. This notion is consistent with findings that Cdk2 and
cyclin E are not required for DNA synthesis but without them this process is
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not normal. Cdk2�/� primary fibroblasts are delayed in entry into S phase [90]
and cyclin E-deficient cells fail to incorporate MCM proteins into DNA replication
origins [92].

9.3.5
Targets of Cdk2–Cyclin E Kinase

When present, Cdk2–cyclin E or A appear to directly phosphorylate proteins of the
centrosome and influence pathways that act upon the centrosome. For isolated cen-
trosomes in vitro Okuda and co-workers [93] found that Cdk2–cyclin E phosphory-
lated only nucleophosmin or NO38/B23, a previously identified phosphoprotein
component of the nucleolus implicated in ribosome biogenesis [94]. Immunofluor-
escence analysis indicated that nucleophosmin appeared on centrosomes during
mitosis and during the ensuing interphase remained localized to the interphase
centrosome until the centrosome duplicated, at which time the nucleophosmin im-
munoreactivity was lost. Later, when the cells returned to mitosis, nucleophosmin
was again observed at the centrosomes. Functional evidence for nucleophosmin
involvement in centrosome reproduction came from the finding that centriole/
centrosome reproduction was inhibited by the expression of non-phosphorylatable
mutant nucleophosmins that remained at the centrosome. Microinjections of anti-
bodies to nucleophosmin, that may sterically block its phosphorylation by Cdk2–
cyclin E, also blocked centrosome doubling. Together, these data led the authors
to propose that Cdk2–cyclin E-specific phosphorylation of nucleophosmin on
threonine 199 causes it to come off of the centrosome thereby allowing duplication
to begin [93, 95]. What specific event of centrosome duplication is inhibited by the
presence of nucleophosmin is not certain, but the observation of orthogonally
arranged, unseparated centrioles in inhibited cells suggests that it is an early
event. However, it is not clear that nucleophosmin, in any simple way, limits cen-
triole disjunction because centrioles can split apart during prolonged mitosis, a cell
cycle stage when nucleophosmin should be associated with the centrosome [31–
33]. Another possible centrosomal target of Cdk2–cyclin E is CP110, a protein lo-
calized to the centrioles or their immediate vicinity [96]. This protein is phosphory-
lated by Cdk2–cyclin E, Cdk2–cyclin A, and Cdk1–cyclin B at sites that are phos-
phorylated in vivo. RNAi-mediated reductions in CP110 abundance blocks centro-
some re-duplication during S phase arrest in Saos2 cells which otherwise exhibit
such re-duplication.
Cdk2–cyclin E may also participate indirectly in centrosome duplication by sta-

bilizing the cellular levels of Mps1p kinase [97], originally identified as essential
for the duplication of the spindle pole body in budding yeast [98]. Endogenous
mouse Mps1p kinase is localized to centrosomes throughout the cell cycle and
was reported at centrosomes in living cells stably expressing mMps1p-GFP. Func-
tional evidence that mMps1p kinase activity is required for centrosome duplication
came from the finding that kinase-dead mMps1p localizes to the centrosomes
in vivo and diminishes centrosome duplication during the cell cycle and centro-
some re-duplication in S-phase arrested cells that would otherwise show centro-
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some re-duplication during prolonged S phase. Also, when mMps1p is overex-
pressed during S-phase arrest, correlative light and serial section electron micro-
scopy showed that the centrosomes/centrioles re-duplicated in a cell line that
does not show centrosome re-duplication during S-phase arrest. Cdk2–cyclin E
activity appears to stabilize mMps1 protein levels; when Cdk2–cyclin E activity is
blocked by drug treatments or by overexpression of p21 or p27, the cellular level
of mMps1p dramatically drops and its localization to the centrosome is lost.
However, the importance of Mps1p in centrosome reproduction for human cells

was brought into question by Stucke and co-workers, [99]. For U2OS cells, a
human osteosarcoma-derived cell line, these workers did not find Mps1p at the
centrosomes by immunofluorescence with monoclonal antibodies and failed to
find functional evidence for an involvement of this kinase in centrosome duplica-
tion by antibody injections, expression of kinase dead constructs, or siRNA-
mediated reduction of mMps1p protein levels. These surprising differences be-
tween the two studies have been re-investigated by Fisk and co-workers [100],
who conducted a similar battery of experiments with a previously described poly-
clonal antibody to hMps1p [101] and several human cell lines, including U2OS
cells. The results support their previous conclusions that Mps1 is present at centro-
somes and its activity is required for centrosome duplication. Since a detailed com-
parison of the experiments published by these two groups is beyond the scope of
this chapter the reader is referred to the original works.

9.3.6
Other Kinases Involved in Centrosome Duplication

Calcium/calmodulin-dependent kinase II (CaMKII) activity is required for centro-
some duplication, at least in Xenopus embryo extracts [102]. This investigation was
prompted by reports that calcium and calmodulin are required for the G1–S tran-
sition [103], that periodic calcium oscillations during the Xenopus egg cell cycle cor-
relate with this cell cycle transition [104], and that CaMKII localized to centrosomes
phosphorylates centrosomal proteins in vitro [105, 106]. Matsumoto and Maller,
using an S phase arrested extract that supports multiple rounds of centrosome du-
plication [102], found that centrosome duplication was blocked by chelating cal-
cium with BAPTA and inhibiting the inositol 1,4,5-triphosphate (IP3) receptor
with heparin, both of which block calcium transients in egg extracts [107]. In addi-
tion, direct inhibition of CaMKII activity with a specific pseudosubstrate peptide
led to an immediate cessation of centrosome duplication. The addition of extra
CaMKII plus calmodulin to such inhibited extracts rescued centrosome duplica-
tion. An interesting issue raised by this study is the difference in the way inhibition
of Cdk2–cyclin E and CaMKII effect centrosome duplication. Inhibition of Cdk2–
cyclin E activity consistently allows one doubling of the asters initially assembled
around the sperm centrosomes, which may represent either splitting or duplica-
tion of each centrosome. In contrast, inhibition of CaMKII activity blocked even
this initial doubling of the asters. This finding raises the possibility that CaMKII
activity is required for an early event in centrosome duplication.
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The ZYG1 gene product, a putative kinase, is required for centrosome duplica-
tion in C. elegans. First identified in a study of embryonic lethal mutants [108],
ZYG-1 activity is important at all stages of development, even post-embryonic de-
velopment [109]. The demonstration of its role in centrosome duplication has come
from an analysis of the early cleavage divisions of zygotes resulting from reciprocal
crosses in which one parent was effectively null for ZYG-1 [110]. Since paternal
ZYG-1 is required for the assembly of a second centriole during spermiogenesis,
normal eggs fertilized with mutant sperm receive only a single centriole. During
the first cell cycle this centriole duplicates in response to the activity of maternal
ZYG-1 activity, and at first mitosis the zygote assembles a monopolar spindle con-
taining just a pair of centrioles. During the second cell cycle this centrosome du-
plicates normally, and the subsequent division is bipolar. Alternatively, mutant eggs
fertilized with wild-type sperm receive a pair of centrioles. During the first cell
cycle, these centrioles split apart, but fail to duplicate due to the lack of maternal
ZYG-1 activity. This gives rise to a bipolar spindle, with each pole containing a sin-
gle centriole. In the second cell cycle these single centrioles do not reproduce, and
the subsequent mitotic spindles are both monopolar (reviewed in [111]). Immuno-
fluorescence microscopy revealed that ZYG-1 localizes to a small spot at the center
of the centrosome primarily in anaphase–telophase but is absent from centro-
somes during interphase. Since S phase and centrosome duplication in early em-
bryos begins in telophase [112], ZYG-1 may be at the right place at the right time to
promote centrosome duplication. It is too early to know what ZYG-1 is doing; it is
an orphan kinase with no obvious sequence similarity to members of established
kinase subfamilies. Nevertheless, it will be interesting to determine if there are
functional homologs to ZYG-1 in other organisms.

9.3.7
Ubiquitin-mediated Proteolysis in the Control of Centrosome Duplication

Ubiquitin-mediated proteolysis of cell-cycle regulatory proteins, including cyclins,
proteins involved in maintaining chromatid cohesion, and Cdk inhibitors, is of
fundamental importance for the execution and irreversibility of a number of tran-
sition points in the cell cycle – including the G1–S transition when centrioles du-
plicate [113]. In the same vein, proteolysis of centrosomal proteins might eliminate
proteins that limit the start of centrosome duplication, participate with Nek2A in
severing the connection between duplicated centrosomes in G2, and block re-dupli-
cation by degrading proteins on the centrosome necessary for duplication. Consis-
tent with this notion, a variety of components of the SCF proteolysis pathways as
well as the 26-S proteasome have been localized to centrosomes throughout the
cell cycle in human cells [114–117]. The investigation of the role of proteolysis
in the control of centrosome duplication is in its infancy and this body of work
has been reviewed elsewhere; thus, we will cover only its outlines here (see
[118, 119]).
Specific proteins are targeted for degradation by the covalent attachment of a

chain of ubiquitin proteins by multicomponent ubiquitin ligase complexes or
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E3s (reviewed in [120]). Such ubiquitinated proteins are recognized by the 26-S pro-
teasome and completely degraded while the ubiquitin is recycled. Various E3 com-
plexes have different substrate specificities that determine which particular pro-
teins are targeted for proteolysis at any given time [118, 120].
Functional evidence that SCF-mediated E3 activity is involved in initiating cen-

trosome reproduction comes from the finding that antibody inhibition of either
Skp1 or Cul1 greatly diminished the percentage of mother–daughter centriole
pairs that split apart in a Xenopus egg extract and that this was independent of
the SCF-mediated degradation of p27 required for the activation of Cdk2–cyclin
E [115]. The importance of proteolysis was confirmed by the observation that inhi-
bition of the 26-S proteasome with high concentrations of a proteasome inhibitor
blocked the splitting of the mother–daughter centriole pairs in Xenopus egg extracts
and the re-duplication of centrosomes in early Xenopus embryos treated with cyclo-
heximide.
This story has been complicated by reports suggesting that SCF-mediated proteo-

lysis is also required to prevent centrosomes from accumulating to abnormally
high numbers. Nakayama and co-workers [121], produced a mouse knockout for
Skp2, an F-box protein involved in targeting the degradation of – amongst other
proteins – the Cdk inhibitor p27kip1 [122]. The fact that Skp2�/� mice are viable
indicates that centrosome function and duplication are not grossly abnormal. How-
ever, their finding that 38% of Skp2�/�mouse embryonic fibroblasts contained
3–12 centrosomes per cell suggested that defects in substrate-specific proteolysis
led to centrosome re-duplication. However, many Skp2�/� cells showed evidence
of problems with spindle assembly and/or function which raises the possibility
that centrosomes might accumulate through cleavage failure or other mitotic dys-
functions (see [123]). Also of interest is the report of Wojcik and co-workers [124]
that 66% of the neuroblasts of crd Drosophila embryos contained 3–17 centro-
somes per cell. Crd is a mutant allele of supernumerary limbs (Slimb), a previously
identified F-box protein [125]. Also, a recent study has provided compelling evi-
dence that centrosome amplification due to null mutations in skpA, the most
abundant Drosophila skp1-related gene product, is not due to the over-accumulation
of cyclin E [126].
It is puzzling, at first glance, that SCF-mediated proteolysis is required to initiate

centrosome reproduction but also appears to be important for preventing centro-
some re-duplication. The resolution of this apparent paradox may lie in the sub-
strate specificities of different E3 complexes. Perhaps Skp1- or Cul1-containing
SCF complexes are needed to target certain centrosomal proteins for degradation
thereby allowing duplication, whereas Skp2- and/or Slimb-containing SCF com-
plexes are required to degrade other proteins in order to block the reproductive ca-
pacity of duplicated centrosomes (see [74]).
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9.4
Closing Remarks

It has become evident that the controls for centrosome duplication are more com-
plex than we expected. Perhaps this is not surprising because centrosome duplica-
tion involves the highly regulated assembly of complex, multifunctional organelles
such as the centrioles and the pericentriolar material, which in turn must interface
with the pathways that regulate nuclear events in the cell cycle. Since the penalties
to the organism for having cells with abnormal centrosome content can be severe,
one could expect that it is not a simple proposition to organize a control strategy for
centrosome duplication that ensures no mistakes, cell cycle after cell cycle.
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10
A Synergy of Technologies: Using Green Fluorescent Protein
Tagging and Laser Microsurgery to Study Centrosome Function
and Duplication in Vertebrates

Alexey Khodjakov and Conly L. Rieder

10.1
Introduction

Although Flemming first described the centrosome in the eggs of the freshwater
mussel Anodonta in 1875, it was not understood to be a permanent cell organelle
until the work of Boveri (who named it in 1888) and van Beneden (see [1]). The
aura of mystery that continues to surround this beautiful structure has been fueled
by the fact that the centrosome possesses a number of properties that make it un-
like any other organelle. For example, the centrosome is the only cytoplasmic struc-
ture in a diploid cell that is present in a single copy. However, at the structural
level, each centrosome appears to be doubled, in that it consists of two similar-look-
ing cylindrical structures (termed the centrioles) that may (or may not) function
together as a single unit. Also, like DNA, but unlike other organelles, the centro-
some is replicated only once per cell cycle, during the S period. Moreover, during
mitosis the centrosome’s constituent centrioles become distributed between the
daughter cells in a semi-conservative fashion (that is, each cell inherits one “old”
and one “new” centriole).
Another intriguing property of the centrosome is that it appears to be an essen-

tial organelle in those animal cells which normally possess it, whereas most plant
cells thrive without it. Indeed, the fact that there are no viable mutants that lack
centrosomes implies that it performs one or more vital functions in animals.
Despite more than 125 years of work on the topic, it is still easier to define
what this organelle does not do rather than what it does do. For example, in
the 1970s, the conspicuous and ubiquitous ability of the centrosome to nucleate
microtubules led to the consensus that its essential roles revolve around this
function. However, it is now clear that most of the activities of the centrosome
that relate to its role as a microtubule organizing center can be achieved via paral-
lel, centrosome-independent pathways, even the formation of the mitotic spindle
[2–6].
The various roles that the centrosome plays during the life of a cell have been

difficult to define. Perhaps the major difficulty is that the function of the organelle,



as a structural entity, may mask the roles played by its constituents elsewhere in
the cell. Individual centrosomal components are studied using genetics and anti-
body-blocking approaches. These studies have revealed that elimination of certain
centrosomal proteins from the cell, such as g-tubulin, is lethal to the cell and to the
organism [7, 8]. By contrast, elimination of those components responsible for bind-
ing g-tubulin to the centrosome has little effect on the viability and behavior of a
cell. This is because only a few copies of those proteins that give the centrosome
its form and functions are associated with the organelle at any one time. The
rest are scattered throughout the cytoplasm [9, 10], and the centrosome-bound
and cytoplasmic fractions are often in dynamic exchange [11]. As a result, a centro-
somal protein can function independently in the cytoplasm even when its ability to
do its job at the centrosome is inhibited. A striking demonstration of this has re-
cently been reported by Megraw and coworkers [12]. They found that, even though
centrosomes in Drosophila centrosomin mutants (cnn�) fail to nucleate micro-
tubules during mitosis, development still occurs at a normal rate, to produce a
mature but sterile fly. Mutations in one centrosomal component may affect only
a subset of centrosomal functions, leaving other, more essential functions intact.
In the case of the cnn� mutants, the cells still possess centrioles and a functionally
normal centrosome during interphase, even though the centrosome’s capacity to
nucleate microtubules is absent during mitosis. Thus, the fact that a particular cen-
trosomal function, such as nucleation of microtubules during mitosis, is not re-
quired for the viability of a cell does not mean that the centrosome as an organelle
is dispensable. This being the case, the only way to elucidate the role(s) of the cen-
trosome is to selectively remove it from the cell. In this way, those individual com-
ponents of the centrosome (e. g. g-tubulin) which are essential for viability are still
present.
There are only two ways to eliminate the centrosome from a cell. The first is to

physically remove it (along with part of the cytoplasm), and the second is to destroy
it within the cell. Through the years, the first approach has been used by a number
of investigators. For example, when synchronized cytochalasin-treated L929 cells
(transformed mouse fibroblasts) are enucleated by centrifugation through a Ficoll
gradient, centrosomes remain in the cytoplasmic fragments (i. e. cytoplasts) while
karyoplasts (i. e. nucleus-containing cell fragments) are formed that lack a centro-
some [13]. Similarly, when fertilized sea urchin eggs are forced through a nylon
screen, some of the egg fragments produced contain a nucleus but not a centro-
some [14]. Studies on karyoplasts have led to the idea that the centriole defines
the centrosome, or at least its reproductive capacity. The most successful study
in this area was that of Maniotis and Schliwa [15], who used conventional nee-
dle-microsurgery to separate the centrosome-containing part of the cytoplasm
from BSC-1 (African green monkey kidney) cells. The resulting karyoplasts re-
mained viable for several days, grew, and re-organized a focused array of microtu-
bules, but never regenerated a centrosome. Perhaps the most unexpected finding
of this study was that the cells also never entered mitosis. This implies that the
centrosome is essential for cell cycle progression in vertebrates. Although the evi-
dence at the time suggested that cells lacking centrosomes arrest in G2, a recent
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re-evaluation using the same methods and cell line reveals that this block actually
occurs during G1 [16].
While relatively simple, removal of the centrosome with a glass micro-needle is

limited, in that it can be applied to very few types of cultured cells (the only success
has been in the BSC-1 cell line), and then only during interphase and not mitosis
[17]. Furthermore, this approach also requires removal of a significant portion of
the cytoplasm and the organelles that it contains, along with the centrosome.
These include the Golgi apparatus, which is usually positioned near the centro-
some. As an alternative to microsurgery, the centrosome can be selectively de-
stroyed in situ by focused pulses of high-energy light (usually generated by a
laser). As we will demonstrate throughout this chapter, this “ablative photo-decom-
position” approach has several unique features that make it the method of choice
for eliminating the centrosome (or other organelles) from cultured cells. Among its
advantages are that it allows the centrosome to be reproducibly and selectively de-
stroyed within a few seconds in a wide variety of cell types, with minimal collateral
damage to other cell components. Furthermore, the operation can be conducted
during any period of the cell cycle, including mitosis.
In the past, the utility of laser microsurgery for ablating the centrosome was lim-

ited by the fact that, in most cells, this organelle is not resolvable by phase-contrast
or DIC microscopy (see [18, 19]). This limitation has, however, been overcome
through the use of Green Fluorescent Protein (GFP) fusions to make the centro-
some visible, as well as to delineate its boundaries in living cells. Combining
GFP labeling and laser microsurgery also allows the extent of centrosome damage
to be determined in near-real time, through simply monitoring the destruction of
the GFP signal. Furthermore, the use of GFP has improved the precision of the
laser microsurgery approach to the extent that it is now possible to selectively de-
stroy only a part of the centrosome, for example, only one of the two centrioles.
In this chapter we review the development of laser microsurgery as a tool for

studying the centrosome, and we describe how we have used the approach to dis-
cover some new and unexpected properties of this organelle.

10.2
Laser Microsurgery

10.2.1
A Brief History of Development

The earliest attempt to selectively destroy part of a cell with light can be traced back
to the work of Tchakhotine, who, in 1912, reduced the image of a UV light source
to microscopic dimensions using refracting lenses (see [20]). His approach formed
the basis of a technique that was used over the next 25 years to study the effects of
irradiating small portions of large cells, mostly marine oocytes and embryos. A pro-
blem associated with this technique was one of aiming the light source accurately,
and this however, limited its utility for studying smaller cells in culture. These pro-
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blems were overcome in the early 1950s by Zirkle and colleagues. They routed a
micro-beam of UV (or proton) radiation, produced by passing a macroscopic
beam through a small aperture, into a phase contrast microscope equipped with
a reflecting objective [21, 22]. The resolution and precision of their approach was
sufficient to enable them to destroy individual kinetochores and part of the primary
constriction on newt chromosomes [23]. These early “partial cell irradiation” stu-
dies confirmed that directed chromosome motion requires the presence of the ki-
netochore, and they also suggested that kinetochores play an important role in pre-
venting a premature anaphase [23].
Most cellular components can be easily destroyed by near-UV (200–308 nm)

light because they absorb intensely in this part of the spectrum. As a result a pop-
ular approach for selectively destroying components or regions of cells, especially
cells in mitosis, has been to pass the filtered output of a microscope lamp through
an aperture or slit, to generate a UV microbeam (e. g. [24–28]). However, the same
characteristics that make UV an effective destroyer of cellular components also pro-
duce side-effects that make data interpretation difficult. This problem arises be-
cause different cell components have different action spectra for UV absorption,
and the intensity of light needed to destroy a specific target may also produce sig-
nificant collateral damage to more sensitive out-of-focus organelles [29]. Also, since
the spectral composition of UV light varies depending on the system, the same
procedure can produce different results in different laboratories [30].
UV microbeam systems can also be constructed around lasers (e.g. [31, 32]).

Compared to those based on microscope lamps, laser systems produce a coherent
monochromatic beam that can be finely tuned. Such systems have become increas-
ingly popular for dissecting various biological processes, especially those in large
and light-tolerant embryos (e. g. Caenorhabditis elegans [32, 33]). Although the inten-
sity of the UV radiation is greatest within the focal plane of the objective lens, the
rest of the cell still receives a considerable dose because it is also experiences a cone
of UV light above and below this plane. Therefore, although laser-based UV sys-
tems can improve the reproducibility of an experiment, the extreme sensitivity
of many cellular systems to UV light often produces unavoidable nonspecific
side-effects.
During the development of laser microsurgery as a biological tool, it became evi-

dent that any component in the cell can also be destroyed by pulses of light in the
visible spectrum, as long as the energy is sufficient (reviewed in [34]). There are two
important features of this phenomenon that currently remain poorly understood
[see, e. g. discussions in [35, 36]). The first is that the distribution of energy across
the beam face can be tuned so that the destruction occurs only within the diffrac-
tion-limited spot (the Airy disk), where the focused laser light is the most intense
(reviewed in [20, 36]). The second is that this type of laser microsurgery does not
require that the cell be pre-loaded with exogenous chromophores; that is, the struc-
ture of interest need not be selectively “sensitized” to the wavelength of laser light
with a vital dye [37]. It is also clear that not all structures are equally sensitive to the
same cumulative energy dose: chromosomes are easily cut at energy doses of
pulsed green (532 nm) laser light that have no apparent effects on spindle micro-
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tubules [36, 38]. However, light at the same wavelength and frequency, at higher
energy levels, can be used destroy any intracellular component including centrioles
[34], which are among the most stable structures in the cell [39].
In our work we use 7-ns pulses of green (532-nm) light, obtained by doubling

the frequency of the 1064-nm output of a Nd : YAG laser, to ablate or cut cell struc-
tures in cultured vertebrate cells [38]. As a rule we run our system at 10 pulses s�1,
and for most experiments each pulse contains Z 400 nJ at the focal plane. Corre-
lative LM (light microscopy) and EM (electron microscopy) studies reveal that just
one pulse from this system is sufficient to sever a microtubule or destroy a mito-
chondrion in a living cell, and only 2–3 pulses are required to destroy a kineto-
chore [40]. For a 60-100X 1.4 NA lens, the area of damage caused by each pulse
corresponds to an ellipsoid-shaped volume of Z 0.4 q 0.4 q 0.6 mm [34, 36, 38,
40, 41].
In order to achieve the highest resolution and detectability in the transmitted-

light mode, we have centered our system around an inverted microscope equipped
with de Senarmont compensation DIC optics. At one time, the major technical
problem in combining high-quality fluorescence and laser microsurgery was that
both the laser beam and the epi-fluorescence excitation light needed to be steered
toward the lens through the same epi-port. In order to switch between the laser-cut-
ting and GFP-observation modes, the dichroic mirrors used for the laser beam and
for the excitation light had to be moved. However, since microscopes are now avail-
able that are equipped with two independent epi-ports (e. g. Nikon TE-2000E), this
problem has been alleviated. With the advent of such microscopes, assembling a
laser-microsurgery system becomes a feasible and affordable task for an average-
sized cell-biology laboratory. This advance will certainly make laser microsurgery
an increasingly popular method, particularly in the centrosome field.

10.2.2
Utility for Removing the Centrosome

The first attempts to remove the centrosome by laser light were those of Berns and
his colleagues [18, 19, 42] (see also [31]). These pioneers used the blue (473-nm) or
green (514-nm) wavelength from an argon ion laser, to destroy the centrosome in
cultured rat-kangaroo kidney cells (PtK2) that had been pre-treated with acridine
orange to make the organelle more light-sensitive. Acridine orange binds to nucleic
acids, which at that time were thought to be a centrosomal component. It was clear
from these studies, most of which were conducted on cells entering mitosis, that
the approach worked. However, it was also evident that there were two problems
that impeded any reliable interpretation of the data. First, the centrosome was
barely resolvable with the imaging methods available in the late 1970s, which pre-
dated video-enhanced microscopy. As a result, the position of the centrosome
against a background of similarly sized particles was difficult to define with any
certainty. Second, because the centrosome lacks a limiting membrane, its boundary
within the living cell was too vague and could not be accurately determined, even
under the best imaging conditions of the time. As a result, the failure or success of
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an experiment (that is, whether the centrosome was destroyed or damaged or left
unharmed after the operation) could not be determined immediately. Instead, the
extent of damage could only be assayed after the study, by fixing the irradiated cell
for a subsequent serial-section EM analysis. The intensive labor required for these
types of analyses necessarily limited the numbers of cells that could be followed in
the studies.
The advent and widespread use of GFP technology in the mid-1990s prompted

us to re-explore the potential of using laser microsurgery to selectively destroy the
centrosome in tissue-culture cells. We reasoned that the position of this organelle
and also its boundary could be clearly defined under low-light level imaging con-
ditions in live cells expressing a GFP-tagged construct that targets the centrosome.
We chose g-tubulin [11], a protein which is required for microtubule nucleation and
which is distributed throughout the pericentriolar material. In 1997, using high-
energy (300–400 nJ) pulses of 532-nm (green) laser light, we proved that this “sy-
nergy of technologies” approach could be used to reproducibly, selectively, and
completely to destroy the centrosome within 1–2 s (10–20 pulses) in cultured
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Figure 10.1 Laser-induced ablative photo-decomposition initially converts the centrosome into a
dense aggregate of denatured material that is destroyed over time. In this example, the centro-
some in an interphase PtK1 cell expressing GFP/g-tubulin (B, arrow) was destroyed by 15 pulses
of laser light (C). The operation produces the formation of a scar, which is clearly visible by DIC
microscopy (arrow in D). This cell was then fixed 2 min after the operation and processed for EM.
An analysis of serial semi-thick (0.25-mm) sections (E and F) revealed that the scar, which was
formed from the contents of the centrosome, is composed of an amorphous, electron-opaque
material. Video–LM studies reveal that, over time, the scar will wander randomly within the cell
until it finally disappears.



cells expressing GFP-g-tubulin [34]. It was apparent from same-cell correlative LM
and EM studies that the mother and daughter centrioles within an irradiated cen-
trosome, as well as the surrounding pericentriolar material, were converted by the
operation into a dense, irregular, and electron-opaque coagulation of denatured
protein (Figure 10.1). This “scar” (which we termed a “singlet”, see [38] and
Figure 10.1E and D) to the material produced during the operation eventually de-
graded, so we were not able to detect it i 2 h post-irradiation within the cell. Our
studies also revealed that the pulses of high energy laser light did not even photo-
bleach the GFP fluorescence immediately adjacent to the irradiated area (e. g.
Figure 10.2B); as a result, the extent of the destruction could be easily monitored
in live cells during the operation. Subsequent immunological assays revealed that,
once the g-tubulin/GFP signal associated with the centrosome was completely
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Figure 10.2 Laser microsurgery can be used to selectively destroy the centrosome, or even a
single centriole, in various cultured vertebrate cells expressing fluorescent constructs that target
the pericentriolar material (A and B) or the centriole (C). In these three examples, the cell is
pictured by DIC (left-hand panel) and low light level fluorescent (center panel) microscopy, just
prior to laser microsurgery. The same cell is then shown after the operation (right-hand panel),
which only takes a few seconds. The inserts depict a higher magnification (3 q) of the experi-
mental centrosome. Note that the damage inflicted by the laser beam is confined to the Airy disk
so that the part of the centrosome immediately adjacent to the irradiated region is not even
photobleached (B). The precision of the method allows it to be used to destroy only one of the
centrioles (arrow in C). The cell types represented include PtK1 (A), CV-1 (B), both expressing
g-tubulin/GFP; and HeLa (C), expressing centrin I.



ablated, the centrosome also became unrecognizable to antibodies against many
different centrosomal proteins [6]. This fact clearly shows that laser ablation de-
stroys all proteins (and likely non-protein components as well) within the irradiated
area and, in contrast to chromophore-assisted light inactivation (CALI), not just
merely the protein that is labeled with GFP.
As expected, laser ablation completely eliminates the centrosome’s ability to nu-

cleate microtubules. This became evident when we destroyed the centrosome in in-
terphase cells, and then cooled them to 4 hC to disassemble all of the pre-existing
microtubules. When we then re-warmed the cells to 37 hC, and examined them
2 min later by a-tubulin immunofluorescence, we found large numbers of short
microtubules scattered randomly throughout the cytoplasm (Figure 10.3A). The
total amount of tubulin polymer did not dramatically differ between the acentroso-
mal cells and cells with normal centrosomal microtubule arrays (Figure 10.3B).
Over time (Z 1 h), microtubules in the acentrosomal cells became arranged into
a cytoplasmic microtubule complex similar to that found in adjacent cells contain-
ing a centrosome (see Figures 2 and 4 in [43]). Clearly, removal of the centrosome
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Figure 10.3 Cells lacking a centrosome form a normal-looking interphase array of cytoplasmic
microtubules. After ablation of the centrosome by laser microsurgery, CV-1 cells were chilled to
4 hC for 30 min to disassemble their microtubules, and then re-warmed to 37 hC. The cell in A was
fixed for a 3-D deconvolution immunofluorescence analysis of its microtubule content and dis-
tribution 2 min after warming. The cells in B were fixed 5 min after re-warming, and were analyzed
by lower magnification conventional wide-field fluorescence LM. When microtubules are allowed
to reassemble in the presence of a centrosome, they are nucleated by the centrosome (not
shown). However, in the absence of a centrosome, they are nucleated spontaneously throughout
the cytoplasm (A). Over time, they become arranged into a relatively normal-looking cytoplasmic
microtubule complex (B). In B, the experimental cell is easy to differentiate (white arrow) because
it is surrounded by other cells containing centrosomes that act as prominent foci for microtu-
bules.



from cultured vertebrate cells in interphase does not prevent them from organizing
and maintaining a relatively normal-looking array of cytoplasmic microtubules.
Thus far, these “proof-of-concept” studies revealed that laser microsurgery can be

used to destroy the centrosome as an entity, without eliminating any of its indivi-
dual protein components from the cytoplasmic pool. However, the incredible pre-
cision of laser microsurgery provides additional capabilities that were not obvious
when we initiated our work.
There are now many cell lines that constitutively express a variety of centrosomal

proteins, some of which (like centrin), reside only in the centrioles [44]. Through
correlative LM/EM and microtubule depolymerization/re-polymerization assays,
we found the size of the irradiated zone to be sufficiently small for a single cen-
triole to be selectively destroyed. This is true even when it resides within a com-
mon “diplosome”, for example during mitosis (Figure 10.2C). Further, because
centrin preferentially accumulates within the mother centriole, we can clearly dif-
ferentiate between the mother and daughter centrioles [44, 45] and can target just
one of them for destruction.
The ability to selectively destroy part or all of the centrosome in a living cell, at

any stage in its life cycle, provides a powerful approach for answering a number of
longstanding questions regarding the function of this organelle, and how its repli-
cation is controlled.

10.3
Roles of the Centrosome during Cell Division

10.3.1
Role of the Centrosome during Spindle Assembly

Our original research goal in developing the laser microsurgery approach was to
answer the long-standing question of whether the centrosome is required for spin-
dle assembly during mitosis in vertebrates. It has been known for decades that cen-
trosomes define the spindle poles in somatic cells, and that cells with supernumer-
ary centrosomes produce multipolar spindles (see [46, 47]). However, in plants and
in some animal systems (e. g. rodent embryos, and oocytes in many species), bipo-
lar spindles are assembled in the absence of centrosomes. One idea, detailed by
Hyman and Karsenti [5], is that, when centrosomes are present, they dominate
in the process of organizing the microtubules for spindle assembly, because they
provide a kinetic advantage for microtubule nucleation. A prediction of this hypoth-
esis is that, in the absence of centrosomes, vertebrate cells will still form a spindle
via an acentrosomal self-assembly route, similar to that in Xenopus egg extracts.
Under this circumstance formation of the bipolar spindle would be achieved as
molecular motors sort and organize microtubules, nucleated randomly in the
vicinity of the chromatin (reviewed in [48]). The only way to test this idea was to
remove one or both centrosomes from a cell just before it enters mitosis.
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Our initial series of experiments were conducted in two cell lines: one derived
from CV-1 fibroblasts (green monkey kidney) and one derived from an epithelial
PtK1 cell line [6]. We found that, when both centrosomes were destroyed during
prophase, the cells formed bipolar spindles during prometaphase, and subse-
quently completed mitosis. This result showed that a pathway for spindle assembly
does exist independent of the centrosome in vertebrate somatic cells. Another im-
portant outcome of this study was its finding that the presence of centrosomes is
not necessary for normal progression into or through mitosis in vertebrates [6].
Since publishing these results, we have extended our conclusions to several
other cell types, including CHO (Chinese hamster ovary) and HeLa (human)
cells. Thus, these findings likely reflect a general phenomenon that occurs in all
somatic cells.
However, as our attempts to determine how centrosomal and centrosome-inde-

pendent mechanisms contribute to spindle assembly progressed, we concluded
that the relationships among these mechanisms are more complex than was ori-
ginally predicted. If the two centrosomes fail to separate after nuclear envelope
breakdown, a single polar region is formed around which the centrosomes become
grouped; that is, a monopolar spindle is formed (e. g. [49, 50]). However, when we
ablated just one centrosome during late G2/prophase, the cells subsequently, and
reproducibly, formed functional bipolar spindles. These spindles differed from
those in control cells only in that the acentrosomal poles consistently lacked astral
microtubules (Figure 10.4A; also see [6]). Thus, the spindle was bipolar but con-
tained only one aster, resembling the monoastral mitotic spindles described in
the Drosophila “urchin” mutants [51].
In order for a bipolar spindle to be formed in the presence of just one centro-

some, either the existing centrosome’s microtubule nucleation potential must be
suppressed, or else the nucleation of free microtubules in the cytoplasm must
be promoted [5]. One possibility that is consistent with our results is that when
we ablate one centrosome, it generates a signal that downregulates the activity
of the remaining centrosome. This would then increase the relative contribution
made by the motor-based spindle-formation pathway, and would rescue spindles
in cells that have damaged centrosomes. The fact that centrosomal activity can
be downregulated during mitosis in response to damaging factors has been pre-
viously demonstrated in Drosophila embryos [52, 53]. To test this possibility, we
ablated one or more centrosomes in tetraploid cells, which enter mitosis with
four centrosomes. Usually, these cells form a tetrapolar spindle [54]. However,
when we ablated one of the four centrosomes, the cells consistently formed tripolar
spindles (Figure 10.4B). When the number of centrosomes was decreased to two,
the cells formed bipolar spindles (Figure 10.4C). These observations demonstrate
that the activity of the remaining centrosomes is not downregulated after destruc-
tion of one centrosome with the laser. It also becomes clear that spindle formation
in cells with multiple centrosomes is not governed by the same rules as is spindle
formation in cells with just one remaining centrosome. How can this difference be
explained?
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It is now evident that not all spindle microtubules are nucleated by the centro-
some during the G2/M transition. A significant number persist or form in the
cytoplasm, and are then incorporated into the spindle via interactions with, and
transport along, the astral microtubules [55, 56]. This mechanism ensures that
free microtubule minus ends are promptly sorted toward the centrosomes. Thus,
as the spindle is built, it becomes properly oriented within the cell. The efficiency
of this “search-and-capture” mechanism for spindle construction obviously de-
pends on the robustness of the astral microtubule arrays associated with the cen-
trosomes. Here we postulate that a single centrosome does not generate an aster
that is sufficiently efficient to sweep the cytoplasm free of randomly oriented mi-
crotubules. Because the density of astral microtubules is low in the presence of just
one centrosome, many of the free microtubules (which would normally be incor-
porated into the spindle) are left in the cytoplasm, where they self-organize to
form the acentrosomal half of a bipolar spindle. An important feature of this
hypothesis is that it readily explains why cells with two unseparated centrosomes
(which produce two adjacent astral arrays) form monopolar spindles, whereas
cells with a single centrosome form bipolar spindles.
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Figure 10.4 Mitotic spindle formation in cells with different number of centrosomes. When one
of the two centrosomes was ablated in a diploid cell during prophase the cell formed a bipolar
spindle that contained one centrosomal and one acentrosomal pole. A subsequent immuno-
fluorescence analysis revealed that the acentrosomal pole lacked an array of associated astral
microtubules (A). However, ablation of supernumerary centrosomes in polyploid cells decreases
the number of spindle poles (B and C). In B, one centrosome was destroyed (arrow in fluorescent
images) near the time of nuclear envelope breakdown, while in C two centrosomes were de-
stroyed in binucleated CV-1 cells as they enter mitosis with four centrosomes. As a result of the
operation the cells, which would have formed tetrapolar spindles, ended up forming tripolar
(B) and bipolar (C) spindles. DIC and fluorescence images. Time is in minutes.



10.3.2
Role of the Centrosome during Cytokinesis

If centrosomes are not required for spindle formation, then why does the cell use
them for this process – especially considering the deleterious consequences of en-
tering mitosis with extra centrosomes? The answer to this question became evident
from our observations on how acentrosomal spindles behave once they have
formed: we found that acentrosomal spindles were incapable of changing their
orientation in response to changes in cell shape.
Normally, as a cell progresses through mitosis (in tissue culture), it becomes less

firmly attached to the substrate. This “rounding” occurs gradually, and is due to a
drastic re-organization of the cytoskeleton. As a result, the orientation of the long
axis in elongate or ovoid cells may change such that the interpolar spindle axis
becomes positioned “across” the cell (perpendicular to the long axis of the cell).
Under normal circumstances, such improper spindle orientation would delay
exit from mitosis until corrected [57]. The correction process involves a compen-
satory rotation of the spindle, until it becomes once again oriented parallel to
the long axis of the cell. This occurs as cytoplasmic dynein, anchored in the cell
cortex, acts on the astral microtubules emanating from the centrosome [57, 58].
Since spindles that lack centrosomes also consistently lack astral microtubules
(Figures 10.4A and 10.5; also see [6, 43]), it was expected that they would not be
able to re-orient in response to changes in cell shape. Indeed, we found that it
was not uncommon for anaphase to start when the long axis of the spindle was
perpendicular to the long axis of the cell. In such cases, the spindle failed to prop-
erly elongate during anaphase B. As a result, during telophase, the two daughter
nuclei were often connected by one or more long chromosome arms (each of
which was longer than a half-spindle, see [43]). Thus, even though a normal clea-
vage furrow formed in the expected position in these cells, perpendicular to the
pole-to-pole spindle axis, it ultimately regressed, because cells are unable to cleave
through a chromosomal bridge [59].
In addition, anaphase in the presence of an improperly oriented spindle fre-

quently resulted in the formation of furrows that failed to propagate normally.
This was especially true whenever a cell with an excessively long axis attempted
to assemble a contractile ring around its perimeter. Finally, some cells lacking cen-
trosomes formed multiple furrows in various parts of the cell; these furrows then
wandered randomly through the cytoplasm before regressing. All of these pheno-
types are consistent with the idea that astral microtubules are necessary in order to
position the furrow properly during cytokinesis [60].
It is noteworthy that Z 50% of cells lacking centrosomes exhibited one or more

of the above phenotypes, and failed to complete cytokinesis. In the other 50%, cy-
tokinesis was normal, and two independent daughter cells without centrosomes
were produced. Clearly, the centrosome is not essential for the completion of cyto-
kinesis. Rather, the phenotypes that we observed were due to a randomization of
spindle positioning: when the orientations of the spindle and cell axes happened
to be parallel to one another at the onset of anaphase, the terminal stages of cyto-
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kinesis proceeded normally. Thus, contrary to the interpretation put forward in
some recent studies [45, 61], centrosomes are not required for cytokinesis in ani-
mal cells. Centrosomes are necessary, however, for ensuring the fidelity of cytokin-
esis by properly positioning the spindle before anaphase via the asters that they
generate.

10.4
The Centrosome in the Cell Cycle

10.4.1
Role of the Centrosome in Progression through the Cell Cycle

The first evidence that the centrosome plays a role in cell cycle progression was
obtained through conventional microsurgery. In some cells, like the BSC-1 line,
the position of the centrosome is evident, because the organelles are normally
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Figure 10.5 Laser ablation of a centrosome during mitosis leads to the rapid disappearance of its
associated astral microtubules. Time-lapse sequence of astral microtubules in a prometaphase
PtK1 cell expressing GFP/a-tubulin prior to (arrow in 00), and after (arrow in 09) one of its
centrosomes was destroyed. Each frame represents a single fluorescent image, presented in
pseudo-DIC to accentuate individual astral microtubules. Note that the damage from the laser is
confined to a well-defined small area (arrow in 09), which is rapidly re-populated with microtu-
bules (cf. 09 and 78). However, all astral microtubules associated with the pole rapidly disappear.
In the absence of a centrosome, these microtubules never reappear. Time in seconds.



arrayed in radial fashion around it. Using a fine glass micropipette, Maniotis and
Schliwa [15] surgically removed the centrosome, along with a portion of the cyto-
plasm, from interphase BSC-1 cells. Over time, the resultant karyoplasts re-
established a microtubule organizing center near the nucleus, and re-formed a
compact Golgi apparatus. However, as previously mentioned, these karyoplasts
neither regenerated centrioles nor entered mitosis, even after prolonged periods
(up to 1 week). The salient conclusions from this study were: (1) that the presence
of a pre-existing centriole is required for the formation of a new centriole/centro-
some; and (2) that the centrosome is required for cell-cycle progression and entry
into mitosis.
One limitation of the Maniotis and Schliwa approach is that it works only on

highly flattened cells in interphase. As a result, the stage of the cell in the cell
cycle (G1, S or G2) at the time of the operation is unknown. Another problem
that complicates the interpretation of any conventional microsurgery study is
that, along with the centrosome, a large part of the cytoplasm is also removed.
Neither of these limitations is an issue with laser microsurgery, which allows
only the centrosome to be destroyed, at any time in the cell cycle. We therefore
asked whether CV-1 cells continue to cycle when they are born without a centro-
some; if not, where does arrest occur? For this study we destroyed one centrosome
during metaphase after the spindle had formed, at the point when the centrosomes
were maximally separated from the chromosomes by the intervening spindle
(Figure 10.2A). This approach has two important advantages. First, there is little
likelihood of inducing DNA damage during the operation, which by itself would
arrest the next cell cycle in G1. Second, at the conclusion of mitosis, two indepen-
dent cells are usually produced: one that lacks a centrosome, and another perfect
internal control that contains a centrosome.
The data from this series of experiments [43] revealed that CV-1 cells born with-

out a centrosome arrest in G1, before entering S phase. Although this conclusion
conflicts with that reported by Maniotis and Schliwa, it is consistent with the data
of Hinchcliffe and co-workers [16] which were published at the same time as our
study. By combining needle microsurgery, continuous time-lapse recording, and
bromo-deoxyuridine labeling, these workers were able to better define the stage
of the cell cycle during which the operation was performed. They found that
removal of the centrosomes from cells that are already in S or G2, did not inhibit
the ensuing mitosis; however, the resultant (acentrosomal) progeny arrested dur-
ing the ensuing G1. Our study and that of Hinchcliffe and co-workers clearly de-
monstrate that removal of the centrosome, by whatever approach, prevents green
monkey kidney cells from initiating S phase. The reasons for this constitute an im-
portant area for future research. One possibility is that the centrosome acts as an
essential catalytic site for activation of one or more cell cycle regulatory molecules
that control the G1/S transition. Another is that cells have a checkpoint control
pathway that somehow monitors the presence of the centrosome; in its absence,
a checkpoint must be triggered that prohibits entry into S phase. In related recent
work, the Doxsey laboratory reports that the older (maternal) centriole in the cell
contains a protein, centriolin, that is required for entry into S phase [61]. If this
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is true, then selective destruction of only the mother, but not the daughter
centriole, during early G1 should prevent the cell from entering S phase. We are
currently testing this possibility using laser microsurgery.
The finding that the centrosome is not required for S or G2 cells to enter and

complete mitosis has a number of ramifications. For example, it proves that this
organelle is not essential for triggering entry into mitosis in vertebrate somatic
cells, although it may facilitate the process (see [62, 63]).
In summary, it is evident from our laser microsurgery studies and the comple-

mentary approaches of others that the centrosome serves more functions in the cell
than mere nucleation and organization of microtubules. Although such an activity
is the centrosome’s most visible function, this activity seems not to be essential for
cell survival or reproduction [64]. This conclusion is based on the fact that, with the
exception of cilia and flagella formation, most microtubule arrays can be organized
in the absence of a centrosome by redundant pathways. However, it does appear
that, at the level of the higher animal cell, the centrosome is essential, because
its presence is somehow required for entry into S phase.

10.4.2
De Novo Centrosome Formation

Since the discovery of the centrosome in the late 1800s, finding an answer to the
question of how this organelle replicates has remained a major research challenge.
The answer is not simply of academic interest; it will be key to understanding one
of the major routes by which genetic instability and neoplastic disease originate.
This is because cells do not have a checkpoint to inhibit cell cycle progression in
the presence of supernumerary centrosomes [54, 65], and extra centrosomes lead
to the formation of multipolar spindles and aneuploid progeny. Instead of monitor-
ing the number of their centrosomes, cells have evolved a mechanism(s) to ensure
that this organelle is replicated once, and only once, during each cell cycle. When
these mechanisms break down, extra centrosomes are produced, with deleterious
results (reviewed in [47]).
We now know that the number of centrosomes is defined by the number of cen-

triole pairs (e. g. [66, 67]). Normally, a cell inherits a single pair of centrioles at the
end of mitosis; this pair is then duplicated during the subsequent S phase. One
notable feature of the duplication process is that the new centriole grows directly
from the wall of a pre-existing centriole. Thus, each G1 cell contains a mother cen-
triole that has parented, and her virgin daughter offspring that has not parented.
Although in many respects these two centrioles are similar structurally, they are
chemically dissimilar since the more mature mother contains proteins not found
in the daughter (e. g. ninein [44]; centriolin [61]; cenexin [68]; reviewed in [39]).
By G2, the cell contains four centrioles: one grandmother, one mother, and two
new daughters.
One long-standing idea is that centrioles duplicate precisely from one to two

because new centrioles can only grow from centrioles that have been “licensed”
by passing through an entire cell cycle. In this model, each centriole acquires
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the ability to seed the assembly of a daughter on a region of its wall, via a templated
process, only after the original centriole has passed through mitosis (reviewed in
[67, 69]). Another feature of this design is that the conditions for new centriole
assembly are favorable only in S or G2, but not in G1. Some aspects of this model
have recently been validated by cell fusion studies: centrosomes can duplicate in
G2 cytoplasm, but they normally do not because they have already duplicated
prior to this time, during S phase. This implies that the block to re-duplication
is intrinsic to the centrosome, rather than due to unfavorable cytoplasmic condi-
tions during G2 [70].
As a first attempt to test this model, we asked whether we could define condi-

tions under which vertebrate cells lacking centrioles (i. e. centrosomes) can form
centrioles from scratch (de novo). Our thinking was influenced by the report of Mar-
shal and coworkers [71] that the green alga, Chlamydomonas, can form centrioles
de novo during S but not during G2 phase. Further, the efficiency (speed) of the for-
mation process is only 50% of the rate seen for templated assembly off the mater-
nal centriole. Importantly, the de novo formation occurred only during the S period.
This offered an explanation for why de novo assembly has not previously been seen
in vertebrates: the cells lacking centrioles are arrested at G1, before the conditions
allow de novo assembly. One point that follows from this idea is that if cells lacking
a centrosome are arrested for long periods in S phase, a centrosome will ultimately
form. To evaluate this, we used laser microsurgery to remove the centrosome from
CHO cells that were arrested in S phase by hydroxyurea treatment [72]. We found
that new g-tubulin foci lacking centrioles reappeared in these cells 5–8 h after the
operation (Figure 10.6). These foci, which were enriched for centrosomal proteins,
formed even in cells in which the microtubules had been disassembled with noco-
dazole. Moreover, as predicted by our model, 24 h after the surgery, centrioles
began to form de novo in association with these foci and the number of centrioles
formed within this period ranged from two to 14.
Although the molecular mechanisms remain to be defined, our experiments pro-

vide some cogent information regarding the process of de novo centrosome forma-
tion in vertebrates. First, it requires Z 24 h, which is longer than the duration of a
cell cycle in CHO cells. Second, since S phase normally takes only a few hours, a
cell will not have time to form a centrosome de novo, unless it is arrested in S
phase. Also, the first signs of de novo formation, which is signaled by the accumu-
lation of g-tubulin into a focus, require 4–5 h to appear and occur independently of
the presence of microtubules. This length of time suggests the possibility that spe-
cific genes need to be expressed or proteins synthesized, to enable the de novo
assembly pathway to operate. Finally, since as many as 14 centrioles can be formed
in just 24 h, the de novo pathway is obviously able to support parallel production of
multiple centrioles. Together, these data suggest that the templated pathway for
centriole replication has evolved not because the de novo pathway is less efficient
than the templated replication, but instead, because it sets limits on the number
of centrioles produced during each cell cycle.
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Figure 10.6 The de novo formation of centrosomes in CHO cells lacking a centrosome requires
i 6 h in S phase. DIC (A and L) and fluorescent (B–K) micrographs of a CHO cell in which the
centrosome was ablated (arrow in B and C) during S phase. An adjacent cell serves as a control.
Note that a single focus of g-tubulin subsequently reappeared 5–6 h later in the experimental cell
(arrow in H–K), but on the opposite side of the nucleus from the original centrosome. A serial-
section EM of the same cell revealed that this focus (M and N) lacked centrioles, which normally
do not form de novo until 24 h post-operation. The centrosome in the non-irradiated control cell
(O and P) contained normal replicated diplosome and associated pericentriolar material. Time in
hours and minutes.



10.5
For the Future

The experiments and results described in this chapter illustrate the synergistic
power of combining GFP-imaging with laser microsurgery. They clearly demon-
strate that this combined approach can be used to differentiate between cellular
functions that are supported by the centrosome as an organelle, and functions
that are supported by the centrosome’s individual constituents. Over the past
125 years, a number of questions have been raised regarding the function and
replication of the centrosome, questions that could not be answered until a suitable
method could be devised to selectively remove the centrosome from the cell. At
long last such a method is available, and we see two areas of centrosome research
in particular that it will positively impact in the near future.
First, the unique precision of laser microsurgery will provide the key to under-

standing the mysterious “two-ness” of the centrosome. As illustrated in Figure
10.1C, it is possible to specifically ablate one of the two centrioles inside a centro-
some, to create a cell containing a centrosome with just half of its normal “valence”
[73]. Is the presence of only the mother centriole or its daughter sufficient to
support cell-cycle progression? Does the absence of the mother centriole change
the structural and functional characteristics of the daughter? Our preliminary
data suggest that centrosomes containing a single centriole are fairly normal
and capable of supporting most centrosomal functions; however, these issues
need to be explored in greater detail.
Laser microsurgery can also be conducted on cells in which individual centroso-

mal components have been depleted via RNAi and/or small-molecule chemical in-
hibitors. This very exciting development may help to identify the key molecules in-
volved, e. g. in processes such as de novo centrosome formation. Will de novo forma-
tion occur in cells depleted of proteins that have been shown to be involved in the
earliest stages of centrosome replication (e. g. centrin-2 [74])? Does the mechanism
that blocks cell-cycle progression in cells lacking a centrosome depend on func-
tional p53? These and similar questions can be answered using laser microsurgery.
The answers will provide new and exciting information on the function of the cen-
trosome, and will teach us why we need this mysterious and complex organelle.
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11
Centrosome Regulation in Response to Environmental
and Genotoxic Stress

Ody C. M. Sibon and William E. Theurkauf

11.1
Introduction

The centrosome plays a role in a remarkably broad range of cellular processes, in-
cluding microtubule nucleation, organization of the spindle poles and interphase
organelles, and cell cycle progression. In addition, critical cell-cycle regulators
and components of the signal transduction pathways localize to the centrosome,
suggesting that it may help integrate diverse signals to produce a coherent cellular
response to extracellular and internal queues. Environmental and genotoxic stress
trigger global changes in gene expression, cytoplasm organization, and cell cycle
progression. Centrosome structure and function are disrupted in response to
heat shock and DNA damage, which may play a role in coordinating the pleiotropic
cellular stress response. In this chapter we review the changes in centrosomes or-
ganization and function triggered by heat shock, unfolded protein accumulation,
and genotoxic lesions, and speculate about the potential biological functions of
the centrosome during the cellular response to stress.

11.2
Heat Shock

Heating above physiological growth temperature induces heat shock and in a vari-
ety of cells this is accompanied by changes in centrosome organization and loss of
centrosome protein localization (Table 11.1). Changes in centrosome protein loca-
lization in response to heat shock have not been systematically studied and only a
subset of components has been assayed in most systems. However, loss of g-tubu-
lin localization is observed in a number of systems (Table 11.1). A reduced capacity
of centrosomes to nucleate microtubules after heat shock has been reported, con-
sistent with loss of g-tubulin and the g-tubulin ring complex (g-TuRC), a critical mi-
crotubule-nucleating factor [1, 2], from the centrosome [3–5]. In addition, electron



microscopic analyses show that heat shock can lead to increased density of pericen-
triolar material (PCM) [6–8] or complete disintegration of centrosomes [9].
The loss of centrosome-associated protein localization after heat shock, as de-

tected by immunolabeling, could reflect protein dissociation from a centrosome
scaffold, protein degradation, protein denaturation or aggregation, or a combina-
tion of these factors. For the most part, the mechanism of heat shock-induced
loss of centrosome protein labeling is not understood. Localization of the centroso-
mal protein CP190 is reduced after heat shock, but protein levels on Western blots
do not change [4]. Therefore, at least in this instance, diminished labeling does not
appear to reflect protein degradation.
Recovery of centrosome function following heat shock, by contrast, may be di-

rectly linked to changes in heat shock protein expression or function. A universal
response to heat shock is the rapid and transient increase in expression of a small
number of heat shock proteins or Hsps. Hsps belong to a large family of both con-
stitutive and stress-induced “chaperones” that play an important role in mediating
protein folding, transport and assembly–disassembly of polypeptide complexes (for
reviews see [10–12]). Cells exposed to a relatively short heat treatment become
“thermotolerant”, and show increased survival in response to a second heat
shock. The capacity of the centrosome to re-grow microtubules and the efficiency
of centrosomal staining by anti-pericentrin antibody recover more efficiently in
thermotolerant cells. Furthermore, the inducible form of Hsp72 accumulates at
centrosomes following heat shock [13]. Heat shock proteins thus appear to play
a role in restoring centrosome function following heat stress, perhaps by promot-
ing assembly of multi-component centrosome protein complexes.
The ability to rapidly recover centrosome function following heat shock corre-

lates with cell survival, and this may reflect the importance of centrosome function
during mitosis. Thermotolerant cells recover centrosome function more efficiently
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Table 11.1 Centrosome alterations associated with heat shock.

Cell line Alteration Reference

HeLa cells Hsp72 at mitotic centrosomes*; loss of g-tubulin*,
pericentrin, Hsp 73 and TCP-1*, multiple, minute
centrosomes

5, 13, 14

CHO cells Loss of pericentrin, g-tubulin*, increased density PCM†,
multipolar spindles, additional foci of PCM*

3, 6, 52, 53

Drosophila
Kc cells

Disintegration of mitotic centrosomes†, more condensed
PCM†, loss of Bx63/CP190 labeling at mitotic
centrosomes*

4, 7, 9,

Mouse T
lymphocytes

Aggregation of PCM†, loss of centriole-associated
protein*

8, 54

Human blood
monocytes

Loss of centrosome antigen labeling 54

*Assayed by immunocytochemistry.
†Assayed by electron microscopy.



than na�ve cells. These cells also show enhanced clonogenic survival and less
frequent centrosome and spindle abnormalities after heat shock [8]. By contrast,
following heat shock, na�ve cells often progress through an aborted division and
die by a non-apoptotic pathway. Mitotic cells with multiple centrosomes and abnor-
mal spindles are more frequently observed in heat-shocked tumor cells than in
heat-shocked non-tumor controls, and the increase in abnormal spindles correlates
with increased cell death by a non-apoptotic mechanism [14]. Cell death following
an aborted mitotic division, termed “mitotic catastrophe”, is also commonly ob-
served following DNA damage (for a review see [15]). Cell death by mitotic cata-
strophe eliminates cells from the population. Centrosome disruption may there-
fore function to eliminate heat shock-damaged cells from a normal cell population.
Several lines of evidence suggest that heat shock proteins are also required for

normal centrosome assembly. A number of heat shock proteins co-localize with
centrosomes under normal growth conditions, including Hsp90, TCP-1, Hsp73,
and Hsp70 [13, 16, 17]. Furthermore, isolated Drosophila centrosomes contain
Hsp90, as determined by MALDI mass spectrometry, and Hsp90 localizes to cen-
trosomes throughout the cell cycle, and at different stages of development. Signif-
icantly, Hsp90 mutations disrupt centrosome organization and lead to assembly of
aberrant spindles and impaired chromosome segregation [18]. Hsp90 is required
for the stability of Polo kinase, which regulates several aspects of cell division, in-
cluding centrosome maturation and function. Hsp90 may therefore promote cen-
trosome function by maintaining Polo kinase activity [19]. Moreover, in Xenopus oo-
cyte extracts an Hsp70/Hsp90 complex appears to directly sequester centrin, which
is released when the centrosome assembles on oocyte activation [20]. Heat shock
proteins may therefore promote centrosome function by directly interacting with
structural components of this organelle and by stabilizing key regulators of centro-
some function.
Heat shock appears to have differential effects on centrosome organization, de-

pending on cell-cycle phase. In HeLa cells, heat shock-induced Hsp72 localization
to centrosomes is most pronounced during mitosis [13], and we have recently
found that heat shock-induced loss of g-tubulin-GFP from the centrosome is also
more dramatic during mitosis (O. C. M. Sibon, unpublished data). Furthermore,
in Drosophila cultured cells, heat shock does not alter the ultrastructure of inter-
phase centrioles, but leads to severe defects in centriole organization in mitotic
cells [9]. Mitotic centrosomes thus appear to be particularly sensitive to heat stress.
This may function to trigger mitotic catastrophe, which then disposes of cells that
sustain irreparable heat damage.

11.3
Centrosomes and the Unfolded Protein Response

A potentially related form of stress is triggered by accumulation of unfolded pro-
teins, which leads to formation of dense protein aggregates, called “aggresomes”,
which localize to the vicinity of centrosomes. Under normal physiological condi-
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tions, quality control pathways catalyze proper folding of nascent proteins and
degrade improperly-folded polypeptides and protein aggregates [21, 22]. However,
when the quality control mechanisms are disrupted or overloaded, through a
pathological condition or experimental manipulation, improperly-folded proteins
accumulate in the cytoplasm and aggregates often form in the pericentrosomal
area [23] (for reviews see [24, 25]). Johnston and colleagues [23] first described
these structures in cells over-expressing the cystic fibrosis transmembrane conduc-
tance regulator (CFTR). In these cells, CFTR accumulated in a pericentriolar struc-
ture surrounded by a cage of vimentin filaments. Inhibition of proteasome func-
tion induces deposition of other proteins in similar aggresomes, which are also
associated with centrosomes. Aggresome formation is dependent on intact micro-
tubules, suggesting that clustering around the centrosome is an active process.
Johnston and coworkers proposed that aggresome formation is a general response
to accumulation of unfolded proteins, which occurs when proteasome capacity is
exceeded [23].
Consistent with this hypothesis, aggresome-like clusters of insoluble/misfolded

proteins that co-localize with the centrosomal marker g-tubulin have now been ob-
served in a number of situations, including human diseases and disease models.
Intra-cytoplasmic protein aggregates (or Lewy bodies) that are found in neurode-
generative disorders such as Parkinson’s disease and dementia co-localize with g-
tubulin-containing structures [26]. A mutant form of the prion protein associated
with transmissible spongiform encephalopathies also forms aggresome-like clus-
ters that co-localizes with g-tubulin [27]. A missense mutation in aB-crystallin
(aB), the cause of a desmin-related myopathy, causes aggregates of desmin and
aB in aggresomes concentrating at and around centrosomes as determined
using g-tubulin as a centrosomal marker [28]. A mutation in the FERM domain
of schwannomin, the product of the NF2 tumor suppressor gene, also causes mis-
folding and accumulation in aggresome-like structures that again co-localize with
structures that are immunoreactive for g-tubulin [29]. It is unclear if these struc-
tures contribute to disease progression or are a secondary consequence of the dis-
ease state. However, aggresome formation appears to be a common consequence of
accumulation of insoluble proteins.
Active proteasomal complexes localize to centrosomes under basal conditions

[30, 31]. The centrosome may therefore represent a primary site for degradation
of misfolded proteins. Consistent with this speculation, centrosome-associated ag-
gresomes enlarge when proteosome activity is inhibited by drugs [23, 26, 27, 32].
Under some condition, the distribution of g-tubulin appears to be altered when

aggresomes form. g-Tubulin and pericentrin are present at aggresomes in cells
from patients with Parkinson’s disease and other dementias that produce Lewy
bodies [26]. However, in some cells containing mutant schwannomin aggregates
g-tubulin labeling is absent [29]. Garcia-Mata et al. reported disruption of astral
microtubule organization around the aggresomes, consistent with defects in the
g-TuRC [33]. However, at the electron microscopic level, aggresomes appear elec-
tron dense and are surrounded by a cage of intermediate filaments [23, 32–34],
and the interior of the aggresome is not generally immunolabeled by antibodies
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[23]. It is therefore possible that g-TuRC is at the centrosome and biochemically ac-
tive, but is sterically prevented from functioning in microtubule nucleation when
dense aggresomes are present.
The link between aggresomes and human disease appears to be quite strong. By

nucleating and organizing microtubules, the centrosome could promote aggre-
some assembly, and defects in centrosome function due to aggresome formation
could contribute to pathogenesis. A molecular understanding of the link between
centrosomes and the unfolded protein response could shed light on a clinically
intractable group of neurodegenerative diseases.

11.4
Centrosome Disruption in Response to Genotoxic Stress

Maintenance of genomic integrity is critical to normal development and disease
prevention, and conserved pathways promote damage repair or eliminate mutant
cells from the population. DNA damage and replication checkpoints delay the
cell cycle to allow repair of genetic lesions or completion of DNA replication. In
systems ranging from mammalian tumors to early Drosophila embryos, checkpoint
failures that allow DNA damage or incomplete replication to persist into mitosis
trigger “mitotic catastrophe”, a poorly understood process characterized by delays
in metaphase, chromosome segregation failures, and cell death by non-apoptotic
mechanisms[15, 35–37]. The molecular mechanism of mitotic catastrophe has
not been analyzed in detail, but this process appears to be a significant cause of
chemotherapy-induced cell death in tumors and may serve an important genome
maintenance function (reviewed in[15]) Studies in Drosophila embryos demonstrate
that checkpoint failures and “mitotic catastrophe” are linked to mitosis-specific de-
fects in centrosome structure and function, anastral mitotic spindle assembly, and
chromosome segregation failures on mitotic exit [36]. The Drosophila homolog of
the Chk2 tumor suppressor kinase is essential to mitotic catastrophe in early em-
bryos, demonstrating that this is a genetically programmed response to genotoxic
lesions [38]. The mitotic response to DNA damage in early Drosophila embryos is
reviewed below, followed by a discussion of recent studies in cultured mammalian
cells.

11.4.1
Centrosome Inactivation in Early Embryos

The mechanism of DNA damage-induced division failure has been extensively stu-
died in early Drosophila embryos, and work in this system is therefore described in
some detail. Drosophila embryogenesis is initiated by 13 very rapid mitotic divisions
that proceed without cytokinesis. These syncytial divisions, like the cleavage stage
divisions in other embryos, are characterized by alternating S and M phases with-
out intervening gap phases [39]. The first nine divisions are uniformly rapid, with
S phase taking approximately 5 min and M phase 3 min. These initial divisions
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take place in the interior of the embryo, but the majority of nuclei migrates to the
cortex and forms a monolayer by interphase of division 10. The final four syncytial
blastoderm stage divisions (mitosis 10–13) take place in a cortical monolayer, and
during these divisions the length of S phase progressively increases while M phase
remains relatively constant. Following division 13, the cell cycle slows dramatically,
gap phases are introduced, cortical nuclei are incorporated into cells, and high level
zygotic gene expression is initiated [39].
ATR and Chk1 are highly conserved kinases required for G2/M phase check-

point control. The Drosophila homologs of these kinases are required for DNA
replication checkpoint function during early embryogenesis, and this checkpoint
pathway is required to delay mitosis as S phase slows during the final syncytial
blastoderm divisions [40, 41]. Late syncytial blastoderm stage embryos mutant
for these replication checkpoint components thus spontaneously initiate mitosis
before S phase is completed, triggering mitotic catastrophe. Time-lapse confocal
microscopic analyses show that these aborted mitotic divisions are tightly linked
to mitosis-specific centrosome inactivation, anastral spindle assembly, and delays
in mitosis [36]. The centrosome defects correlate with loss of multiple components
of the g-TuRC from a core centrosome structure [36]. In wild-type embryos,
identical mitotic defects are triggered by DNA replication inhibitors, a wide
range of DNA damaging agents, and direct injection of restriction enzyme-digested
DNA. Centrosome disruption and mitotic division failure thus appear to be a
consistent response to the presence of genotoxic lesions at the onset of mitosis
[36, 38].
Following the 13th syncytial blastoderm division, nuclei at the cortex are incor-

porated into the cells that will form the embryo proper [39]. The polyploid nuclei
that result from damage-induced division failure invariably dissociate from the cor-
tex and drop into the internal yolk mass, while the centrosomes associated with
these nuclei remain at the cortex. The mitotic catastrophe response to DNA
damage in early embryos thus prevents transmission of damaged nuclei to the
post-cellularization embryo [36, 38]. As outlined above, mitotic catastrophe in
mammalian cells often leads to death by a non-apoptotic mechanism. In syncytial
fly embryos and mammalian cells, “mitotic catastrophe” thus leads to disposal of
defective mitotic products, and appears to serve a genome-maintenance function
analogous to apoptosis.

11.4.2
Chk2 is Required for DNA Damage-induced Mitotic Catastrophe

Mitotic failure following checkpoint failure could be a non-specific response to ac-
cumulated genetic lesions, or the product of a mitosis-specific DNA damage path-
way. A number of genes that mediate interphase damage responses, including the
homologs of p53, the Bloom’s helicases, ATR and Chk1 kinase, are not required for
mitotic catastrophe in early embryos. However, mutations in the Drosophila homo-
log of Checkpoint kinase 2 (Chk2), encoded by the mnk gene, block all aspects of
mitotic catastrophe in early embryos [38]. This observation demonstrates that
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mitotic catastrophe, at least in fly embryos, is a genetically programmed response
to genotoxic stress.
A null mutation in mnk does not affect viability or fertility, but disrupts DNA

damage-induced apoptosis and leads to mutagen sensitivity [42, 43]. In vivo assays
revealed profound defects in the mitotic response to DNA damage. In wild-type
embryos, DNA-damaging drugs and replication inhibitors consistently trigger the
mitosis-specific loss of g-tubulin from a core centrosome complex, anastral spindle
assembly, metaphase delays, and chromosome segregation failures [36, 38]. By con-
trast, mnk mutant embryos assemble cytologically normal spindles with wild-type
g-tubulin localization following treatment with a wide range of DNA-damaging
agents. The mnk mutation also suppresses the spindle assembly and g-TuRC loca-
lization defects that occur spontaneously in grp (Chk1 kinase) checkpoint mutant
embryos [38].
DNA damage also triggers severe defects in anaphase chromosome movement.

In mnk mutants, however, damaged chromosomes are stretched between the poles,
leading to unequal segregation and formation of daughter nuclei that are linked by
chromatin bridges [38]. A wild-type mnk transgene restores damage-induced loss of
g-TuRC localization and the anaphase chromosome segregation block, demonstrat-
ing that Chk2 is required for both of these aspects of the mitotic damage response.
In syncytial Drosophila embryos, damage-induced division failure is invariably

followed by dissociation of the resulting abnormal nucleus from the cortex, and
the mnk mutation also prevents this step in the mitotic catastrophe response
[38]. Dissociation from the cortex prevents transmission of damaged nuclei to
the embryo proper, and is therefore likely to be critical to the mitotic catastrophe
response. Nuclear loss can be dissociated from centrosome inactivation and divi-
sion failure. Wild-type embryos treated with the topoisomerase II inhibitor
ICRF-193, which does not directly induce DNA damage, assemble normal astral
spindles and progress through mitosis with wild-type kinetics. However, the chro-
mosomes are topologically linked, anaphase chromosome segregation fails, and
the resulting abnormal nuclei invariably drop into the interior. In mnk mutant
embryos, by contrast, ICRF-193 blocks chromosome segregation but the abnormal
mitotic products are invariably retained in the cortical monolayer [38]. Chk2 thus
appears to disrupt the link between centrosomes and nuclei in response to division
failure through a process that is independent of centrosome inactivation. Chk2
may therefore directly target factors that link centrosomes to nuclei.
Mitotic catastrophe, at least in the early embryo, thus appears to be triggered by a

multi-step pathway that links centrosome function, spindle assembly and chromo-
some segregation to genome integrity. This response functions to eliminate da-
maged nuclei from the embryonic precursor pool, and thus fulfills a similar func-
tion to apoptosis.
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11.4.3
DNA Damage and Mitosis in Mammalian Cells

Mitotic catastrophe in mammalian cells, triggered by G2/M checkpoint failures, is
characterized by delays in metaphase, chromosome segregation and cytokinesis
failures, and cell death. In some cells, mitotic division failure is followed by apop-
tosis. However, cells more commonly arrest in G1 or die by a non-apoptotic me-
chanism (reviewed in [15]) [44–47]. Cytologically similar mitotic catastrophe re-
sponses have been described in diverse systems, including primary mouse embryo
fibroblasts, Drosophila embryos, and a number of cultured cells [40, 41, 44–47]. Sig-
nificantly, mitotic catastrophe appears to be the primary mechanism of cell death
in a number of tumor cells lines and in tumors in vivo following treatment with
chemotherapeutic agents (reviewed by [15]).
A hallmark of damage-induced mitotic catastrophe is the accumulation of cells

with large polyploidy nuclei or multiple nuclei. In vivo studies in human colorectal
tumor cells demonstrate that these cells can be formed by mitotic division failure
[45]. Following ionizing radiation, human HCT116 cells progress into mitosis and
chromosomes align, but anaphase chromosome segregation and cytokinesis fail,
producing polyploid cells that contain bi-lobed nuclei [45]. Following division fail-
ure, nuclei fragment into compact masses that resemble clusters of grapes. Similar
nuclear morphology is observed during apoptosis, and conventional apoptosis is
sometimes observed following damage-induced division failure. However, cells
produced by damage-induced mitotic failure are more typically TUNEL negative
and isolated DNA does not show laddering characteristic of apoptosis [15, 48,
49]. In addition, cell death following division failure is generally not blocked by
apoptotic inhibitors, cells do not contract or bleb, and apoptotic bodies are not
formed (reviewed in [15]). Cell death by mitotic catastrophe thus appears to be dis-
tinct from apoptosis in both cell-cycle phase and mechanism of execution.
Two recent studies have analyzed the effects of DNA damage and incomplete

DNA replication on mitotic centrosome organization in mammalian cells. Hut
et al. analyzed centrosomes as hamster cells progress into mitosis prior to comple-
tion of DNA replication [50], while Mikhailov et al. analyzed centrosome and spin-
dle organization in mammalian cells when DNA damage was induced following
commitment to mitosis [51]. Using GFP-g-tubulin as a centrosome marker, Hut
et al. showed that centrosomes frequently fragment when checkpoint control is
disrupted and mitosis is initiated before S phase is completed. These cells often
assemble multi-polar spindles and progress through an aborted mitotic division
to produce a single polyploidy cell. These authors also found that cells carrying
a mutation that disrupts DNA damage repair spontaneously show similar mitotic
defects, indicating that centrosome fragmentation is not due to the caffeine treat-
ments used in the replication studies. These observations strongly suggest that
centrosome disruption is a conserved feature of the damage-induced mitotic-divi-
sion failure. However, complete dissociation of g-tubulin from a core centrosome
scaffold, observed in Drosophila embryos, was not found in mammalian cells.
Therefore, aspects of centrosome disruption may vary according to organism.
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Mikhailov et al. [51] used laser light to induce DNA damage following commit-
ment to mitosis. In contrast to cells that progress into mitosis with DNA damage,
these cells did not show centrosome defects. However, mitosis was delayed and
H2AX histone was phosphorylated, indicating that damage can be detected within
the context of condensed mitotic chromosomes. Inducing DNA damage during mi-
tosis also has no clear effect on centrosome structure in the early Drosophila em-
bryos, and centrosome inactivation is not blocked by mutations in the Drosophila
H2Av homolog (S. Kwak and W. E. Theurkauf, unpublished observations). In a
wide range of systems, mitotic catastrophe and centrosome disruption thus appear
to require persistence of genetic lesions through the interphase to mitosis transi-
tion. We therefore speculate that the signaling machinery which triggers centro-
some inactivation cannot recognize damage within the context of condensed mito-
tic chromatin, and thus requires damage detection prior to mitosis.

11.5
Final Thoughts

Cellular stress is induced by a broad range of environmental factors and triggers
diverse changes in cell physiology. However, alterations in centrosome organiza-
tion are a common feature of the cellular stress response and may play important
biological roles in this response (Figure 11.1). Cell cycle checkpoints and apoptosis
represent distinct salvage and disposal responses to genotoxic stress, and we spec-
ulate that centrosome alterations may contribute to salvage and disposal responses
to a wide range of stress-inducing factors. As outlined above, genotoxic lesions trig-
ger mitosis-specific centrosome defects that are linked to chromosome segregation
and cytokinesis failures and cell death by a poorly understood process that appears
to be distinct from apoptosis. Mitotic centrosome disruption thus appears to con-
tribute to a mitotic catastrophe response that removes damaged nuclei and cells
from the population. Mitotic centrosome function is also sensitive to heat shock,
which has been reported to trigger both thermotolerance and cell death by mitotic
catastrophe. The response to thermal stress, like the response to genotoxic stress,
may therefore be determined by the extent of damage. We speculate that mild ther-
mal stress induces a salvage response that includes heat shock gene expression,
which promotes repair and thermotolerance. However, more severe heat shock
may induce irreparable cellular damage that triggers the disposal pathway, charac-
terized by mitotic catastrophe and cell death. Within this framework, the centro-
some is a common target during the cellular responses to heat shock and genotoxic
stress. Rigorous tests of this hypothesis await further molecular, genetic, and
cellular characterization of the mitotic response to diverse forms of stress.
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Figure 11.1 Centrosome alterations in response to heat, genotoxic and aggresome stress. In
diverse systems, g-tubulin (red) localizes to centrosomes at the mitotic spindle poles (A, B, B’)
and close to interphase nuclei (C). In Chinese hamster ovary (CHO) cells, heat stress (A) triggers
loss of g-tubulin localization to the poles (courtesy of H. Hut) while genotoxic stress (B’) leads to
mitotic centrosome fragmentation. Electron microscopic examination demonstrates that the
centrosome fragments contain single centrioles (insets). In response to heat shock and genotoxic
stress, centrosome disruption is associated with failures of mitotic division and mitotic cata-
strophe. In Drosophila embryos, genotoxic stress also leads to dissociation of g-tubulin from the
spindle poles (B) and mitotic catastrophe. Over-expression of a mutant form of GFP taggered the
Huntingtin protein (green) in hamster cells (C), leads to aggresome formation around interphase
centrosomes (courtesy of F. Salomons and M. Rujano). The significance of aggresome formation
is not known, but this structure may contribute to neurodegeneration in a number of pathological
conditions. In all panels, g-tubulin is in red and DNA is in blue. In B, the kinetochore marker
MeiS332 is in green. In C the Huntingtin-GFP protein is in green (see Color Plates page XXVII).
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12.1
Introduction

Although more than 100 years have passed since Theodor Boveri gave the centro-
some its name [1], the understanding of its structure, composition and function
still remains in a state of infancy. This chapter will focus on recent advances
made in understanding centrosome function and biogenesis using the nematode
C. elegans as an experimental system. The role of the centrosome in determining
the asymmetry of the early C. elegans embryo will also be discussed. We will first
focus on the reasons that motivated the choice of C. elegans as a system to study
centrosome function. This will be followed by a detailed description of the first
cell division of the C. elegans zygote, the stage at which most of the research on
the C. elegans centrosomes to date has been performed.

12.1.1
C. elegans as a Tool to Study Centrosome Biogenesis

The use of C. elegans as a powerful genetic system has long been recognized [2]
culminating in the 2002 Nobel Prize in medicine to Brenner, Horvitz and Sulston.
The C. elegans adult hermaphrodite is approximately 1 mm in length and is com-
posed of 959 somatic cells, each having a defined cell lineage, and a variable num-



ber of germ cells [3]. Its genome has been completely sequenced since 1998, and is
now skillfully annotated (http://www.wormbase.org, [4]). In order to effectively
study centrosome function and biogenesis one needs an experimental system
such as C. elegans that is easy to manipulate, in which centrosomes can be easily
visualized and where gene inactivation works efficiently. C. elegans is an hermaph-
roditic species that can be routinely cultured in the laboratory, feeding primarily on
E. coli. C. elegans is capable of internal self-fertilization, each hermaphrodite being
able to generate hundreds of embryos. Once the embryos are laid, their survival in
the environment depends on their chitinous eggshell. This, in turn, renders them
amenable to experimental manipulation in the laboratory. When choosing C. ele-
gans as a system for biological research, Brenner recognized the advantage of a
translucent embryo, where Nomarski optics allow the visualization of cellular com-
ponents such as nuclei, centrosomes and chromosomes. The embryos are relatively
large ellipsoid structures approximately 25 by 50 mm (Figure 12.1). The position of
the centrosomes and the mitotic spindle can be followed over time, making the
identification and characterization of genes required for centrosome functions pos-
sible (Figure 12.1, arrowheads). In addition, GFP (Green fluorescent protein) tech-
nology is now well established in C. elegans and transgenic worms expressing var-
ious proteins tagged with GFP are readily available. This makes it possible to di-
rectly visualize, in real-time, various cellular processes [5]. Over the last decade
or so, the use of RNAi (for RNA-mediated interference) has proven to be a power-
ful experimental and gene discovery tool [6, 7]. This technique relies on the intro-
duction of gene-specific double-stranded RNA (dsRNA) into the germ line (or soma)
of adult hermaphrodites. Unfortunately, it seems that RNAi does not work effi-
ciently in the sperm, making it difficult to identify genes with strict paternal require-
ments. However, for most maternally provided proteins, the introduction of dsRNA
results in the formation of oocytes containing cytoplasm essentially depleted, after
20–30 h, of the target gene’s protein [7]. Upon fertilization, the effect of the RNAi
can be observed in the developing embryo. Large scale RNAi screens, where the
dsRNA was delivered either by soaking the worms in a solution containing
dsRNA [8], feeding them with bacteria synthesizing dsRNA [9–12] or by direct
microinjection of the dsRNA into the gonad of hermaphrodites [13, 14], have been
performed. This reverse genetics approach resulted in the identification of genes
required for specific processes, such as spindle assembly and centrosome function.

12.1.2
The First Cell Division of the C. elegans Embryo

One of the features of C. elegans’ development that lends itself well to genome-wide
analysis is that the cellular events are largely invariant between different embryos
[3, 15–17]. Prior to fertilization, C. elegans oocytes are arrested in meiotic prophase I.
Soon after fertilization, an acentriolar meiotic spindle forms to ensure chromo-
some segregation and polar body extrusion [18]. Subsequently, a second meiotic
spindle forms and the remaining haploid female pronucleus and male pronucleus,
typically located at opposite ends of the embryo, become visible. Shortly afterwards,
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Figure 12.1 The first cell division of the C. elegans embryo. (a) Shortly after completing female
meiosis, both male and female pronuclei become visible, a process referred to as pronuclear
appearance. At this point membrane ruffling can be observed in both the anterior and posterior
part of the embryo. (b) Shortly afterwards, the pronuclei become more defined, two centrosomal
poles can be observed on each side of the male pronucleus (arrowheads) and ruffling becomes
less abundant in the posterior part of the embryo of the embryo. (c) A pseudocleavage furrow
then forms roughly at mid-egg length and ruffling becomes restricted to the anterior part. (d) The
female pronucleus begins migrating towards the male pronucleus. (e) The male and female
pronuclei meet. (f) After the female and male pronuclei have met, the centrosome–pronucleus
complex begins to rotate. (g) After having rotated 90 h, the nuclear envelopes break down and
spindle formation begins. (h–j) Elongation of the mitotic spindle. (j) The spindle positions itself
more towards the posterior part of the embryo so that the first division is asymmetric, yielding
two daughter cells of different size. (k) During cytokinesis, the centrosomal poles disassemble,
the posterior pole adopting a flattened morphology (asterisks). (l) Soon after the completion of
cytokinesis, two defined centrosomal poles re-form in the daughter cells. In all images shown, the
anterior of the embryo is to the left and the posterior to the right. Arrowheads indicate the po-
sition of the centrosomes and asterisks indicate the flattened posterior centrosome. Images were
acquired at the indicated time points (min : s) using Nomarski optics. Scale bar ¼ 10 mm.



cortical contractions, a process also referred to as “ruffling”, can be observed over
the whole embryo cortex (Figure 12.1a) and both the female and male pronucleus
become more visible (Figure 12.1b). The time at which the two pronuclei become
apparent is referred to as “pronuclear appearance”. The female pronucleus is com-
monly located near the cortex opposite the male pronucleus, which is located in the
posterior part of the embryo (Figure 12.1b). The position of the male pronucleus
defines the posterior, the female pronucleus the anterior (Figure 12.1b). A pseudo-
cleavage furrow then forms at about mid-egg distance (Figure 12.1c). At this time,
the first signs of asymmetry become evident as cortical ruffling becomes restricted
to the anterior part of the embryo (Figure 12.1c). During pseudocleavage, the male
pronucleus lifts off the posterior cortex while the female pronucleus migrates to-
wards it (Figure 12.1c–d). The pronuclei meet and subsequently move to the center
of the embryo where they rotate 90 h before the first mitotic spindle forms
(Figure 12.1e–i). Although it is possible to visualize the rotation of the centro-
some/pronucleus complex and spindle assembly using Nomarski optics, it is
best observed by time-lapse microscopy of transgenic embryos expressing GFP-
tagged versions a-, b- or g-tubulin [19–21]. The metaphase spindle forms at the
center of the embryo, parallel to the long axis (Figure 12.1h). During anaphase,
the posterior pole of the spindle is displaced towards the posterior end of the em-
bryo (Figure 12.1i) while it oscillates (Figure 12.1j). During cytokinesis, the centro-
some at the posterior end of the embryo displays a flattened morphology (asterisks,
Fig. 1k). The posterior displacement of the mitotic spindle causes the first cell divi-
sion to be asymmetric, generating a larger anterior daughter, (AP), and a smaller
posterior daughter, (P1), after cytokinesis (Figure 12.1l) [3].

12.2
The C. elegans Centrosome

The centrosome, or the microtubule-organizing center (MTOC), is a non-mem-
brane bound organelle that can be divided into at least three distinct domains in
C. elegans based on the sub-cellular distribution of its resident proteins. It is com-
posed of a centriole pair surrounded by an electron-dense proteinaceous lattice
termed the pericentriolar material (PCM). Some components of the PCM, referred
to in this chapter as peripheral PCM components, are found surrounding the
PCM, giving them a doughnut-shaped appearance by immunofluorescence
(Figure 12.4). The C. elegans centrosome is usually found in close proximity to
the nucleus (arrowheads, Figure 12.1), its anchoring mediated by the Hook family
member ZYG-12 that localizes to both the centrosome and the nuclear envelope
(Table 12.1; Christian J. Malone, personal communication). In this section, we
will discuss the structure and composition of the C. elegans centrosome. The C. ele-
gans centrosomal proteins identified so far are listed in Table 12.1 along with their
proposed function and homologs in other species if applicable. The function of
individual centrosomal proteins will be discussed in further detail in
Sections 12.3 and 12.4.
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12.2.1
The Centrioles

The centrioles in the C. elegans early embryo possess a simpler morphology, com-
pared to those of mammals. They are composed of nine singlet microtubules sur-
rounding a central tube, rather than the usual nine triplet microtubules
(Figure 12.2A) [22–25]. Singlet microtubules are also observed in the early Droso-
phila melanogaster embryo [23, 26]. Although they differ morphologically, it appears
likely that centrioles in C. elegans duplicate and function in a conventional manner
[27]. It should be noted however, that the basal bodies of the inner and outer labial
and cephalic neurons of C. elegans appear to be composed of doublet microtubules
[28]. In the early embryo, each of the cylindrical centrioles is approximately 200–
250 nm in length and 175 nm in diameter (Figure 12.2B–C). From EM analysis
it appears that the appendages found on the mature, or mother centriole, are con-
siderably less prominent in C. elegans than in mammalian cells [29]. Furthermore,
whereas in mammals proteins such as centriolin, e-tubulin, ninein and cenexin
have been shown to specifically associate with the mother centriole, no such
proteins have been identified so far in C. elegans [30–32]. However, most of the
detailed descriptions of the centriolar structure have been derived from early
embryos, where the speed of division is such that the centriole pair may not
have enough time to reach a mature stage [26]. Another possibility is that higher
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Table 12.1 Components of the C. elegans centrosome.

Gene name Function Homolog in other
species

References

air-1 Centrosome
maturation

Aurora-A 20, 49

grp-1 MT nucleation Spc97p/Spc98p family
member

21

sas-4 Centriole duplication Weak homology to
mammalian CPAP

25, 34

spd-2 Spindle assembly
and polarity

None identified so far Kevin O’Connell (personal
communication), 47

spd-5 Spindle assembly
and polarity

None identified so far 42

tac-1 Required for long
astral and spindle
microtubules

Drosophila TACC 67–69

tbg-1 MT nucleation g-Tubulin 19, 21, 37
zyg-1 Centriole duplication Similarity to Nek2 33
zyg-9 Required for long

astral and spindle
microtubules

XMAP215/ch-TOG/
Msps family

66–69

zyg-12 Nuclear attachment Hook family member Christian Malone
(personal communication)



232 12 The C. elegans Centrosome during Early Embryonic Development

Figure 12.2 The ultrastructure of the C. elegans centrosome. (A) Schematic representation of the
triplet structure of centrioles found in mammalian cells (top) and the singlet structure observed
in C. elegans (bottom). (B) Electron micrographs of wild-type centrioles in cross-section and
longitudinal orientation (left) and wild-type centriole pairs in orthogonal orientation (right).
(C) 3-D model of a centriole pair during prometaphase derived from a tomographic recon-
struction. Microtubules (red) are organized mainly around one centriole (blue), referred to as the
mother centriole. Note that the minus ends of the microtubules do not come in contact with this
centriole. Scale bars ¼ 250 nm (see Color Plates page XXVIII).



eukaryotic centrioles have acquired appendages for specialized functions not uti-
lized by the C. elegans early embryo.
To date, two C. elegans proteins, SAS-4 and ZYG-1, display centriole-specific

localization patterns, and both play a role in centriole duplication (Table 12.1)
[24, 25, 33–35]. In addition, SAS-4 appears to play a role in regulating centrosome
size [25, 36]. These two proteins will be discussed further in Section 12.3.1.

12.2.2
The Pericentriolar Material (PCM)

Ultrastructurally, the PCM is often described as an “amorphous cloud” of electron-
dense material that surrounds the centrioles. In C. elegans the size of the PCM var-
ies during the cell cycle, reaching a maximum of about 1–2 mm in diameter during
the metaphase to anaphase transition as judged by the localization of g-tubulin
(Figure 12.3e–f) [21, 37]. An array of microtubules emanating from the PCM can
be observed in C. elegans , but these microtubules do not come into contact with
the centriole pair, a situation also observed in other organisms (Figures 12.2C
and 12.3) [29, 38, 39]. The analysis of tomographic volumes has shown that spindle
microtubules appear to interact preferentially with the PCM in the vicinity of one
of the two centrioles (Figure 12.2C) [38]. Whether or not this represents the same
“mother” centrioles described in other systems (containing proteins such as cen-
triolin and ninein) remains to be determined.
A functional definition of a PCM component could be that of a protein whose

localization to the centrosome is not lost upon microtubule depolymerization.
A well-established marker for PCM in C. elegans is g-tubulin (Figures 12.3 and
12.4). The C. elegans gene tbg-1 was shown to encode a protein homologous to
g-tubulin of other species (Table 12.1) [37]. During oogenesis, g-tubulin can be de-
tected on the nuclei of the germ cells present in the distal part of the gonad [37].
In meiotic cells at pachytene stage, located in the middle of the gonad, g-tubulin
is more difficult to observe, while only a faint cytoplasmic staining of g-tubulin
is found in oocytes arrested in diakinesis of prophase I [37]. The fact that distinct
foci of g-tubulin are not observed in mature oocytes reflects the elimination of the
centrioles during oogenesis, but the mechanism behind this disappearance is not
yet understood. Although immuno-EM using anti g-tubulin antibodies has not
been performed, some images suggest that, as in mammalian cells, g-tubulin is
also present at the core of the centriole [37, 40]. In Paramecium, g-tubulin is
required to initiate daughter centriole formation [41]. In C. elegans, it still remains
unclear whether or not g-tubulin is required to initiate daughter centriole forma-
tion [19, 21].
SPD-5 is another well-characterized PCM component that displays a similar

localization pattern to that of g-tubulin by immunofluorescence, surrounding the
centriole pair (Table 12.1) [42]. It appears that SPD-5 acts upstream of other
known PCM components since it is required for the recruitment of all the PCM
components analyzed so far, including g-tubulin, AIR-1 and ZYG-9 [42]. The
failure to recruit PCM components leads to the inability of the centrosomes to
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nucleate microtubules further highlighting the role of SPD-5 as a key regulator of
PCM function [42].
The distribution of AIR-1 on the centrosome is distinct from other PCM compo-

nents like g-tubulin and SPD-5, as it is more peripheral and also decorates micro-
tubules [20] (Figures 12.3 and 12.4). Upon the addition of nocodazole, AIR-1 is no
longer found on microtubules and in the periphery of g-tubulin but instead
appears to have collapsed onto PCM components like g-tubulin and SPD-5 [20].
This observation suggests that an intact array of microtubules emanating from
the centrosomes is required to maintain the localization of peripheral PCM com-
ponents. In summary, the C. elegans centrosome appears to be composed of at
least three sets of components: the core centriolar components, the PCM compo-
nents and the more peripheral PCM components, such as AIR-1.

12.3
The Centrosome Cycle in C. elegans Embryos

In this section we will describe the centrosome cycle of the first cell division of the
C. elegans zygote. During oogenesis, the oocyte loses its centriole pair and as a con-
sequence of this, the centriole pair of the zygote is solely of paternal origin, contrib-
uted by the sperm upon fertilization (Figure 12.3a). Because of the absence of most
PCM components on the sperm centrosome it is thought to be largely inactive in
the mature spermatocyte but quickly becomes re-activated once liberated in the
oocyte cytoplasm [27, 37, 42]. After entering the egg, the sperm-derived centrosome
duplicates, yielding two small centrosomes that separate and position themselves
between the sperm pronucleus and the cell cortex (Figure 12.3b), each of them la-
beling for centriolar components (Figure 12.4a–b). This suggests that each of the
small centrosomes contains either a single centriole, or a centriole pair. Unfortu-
nately, it is difficult do discriminate between these two possibilities under the
light microscope. Although centriole separation is relatively easy to see, centriole
duplication itself is hard to visualize without ultrastructural studies, and for this

234 12 The C. elegans Centrosome during Early Embryonic Development

nFigure 12.3 PCM recruitment and spindle assembly in C. elegans. Early embryos at different
stages of the cell cycle were fixed and labeled for DNA (blue), microtubules (green) and g-tubulin
(red). Z-stacks through entire embryos were acquired, the images deconvolved and shown as two-
dimensional projections. Scale bar ¼ 10 mm. The anterior is to the left in all the images. (a) An
acentrosomal meiotic spindle can be observed soon after fertilization (arrow). At this stage the
centrosome contributed by the sperm has yet to separate. (b) At the beginning of pronuclear
migration, the sperm-derived centrosome has separated and recruited some g-tubulin therefore
increasing the amount of microtubules it is able to nucleate. (c) At the time when the pronu-
cleus–centrosome complex begins rotating, the DNA is condensed, the nuclear envelope broken
down, and the levels of g-tubulin and the nucleating capacity begin increasing rapidly, a process
termed centrosome maturation. (d) After rotation, spindle assembly begins. (e) Late metaphase
spindle with aligned chromosomes. (f) Late anaphase. (g) During telophase, the nuclear envel-
ope re-forms and the posterior centrosome adopts a flattened morphology. At this time the
g-tubulin staining becomes more diffuse. (h) After cytokinesis, the centrosomes separate again
in preparation for the next cellular division (see Color Plates page XXIX).
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reason, the exact time at which the centrioles duplicate in C. elegans has not been
determined. Concurrently, the centrosomes begin recruiting PCM components
such as g-tubulin (Figure 12.3b) and AIR-1 (Figure 12.4a–b) and the number of
microtubules emanating from the centrosome increases slightly (Figure 12.3a–b).
This phase will be referred to in this chapter as PCM recruitment. At the onset of
mitosis, once the female and male pronuclei have met, the rate of PCM recruit-
ment on the centrosomes increases dramatically, PCM levels reaching a maximum
at the metaphase to anaphase transition [20] (Figure 12.3c–g). This increase corre-
lates with the number of microtubules nucleated by the centrosomes, and is
termed centrosome maturation (Figure 12.3c–f). In order to ensure that each daugh-
ter cell inherits a centriole pair, the centrioles contributed by the sperm need to
duplicate prior to cytokinesis, a process known as centriole duplication (Figures
12.3h and 12.4e). Below we will describe each of these phases in more detail.

12.3.1
Centriole Duplication

Much akin to DNA, the centrosome needs to duplicate once and only once during
the cell cycle. Failure to do so leads to the formation of aberrant spindles which, in
turn, leads to defects in chromosome segregation and hence is a major cause of
genomic instability and cancer progression (for a review see [43]). In this section,
we will focus on the centriolar components ZYG-1 and SAS4 and their roles in cen-
triole duplication in C. elegans (Table 12.1).
zyg-1 was first identified over 20 years ago as a zygote-defective mutation, but the

molecular basis of this defect was only recently elucidated [33, 44] (for a review see
[24]). The zyg-1 gene encodes a protein kinase that localizes to the centrosome dur-
ing anaphase, but is undetectable at other stages of the cell cycle [33]. One interest-
ing possibility would be that the temporal recruitment of ZYG-1 to centrosomes
represents the signal that initiates the centriole duplication/separation process.
In zyg-1 mutants, the centrosome contains a single centriole that appears to pos-
sess normal nucleation capacity but fails to assemble bipolar spindles. O’Connell
and colleagues showed that paternal ZYG-1 is required for the formation of a bi-
polar spindle in the first division while maternal ZYG-1 is required for that process
in the subsequent divisions. The fact that the nucleation capacity of the centro-
somes in zyg-1 mutant embryos appears to be normal suggests that it is directly
involved in centriole duplication rather than being required for other centro-
some-associated functions. Although in vitro experiments have shown that the
ZYG-1 protein is able to phosphorylate itself, the existence of other substrates of
the ZYG-1 kinase still remains to be demonstrated [24, 33], the identification of
which will help us better understand the role of this key regulator of centriole
duplication in C. elegans.
A second protein, named SAS-4 (for Spindle ASsembly defective-4), also in-

volved in centriole duplication has been characterized in two separate studies.
The sas-4 gene was initially identified during the course of an RNAi-based screen
aimed at identifying the genes on the C. elegans chromosome III that are required
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for cell division [13]. SAS-4 encodes a polypeptide, with a predicted molecular
weight of 92 kDa [25, 34]. It contains a central coiled-coil region and is localized
to the centrioles [25, 34]. The centriole duplication defect in sas-4(RNAi) is similar
to that caused by the lack of maternal zyg-1, the daughter cells failing to establish a
bipolar spindle during the second cell division [25, 33, 34]. In sas-4(RNAi) embryos,
the monopolar spindles formed during the second division accumulate normal
amounts of PCM components, such as g-tubulin, suggesting that, like ZYG-1,
SAS-4 is directly required for centrosome duplication [25, 34]. Kirkham and collea-
gues used ultrastructural analysis to show that the defect was specifically due to
the inability of centrioles to duplicate and that each pole of the bipolar spindles
formed during the first division contained a single centriole. One issue that needs
to be reconciled is to what degree SAS-4 remains associated with the centrioles.
On the one hand, the work by Kirkham and colleagues suggests that cytoplasmic
SAS-4 becomes incorporated into the daughter centriole as it forms during cen-
triole duplication and remains stably associated with it thereafter. On the other
hand, Leidel and colleagues argue, using results from FRAP experiments, that
SAS-4 is a stable component of the centriole before the end of mitosis, and
that shortly afterwards it is capable of rapidly exchanging with a cytoplasmic
pool of SAS-4 at the time when centriole duplication is thought to occur [34].
The further characterization of SAS-4 and ZYG-1, along with the identification
of other proteins required for centriole duplication, is needed in order to better
understand the molecular mechanisms that govern centriole duplication in
C. elegans.

12.3.2
PCM Recruitment

Soon after fertilization, the sperm centrosome liberated into the oocyte begins re-
cruiting PCM components. As already mentioned above, the centrosomal protein
SPD-5 was shown to be required for this process [42]. The centrosomes are unable
to recruit any PCM in spd-5 mutants, and consequently are unable to nucleate mi-
crotubules and assemble a mitotic spindle. This is the first clear evidence that cen-
trosomes in C. elegans are required for spindle assembly [42]. SPD-5 is an 1198-
amino acid protein with a predicted molecular weight of 135 kDa which contains
11 predicted coiled-coil domains [42]. The localization of SPD-5 to centrosomes per-
sists in the presence of the microtubule depolymerizing agent nocodazole suggest-
ing that SPD-5 is a bona fide PCM component. Interestingly it is largely absent
in mature spermatocytes but is recruited soon after fertilization [42]. The spd-5
(or213ts) mutant was first identified as a conditional maternal-effect mutation
that displayed severe defects in cell division at the restrictive temperature [45].
spd-5 mutant embryos exhibit pronuclear migration defects, are unable to assemble
a mitotic spindle and fail at cytokinesis [42]. However, meiosis is not impaired in
spd-5 mutants and acentrosomal meiotic spindles form and correctly extrude DNA
of maternal origin into two polar bodies [42]. The inability of spd-5 embryos to
assemble a mitotic spindle can be explained by the incapacity of centrosomes to
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recruit PCM components such as g-tubulin, ZYG-9 and AIR-1 in the absence of
SPD-5 [42].
Another protein involved in PCM recruitment that localizes to the centrosome is

SPD-2 (Kevin O’Connell, Eva Hannak and Laurence Pelletier, unpublished observa-
tions). The spd-2(oj29) mutation was first identified in a screen for mutants defec-
tive in cell division [46]. O’Connell and colleagues showed that spd-2 embryos are
defective in mitotic spindle assembly and that the ability of the centrosome to re-
cruit normal amounts of g-tubulin is severely impaired [47]. This interesting obser-
vation suggests that SPD-2 also plays a role in PCM recruitment but further experi-
ments will be required to better understand the role of SPD-2 in PCM recruitment.
Perhaps one of the most interesting characteristics of SAS-4, a protein already

discussed above for its role in centriole duplication, is that it appears to control
the size of the centrosome by directing the amount of PCM it recruits [25]. Partial
depletion of SAS-4 leads to mitotic spindle poles that differ in the amount of PCM
recruited to the centrosomes during the second cell division and in the number of
microtubules they nucleate [25]. Analysis of these asymmetric spindle poles re-
vealed that one pole contains normal amounts of g-tubulin and a single centriole
while the other contains reduced amounts of g-tubulin and a single centriole
that is considerably smaller in size [25]. The importance of this observation is
that it provides evidence that the centrioles themselves may dictate how much
PCM is recruited to the centrosome [25].

12.3.3
Centrosome Maturation

Centrosome maturation corresponds to the drastic increase in the rate of PCM
recruitment at the onset of mitosis that is thought to be a prerequisite for spindle
assembly. In vertebrate cells, centrosome maturation occurs at the G2/M transi-
tion, at which time, the amount of centrosome-associated g-tubulin rapidly in-
creases 3–5-fold [48]. In C. elegans, centrosome maturation also occurs as the
cells enter mitosis, the levels of g-tubulin also increasing rapidly (Figure 12.3)
[20]. The protein kinase AIR-1, shown to be a regulator of this process in C. elegans,
was first identified as a component of the centrosome required for normal spindle
assembly and chromosome segregation [49]. It was later shown that the spindle as-
sembly defect observed in air-1(RNAi) embryos is due to a failure to undergo cen-
trosome maturation [20]. AIR-1 belongs to the Aurora-A family of protein kinases
(Table 12.1) [50, 51]. So far, Aurora-A kinases have been identified in fly, yeast,
worm, frog and human [49, 52–56]. As mentioned previously, the localization pat-
tern of AIR-1 on the centrosome is different from other PCM components
(Figure 12.4). AIR-1 is peripheral to g-tubulin and can also be found extending
away from the PCM, decorating microtubules (Figure 12.4) [20]. Like other PCM
components, AIR-1 localizes to the centrosome throughout the cell cycle, but the
levels increase drastically at the onset of mitosis, reaching a maximum at the me-
taphase to anaphase transition (Figure 12.4a–e) [20]. In air-1(RNAi) embryos, spin-
dle assembly does not occur, instead, two closely opposed centrosomal asters are
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observed. In addition, these asters contain significantly less a-tubulin than wild-
type centrosomes [20]. These observations are consistent with the role in spindle
assembly previously ascribed to Aurora-A in Drosophila and Xenopus [52, 53].
Using time-lapse imaging, followed by the measurement of the distance between

centrosomes, Hannak and colleagues have established that although centrosomes
undergo separation prior to mitosis, AIR-1 was required to maintain centrosome
separation at the onset of mitosis [20]. Centrosomes in air-1(RNAi) embryos are un-
able to increase their levels of PCM components such as CeGrip-1, g-tubulin and
ZYG-9 at the onset of mitosis [20]. This suggests that AIR-1 is required for the cen-
trosomal accumulation of these proteins during maturation. Spindle assembly also
fails in air-1(RNAi), one possibility being that centrosome maturation is a prerequi-
site for spindle assembly in C. elegans [20]. The reduced levels of PCM components
on the centrosome of air-1(RNAi) embryos is not caused by the lack of microtu-
bules since WT embryos are capable of recruiting normal amounts of PCM after
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Figure 12.4 Layers of the C. elegans centrosome. Early embryos at different stages of the cell cycle
were fixed and triple labeled for g-tubulin (light blue), AIR-1 (green) and the centriolar protein
SAS-4 (red). Z-stacks through entire embryos were acquired and the images deconvolved. Indi-
vidual images or two-dimensional projections of two sections are shown. (a) Centrosome during
female meiosis. Note the presence of two SAS-4 positive structures, indicating that the two
centrioles contributed by the sperm have separated. (b) One pole after centrosome separation.
(c) One pole during the rotation of the pronucleus–centrosome complex. (d) One pole during
metaphase. (e) One pole during telophase. Note that at this stage two SAS-4 positive structures
can be seen at each pole, suggesting that centriole duplication has occurred (see Color Plates
page XXX).



treatment with nocodazole [20]. This observation points to a direct role for AIR-1 in
the maturation process. The depletion of AIR-1 also causes a delay in nuclear
envelope breakdown (NEBD). One interesting possibility is that centrosome
maturation and subsequent spindle assembly, regulated by AIR-1, somehow con-
trols the timing of NEBD [20]. In spd-5 embryos, g-tubulin, ZYG-9 and AIR-1 can-
not be detected on centrosomes at any stage during the cell cycle [42]. In contrast,
air-1(RNAi) embryos are able to undergo the initial phase of PCM recruitment and
the above proteins can be detected [20]. Together these results suggest that AIR-1 is
required to carry out a PCM recruitment pathway during centrosome maturation.
This event, which appears to be distinct from early PCM recruitment, is regulated,
at least in part, by the AIR-1 kinase.

12.4
Centrosome Functions

In this section we will discuss the various functions of the centrosome in the early
C. elegans embryo. First, we will concentrate on the role of the centrosome in mi-
crotubule nucleation and spindle assembly. This will be followed by a section dedi-
cated to the role of the centrosome in determining the anterior–posterior polarity of
the embryo and a section on the role of the centrosomes in positioning the mitotic
spindle during mitosis.

12.4.1
Spindle Assembly and Microtubule Nucleation

Perhaps the most obvious characteristic of the centrosome is that it constitutes the
main source of microtubule nucleation in the cell. In embryonic systems such as
the C. elegans zygote and the Xenopus laevis oocyte, the transition between inter-
phase and mitosis is marked by a drastic change in the number of microtubules
growing out of the centrosome (Figure 12.3). Microtubule nucleation at the centro-
some in C. elegans increases significantly at the onset of mitosis, reaching a max-
imum at the metaphase to anaphase transition (Figure 12.3e–f). This increase ap-
pears to be related to the amount of PCM present on the centrosome, for example
the amount of g-tubulin being the highest at that time (Figure 12.3c–g) [21]. Con-
sistent with this, depletion of g-tubulin leads to a decrease in the nucleation capa-
city of centrosomes [21].
It appears that the kinetically dominant assembly pathway for centrosomal asters

in C. elegans is dependent upon g-tubulin, although MT asters presumably can also
form in a g-tubulin-independent fashion [19, 21]. Even though this awaits biochem-
ical verification, it is thought that g-tubulin in C. elegans also functions within lar-
ger protein complexes [21]. In all organisms examined so far, g-tubulin appears to
exist in a heteromeric complex that contains two members of the Spc97/Spc98 pro-
tein family, conserved from Drosophila to humans [57, 58]. This complex, termed
the “small” g-tubulin complex (g-TuSC), is a subunit of a larger complex referred
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to as the g-tubulin ring complex (g-TuRC) that possesses microtubule capping and
nucleating activity in vitro [59, 60]. C. elegans contains two open reading frames
(H04J21.3 and C45G3.3) encoding respectively CeGrip1 and CeGrip2 that likely re-
present Spc97/Spc98 family members [21]. Both proteins contain two g ring pro-
tein (grip) domains, a characteristic shared by many g-tubulin interacting proteins
[57]. Depletion of CeGrip1 leads to the inability to recruit g-tubulin to the centro-
some, leading to subsequent defects in microtubule nucleation [21]. This observa-
tion is consistent with these proteins being the C. elegans equivalent of g-TuSC but
this still needs to be verified experimentally through biochemical assays. To date no
g-TuRC components have been identified in C. elegans.
In C. elegans, it appears that functional centrosomes are required to assemble a

mitotic spindle. This is best supported by the fact that spd-5 mutants fail to assem-
ble a mitotic spindle, presumably because their centrosomes are unable to recruit
any PCM components. This is in sharp contrast with work in other organisms,
such as fly and human, or in vitro experiments that suggest, on the contrary,
that centrosomes are not necessary for spindle formation [61–64] (for a review
see the Chapter 10). One possibility is that the chromatin-Ran-GTP-mediated mi-
crotubule nucleation pathway does not operate with sufficient efficiency, if present
at all, in the early C. elegans embryo to compensate for the absence of functional
centrosomes [65]. Further experiments will be required to clarify this point.
Two other proteins, ZYG-9 and TAC-1, that localize to the C. elegans centrosome

and do not appear to affect the number of microtubules they nucleate, but rather
the length of astral microtubules, have been identified (Table 12.1) [66–69]. The
XMAP215/ch-TOG/Msps family of proteins consists of microtubule-associated pro-
teins (MAPs) that modulate the dynamic instability of microtubules by directly
binding to them [70–73]. C. elegans zyg-9 encodes the ortholog of XMAP215 [66].
One-cell zyg-9 mutants exhibit both meiotic and mitotic defects [66]. Consistent
with this meiotic phenotype, ZYG-9 localizes to the meiotic spindle where it pre-
sumably participates in the formation of the acentrosomal spindle, and upon de-
pletion of ZYG-9, meiotic spindles become disorganized. During mitosis, the spin-
dles are smaller than normal and composed of unusually short microtubules
[66, 67, 74]. A known physical interactor of the Drosophila protein Msps is D-TACC
(transforming acidic coiled-coil) [75, 76]. The efficient localization of Msps to the
centrosome requires D-TACC and vice versa [75, 76]. The C. elegans ortholog of
D-TACC is TAC-1 [67–69]. This protein also localizes to the centrosome and phy-
sically interacts with ZYG-9, the Msps homolog. ZYG-9 and TAC-1 depend on
each other for their localization to the centrosome. The depletion of TAC-1 by
RNAi resulted in microtubule-based defects very similar to that of zyg-9(RNAi),
both being required for the generation of long astral and spindle microtubules
[67–69]. Interestingly, it does not appear that either ZYG-9 or TAC-1 is required
for microtubule nucleation since the amount of a-tubulin near the centrosomes
is indistinguishable from that of WT embryos [67].
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12.4.2
Determination of Anterior–Posterior Polarity

C. elegans oocytes are apolar with respect to the future body axes. Following ferti-
lization, however, the polarity of the zygote soon becomes apparent, even before
the completion of the first cellular division, approximately 30 min after fertilization
[77, 78]. The first axis of polarity seems to be directed by the sperm since the loca-
tion of the sperm pronucleus correlates with the posterior pole of the embryo [79,
80]. The establishment of the anterior–posterior (AP) axis is evident when contrac-
tions throughout the embryo cortex suddenly stop in the region adjacent to the
sperm pronucleus (Figure 12.1a). Coincident with this cortical “smoothing”, inter-
nal cytoplasm begins to flow towards and peripheral cytoplasm away from this
area, a process know as fountain flows [81]. These flows are required to segregate
germline fate determinants, such as P-granules [82, 83], and the polarity of the
cytoplasmic flows appears to be dictated by the centrosomes associated with the
sperm pronucleus [81]. Other markers of cell polarity in C. elegans, the PAR pro-
teins, become asymmetric at this time. Prior to fertilization, PAR proteins are uni-
formly distributed but quickly redistribute in response to the sperm signal. PAR-1
and PAR-2 become localized to a posterior cortical domain while PAR-3 and PAR-6
redistribute to a non-overlapping anterior domain [84–87].
What sperm-supplied component is required to establish anterior–posterior

polarity? The mature C. elegans sperm contributes the paternal genetic material,
a centriole pair, an RNA pool, cytoplasm and mitochondria. Anucleate C. elegans
sperm can still determine the anterior–posterior axis of the zygote suggesting
that the sperm DNA itself is not required to establish polarity [88]. Certain lines
of evidence support the hypothesis that the centrosome is the important contribu-
tion of the sperm with regard to polarity. Although not proven directly, it has been
proposed that the polarization of the embryo is a microtubule-directed process [89].
The fact that the centrosome is the major site of microtubule nucleation is consis-
tent with a role for the sperm asters in determining polarity. As described pre-
viously, both spd-2 and spd-5 mutants are defective in PCM recruitment, and
hence contain centrosomes that do not nucleate microtubules adequately. Interest-
ingly, both these mutants have defects in polarity [42, 47, 90]. In spd-2 mutants cy-
toplasmic flows are not observed, P-granules fail to segregate to the posterior part
of the embryo and the accurate partitioning of PAR proteins does not occur [47]. In
spd-5 mutants, the partitioning of PAR-2 is affected, and the anteriorly directed
cytoplasmic flows and the segregation of P-granules to the posterior are slowed
considerably [90]. Taken together, these results demonstrate a clear correlation
between centrosomes and the establishment of polarity in the one-cell C. elegans
embryo.
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12.4.3
Spindle Positioning

Prior to mitotic spindle assembly, the centrosome–pronucleus complex is typically
in a position orthogonal to the AP axis (Figure 12.1e). Since the mitotic spindle in
C. elegans must form along the AP axis and be posteriorly displaced during ana-
phase of the first cell division of the zygote (Figures 12.1i and 12.3g), mechanisms
must exist to ensure that both these criteria are met prior to cytokinesis. The cen-
trosome–pronucleus complex first needs to rotate 90 h in order for the mitotic spin-
dle to form in the AP axis. Initial experiments addressing the rotation process were
performed in early blastomeres of the P cell lineage. During the rotation in the P1

cell, one of the two centrosomes (termed the leading centrosome) moves towards
the anterior part of the embryo while the other centrosome (called the lagging cen-
trosome) serves as a pivoting point for the centrosome–pronucleus complex [91].
The transient disruption of either the leading centrosome or the microtubules
that emanate from it and reach the anterior cortex, temporarily halts rotation
[92]. These data are consistent with the idea that the centrosome rotates towards
its correct position by shortening the connections, most likely microtubules,
between a centrosome and a defined site on the cortex of the embryo [92]. Com-
ponents of the dynein/dynactin complex are localized to cortical sites and are
required for the rotation raising the interesting possibility that dynein may be in-
volved in tethering astral microtubules and, through microtubule depolymeriza-
tion, may provide the tension that mediates the rotation of the centrosome–pronu-
cleus complex [93, 94]. Whether or not a similar mechanism operates during the
first mitotic division, in P0, to ensure that the centrosome–pronucleus complex
rotates, is still unknown.
The generation of daughter cells of different size through unequal cell division is

crucial for ensuring cell diversity during development [95]. This can be exemplified
by the ability of stem cells, through asymmetric cell divisions, to generate an exact
copy of themselves (other stem cells) and new types of cells that will eventually dif-
ferentiate into the mature cells of the tissue [96, 97]. To ensure that cells are cap-
able of dividing asymmetrically, molecular mechanisms are in place to ensure the
mitotic spindle is properly positioned before the end of anaphase [98]. The micro-
tubule cytoskeleton and the associated centrosomes (or spindle-pole body in yeast)
are required to achieve this task in flies and yeast. Furthermore, evidence suggests
that one of the mechanisms behind spindle positioning involves the stabilization of
microtubule plus-ends and cortical anchors [99–101]. But what is the direct evi-
dence so far in favor of interactions between the mitotic spindle and the cell cortex
that would mediate spindle positioning in C. elegans? The answer to this question
came from experiments performed by Grill and colleagues where a high-power UV
laser was used to physically ablate the central spindle of embryos during the first
cell division [102]. Their results show, by measuring the maximal peak velocity of
both spindle poles after the ablation of the central spindle that external forces of
different strengths act on each pole of the mitotic spindle, the net force being
greater on the posterior pole than the on anterior pole [102]. This imbalance of

24312.4 Centrosome Functions



forces could explain why the spindle is displaced posteriorly during the first cell
division. Interestingly, the unequal distribution of the forces acting on the spindle
poles appears to be under the control of the par genes since it is no longer observed
in par-2(RNAi) or par-3(RNAi) embryos [102]. The imbalance of forces acting on
the mitotic spindle poles is actually caused by an asymmetric distribution of the
number of active force generators that differentially affect the pulling forces acting
on the anterior and posterior centrosomal asters [103]. The activation of heterotri-
meric G protein a-subunits is required for the generation of these astral pulling
forces [103]. The GoLoco-containing proteins GPR-1 and GPR-2, and the two
a-subunits GOA-1 and GPA-16 are all required in order to generate proper pulling
forces in the early embryo [102, 104]. GPR-1 and GPR-2 interact specifically with
the guanosine diphosphate-bound GOA-1 and are localized to the posterior cortex,
the localization being par-2 and par-3 dependent [104]. Together, these results sug-
gest that the extent of cortical pulling forces exerted on the spindle depends on the
cortically localized Ga activity that is regulated through an anterior–posterior signal
regulated, at least in part, through GPR-1 and GPR-2.
The left–right asymmetry (LR) in C. elegans, or “handedness choice”, first be-

comes apparent between the four-cell to six-cell stage of the early embryo, and
from then on persists throughout development [3, 105, 106]. The spn-1 mutant phe-
notype is due to a loss-of-function mutation in GPA-16 that leads to the impaired
recruitment of Gb subunits to the centrosome and leads to defects in LR asymme-
try determination [106]. Genetic evidence also suggests that gpa-16 interacts geneti-
cally with par genes [106]. It thus appears that the mechanisms that define spindle
positioning in the one-cell embryo and later in the four-cell embryo are both based
on G-protein-mediated force generation through cortical anchors.

12.5
Concluding Remarks

Much has been learned over the last decades about the C. elegans centrosome.
Many novel genes required for proper centrosome function have been identified,
some of them through standard genetic methods, others through large-scale
RNAi screens. Further analysis of the available data will provide us with a new
challenge: identifying all the components that constitute a functional centrosome
able to duplicate, mature and assemble a mitotic spindle. To do so, large-scale pro-
tein interaction screens will have to be used to identify non-essential components
of the centrosome missed in the RNAi screens due to the lack of phenotype, and
perhaps other essential genes that were missed [107]. The fact that RNAi does not
appear to function in sperm brings about another problem that may be solved by
two-hybrid screens, that of the RNAi screens missing most, if not all, the genes
that have a strict paternal requirement. Biochemical assays such as those used
routinely in Xenopus for centriole duplication, spindle assembly and centrosome
maturation will need to be developed in order to further dissect the molecular
mechanisms behind centrosome function in C. elegans. A better understanding
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of the C. elegans centrosome will provide us with useful insights that, in turn, will
lead to a better understanding of the centrosomes of other species, such as
humans, where the core mechanisms behind their function and biogenesis are
expected to be similar.
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13
Centrosomes in a Developing Organism:
Lessons from Drosophila

Jordan W. Raff

13.1
Introduction

The fruit fly Drosophila melanogaster has been a popular organism for developmen-
tal biologists for more than 100 years. The enormous power of fly genetics has
made it possible to identify many of the most important proteins that orchestrate
the development of an animal from a fertilized egg. More recently, the combination
of genetics, biochemistry, and time-lapse microscopy in living embryos has made
Drosophila an attractive system to study fundamental problems in cell biology. In
this chapter, I first review the Drosophila life cycle, highlighting the developmental
stages that have been most useful for studying centrosome function. I then sum-
marize what has been learned about centrosome structure and function in the fly.
Finally, I discuss the lessons that Drosophila has taught us about how centrosomes
and centrosomal proteins function within the context of a multicellular organism.

13.2
Centrosome and Microtubule Organisation during the Drosophila Life Cycle

13.2.1
Oogenesis

In flies, oogenesis begins with the asymmetric division of a germline stem cell to
produce a cystoblast and another stem cell [1]. The cystoblast undergoes four
rounds of incomplete cell division to generate a cyst of 16 cells, which remain in-
terconnected by large intracellular bridges called ring canals (Figure 13.1A). Due to
the pattern of cell divisions, two of the 16 cells contain four ring canals, and one of
these invariably becomes the oocyte; the remaining 15 cells become supporting
nurse cells. During the initial four divisions, one centrosome of each mitotic spin-
dle remains connected to the “fusome”, an amorphous structure that passes
through the ring canals, connecting all of the cells in the cyst [1]. When the four
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Figure 13.1 A schematic summary of oogenesis in Drosophila. (A) The division of a stem cell
gives rise to another stem cell and a cystoblast that goes through four rounds of mitosis to
generate a cyst of 16 cells which remain interconnected by ring canals. Two cells (orange) contain
four ring canals, and one of these invariably becomes positioned at the posterior of the cyst and
becomes the oocyte, while the other cells become nurse cells. (B) After mitosis is finished, the
centrioles (blue) of the nurse cells lose all PCM markers and migrate into the oocyte. As the
oocyte enlarges, the centrioles move to the posterior and an MTOC is assembled in this region,
although it is not clear that the centrioles are required to form this MTOC. The microtubules
(green) extend away from the MTOC and spread through the ring canals to the nurse cells (only
two ring canals are shown here). (C) At later stages of oogenesis, the centrioles disappear, and
the posterior MTOC is disassembled. The minus ends of the microtubules now associate with a
diffuse region spread along the anterior cortex. The exact organization of microtubules at this
stage of oogenesis is controversial (see, for example [151]) and long microtubules, like those
depicted here, are rarely visible at this stage of oogenesis. A microtubule plus end-directed ki-
nesin, however, can accumulate at the posterior pole (red), while a minus end-directed kinesin
can accumulate at the anterior cortex (blue) suggesting that the microtubules have an overall
polarity [152]. In this figure, anterior is on the left and posterior on the right, as indicated. This
figure was adapted from a figure provided by Daniel St Johnston (see Color Plates page XXXI).



divisions are complete, all of the centrioles in the 16-cell cyst migrate into the pre-
sumptive oocyte [2–4]. This migration depends on the fusome, but not on micro-
tubules [5]. Although the centrioles appear to lack all pericentriolar material (PCM)
markers1, they come to lie at the centre of a poorly defined microtubule organizing
centre (MTOC) that forms at the posterior of the oocyte, which organizes an array
of microtubules that spreads throughout the 16-cell cyst [6] (Figure 13.1B). This
array plays an important part in guiding the transport of materials from the
nurse cells into the oocyte.
As oogenesis proceeds, the oocyte enlarges, and the centrioles mysteriously dis-

appear. As the centrioles disappear, the posterior MTOC is disassembled, and the
microtubules re-organize, with their minus ends clustered diffusely along the ante-
rior margins of the oocyte cortex, and their plus ends clustered at the posterior tip
of the oocyte (Figure 13.1C) [6]. This polarized array of microtubules plays a crucial
role in organizing positional cues within the oocyte, and thereby in establishing the
two major body axes of the organism (anterior/posterior and dorsal/ventral) [7].
As the oocyte grows in size and eventually matures into an egg, the female pro-

nucleus enters meiosis I. Because the centrioles have disappeared by this stage, the
meiosis I spindle forms in the absence of centrosomes. It is now clear that many
cell types have the ability to organize a bi-polar spindle in the absence of centro-
somes (reviewed in [8]), but the Drosophila female meiosis I spindle is perhaps
the best studied example of a naturally-occurring acentrosomal spindle. These
spindles also lack astral microtubules, and most PCM markers, including g-tubu-
lin, are not concentrated at the spindle poles [9–11]. Elegant live imaging experi-
ments have shown how this spindle is constructed: microtubules initially polymer-
ize around the chromatin and then the co-ordinated action of various microtubule
motors, organize the microtubules into a bipolar spindle [9].
Mature eggs remain arrested in metaphase of meiosis I until fertilization, when

they exit meiosis I and immediately enter meiosis II. The two meiosis II spindles
are arranged in a line and share one pole [12]. The non-shared poles appear to be
similar to the poles of the meiosis I spindle, in that they are anastral and lack most
PCM markers. The shared pole, however, organizes a robust array of astral micro-
tubules and contains the centrosomal markers g-tubulin and CP190, although it
does not contain centrioles [12]. The linear arrangement of the meiosis II spindles
ensures that one female pronucleus is moved into the interior of the embryo, and it
is usually this pronucleus that interacts with microtubules emanating from the
centrosome associated with the fertilizing male pronucleus. The female pronu-
cleus migrates along these microtubules, and joins the male pronucleus on the
first mitotic spindle formed after the sperm-derived centrosome has replicated [13].
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1 Although there is one report of an anti-g-tubulin monoclonal antibody that stains oocyte centrioles
[3], we have found that these centrioles are not stained with any other anti-g-tubulin antibodies, or
with different batches of the same monoclonal antibody ascites fluid used in this study. It seems
likely, therefore, that a batch of this monoclonal antibody ascites fluid contained another antibody
that cross-reacted with Drosophila centrioles.



13.2.2
Spermatogenesis

Like oogenesis, spermatogenesis begins with the asymmetric division of a germ-
line stem cell to produce a gonialblast and another stem cell. The gonialblast pro-
ceeds through four rounds of mitosis to generate a cyst of 16 primary spermato-
cytes, which remain interconnected by intracellular bridges [14]. Unlike oogenesis,
centrosomes are retained in spermatocytes, and the meiosis I and II spindles con-
tain canonical centrosomes. Because these cells are very large, the study of male
meiosis I and II has been a favored system for studying cell division in flies. In
particular, these cells have provided important insights into the respective roles
of the centrosomes and the central spindle in organizing cytokinesis [15].
At the end of meiosis II, a cyst containing 64 mature sperm is produced. The

sperm tail is organized at its base by a centriole/basal body, which will ultimately
organize the centrosome in the zygote [16]. Thus, as in most species, centrioles are
paternally inherited in Drosophila melanogaster. This is not always the case in in-
sects, however. In the hymenopteran Nasonia vitripennis, for example, all males
are normally produced by the parthenogenetic development of the egg. In unferti-
lized eggs, a large number of asters appear to be formed de novo at the egg cortex,
and these then migrate into the egg interior where two of them will become stably
associated with the female pronucleus [17]. These two maternally-derived asters
form the centrosomes used for subsequent parthenogenetic development, while
the other asters disappear. A similar process can also occur in a laboratory strain
of Drosophila mercatorum [18], suggesting that many insect eggs may have the abil-
ity to form centrosomes de novo but are normally inhibited from doing so. There is
increasing evidence that this is also the case in other species [19, 20].

13.2.3
Early Embryogenesis

The early Drosophila embryo offers several important advantages for studying cen-
trosomal proteins. It starts life with a single nucleus that proceeds through a rapid
series of synchronous nuclear divisions, which all occur within a common cyto-
plasm, producing a syncytium. These early nuclear divisions are remarkably fast:
the entire genome is replicated in under 6 min, and the spindle is assembled, chro-
mosomes segregated, and the spindle disassembled in less than 3 min [21]. Thus,
the embryo has to form several thousand centrosomes in less than 2.5 h. Moreover,
this stage of development does not require zygotic transcription, so all the compo-
nents needed to build several thousand centrosomes and spindles are laid down in
the egg by the mother. This makes this early embryo an excellent source of centro-
some and spindle components for biochemical analysis.
During these early rounds of mitosis, two processes are responsible for position-

ing the nuclei within the embryo. The zygotic nucleus produced at fertilization is
invariably positioned towards the anterior end of the embryo, and a process termed
“axial expansion” spreads the dividing nuclei evenly throughout the syncytial em-
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bryo. When viewed by light microscopy, axial expansion is seen to occur by a highly
co-ordinated series of contractile movements, and both actin and myosin are essen-
tial for this process [22, 23]. Once spread evenly along the A/P axis of the embryo, the
majority of the nuclei co-ordinately migrate to the embryo cortex. This process of
“nuclear migration” depends on the very large astral arrays of microtubules that
are nucleated from the centrosomes at late stages of mitosis and in early interphase
[24].
The migrating nuclei first reach the posterior cortex at nuclear cycle 9, where they

quickly pinch off from the rest of the embryo to form “pole cells”, which are the
future germ cells of the organism. The rest of the migrating nuclei reach the cortex
at nuclear cycle 10, where they proceed through four more rounds of mitosis. Be-
cause these divisions occur at the embryo surface and are synchronous, they provide
a unique opportunity to follow centrosome and microtubule behavior in multiple
spindles at the same time (see, for example, Figure 13.2). Moreover, it is easy to gen-
erate stable transgenic lines that express GFP-tagged versions of proteins, or to in-
ject fluorescently-labelled proteins or antibodies into the early Drosophila embryo
[25]. Because the embryo is remarkably resistant to photodamage, one can follow
the behavior of fluorescently-tagged proteins through several rounds of mitosis at
high resolution. As we shall see, this approach has provided important insights
into the dynamic behavior of centrosomes and centrosomal proteins.
The early fly embryo also provides a powerful system to investigate the inter-

action between the microtubule and actin/myosin cytoskeletal networks. Although
the nuclei divide within a common cytoplasm, once at the cortex each nucleus
organizes its own domain of actin [26] In interphase, the cortical actin forms a
“cap” that lies above each nucleus, while, in mitosis, the actin re-organizes into
a “pseudo-cleavage furrow” that surrounds each spindle. This furrow prevents
the microtubules from one spindle interacting with the chromosomes of another
spindle in the cramped environment of the surface monolayer. Centrosomes are
essential for organizing the cortical actin. In embryos in which DNA synthesis
has been blocked with drugs, the centrosomes still migrate to the embryo cortex,
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Figure 13.2 Perturbing centro-
some function by antibody in-
jection in syncytial embryos.
Embryos that express a tubu-
lin-GFP fusion protein were in-
jected with Texas Red-labeled
anti-CP190 (A) or anti-D-TACC
(B) antibodies and imaged on
a confocal microscope. The
anti-CP190 antibodies bind to
the centrosomes closest to the

injection site. The behavior of the microtubules, however, is not perturbed, suggesting that CP190
is not involved in regulating centrosome or microtubule behavior (see Section 13.3.4). The anti-D-
TACC antibodies precipitate the endogenous D-TACC protein and form large lumps in the cyto-
plasm, effectively depleting D-TACC from the spindles around the injection site. As a result, the
spindles closest to the injection site are noticeably shorter than those away from the injection
site, suggesting that D-TACC is involved in stabilizing spindle microtubules. Scale bar ¼ 10 mm
(see Color Plates page XXXII).



although without the nuclei [27]. Once at the cortex, the centrosomes at the poster-
ior pole can form pole cells without nuclei; the centrosomes elsewhere at the cortex
organize only actin caps. It remains a mystery how centrosomes stimulate cell
formation at the posterior pole but only actin cap formation elsewhere.
After 13 rounds of division, the syncytial nuclei cellularize, as the plasma mem-

brane invaginates around each nucleus to create a monolayer of columnar epithe-
lial cells. Cellularization involves complex interactions between the centrosomes
and the microtubule, actin, and myosin networks [26]. After cellularization is com-
plete, gastrulation begins, and the cells no longer divide in synchrony [28].

13.2.4
Asymmetric Divisions of Embryonic Neuroblasts

Cell division in the gastrulating epithelial cells is invariably symmetric, producing
two daughters of equal size. Embryonic neuroblast cells, however, delaminate from
the epithelial sheet and undergo an asymmetric division to generate two cells of
different size and of different developmental fates: a large neuroblast cell, and a
smaller ganglion mother cell (GMC) [29, 30]. In most asymmetric divisions, the
mitotic spindle is positioned in the cell through interactions between astral micro-
tubules and specific cues at the cell cortex [31, 32]. These interactions align the
spindle with information in the cortex, and they usually lead to the displacement
of the metaphase spindle within the cell. As a result, division produces two cells of
unequal size, and cortically placed developmental cues are differentially segregated
between the two daughter cells. In Drosophila neuroblasts, the spindle aligns with
cortical cues but it remains symmetrically localized within the cell during meta-
phase [33]. Only during anaphase does an asymmetry become apparent, as the mi-
crotubule aster in the large nascent neuroblast cell becomes much larger than that
in the smaller nascent GMC. The large aster appears to “push” the cleavage furrow
away, toward the small aster, making the GMC smaller than the neuroblast.
During these asymmetric neuroblast divisions, the centrosomal proteins g-tubu-

lin, CP190, and CP60 are symmetrically distributed on the centrosomes in meta-
phase [33]. By anaphase, however, all these proteins are present at higher levels
on the centrosome in the large nascent neuroblast, presumably explaining why
it nucleates a larger array of astral microtubules. Thus, the basis for this asym-
metric division appears to be the development of an asymmetry between the two
centrosomes during anaphase. Many of the proteins involved in setting up this
asymmetric division in flies have now been identified [32]. Of particular impor-
tance is the localization to the apical cortex of two protein complexes, one contain-
ing Par6, Bazooka/Par3, and an atypical protein kinase C (aPKC) and the other
containing Partner of Inscutable (Pins) and the Ga subunit of a heterotrimeric
G protein [34]. Both of these complexes are highly conserved and play an important
part in organizing various aspects of cell polarity in many cell types [35]. It remains
a major challenge to understand how these cortically localized complexes influence
both the positioning of the spindle within the cell and the recruitment of proteins
to the centrosome in anaphase.
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13.2.5
Larval Development

Apart from the neuroblasts, most embryonic cells go through only a few more
rounds of cell division after cellularization. During the latter part of embryonic de-
velopment and most of larval development, the majority of cells become polyploid
through repeated rounds of S-phase without intervening rounds of M-phase.
Although not well studied, it seems that most of these non-dividing cells lose
their centrosomes during this phase of development [36]. In the larval stages, ex-
ceptions to this generalization are the cells of the larval brain and the imaginal
discs. These discs are clusters of cells that will ultimately form most tissues of
the adult fly, and they continue to divide throughout the larval stages of develop-
ment, although they are not essential for the survival of the larva. A mutation in
a gene that is essential for cell division will, therefore, often only produce a notice-
able cell division phenotype at later stages of larval development, as the maternally
supplied protein and mRNA stored in the egg are sufficient to drive all cell divi-
sions in the embryo. Thus, animals carrying mutations in genes encoding many
centrosomal proteins eventually die as late larvae, and their mutant phenotypes
are often studied in larval brains, which are particularly mitotically active [37, 38].
At the end of larval development, the larva pupates, and a large pulse of the

hormone ecdyosone stimulates the imaginal discs to undergo the complex tissue
re-arrangements that ultimately produce the fully formed adult fly. In most adult
fly tissues there is little, if any, cell division and, with a few exceptions [39, 40],
there has been little study of centrosome and microtubule organization.

13.3
Drosophila Centrosomal Proteins

13.3.1
Microtubule Nucleation from Centrosomes: g-Tubulin and the g-TuRC

Until 15 years ago, how centrosomes interacted with microtubules was a complete
mystery. The discovery of g-tubulin provided an essential clue [41]. Although the
exact mechanism remains controversial [42], there is general agreement that
g-tubulin ring complexes (g-TuRCs) concentrated in the PCM nucleate centrosomal
microtubules [43–45], and ring-like structures containing g-tubulin were first iden-
tified in the PCM of purified Drosophila centrosomes [46].
When purified from Drosophila embryos, g-tubulin exists in two forms: a large

(Z 2.2 mDa) complex (the g-TuRC) and a smaller (Z 220 kDa) complex (the g-tu-
bulin small complex, g-TuSC) [47, 48]. The Drosophila g-TuRC consists of six to
eight proteins (called Drosophila g-tubulin ring proteins, Dgrips), most of which
have now been identified [49, 50]. Interestingly, apart from g-tubulin and
Dgrip71WD, these proteins all share two “grip” motifs, the function of which is
unclear. In vitro reconstitution experiments have identified a complex web of inter-
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actions between the components of the g-TuRC. In contrast, the g-TuSC contains
only two molecules of g-tubulin and one each of D-grip84 and D-grip91 [48].
The budding yeast S. cerevisiae contains only this smaller complex [51, 52], suggest-
ing that the small complex is sufficient to nucleate microtubule growth and may
act as a building block to assemble the larger complex. In support of this idea,
the g-TuSC can nucleate microtubules in vitro, although it is much less efficient
than the g-TuRC [48].
While studies on unicellular eukaryotes have demonstrated that g-tubulin is

essential for proper microtubule organization, g-tubulin mutations in flies have
revealed some surprising aspects of g-tubulin function. There are two g-tubulin
genes in Drosophila, g-tubulin 37C (gt37C), which is expressed only during oogen-
esis and early embryogenesis, and g-tubulin 23C (gt23C), which is expressed at all
other stages of development [11]. The two isoforms appear to be functionally
equivalent, as the 23C isoform can rescue the defects associated with mutations
in gt37C when it is expressed from the 37C promoter (C. Gonzalez, personal com-
munication). Flies homozygous for a mutation in the gt23C gene die as late larvae,
and, although microtubules are often disorganized during mitosis in mutant cells,
in some cells, centrosomes can still interact with substantial numbers of microtu-
bules [53]. Surprisingly, the centrosomal localization of the centrosomal protein
CP190 is strongly disrupted in mutant cells, while the centrosomal localization
of another protein, Centrosomin (CNN) is not. This suggests that g-tubulin plays
a structural role in organizing specific components of the centrosome. Flies with
a mutation in the Dgrip81 gene (called discs degenerate 4 (dd4)) have a similar phe-
notype, and g-tubulin is no longer concentrated at centrosomes in dd4 mutants
[54].
Elegant studies of spermatocytes in living Drosophila testes have confirmed that

centrosomes associate with robust microtubule asters in g-tubulin mutants [55].
Surprisingly, however, mutant cells completely fail to form a meiotic spindle,
and the separated centrosomes rapidly collapse together to form a large monopolar
aster as soon as meiosis is initiated. A similar phenotype has been observed in
C. elegans embryos depleted of g-tubulin by RNA interference (RNAi) [56, 57].
Thus, centrosomes may interact with spindle microtubules and astral microtubules
in different ways, and it is only the interaction with spindle microtubules that
absolutely requires g-tubulin.

13.3.2
The Recruitment of the g-TuRC to Centrosomes:
The Potential Roles of Asp, Polo, CNN, Aurora A, and CP309/D-PLP

Semi-purified centrosomes can be readily prepared from Drosophila embryo
extracts, which can nucleate microtubule asters when mixed with pure tubulin
[58]. These centrosomes can be depleted of many components of the PCM, includ-
ing g-tubulin, by treatment with high salt [47], leaving behind a core “centromatrix”
[59]. Such salt-stripped centrosomes can no longer nucleate microtubules when
mixed with purified tubulin, but they can do so if mixed with embryo extracts,
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which allows g-tubulin and other factors to re-load onto the centrosomes [47]. If the
extracts are depleted of g-tubulin, they can no longer restore the microtubule nu-
cleating potential of the centrosomes, but mixing salt-stripped centrosomes with
purified g-TuRCs is insufficient to restore their activity. Thus, there is at least
one other component required for microtubule nucleation, and it was suggested
that this factor might “load” the g-TuRC onto the stripped centrosomes [47].
Extracts depleted of the Abnormal spindle (Asp) protein, also cannot restore the

microtubule nucleating potential of salt-stripped centrosomes, suggesting that it
may be the g-TuRC “loading” factor [60]. Moreover, Asp is phosphorylated by
Polo [61], a mitotic kinase that is concentrated in centrosomes [62] and has been
implicated in recruiting PCM components to the centrosome upon the entry
into mitosis [63, 64]. Extracts prepared from polo mutants are unable to restore mi-
crotubule nucleation to stripped centrosomes, but this can be rescued by the addi-
tion of purified Polo, or of partially-purified Asp that has been phosphorylated by
Polo [61]. In vivo, however, Asp is most strongly concentrated around the minus
ends of the spindle microtubules that are clustered near the centrosome, and a mu-
tational analysis suggests that it is not required to load the g-TuRC onto centro-
somes, but is required to maintain the link between centrosomes and spindle mi-
crotubules and for the proper formation of the central spindle [65, 66].
In Drosophila and C. elegans, the centrosomal Aurora A kinase is essential for the

mitotic recruitment of several proteins to the PCM, including g-tubulin [67, 68].
Like Polo, Aurora A regulates many aspects of mitosis [69], and it has recently
been shown to interact with another centrosomal protein, CNN [70]. CNN is re-
quired for the efficient recruitment of g-tubulin and CP190 to centrosomes in em-
bryos, and the formation of astral microtubules is severely impaired in cnn mutant
embryos [71, 72]. Aurora A can bind directly to the C-terminal region of CNN, and
each protein is required for the centrosomal localization of the other [70]. More-
over, the N-terminal region of CNN can interact with g-TuRCs, although it is not
clear if this interaction is direct. Thus, CNN may help link Aurora A to the g-
TuRC and thereby help regulate the recruitment of the g-TuRC to centrosomes dur-
ing mitosis. Although there are no known homologs of CNN in vertebrates, the
overexpression of fly CNN in human cells causes the formation of large cytoplas-
mic aggregates of CNN that bind to endogenous g-tubulin and are associated with
large microtubule asters [70].
Pericentrin is involved in recruiting g-tubulin to centrosomes in vertebrates [73],

and it shares a conserved domain – the pericentrin/AKAP450 centrosomal target-
ing (PACT) domain – with several other proteins that have been implicated in re-
cruiting specific proteins to the centrosome or to the spindle pole body (SPB) in
yeast [74]. In Drosophila, there is only one PACT domain protein [74], and embryo
extracts depleted of this protein (called CP309 or Drosophila pericentrin-like pro-
tein, D-PLP) can no longer restore the microtubule nucleating capacity of salt
stripped centrosomes [75]. Surprisingly, a mutation in this gene disrupts the cen-
trosomal recruitment of not just g-tubulin, but of all other centrosomal proteins
tested, including g-tubulin, CNN, Aurora A, D-TACC, Msps, CP190, and CP60
[153]. Thus, CP309/D-PLP is required for the efficient recruitment of most, if
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not all, proteins to the PCM. Interestingly, this protein is a component of both the
centrioles and the PCM in flies, suggesting that it may function to link the cen-
trioles and the PCM during centrosome assembly [153].

13.3.3
The Interaction between Centrosomes and Microtubules:
The Role of D-TACC and Msps

The genetic dissection of g-TuRC function in flies has shown that the interaction
between centrosomes and microtubules is more complicated than just a simple nu-
cleation event from g-TuRCs embedded in the PCM. One strategy to identify other
proteins potentially involved in the interaction between centrosomes and microtu-
bules, has been to purify proteins from Drosophila embryo extracts on the basis of
their ability to interact with microtubules and then to raise antibodies against them
to identify those that are concentrated at centrosomes [76].
One such centrosomal microtubule-associated protein (MAP) is the Drosophila

transforming acidic coiled-coil-containing (D-TACC) protein, which is required to
stabilize centrosomal microtubules in embryos [77] (see Figure 13.2). D-TACC in-
teracts with microtubules indirectly via another centrosomal MAP, Minispindles
(Msps) [78]. Msps is the Drosophila homolog of the highly conserved XMAP215/
ch-Tog family of microtubule stabilizing proteins [79]. In frog egg extracts,
XMAP215 appears to be the major microtubule stabilizing factor [80], and Msps
and Zyg9 (the C. elegans homolog) have a similar function in fly and worm em-
bryos, respectively [81] (M. Lee, T. Barros and J. Raff, unpublished observations).
Paradoxically, these proteins stabilize microtubules in vitro mainly by stabilizing
microtubule plus ends, yet, in vivo, they are highly concentrated at centrosomes,
where the minus ends of the microtubules are concentrated [82]. In flies,
D-TACC is required to efficiently recruit Msps to centrosomes [78], and this is
also true in worms [83–85]. It has been proposed that the two proteins co-operate
to stabilize centrosomal microtubules, either by binding to the minus ends of
microtubules released from their nucleating sites or by loading onto the plus
ends of microtubules that grow from the centrosomes [78]. In support of the latter
possibility, small particles of D-TACC-GFP and Msps-GFP can be seen oscillating
to and fro from the centrosome, as if they were binding to the growing and shrink-
ing plus ends of the microtubules. Such centrosomal “flares” have also been ob-
served with a CNN-GFP fusion protein [86].

13.3.4
Centrosomes and the Organization of the Actin/Myosin Cytoskeleton
in Early Fly Embryos: The Role of Scrambled, Nuf, and CP190

As described in Section 13.2.3, there is strong evidence to suggest that centrosomes
influence the behavior of the actin/myosin cytoskeleton in the early fly embryo. 3-D
reconstructions of the actin, myosin and microtubule networks in fixed embryos
before and after various drug treatments have suggested that actin and myosin
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II filaments can be transported along microtubules from the minus ends at centro-
somes to the plus ends [87]. This transport, together with assumed differential
affinities of actin and myosin for the cell cortex and a regulation of these properties
during the cell cycle, could explain the distribution and interdependencies of the
cytoskeletal networks. Studies on the Drosophila Scrambled (Sced) protein, how-
ever, suggest a different model of how centrosomes could influence actin [88].
Sced localizes to both centrosomes and to the pseudo-cleavage furrows that nor-
mally surround the spindles during mitosis in the syncytial embryos. Mutations
in sced do not interfere with actin cap formation in interphase, but block the re-
cruitment of actin to the pseudo-cleavage furrows in mitosis. Surprisingly, injecting
microtubule depolymerizing drugs into embryos does not disrupt the localization
of Sced or the organization of actin in caps or furrows. These observations suggest
that Sced is essential to help centrosomes recruit actin into the furrow and that
centrosomes can influence actin recruitment even in the absence of microtubules.
Studies on the protein Nuclear fall out (Nuf) have suggested that centrosomes

may also direct the recruitment of membranes to both pseudo-cleavage furrows
and the furrows that invaginate around the nuclei during cellularization [89].
Nuf is recruited to centrosomes specifically during prophase. In nuf mutant em-
bryos, actin is not properly recruited to the furrows, even though other furrow com-
ponents are recruited. Nuf is a member of the arfophilin family, which has been
implicated in regulating membrane trafficking. Moreover, Nuf is required to
recruit the membrane-associated protein Discontinuous actin hexagon (Dah) to
furrows, providing a potential mechanism whereby centrosomes could guide the
transport of membrane components to the furrow [90, 91].
One of the most studied Drosophila centrosomal proteins, CP190, has an unex-

pected role in regulating myosin in the early fly embryo. CP190 was the first cen-
trosomal protein to have its cDNA cloned in Drosophila [92] and it is widely used as
a centrosomal marker. CP190, together with its binding partner CP60, cycles be-
tween the nucleus in interphase and the centrosomes in mitosis, although CP60
levels do not peak at the centrosome until anaphase/telophase [93–95]. Both pro-
teins interact directly with microtubules in vitro, and the ability of CP60 to bind
microtubules is abolished when it is phosphorylated by cdc2 (also known as
Cdk1)/cyclin B kinase. These observations suggested that CP190 and CP60 were
involved in regulating microtubule behavior specifically during late stages of mito-
sis, when cdc2/cyclin B levels are in decline. A mutation in the cp190 gene, how-
ever, does not detectably affect centrosomal microtubules or any aspect of mitosis,
even though CP190 and CP60 are no longer detectable at centrosomes in the mu-
tant cells [96].
The cp190 mutation, however, is lethal [96]. The lethality can be rescued by the

expression of a deleted form of CP190 (CP190DM) that no longer binds to centro-
somes or microtubules, demonstrating that CP190 must have some critical func-
tion (possibly in the nucleus) that is independent of its ability to bind to centro-
somes or microtubules. In early embryos that lack CP190 function, axial expansion
fails (S. Chodagam, W. Whitfield, and J. Raff, unpublished observations). As de-
scribed in Section 13.2.2, axial expansion is an actin/myosin-dependent process
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that spreads the nuclei throughout the early embryo [22, 23]. Recent studies have
shown that cycles of myosin II accumulation occur in the region of the embryo cor-
tex that is directly above the migrating nuclei, even before the nuclei reach the cor-
tex [23]. These cycles stimulate a cortical contraction that appears to drive axial ex-
pansion. In cp190 mutant embryos, the cycles are severely diminished, and axial
expansion fails. Moreover, this failure can be rescued by the expression of a consti-
tutively activated myosin light chain, strongly suggesting that CP190 is somehow
involved in regulating myosin function in the early embryo. Although the axial ex-
pansion defect of cp190 mutant embryos is rescued by the expression of CP190, it
is not rescued by the expression of CP190DM, suggesting that the association of
CP190 with centrosomes and microtubules is required to regulate myosin II func-
tion (S. Chodagam, W. Whitfield, and J. Raff, unpublished observations).
These observations serve as a salutary lesson for those of us who rely on bio-

chemical techniques to identify proteins of interest. The CP190/CP60 complex
had many properties suggestive of a role in regulating centrosomal microtubules
during mitosis, but the genetic analysis reveals that, in vivo, this is not the case.

13.3.5
Centrosomes and Cytokinesis:
Studies on asl, cnn, and g-Tubulin Mutant Spermatocytes

Interactions between the centrosome/microtubule cytoskeleton and the actin/myo-
sin cytoskeleton also play an important part in positioning the contractile ring that
mediates cytokinesis [97]. There has been a long-standing controversy over the re-
lative contributions of the chromosomes, the astral microtubules, and the central
spindle (midbody) microtubules in positioning the ring. Studies on the large fly
spermatocyte cells during meiosis I and II have provided important insights. In
particular, in asterless (asl) mutant fly spermatocytes, the centrosomes nucleate
very few, if any, astral microtubules during meiosis [98]. Surprisingly, however,
these spindles can undergo a relatively normal looking cytokinesis, suggesting
that astral microtubules are not required for the formation and proper positioning
of the contractile ring. This finding supports earlier studies that emphasized the
importance of the central spindle in organizing cytokinesis in fly spermatocytes.
Indeed, there seems to be an interdependency between the central spindle and
the contractile ring: mutations that disrupt one, invariably disrupt the other
[99, 100].
As mentioned above, in spermatocytes that are deficient in g-tubulin or Dgrip81,

spindle formation is prevented, but large numbers of astral microtubules emanate
from the single spindle pole that forms in these cells [55, 101]. This pole is usually
asymmetrically positioned in the cell, and long microtubules project from the pole
in the direction of the chromosomes, but then continue on past them to the cell
cortex. Remarkably, a functional contractile ring assembles close to the distal
(plus) ends of these long microtubules. This finding is at odds with most models
of contractile ring positioning, but a similar phenomenon has recently been ob-
served in mammalian tissue culture cells that have been forced to enter anaphase
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with a monopolar spindle [102]. In the latter study, it was postulated that the astral
microtubules which pass close to the chromosomes gain an as yet unidentified fac-
tor that stabilizes the microtubules and also allows them to stimulate contractile
activity when they reach the cortex. The astral microtubules that do not pass
close to the chromosomes seem to be less stable, and may actively suppress con-
tractile activity at other regions of the cortex. It has recently been shown, however,
that Drosophila spermatocytes can undergo cytokinesis even when there are no
chromosomes present in the cell [103]. Clearly, the mechanism of contractile
ring positioning is likely to remain controversial for some time.
Although this section has focused on the role of centrosomes in organizing the

actin/myosin cytoskeleton, the actin/myosin cytoskeleton can also influence cen-
trosome/microtubule behavior. Centrosome separation, for example, often fails
in Drosophila spermatocytes that are mutant for chickadee or twinstar (Drosophila
profilin and cofilin, respectively), and this is also the case in cells treated with
actin-depolymerizing drugs [100, 104].

13.3.6
Centrosomes and the Cell Cycle

It has been known for many years that many of the most important regulators of
the cell cycle are concentrated at centrosomes, at least transiently, during some
stages of the cycle. These include the Polo and Aurora A kinases discussed
above, and cdc2/cyclin B kinase. While some of these proteins are probably concen-
trated at centrosomes specifically to influence centrosomal events during the cell
cycle (see Section 13.3.2), others may simply use centrosomes as a convenient
meeting place to bring enzymes and their substrates together to maximize effi-
ciency and co-ordination (see Chapter 8).
Examples of the latter case may be the proteins Cdc20 (Fizzy in flies) and Cdh1

(Fizzy-related in flies). These proteins bind to the anaphase promoting complex/
cyclosome (APC/C) and are essential for triggering the destruction of proteins
such as cyclin B and securin, which enables cells to exit from mitosis [105, 106].
It is thought that APC/CCdc20 is responsible for initiating mitotic exit, but its activity
is held in check by an inhibitory signal from unattached kinetochores that prevents
anaphase onset until all chromosomes are properly aligned at the metaphase plate.
This inhibitory mechanism is commonly referred to as the spindle assembly check-
point (reviewed in [107]). Once activated, APC/CCdc20 degrades cyclin B and securin,
thereby initiating the exit from mitosis. As cyclin B levels fall, APC/CCdh1 is acti-
vated to initiate a second phase of destruction that degrades many additional pro-
teins, including Cdc20, which effectively shuts down the first phase of cyclin B and
securin destruction [106]. Studies of the dynamic properties of Cdc20 and Cdh1 in
flies have shown that both proteins are concentrated at centrosomes but rapidly ex-
change with a cytoplasmic pool [108]. Thus, the centrosomal concentration of these
proteins may simply ensure the efficient switching between the Cdc20- and Cdh1-
mediated phases of protein destruction.

26313.3 Drosophila Centrosomal Proteins



There is also evidence that the negative signaling system from unattached kine-
tochores discussed above, is in some way linked to centrosomes. Many of the Mad
and Bub proteins that are essential for the operation of this spindle checkpoint are
concentrated both at kinetochores and centrosomes, and several have been ob-
served to travel along kinetochore microtubules toward the centrosomes [109].
For example, two such proteins initially identified in flies, Zeste white 10
(ZW10) and Rough deal (Rod), form a complex that recruits dynein to the kineto-
chore: both proteins are essential for the spindle checkpoint to operate and both
travel along microtubules from the kinetochore to the centrosome [110, 111]. Intri-
guingly, the destruction of cyclin B is spatially regulated in many cell types [112,
113], and, in flies, it is initiated at centrosomes [113, 114]. Moreover, in human
cells, the initial activation of cdc2/cyclin B kinase also occurs at centrosomes [115].
Another conserved centrosomal component, Hsp83 (Hsp90 in vertebrates), reg-

ulates cell-cycle events in a novel way. It was initially identified as a centrosomal
protein using mass spectroscopy techniques on centrosomes partially purified
from Drosophila embryos [116]. Hsp83 is a molecular chaperone that is a core
component of the centrosome and is essential for proper centrosome function in
both flies and vertebrates. It functions at the centrosome, at least in part, by stabi-
lizing the kinase activity of Polo: if Hsp83/90 function is perturbed, Polo kinase
activity is dramatically reduced [117]. Thus, Hsp83 is essential for the proper fold-
ing of Polo.

13.3.7
Centrosome Dynamics: Inactivation and Flares

As discussed in Section 13.2.3, the rapid and synchronous nuclear cycles of the
early fly embryo offer an unusual opportunity to follow the dynamic behavior of
specific centrosomal proteins at high resolution in real time. Here, I briefly
focus on two aspects of centrosome dynamics that may have important implica-
tions for centrosome function – centrosome inactivation and centrosomal “flares”.
Centrosome inactivation occurs when DNA is damaged during the rapid nuclear

divisions that occur at the cortex of the syncytial fly embryo [118] (see also
Chapter 11). When DNA is damaged in a typical somatic cell, the cell usually re-
sponds by arresting the cell cycle prior to mitosis; if the DNA cannot be repaired
quickly enough, the cells undergo apoptosis, thereby eliminating cells with poten-
tially harmful mutations [119]. In syncytial embryos, where the nuclei divide syn-
chronously in a common cytoplasm, a damaged nucleus cannot arrest. Instead, the
centrosomes associated with the damaged nucleus become inactivated as the em-
bryos enter mitosis [118]. The g-TuRCs dissociate from the centrosome, the spindle
fails to assemble normally, and, as a result, the chromosomes fail to segregate
properly. Although the g-TuRCs re-associate with the inactivated centrosomes
after mitosis is complete, a nucleus that has not proceeded through mitosis cor-
rectly is somehow recognized as abnormal, and falls into the interior of the embryo
[120]. As internal nuclei are all destined to form yolk nuclei, which do not contri-
bute to the adult fly, the defective nucleus is effectively eliminated. Thus, centro-
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some inactivation ensures that nuclei that enter mitosis with damaged DNA are
not propagated. Although the g-TuRCs dissociate from the centrosome during cen-
trosome inactivation, other centrosomal proteins such as CP190 do not, suggesting
that a core structure remains intact in the inactivated mitotic centrosome [118] (see
also Chapter 11).
In most somatic cells DNA damage is monitored by a number of protein kinases,

including ATM and ATR. These kinases then usually activate a cascade of phos-
phorylations via the downstream protein kinases Chk1 and Chk2 [121]. In Droso-
phila, Chk2 is recruited to the centrosomes associated with damaged nuclei and
is required for centrosome inactivation, suggesting that it directly phosphorylates
one or more centrosomal proteins [122]. It remains unclear whether centrosome
inactivation only occurs in the Drosophila syncytial embryo, or whether it can
occur in other cells with damaged DNA that fail to arrest their cycle prior to the
entry into mitosis. Whatever its general significance, centrosome inactivation de-
monstrates that different centrosomal proteins interact with centrosomes in differ-
ent ways and that the association can be highly dynamic.
Centrosomal “flares” were first described when the behavior of a CNN-GFP fu-

sion protein was observed in living Drosophila embryos [86]. Fluorescent protein
particles appeared to be ejected from the centrosome and then move to and fro
close to the centrosome, in a microtubule-dependent manner. D-TACC-GFP and
Msps-GFP form similar flares, which are thought to represent complexes of the
two proteins bound to the growing and shrinking plus ends of microtubules ema-
nating from the centrosome [78]. It seems that only a subset of centrosomal pro-
teins form flares (N. Peel and J. Raff, unpublished observations) and that there
is at least a partial overlap between the flares that contain CNN and those that con-
tain D-TACC/Msps [86]. Many questions remain about the nature of centrosomal
flares. Is there more than one type of flare complex? How are the complexes
bound to the growing and shrinking end of a microtubule? Are the flares of any
functional significance?

13.3.8
Microtubule Motors and Plus-end Tracking Proteins at the Centrosome

Several microtubule motors appear to function at centrosomes in Drosophila (see,
for example, [123–126]). In most cases, however, these motors are also located else-
where in the cell and the extent to which the overall function of the motor depends
on the centrosomally-localized fraction of the protein is unclear. For this reason,
I will not discuss the function of specific microtubule motors in any detail here.
In a recent study, however, all of the known kinesin motor proteins were depleted
from Drosophila S2 cells in culture using RNAi, and nine of the 25 kinesins were
found to be essential for some aspect of mitosis [127]. This study illustrates another
advantage of Drosophila: RNAi is extremely efficient in Drosophila tissue culture
cells (see also [128]).
Drosophila also has a number of proteins that bind to the growing plus ends of

microtubules, the so-called þTIPS [129]. Fractions of some of these proteins, such
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as EB1 and Mast/Orbit, are found at centrosomes. As with the motor proteins dis-
cussed above, these proteins can have important functions in regulating microtu-
bule behavior, but the significance of their localisation at centrosomes is unclear
[130–133].

13.3.9
The Interphase Centrosome in Flies:
Missing in Action?

Virtually all of the centrosomal proteins discussed so far are recruited to centro-
somes only during mitosis in most Drosophila somatic cells. This fact is easily over-
looked as most of these proteins bind to centrosomes throughout the nuclear cycle
in syncytial embryos, probably because there are no “Gap” phases in these rapid
nuclear cycles and only a few minutes separate each round of mitosis. In somatic
cells, such as those found in larval brains, however, most of these proteins are not
detectable on interphase centrosomes. Moreover, interphase centrosomes do not
seem to function as major MTOCs in most non-embryonic interphase cells in
the fly (our unpublished observations).
This may explain why Drosophila seems to lack a number of conserved vertebrate

centrosomal proteins such as ninein, ninein-like protein (NLP), PCM-1, and e-tu-
bulin. These proteins appear to be involved in organizing centrosomal microtu-
bules during interphase [134–138]. Perhaps, flies do not need these proteins be-
cause the centrosome usually does not function as a major MTOC in interphase
cells.

13.4
The Role of Centrosomes and Centrosomal Proteins In Vivo

In this section, I will discuss two specific areas where Drosophila has provided im-
portant insights into centrosome function within the context of a multicellular or-
ganism: (1) the role of centrosomes in the development of a multicellular organism
and (2) the role of centrosomal proteins in organizing microtubules in cells that do
not contain canonical centrosomes.

13.4.1
The Essential Role of Centrosomes In Drosophila

As discussed in Section 13.3.5, asl mutant spermatocytes appear to lack astral mi-
crotubules, yet they are able to undergo relatively normal cytokinesis, suggesting
that astral microtubules are not essential for positioning the contractile ring [98].
Surprisingly, the asymmetric divisions of the larval neuroblast cells also occur
relatively normally in asl mutants [139]. This result is unexpected, as interactions
between the astral microtubules and the cortex are thought to be essential for prop-
erly positioning the spindle during asymmetric divisions [140]. Although this result
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calls into question the role of astral microtubules in asymmetric division, its signif-
icance is unclear as asl mutations are lethal. Thus, Asl must provide some essential
function to the fly.
Mutations in another Drosophila centrosomal gene, cnn, have a similar pheno-

type to asl mutants. As discussed in Section 13.3.2, CNN is thought to link Aurora
A to the g-TuRC [70], and the centrosomal recruitment of g-tubulin and CP190 is
severely disrupted during mitosis in cnn mutant flies [71]. Like asl mutants, cnn
mutants appear to lack astral microtubules in mitosis but their neuroblasts can un-
dergo apparently normal asymmetric divisions [141]. Unlike asl mutants, however,
cnn null mutants are viable: they develop at normal rates and form almost perfectly
normal adult flies, which are born at normal Mendelian ratios [141]. The finding
that a complex multicellular organism like a fly can apparently complete (in the
authors words) “zygotic development without functional mitotic centrosomes”
[141] was an unexpected revelation.
Cnn mutant flies, however, are invariably sterile. In females, the sterility arises

because astral microtubules play an essential part in preventing mitotic spindles
from colliding with one another during mitosis in the syncytial embryo [142].
Thus, cnn mutants are viable because homozygous mutant embryos (laid by
heterozygous mothers) proceed through early development using the maternally
supplied stockpile of CNN. When this runs out, further development does not
require CNN, so homozygous mutant animals are viable. Homozygous mutant
females are sterile because the embryos they lay do not contain CNN and so die
during early embryonic development due to an accumulation of mitotic defects
[71, 72]. In cnn mutant males, sterility reflects cytokinesis defects during meiosis
I and II, and sperm tail defects, suggesting that CNN normally plays a part in
centriole function, as well as in centrosome function [143]. It is unclear why, in
cnn mutants, there are cytokinesis defects during male meiosis but not during
mitosis.
At one extreme, the asl and cnn mutant phenotypes could be interpreted to sug-

gest that the only essential function of centrosomes during mitosis in flies is to
generate astral microtubules during the syncytial divisions. At all other stages of
the fly life cycle, mitotic centrosomes and astral microtubules would seem dispen-
sable. However, as discussed at greater length elsewhere [8], the problem with this
interpretation is that it is not clear that these mutants completely lack functional
mitotic centrosomes and astral microtubules. While the formation of astral micro-
tubules is clearly compromised, it is not clear that they are completely absent. Re-
cent live imaging of tubulin-GFP in asl mutant spermatocytes (an analysis that was
not possible previously) has shown that a small number of astral microtubules are
present (H. Varmark and C. Gonzalez, unpublished observations). Moreover, while
asymmetric divisions clearly can occur in both asl and cnn mutants, they are not
entirely normal. In both cases, the normal alignment of the mitotic spindle with
asymmetrically localized cell-fate determinants in neuroblasts is at least partially
disrupted [139, 141], suggesting that robust astral microtubules may be essential
for properly positioning the spindle, even if they are not essential for asymmetric
division per se. Thus, the normal development of cnn mutant flies may be more a
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testament to the ability of the developing nervous system to cope with mistakes in
asymmetric divisions, rather than to the ability of cells to properly position spindles
without astral microtubules.
Nonetheless, the finding that cnn null mutant flies can develop so normally with

clearly dysfunctional mitotic centrosomes must be taken into account when consid-
ering centrosomal function in vivo. It is interesting that CNN, which recruits pro-
teins such as g-tubulin and Aurora A to centrosomes during mitosis, is not essen-
tial for the development of the fly. The same is true for two other proteins that
appear to function by recruiting proteins to mitotic centrosomes. CP309/D-PLP
(the Drosophila homolog of pericentrin; see Section 13.3.2) is required for the effi-
cient recruitment of most, if not all, PCM components to the centrosome during
mitosis, yet mitosis occurs largely normally in d-plp null mutant larval brain
cells [153]. Similarly, D-TACC is required to recruit the microtubule stabilizing pro-
tein Msps to centrosomes, yet d-tacc null mutants are viable: as with CNN, D-TACC
is only essential for mitosis in the syncytial embryo [77]. These studies suggest that
centrosomal proteins that simply recruit other proteins to the centrosome may only
be essential for the rapid nuclear divisions of the syncytial embryo. Centrosomal
proteins such as g-tubulin, Msps, or Aurora A, however, are essential for fly viabi-
lity, perhaps because they are required to stabilize microtubules even when they are
not concentrated at centrosomes, or because they fulfill some other function.
Perhaps, these results should not be so surprising. After all, animal centrosomes

have centrioles at their core, and centrioles are themselves complex microtubule
structures. Centrioles, therefore, presumably evolved some time after microtubules
were organizing cell division, and, if so, there must have been a more primitive
mechanism of animal cell division that did not require canonical centrosomes
(see also Chapter 6). Indeed, plant cells may still use such a mechanism. Perhaps,
this primitive mechanism can be re-activated in flies, explaining why efficient cen-
trosome function appears to be so easily dispensed with during mitosis. Perhaps,
vertebrates will prove to be as adaptable as Drosophila, as microtubules can self or-
ganize into bi-polar spindles in the absence of centrosomes in several vertebrate
cell types in culture [144, 145]. Although vertebrate cells that have had their centro-
somes removed by microsurgery or laser ablation can proceed through mitosis, cy-
tokinesis is inefficient, and they invariably arrest during G1 of the next cell cycle.
Understanding the molecular basis of this cell-cycle arrest constitutes a major chal-
lenge for centrosome research.

13.4.2
The Role of Centrosomal Proteins in Oogenesis

As discussed in Section 13.2.1, microtubules play an essential role in organizing
many aspects of oogenesis in flies, yet centrosomes disappear early in oocyte devel-
opment. Oogenesis in flies therefore offers a powerful system with which to study
how microtubules are organized in the absence of typical centrosomes and which
“centrosomal” proteins are involved instead.
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At least two different arrays of polarized microtubules are established at different
stages of oocyte development (Figure 13.1; see Section 13.2.1). In somatic cells,
g-tubulin is essential for the proper organization of microtubules, probably even
when it is not strongly concentrated at centrosomes (see Section 13.4.1), so it
seems likely that it plays a role in organizing microtubules within the oocyte.
Only g-tubulin 37C is expressed in the developing oocyte [11], but, surprisingly,
it is not detectably enriched at the MTOC that forms around the centrioles at
the posterior pole of the oocyte, nor at the MTOC that forms at the anterior pole
of the oocyte later in oogenesis [10, 11]. Recently, however, gt37C and dgrip75
(a gene encoding a component of the g-TuRC) were both identified in a screen
for mutations that failed to localize bicoid (the morphogen that specifies anterior
fates in Drosophila) to the anterior pole of the oocyte at later stages of development
[146]. This localization of bicoid is microtubule dependent, and, in this study, both
g-tubulin 37C and Dgrip75 proteins were detectably (although weakly) enriched at
the anterior cortex during late stages of oogenesis. Mutations in the genes that
encode either protein, however, did not alter the gross morphology or organization
of microtubules in the oocyte. Thus, g-tubulin 37C is apparently essential for the
organization of only a specific subset of oocyte microtubules.
More recently, oogenesis has been studied in mutant flies in which both g-tubu-

lin genes were mutated at the same time [147]. These “double” mutant oocytes had
strong, but relatively pleiotropic, abnormalities, suggesting that g-tubulin is essen-
tial for oocyte development but the two isoforms are partially redundant. In sup-
port of this possibility, preliminary data suggest that strong mutations in the g-tu-
bulin 23C gene lead to the upregulation of the g-tubulin 37C gene (P. Sampaio and
C. E. Sunkel, personal communication).
Although it may have only a limited role in organizing microtubules in the

oocyte, g-tubulin 37C seems to be essential for organizing the meiosis I spindle
[10] (but see also [11]). g-Tubulin is not detectable at the acentrosomal poles of
these spindles, but the spindles are highly disorganized in gt37C mutants. That
g-tubulin functions in these spindles without being detectable there, serves as a
reminder that the inability to detect a protein in a particular location does not
prove its absence or its lack of involvement in a process.
D-TACC and Msps are the only known centrosomal proteins to be identified at

the poles of the meiosis I spindle [148]. If either protein is inactivated by mutation,
the spindles often become tripolar or quadrapolar, suggesting that both proteins
are required to maintain spindle bipolarity. This phenotype is reminiscent of
that observed in both Drosophila and human somatic cells that have been depleted
of Msps [79] or ch-TOG (the human homolog of Msps) [149]. How these proteins
function to maintain spindle bipolarity is unclear, but their ability to form higher
order polymers when overexpressed in tissue culture cells suggests that they may
form a structural lattice at the spindle poles that maintains the integrity of the
poles [150].
During earlier stages of oogenesis, D-TACC is diffusely concentrated in both the

region of the MTOC that initially forms at the posterior pole of the oocyte and the
region of the MTOC that forms slightly later at the anterior pole (J. Raff and
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W. Theurkauf, unpublished observations; [5]). Although this distribution suggests
that D-TACC may play a part in stabilizing microtubules in the oocyte, d-tacc mu-
tations do not detectably disrupt either the organization or function of the non-
spindle microtubule arrays in the oocyte (B. Cha and W. Theurkauf, personal com-
munication). The centrosomal protein CNN is also concentrated in both the poster-
ior and anterior MTOCs during oogenesis, but, like D-TACC, the significance of
this distribution is unclear [4]. Perhaps, like g-tubulin, D-TACC and CNN are in-
volved in organizing only a subset of the microtubules in the oocyte, or they
play redundant roles in organizing microtubules within the oocyte.
These studies reveal that many “centrosomal” proteins play a part in organizing

microtubules in cells that do not contain canonical centrosomes. The exact details
of how they do so remains to be established, but further studies in Drosophila will
doubtless provide important clues.

13.5
Summary

Using Drosophila allows the combination of biochemical, cell biological and genetic
approaches to study centrosome biology within the context of an intact animal.
New approaches, such as the use of photoactivatable GFPs, fluorescence recovery
after photobleaching (FRAP), and fluorescence resonance energy transfer (FRET),
will make it possible to study the dynamic behavior and interactions of many
centrosomal proteins in the early Drosophila embryo in exquisite detail. The well
annotated fly genome sequence, together with increasingly powerful mass spectro-
scopy techniques for protein identification, should make it possible to identify all
of the proteins of the fly centrosome (see Chapter 7). By inactivating all of the
genes or proteins one by one and in combination, both in vivo and in vitro, the mys-
teries of centrosome function will slowly, but surely, be resolved.
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14
Centrosome Inheritance during Human Fertilization and
“Therapeutic” Cloning: Reproductive and Developmental
Diseases and Disorders Caused by Centrosome Dysfunction

C. S. Navara, C. Simerly and G. Schatten

14.1
Introduction

Over a century ago, van Beneden [1] and Boveri [2] discovered that the centrosome
is vital for successful fertilization and the beginning of embryonic development. In
the 1925 third edition of his pioneering monograph The Cell in Development
and Heredity, sadly dedicated to the memory of his dear friend Theodor Boveri,
E. B. Wilson writes:

“The essential postulates of (Boveri’s) theory were (1) that the central body
(‘centrosome’) is the fertilizing element proper; (2) it is actually imported into
the egg by the sperm; (3) that the cleavage centers arise directly by division of
the sperm-center. As outlined by Boveri the theory took the following form: dur-
ing the somatic divisions the center (centrosome) is continuously handed on by
division from generation to generation of cells. This process comes to an end in
the mature egg after extrusion of the second polocyte (polar body), when the egg-
center degenerates or becomes physiologically ineffective; further cell-division is
thus inhibited and the occurrence of parthenogenesis is avoided. The ripe egg pos-
sesses all of the elements necessary for development save an active division-center
(centrosome). The sperm, on the other hand, possesses such a center but lacks the
protoplasmic substratum in which to operate. In this respect the egg and sperm
are complementary structures; their union in syngamy thus restores to each the
missing element necessary for further development (p. 155 in [3]). Accepting this
it follows that the nuclei of the embryo are derived equally from the two parents;
the central bodies (centrosomes) are purely of paternal origin; and to this it
might be added that the general cytoplasm of the embryo seems to be almost
wholly of maternal origin.” (From [4] p. 440; parentheses added).

More than a century ago, Boveri and Van Beneden recognized that the sperm con-
tributes the centrosome, the structure that organizes the mitotic spindle poles
(cleavage centers). Even in our time, these observations are profound, extraordinary
for their clarity and elegant simplicity; modern centrosome biologists should be
humbled by the brilliance of our great-great-grand-professors. While much of
the past quarter-century has witnessed significant progress in the molecular dissec-



tion of the centrosome, as well as discoveries from laboratory experiments and nat-
ural reproduction, Boveri’s theory remains pioneering, even from the vantage of an
early 21st century centrosome biologist.
Even the minor criticism of Boveri’s postulate on the uniparental origin of the

centrosome (“the central bodies (centrosomes) are purely of paternal origin; and
to this it might be added that the general cytoplasm of the embryo seems to be
almost wholly of maternal origin”) can be countered by the possibility of Wilson’s
slight mistranslation. The term “protoplasm” was coined by Purkinje when he first
discovered the germinal vesicle [5], to refer to the unique cytoplasm that is found
within an unfertilized egg. The egg’s cytoplasm or protoplasm, unlike other cyto-
plasm, is uniquely capable of supporting the development of the next generation.
When Boveri wrote “The sperm, on the other hand, possesses such a center but
lacks the protoplasmic substratum in which to operate”, perhaps he was indeed
aware that while the egg cytoplasm is capable of initiating parthenogenetic devel-
opment, the sperm centrosome recruits the maternal proteins that are essential for
fertilization and early development.
A century after Boveri’s theory, human in vitro fertilization (IVF) was achieved [6].

Now more than 1 million IVF babies have been born. The discarded specimens
from IVF clinics have provided a precious and unique research resource for centro-
some biologists, and a new breed of centrosome physician–scientist is emerging.
Reproductive mistakes including polyspermy (fertilization by more than one
sperm) and parthenogenesis (development beginning in an activated egg without
any sperm) subtly challengeaspects of theunipaternal centrosome inheritance theory.
Here, we focus on the centrosome during fertilization, with special attention to

human reproduction and development. We also consider the centrosome during
nuclear transfer which represents research frontiers for the next generation of cen-
trosome biologists. For obvious ethical reasons, experimental results are obtained
and/or corroborated by studying non-human primate development. This is essen-
tial, ironically, because fertilization in mouse and other rodents represents rare
exceptions to Boveri’s theory [7]. In this chapter, we consider:

x Centrosomes during human fertilization
x Centrosome dysfunction as causes of human infertility
x Centrosome functional assays for diagnosing male infertility
x Polyspermy in humans
x “Dispermy hypothesis” for the origins of genomic imprinted disorders
x Maternal centrosome anomalies and birth defects
x Resolving the special problem of parthenogenetic development: roles of cytoplas-
mic motors and NuMA

x Centrosomes during cloning, and centrosomes in embryonic stem cells derived
after nuclear transfer

x Research challenges for centrosome developmental biologists: developmental
centrosomopathies
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14.2
Centrosomes during Human Fertilization

Centrosome inheritance during human fertilization [7–10] mirrors the inheritance
pathway found in most animals (reviewed in [7]). Simply stated, the human sperm
contributes the proximal centriole, which recruits egg proteins including g-tubulin,
centrin, pericentrin, NuMA, and microtubule motors, to the sperm centriolar com-
plex. Within the fertilized egg, the now enlarged “sperm centrosome”, which more
properly should be called the “zygote centrosome”, nucleates microtubules that as-
semble the first microtubule-based structure in the fertilized egg – the sperm aster.
The sperm aster in fertilized human oocytes (Figure 14.1A) is the typical radially-
arrayed monaster juxtaposed to the sperm nucleus (which is called the “male pro-
nucleus”; Figure 14.1B, M) after the sperm chromatin has decondensed within the
egg cytoplasm. As in most animal eggs, the sperm tail enters the egg and one or
two punctate structures, detectable with g-tubulin imaging, are found at the center
of the sperm aster exactly at the junction between the sperm axoneme and the
male pronuclear surface (Figure 14.1C and D). These have been shown by Satha-
nanthan et al. [11] to be the sperm centriole(s).
Additional evidence supporting the sperm contribution of the centrosome and

centriolar complex in humans comes from studies on polyspermic fertilization
and parthenogenesis [8, 9, 12]. As shown in Figure 14.1E, because two sperm
enter the oocyte (i. e. dispermic fertilization), each paternal centrosome organizes
a sperm aster at the base of the sperm head (Figure 14.1F, M). Conversely, artificial
activation of oocytes (i. e. parthenogenesis), in which no contribution of the pater-
nal centrosome is provided, leads to a random, disarrayed microtubule pattern at
interphase, as is shown in this activated oocyte in which the sperm failed to pene-
trate (Figure 14.1G and H). Collectively, these data reinforce the observation that
the centrosome is paternally inherited in humans [7, 9].

14.3
Centrosome Dysfunction as Causes of Human Infertility

The inheritance of the centrosome during human reproduction has crucial impli-
cations for the diagnosis and treatment of human infertility, especially male-factor
infertility. Male infertility may be the only example in medicine in which one
patient carries a disorder (e. g. defective sperm centrosome), but another (his
wife or partner) undergoes the surgical procedure – and perhaps without enjoying
a successful outcome.
During the past decade, several teams of investigators around the world have

made seminal discoveries concerning the pattern of centrosome inheritance in
human and non-human primate fertilization [8, 9, 10, 13]. For obvious reasons,
these studies were all carried out in gametes discarded from human infertility
clinics employing assisted reproductive technologies (ART). Because couples
seek ART treatment for reasons including male-factor infertility, certain forms of

28114.3 Centrosome Dysfunction as Causes of Human Infertility



fertilization failures found by ART clinics appear to result from defects in the
sperm centrosome. Centrosome dysfunction during human reproduction, in
which the sperm enters the oocyte but the zygote is unable to divide, is being re-
cognized as a new cause of male-factor infertility (Figure 14.2) [9, 13–17]. During
human fertilization, if the assembled sperm centrosome is dysfunctional in micro-
tubule assembly or organization, the sperm aster fails to form or does so in a man-
ner inconsistent with the ability to promote pronuclear apposition. Very small
asters (Figure 14.2A) may be observed adjacent to incorporated sperm heads
(Figure 14.2B) which fail to activate the oocyte and stimulate the exit from meta-
phase arrest. Instead of a single sperm aster the incorporated sperm may nucleate
multiple asters (Figure 14.2C, D), or may fail to organize the microtubules after
sperm incorporation resulting in a microtubule pattern reminiscent of partheno-
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Figure 14.1 Microtubule orga-
nization during human fertili-
zation, dispermy and parthe-
nogenesis. The incorporated
sperm nucleates a radially-
arrayed monaster (A) adjacent
to the male pronucleus (B)
in fertilized human oocytes.
At the base of the aster the
centrosomal protein g-tubulin
is observed as one or two
tight foci (C). Dispermy results
in a sperm aster being orga-
nized by each paternal centro-
some (E) whereas activation
without sperm penetration
results in a random, disarrayed
microtubule pattern at inter-
phase (Figure 14.1G). A, E, G,
¼ microtubules; C ¼ g-tubulin
and B, D, F, H ¼ DNA. Arrow,
g-tubulin foci; M, paternal
DNA; and F, maternal DNA.
All images reprinted with per-
mission from Simerly et al. [9],
except C and D which are from
[12]. Bar ¼ 10 mm.
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Figure 14.2 Phenotypic variations among
paternal centrosomes. A small aster or
asters (A) adjacent to the incorporated
sperm head (B) is observed in oocytes
remaining at metaphase. A single sperm
(D, F) may nucleate multiple asters (C),
or may fail to organize the microtubules
resulting in a disorganized microtubule
pattern (E). (G) Comparison of sperm
aster size and quality in three bulls of
known fertility. Diameter of the sperm
aster at its largest plane was measured
using the confocal microscope (left axis).
A quality score was also given to each
aster (right axis). The bull with the
highest field fertility and in vitro fertility
(bull A) also had the largest and best
organized sperm asters with averages of
101.4 and 1.8 mm respectively. Bull B had
an average sperm aster diameter of
78.2 mm and an aster quality score of 1.4.
The bull with the worst in vitro fertility
(bull C) had the smallest (77.9 mm) and
most poorly organized sperm asters
(1.2). These data represent five repeti-
tions: comparisons were made using the
protected means of the least squares
method. Different letters indicate
significant differences (p ¼ 0.025); bars
indicate standard error. A, C, E ¼ micro-
tubules; B, D, F ¼ DNA. Images A–E
reprinted with permission from Asch et al.
[18]. Graph reprinted from Navara et al.
[37]. Bar ¼ 10 mm.



genesis (Figure 14.2E, F). Such oocytes fail to complete the fertilization process and
arrest in early development [9, 18, 19].
The clinical and fundamental importance of these observations in humans has

been reinforced by animal studies on the phenotypic expression of centrosomes
in bulls [20]. Using randomized bovine oocytes and sperm from bulls proven in
the field or after in vitro fertilization to be superb, average, or sub-fertile, the orga-
nization and size of the sperm aster was shown to vary according to the father
(Figure 14.2G). This suggests that the quality or quantity of the sperm centrosome
has a direct affect on the success and speed of fertilization and is correlated with
the frequency of live births. It is possible that there are variations in centrosomal
vigor as is found in other inherited components.

14.4
Centrosome Functional Assays for Diagnosing Male Infertility

Centrosome reconstitution is a multi-step process occurring between the end of
second meiosis and the transition into interphase of the first cell cycle. Microtu-
bule nucleation and organization capabilities must function properly and quickly
to form the sperm aster that directs pronuclear migration. This is a critical step
in accurately completing the fertilization process, defined as when the male and
female genomes can intermix at first mitotic metaphase [7]. A functional centro-
some also defines the site of first bipolar mitotic spindle assembly within the acti-
vated cytoplasm and participates in spindle organization by serving as a dominant
microtubule organizing center (MTOC) at the spindle poles.
Centrosome reconstitution during fertilization is a unique model for exploring

the molecular components necessary for determining centrosome parental origin
and function [7, 12]. Pioneering work in cell-free systems in Xenopus laevis have
successfully explored the molecular events leading to centrosome reconstitution
and microtubule assembly [21–23]. These studies demonstrated how exposure of
demembranated X. laevis sperm exposed to X. laevis cytostatic factor (CSF)-arrested
egg extracts leads to the binding of vital microtubule nucleating components such
as g-tubulin and MPM-2 phosphorylated epitopes. These sperm centrosomes thus
become competent for nucleating microtubule growth into sperm asters in vitro
[22]. Furthermore, this process is microtubule and microfilament independent,
but egg extract and ATP dependent [22].
Analysis of human and bovine sperm in X. laevis CSF-arrested extracts provides

the basis for studying the assembly of a zygotic centrosome capable of nucleating
and organizing microtubules in vitro [12, 24]. Mammalian sperm exposed to in-
creased calcium levels, plasma membrane destabilization, and disulfide bond re-
duction unveils paternal g-tubulin and other centrosomal protein binding sites,
concomitant with the onset of pronuclear decondensation. This “procentrosome”
structure is thus “primed” to attract and bind maternal g-tubulin from the egg’s
cytoplasmic pool. Conversely, other paternal centrosomal proteins predicted to be
critical for the reorganization of the sperm centrosomal complex following insemi-
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nation (i. e. centrin; [25–27]) are modified following exposure to the egg’s cyto-
plasm. Exposure to an elevated kinase activity within the meiotic cytoplasm then
shifts the microtubule dynamics to a state conducive with nucleation and polymer-
ization.
Clinical assays can now be posed based on the initial molecular characterization

of the human sperm centrosome (reviewed in [7]). In addition to studies dissecting
the relative contributions of the male and female constituents to the human zygotic
centrosome, microtubule assembly in vitro from the sperm centrosome can be
assayed using Xenopus egg extracts in combination with polymerization-competent
rhodamine-tagged tubulin protein [12]. The advantage of such an assay is that it
can be a prospective test to investigate sperm microtubule nucleation ability in
the sperm of men of varying fertility in vitro, prior to assigning couples to the
arduous procedures of ART methods such as intracytoplasmic sperm injection
(ICSI).
Examining microtubule assembly and centrosome functioning after microinject-

ing human sperm into mature bovine oocytes is also a potentially useful prospec-
tive centrosomal assay system [15]. The major advantage of this test is the ability to
observe pronuclear apposition mediated by a functional human sperm centrosome
within a living egg, as opposed to just microtubule assembly as currently observed
in egg extract models. Past research has shown that the recipient oocyte must be
from a species that follows the paternal inheritance of the centrosome, which
thus excludes rodent oocytes. For instance, the zona-free hamster oocyte sperm
penetration test, a commonly used mammalian oocyte for assaying human male
infertility, is a uniquely inappropriate model for the investigation and diagnosis
of impaired sperm centrosome function of human sperm [28]. Instead, oocytes
from animals like the rabbit or cow, which support paternal centrosomal function-
ing, are more relevant models to investigate human centrosome reconstitution and
sperm aster formation [15, 29].
Since defective centrosomes can be responsible for fertilization arrest and initiate

certain types of male infertility, centrosome microinjection therapy has been pro-
posed as a method to correct this defect [7, 8]. However, only centrosomes intro-
duced from intact sperm prove capable of completing the fertilization process
and correctly segregate their chromosomes at cell division [30], indicating that
the position of the centrosome is a critical parameter for completion of fertiliza-
tion.

14.5
Polyspermy in Humans

Polyspermy represents an experimental test of the relative parental contributions to
the centrosome, since the paternal contribution is multiplied. In many animal
systems, polyspermy introduces two centrosomes that duplicate and separate at
mitosis to form a tetrapolar spindle. Typically, dispermic insemination leads to
aneuploid embryos because the triploid chromosome complement is abnormally
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divided into the resultant four blastomeres at the end of cell division. Such
evidence has provided the rationale that the inheritance of only one centrosome
is critical to forming bipolar spindles that can accurately segregate the chromo-
somes [31, 32].
Evidence from polyspermy experiments in mammals, however, argues against

this central dogma on the universal contribution of the sperm centrosome. First,
mice violate the notion of paternal centrosome contribution at fertilization since
both the distal and proximal sperm centrioles are highly degenerated in the mature
sperm (reviewed in [33]) and no sperm aster is detected at the base of the sperm
head following sperm incorporation [34]. Furthermore, dispermic or trispermic
mouse zygotes do not display sperm asters, and they go on to divide from one
to two [35], suggesting that in this system the sperm do not contribute the domi-
nant centrosomal foci. Secondly, most other mammals, including marsupials [36],
cows [37], sheep [38], pigs [39], rabbits [15], monkeys [40], and humans [9, 41, 42]
form supernumerary sperm asters after polyspermy. But, as shown in the study of
human fertilization, such dispermic zygotes in these mammals may divide from
one cell into two, three, or even four [41–43]. Analysis of dispermic human and
rhesus zygotes at mitosis (Figure 14.3) demonstrates the assembly of bipolar me-
taphase spindles in the presence of supernumerary centrosomes, consistent with
other reports on human polyspermy [8, 10, 41]. Tripolar or tetrapolar mitotic spin-
dles were rarely observed in dispermic zygotes; instead, two g-tubulin foci for each
incorporated sperm are observed at first mitosis. In the case of dispermy this
results at prophase of first mitosis in a disorganized multipolar spindle
(Figure 14.3A) with four foci of g-tubulin (Figure 14.3B). This disorganized struc-
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Figure 14.3 Mitotic spindle formation in dispermic human zygotes. Dispermy in human zygotes
results in a disorganized prophase mitotic spindle (A) with four foci of g-tubulin (B; location
denoted by asterisks in A). This disorganized prophase spindle resolves at metaphase resulting
in a bipolar spindle (D) with well-organized chromosomes (F). Four foci of g-tubulin can still
be observed on the spindle (E; location denoted by asterisks in D). A, D ¼ microtubules; B,
E ¼ g-tubulin; and C, F ¼ DNA. Arrows indicate incorporated sperm axonemes and asterisks
highlight g-tubulin foci. Reprinted with permission from Simerly et al. [12]. Bar ¼ 10 mm.



ture surprisingly resolves itself at metaphase of mitosis resulting in a bipolar
spindle (Figure 14.3D) with well-organized chromosomes (Figure 14.3F) dividing
from one to two. The four foci of g-tubulin are still observed on the spindle
(Figure 14.3E). These observations in humans may well be due to requirements
of non-centrosomal components (i. e. molecular motors and spindle matrix pro-
teins) necessary for bipolar spindle assembly in somatic cells. As discussed in a
subsequent section, analysis of parthenogenetic development in primate oocytes
supports this view.

14.6
“Dispermy Hypothesis” for the Origins of Genomic Imprinted Disorders

Since the now-infamous report of the Fol brothers [44] on the “Quadrille of Cen-
ters”, dispermy holds a special place in the hearts and minds of centrosome biol-
ogists. The first descriptions of the mitotic apparatus at first division referred to
tetrapolar structures, and the Fols believed that both the sperm and the egg each
contributed two sets of centrosomes, thereby generating the tetrapolar structure
(see Figure 14.3D: dispermic human oocyte). Wilson [4], in a stinging publication,
recognized that the “quadrille” was the result of dispermy – not monospermy –
and that two sperm each contribute two centrosomes so that four mitotic poles
are found at first mitosis after dispermy.
Dispermic fertilizations in humans are observed frequently (see Figure 14.3D)

[43], but unlike sea urchins, first cleavage may result in two, three, or rarely four
blastomeres. Diandric triploidy is one of the consequences, although a variety
of other mis-segregations leading to chromosome mosaicism can also result.
2N/3N mixoploidies have resulted in live births with a variety of developmental dis-
orders [45–47] (reviewed in [48–50]). Diploid sperm, the result of male meiotic
error, can also produce triploidy [51, 52].
Golubovsky [50] presents a hypothesis stating that postzygotic diploidization of

triploid embryos may be the origin of disorders resulting from genomic imprinting
errors. In mammals, the paternal and maternal chromosomes are specifically mod-
ified by DNA-methylation of “imprinted” genes, so that certain maternal genes are
silenced, as are complementary paternal genes. Angelman (AS) and Prader–Willi
syndromes (PWS; reviewed [53–56]) are uniparental disomy disorders (UPD)
with a spectrum of developmental, neurological, and behavioral consequences.
AS results from the loss of two maternally-expressed genes, whereas PWS is the
result of the reciprocal loss of two paternally-expressed genes.
Since the centrosomes in human zygotes robustly form bipolar spindles even in

the case of dispermy, it is possible that daughter blastomeres after cell division in-
herit two or more paternal or maternal chromosome sets. While enormous strides
have been made in understanding the molecular consequences of these imprinting
errors in both humans and now mouse models, the origins for uniparental diso-
mies remain mysterious.
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14.7
Maternal Centrosome Anomalies and Birth Defects

The aging of the maternal centrosome is perhaps the primary cause of reproduc-
tive failure in older women [57], since the rates of aneuploidy in pre-implantation
human embryos has been reported to be as high as 52–61% [58]. The majority of
these aneuploidies result from errors in female meiosis, particularly meiosis I.
This has led to the clinically useful FISH analysis of the first polar body [59],
the product of first meiosis, as a preconception genetic diagnostic (in contrast to
the more typical embryonic blastomere test: pre-implantation genetic diagnosis
or PGD; [60–62]).
Triploidy has been estimated to occur at Z 1% in humans; greater than 10% of

spontaneous miscarriages are triploid. The majority of triploidies are due to errors
in female meiosis, especially in polar body extrusion. However, a significant num-
ber of triploidies result from accurate female meiosis and dispermic fertilization.
Chromosome non-disjunction is well known to result in tragic birth defects [63,

64]. The majority of these errors occur in female meiosis, and first meiosis appears
particularly prone since the stringency of metaphase–anaphase checkpoint controls
is very low. While the precise phase at which mammalian oocytes reduce and lose
their traditional, replicating centrosomes is not well known, extrapolations from in-
vertebrates [65–67] suggest that the maternal centrosome is reduced before the
completion of the meiotic divisions [68].
In humans, all the mitotic divisions of the oogonia are completed by mid-gesta-

tion within female fetuses, i. e. 4–5 months prior to birth. As reproduction cannot
start for more than a decade and the potential of eggs from women older than
35 years declines swiftly, the nature of the maternal centrosome and its stability
over decades in these arrested oocytes is of both fundamental and clinical impor-
tance. With the advent of oocyte donation, women well beyond menopause [69]
can deliver healthy children – but only if the oocyte is obtained from a younger
woman.
For the centrosome biologist, questions persist regarding the capacity of the ma-

ternal centrosome inside an oocyte (which is reproductively viable) one-third of a
century old versus one that is half-century old (which produces aberrant meiotic
spindles and generates aneuploid embryos incapable of either implantation or em-
bryogenesis). In addition, it is not yet clear why the nature of female meiosis is so
different from that of male meiosis. Female meiosis in mammals begins in utero, is
arrested until puberty, and then once per month, is reinitiated in a small number
of arrested oocytes until they are depleted and menopause ensues. In contrast, mi-
tosis in the male germ line [70] restarts at puberty with continuous waves of male
meiosis as well as on-going proliferation of male germ cells. This permits the
remarkable ability to generate transgenic sperm as well as heterologous sperm
(e. g. rat sperm in mouse testes) by male germ cell transplantation [70, 71].
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14.8
Resolving the Special Problem of Parthenogenesis:
Roles of Cytoplasmic Motors and NuMA

Centrosomes have traditionally been described as critical for spindle microtubule
nucleation and spindle bipolarity (reviewed in [32]). As exemplified in rodents,
the dominant microtubule organizing center (MTOC) is derived strictly from ma-
ternal sources and remains active during meiosis as well as after insemination for
directing the motility events crucial to the completion of the fertilization process in
these species [35, 72] (reviewed in [7]). However, for all other mammals, the theory
of uniparental contribution of the centrosome is observed and reinforced by the
presence of multiple sperm asters during polyspermic insemination, as well as
by the lack of cytoplasmic asters after parthenogenetic activation. Most species
that follow a paternal method of centrosome inheritance also support partheno-
genic activation (reviewed in [7]), often leading to the development of cleavage
stage embryos [73–76].
Immunostaining and serial transmission electron microscopy (TEM) investiga-

tions on spindle pole organization in unfertilized primate and bovine oocytes
show a lack of any maternal centrosomes at their poles, although they still form
functional bipolar meiotic spindles [10, 77, 78]. These findings in mature oocytes
are consistent with prior reports suggesting that the loss or masking of the mater-
nal centrosome occurs before the onset of meiosis in mammals [68]. However,
parthenogenetic rabbit blastocysts display de novo centrioles, structures not ob-
served in early development in this species [73, 79, 80]. This poses a dilemma of
how the maternal centrosome might be restored in the unfertilized egg in a man-
ner that permits it to duplicate and split accurately for assembling bipolar mitotic
spindles after parthenogenetic activation [7].
During human [9] rhesus (Figure 14.4A), and bovine parthenogenesis [20] no

sperm astral microtubules are nucleated. Disarrayed cytoplasmic microtubules
are formed, mainly cortically derived, but these microtubules do not participate
in any nuclear positioning event within the cytoplasm. However, a bipolar spindle
is formed at the time of first mitotic metaphase, though its spindle poles lack spe-
cific centrosomal foci containing g-tubulin or pericentrin (Figure 14.4C and D).
This suggests that the maternal centrosome is not necessarily resurrected after
activation of the mature oocyte to initially assemble a mitotic bipolar spindle [7].
Recent evidence suggests that meiotic and mitotic spindles maintain the ability

to self-assemble and direct cell division without functional MTOCs [78, 81–85]. The
opposing activities of Eg5 and HSET kinesins have been implicated in bipolarity
establishment in somatic cells by maintaining centrosome separation during mito-
sis, a property closely tied to bipolar spindle formation in many somatic cells, and
cross-linking both parallel and antiparallel microtubules to produce opposing
forces within the spindle lattice [86–90]. Analysis of the spindle kinesin proteins
Eg5 and HSET during mouse meiotic maturation demonstrates their presence in
meiotic spindles while microinjection of function-blocking antibodies to Eg5 and
HSET showed their requirement for bipolar spindle assembly in this system
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[90]. In addition, these kinesin proteins along with the spindle matrix component,
NuMA (nuclear mitotic apparatus protein), have been identified in primate oocytes,
zygotes, and parthenogenotes [91]. Microinjection studies using function blocking
antibodies to these kinesins and NuMA have shown that these proteins play critical
roles in spindle assembly in unfertilized primate oocytes and mitotic parthenogen-
otes (C. Simerly and G. Schatten, unpublished observations). Similar crucial roles
for minus end-directed kinesin motors in organizing female meiotic spindles have
been described for Drosophila mutants deficient in the minus-end kinesin, non-
claret disjunctional (ncd) [92]. Taken together, these data suggest that the centro-
some may be dispensible for meiotic and first mitotic spindle formation after
parthenogenetic activation in primate eggs. Rather, it is the combined action of
microtubule cross-linking and oppositely oriented motor activity that is required
for spindle bipolarity in early primate eggs [90, 93].

14.9
Centrosomes during Cloning, and Centrosomes in Embryonic Stem Cells Derived
after Nuclear Transfer

Nuclear transfer (NT) cloning, sporadically successful in mammals [94–97], chal-
lenges fundamental tenets of developmental biology, including the precise require-
ment for exactly two parents of opposite sexes during natural reproduction, and its
mechanisms still remain inexplicable. Unlike fertilization, when two haploid gen-
omes unite within the activated egg’s cytoplasm as directed by the introduced
sperm centrosome, the maternal chromosomes on the meiotic spindle are removed
during NT cloning, a diploid nucleus is inserted, and the egg is activated as during
parthenogenesis. By adapting NT-cloning procedures, successful in domestic spe-
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Figure 14.4 Parthenogenesis in rhesus monkey oocytes. Parthenogenetically activated rhesus
oocytes display disorganized microtubules during interphase (A) with no preferential association
with the female pronucleus (B). At mitosis, however, a bipolar well-organized spindle is formed
(C) centering the chromosomes on the metaphase plate (D). A, C ¼ microtubules; B, D ¼ DNA.
Reprinted with permission from Wu et al. [40]. Bar ¼ 10 mm.



cies and mice, to non-human primates, however, unexpected problems have been
identified in the extranuclear inheritance of the centrosome.
Imaged live, monkey NT-cloned embryos appear normal, yet no pregnancies

resulted from 33 embryo transfers into 16 surrogates [91]. Microtubule and DNA
immunostaining of NT-cloned embryos at interphase demonstrated multiple
nuclei and inappropriate numbers of centrosomes during interphase compared
to fertilized controls and bovine clones produced by similar NT techniques
(Figure 14.5A) [37, 98]. Malformed first mitotic spindles after nuclear transfer
were also observed using a variety of somatic or embryonic cell types transferred
into enucleated rhesus oocytes [91]. The majority of mitotic spindles in rhesus
cloned embryos was multipolar and had misaligned chromosomes (Figure
14.5A). Despite the assembly of dysfunctional mitotic spindles, cleavage continues
but with unequal chromosome segregation, giving rise to aneuploid embryos.
These results are distinct from the normal bipolar mitotic spindles observed in
cows after nuclear transfer using similar methods (Figure 14.5A, inset) [37]. The
abnormal failure rate of correctly assembled bipolar mitotic spindles in rhesus
clones is surprising, given the ability of rhesus polyspermic and parthenogenetic
eggs to assemble bipolar spindles with aligned chromosomes (Figure 14.4C). How-
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Figure 14.5 Faulty mitotic spindles produce aneuploid embryos after primate nuclear transfer.
(A) Defective NT mitotic spindle with misaligned chromosomes. Centrosomal NuMA at meiosis
(B) and mitosis (C), but not in mitotic spindles after NT (D). The centrosomal kinesin HSET is
also missing after NT (E), but not centromeric Eg5 (F). Bipolar mitotic spindles with aligned
chromosomes and centrosomal NuMA after NT into fertilized eggs (G). Blue, DNA;
red, B-tubulin; green, NuMA in B, C, D, and G; HSET in E; and Eg5 in F. Reprinted with
permission from Simerly et al. [91]. Bars ¼ 10 mm (see Color Plates page XXXII).



ever, evidence suggests that primate NT cloning fails due to imbalances between
the chromosome sets, spindle pole numbers, microtubule-based molecular motors,
and the acquired somatic cell centrosome [91].
NuMA concentrates exclusively at the spindle poles in unfertilized meiotic and

fertilized mitotic oocytes (Figure 14.5B and C), but is not detected in cloned mitotic
spindles after nuclear transfer (Figure 14.5D). Likewise, the M-phase kinesin motor
HSET, which is routinely detected on meiotic and mitotic spindle poles [90], is not
detected on NT-cloned spindles (Figure 14.5E). Conversely, the oppositely-oriented
kinesin motor Eg5 binds centromere pairs in meiotic and mitotic spindles, includ-
ing those on NT-cloned mitotic spindles (Figure 14.5G). Collectively, these data
suggest that both NuMA and HSET are disrupted from participating in mitotic bi-
polar spindle assembly, perhaps because the majority of these proteins are removed
with the meiotic spindle during the initial enucleation step [91]. Supporting
evidence for meiotic spindle removal as the source for NT-clone mitotic errors is
found in experiments combining fertilization with nuclear transfer. In such
instances, the resulting tetraploid spindles are assembled with properly aligned
chromosomes on bipolar spindles and NuMA detected at the spindle poles
(Figure 14.5G).
Primate nuclear transfer appears challenged by molecular requirements in

assembling the first mitotic spindle which appear more stringent than those in
mammals where nuclear transfer succeeds. In cattle, the somatic centrosome
transferred during nuclear transfer organizes a large, well-formed microtubule
aster within the recipient’s cytoplasm [37], and mice rely exclusively on the oocyte’s
maternal MTOCs [7]. Successful reproductive cloning is achieved routinely only in
those well-studied species that provide vast numbers of both oocytes and surro-
gates, systems often capable of multiple deliveries and amenable to transfers of
supernumerary embryos.
Recent success in deriving a pluripotent human embryo stem cell line from a

human blastocyst generated by somatic cell nuclear transfer [99] underscores the
challenges in centrosome biology during cloning. While this accomplishment
may well pave the path to embryonic stem cell derivations after cloning, the single
successful line derived from the 242 oocytes was suggested by the authors to be
due in part to the aneuploidy generated by centrosome protein loss during enuclea-
tion.

14.10
Research Challenges for Centrosome Developmental Biologists:
Developmental Centrosomopathies

Reproduction is error-prone: clinically, fewer than one-quarter of natural concep-
tions succeed [100]. Even in favorable systems, nuclear transfer is at least 10-fold
worse. Any number of defects can account for nuclear transfer failures [101]:
e. g. nuclear reprogramming; cell cycle asynchrony; gene misexpression during
development; genomic imprinting errors; placental dysfunction; and technical
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damage. Included in this growing list are epigenetic obstacles like cytoplasmic
incompatibilities in mitotic spindle assembly. Notwithstanding their seeming nor-
malcy as imaged live and non-invasively, oocytes reconstituted after primate nu-
clear transfer have limited reproductive potential due to aneuploidy. A greater un-
derstanding of these abnormalities may facilitate the production of genetically
identical nonhuman primate models for the study of human diseases and for as-
sessing the promise of innovative stem cell therapies [102], goals which cannot
be met with current NT-cloning approaches due to chromosome imbalances result-
ing from spindle defects.
As the process that spans the fields of reproductive and developmental biology, a

full understanding of the cellular and molecular events during fertilization is cri-
tical. Centrosomal biologists are progressing rapidly in determining the molecular
constituents that comprise the centrosome and the minimal structure needed to
promote microtubule nucleation from this structure. As described throughout
this book, terrific advances in understanding centrosomal inheritance, composi-
tion, assembly, duplication, and separation in a variety of cell types are providing
important insights into how the centrosome mediates intracellular motility events
and the many other cellular processes linked to centrosomal activities. The impor-
tance of such advances in basic centrosomal biology has now translated to molecu-
lar medicine, where clinical problems ranging from sophisticated infertility treat-
ments [7] and contraception, hinge on a more complete knowledge underlying
this crucial cellular structure. Questions remain about gametogenesis and whether
the process has placed special restrictions on centrosome restorative phases in each
gamete, especially after injecting immature spermatogenic cells (spermatids, sper-
matid nuclei, spermatocytes) for the clinical treatment of male infertility (reviewed
in [7]).
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15
Microtubule Organizing Centers in Polarized Epithelial Cells

Mette M. Mogensen

15.1
Introduction

Microtubules are essential for many cellular functions including cell motility, po-
larity, division and the targeting of vesicles and signaling molecules. The precise
and intricate microtubule pattern deployed in cells is crucial for many of these mi-
crotubule-dependent processes and is mainly defined by the microtubule organiz-
ing center (MTOC). Many different morphologies of the MTOC exist, from the
spindle pole body (SPB) of yeast [1], the nucleus-associated body (NAB) of the cel-
lular slime molds [2], floating nucleating sites in plants [3] and multiple plasma
membrane associated nucleating sites in Drosophila epidermal cells [4] to the clas-
sic centrosome present in most animal cells. The centrosome consists of a pair of
centrioles and pericentriolar material (PCM) and it is responsible not only for the
nucleation of microtubules, but also for their anchorage [5, 6]. The minus ends of
the microtubules are anchored at the centrosome and elongation occurs by distal
plus-end addition of tubulin units [7]. However, the centrosome is not only a
microtubule organizer but also an anchor for many regulatory molecules and a
key player in the control of cell cycle progression and of cell function generally
[5, 8]. Based on evidence from centriole-induced disassembly studies, which sug-
gest that the centrioles are important for centrosome integrity and for the recruit-
ment and assembly of the PCM, it seems that when present the centrioles act as a
dominant focus for and organizer of the PCM [9]. In extracts of Xenopus eggs, the
centriole-associated protein kinase Nek2 has proved important for efficient recruit-
ment of PCM to the centrosome, with depletion delaying accumulation of g-tubulin
and microtubule assembly [10, 11]. The recent discovery of the centriolar com-
pound SAS-4, which appears to dictate centrosome size in Caenorhabditis elegans,
lends further support for centrioles as organizers of the PCM [12, 13].



15.2
Centrosomal Microtubule Nucleation

The microtubule nucleating power of the centrosome resides within the PCM [14,
15], a fibrous scaffolding lattice composed of coiled-coil proteins able to anchor sig-
naling molecules and components of the g-tubulin complex. Overwhelming evi-
dence points to the g-tubulin complex as the most efficient nucleator of microtu-
bules and as essential for nucleation at the centrosome [16–21]. Immunoelectron
microscopic tomography studies have identified g-tubulin ring complexes (g-TuRC)
within the PCM of Drosophila and Spisula, which seem to act as templates for the
initiation of microtubule assembly [17, 22]. So far six components of the g-TuRC, in
addition to g-tubulin, have been identified [23–25]. Similar complexes have also
been observed in the cytoplasm, where they have been suggested to act as a
store for centrosomal recruitment [20, 21, 26]. So far most evidence points to the
g-TuRC acting as a template for the assembly of microtubules but it still remains
to be determined whether an uncoiled g-TuRC forming a stable protofilament is
adapted in certain circumstances [27–32]. The requirement of g-TuRCs for nuclea-
tion at the centrosome is elegantly demonstrated in a series of experiments on salt-
extracted centrosomes. Salt-extracted centrosomes lack g-TuRCs and are unable to
nucleate microtubules, but subsequent recruitment of g-tubulin complexes from
cytoplasmic extracts make them nucleation competent [33, 34].
However, the g-TuRC alone is not sufficient to restore the nucleating capacity of

salt-extracted centrosomes, other components for anchoring the g-TuRCs to the
centrosome are needed. In budding yeast, Spc110p anchors the g-TuRC by interact-
ing with Spc97p and Spc98p of the g-TuRC [35, 36]. In Drosophila the addition of
Asp together with g-TuRCs can restore the nucleation ability of salt-stripped centro-
somes and Asp may be responsible for anchoring g-TuRC to the PCM lattice,
although it has also been implicated in tethering microtubules [37]. In mammalian
cells large coiled-coil A-kinase anchoring proteins such as AKAP450/CG-NAP and
pericentrin/kendrin seem to provide an important supporting network for the
binding of g-TuRCs. AKAP450 and pericentrin, which exist in two isoforms as peri-
centrin A and pericentrin B (also known as kendrin), interact with the g-TuRC via
the GCP2 and/or GCP3 (orthogs of Spc97p and Spc98p respectively) [25, 38] and
pericentrin has been suggested to be implicated in the recruitment of g-tubulin
to the centrosome [39–47]. Cep135 is another coiled-coil protein of the PCM and
when it is depleted microtubule organization but not nucleation, is affected. It
has been suggested to form part of the PCM scaffold and to be important for
the maintenance of the PCM structure [48]. Recently, Nlp (ninein-like protein)
has been suggested to be a docking protein for the g-TuRC during interphase
[49]. Nlp interacts with two components of the g-TuRC, recruits g-tubulin and
hGCP4 (human g-tubulin complex protein 4) and stimulates microtubule nuclea-
tion during interphase, while it is released from the centrosome prior to mitosis.
Nlp is a strong candidate for a g-tubulin binding protein and may thus be the miss-
ing link (adaptor), which directly anchors the g-TuRC to the PCM lattice during in-
terphase. The small GTPase Ran, which is best known as a key regulator of nucleo-
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cytoplasmic transport, is also involved in microtubule assembly. A fraction of Ran
is associated with the centrosome throughout the cell cycle. Ran forms a complex
with AKAP450, which excludes g-tubulin, and its delocalization from the centro-
some affects microtubule assembly although g-tubulin remains at the centrosome
[50].
Although there is little doubt that the g-TuRC is responsible for microtubule

nucleation and in principle could cap and anchor microtubules, it is unlikely
that it plays a major role in microtubule minus-end anchorage in vivo. It is becom-
ing increasingly clear that other complexes are responsible for microtubule minus-
end anchorage. The novel concept of two functionally distinct centrosomal com-
plexes, a g-tubulin nucleating complex and an anchoring complex responsible
for the anchorage of microtubule minus ends released from the g-tubulin complex,
was proposed following studies of polarized cochlear epithelial cells, where nuclea-
tion and anchoring sites are spatially separated [4, 51]. The centrosomal protein
ninein has emerged as a strong candidate for being part of the anchoring complex
[52, 53].

15.3
Non-centrosomal Microtubule Arrays

A radial array of microtubules anchored at a centrally located centrosome predomi-
nates in many animal cells (Figure 15.1). However, non-centrosomal microtubules
also occur and their proportion depends on the cell type. In many differentiated
cells including polarized cells such as intestinal, kidney, hepatocyte and retinal pig-
mented epithelial cells and certain mammalian cochlear cells as well as neuronal
and skeletal muscle cells, the majority of the microtubules are non-centrosomal
and a non-radial array is evident. Non-centrosomal microtubule arrays are critical
for many of the specialized functions of differentiated cells. For example, in intest-

30115.3 Non-centrosomal Microtubule Arrays

Figure 15.1 Cell with a radial
array of microtubules focused
on a juxta-nuclear centrosome.
A wide field fluorescent image
of a cell triple labeled for
microtubules with an antibody
to a-tubulin (green), for the
centrosome with an antibody
to g-tubulin (red or yellow
where co-localized with
a-tubulin) and for the nucleus
with DAPI (blue). Images by
courtesy of Gemma Bellett (see
Color Plates page XXXIII).



inal and kidney epithelial cells the apico-basal microtubules are essential for proper
sorting of membrane components and for directing vesicle traffic [54]. In the organ
of Corti in the inner ear large non-centrosomal apico-basal microtubule arrays in
the supporting cells provide physical resilience to its cellular architecture and con-
tribute to the efficient transmission of mechanical vibrations to the sensory hair
cells, which is critical for auditory perception [55].
How non-centrosomal microtubules are generated and which molecular me-

chanisms govern the dramatic reorganization of a radial microtubule array into
a non-centrosomal, apico-basal array has not been fully established. In some
cells the centrosome disassembles and new MTOCs are generated. The classic ex-
ample of redistribution of nucleating material occurs during vertebrate myogenesis
when microtubules are nucleated from sites associated with the nuclear envelope
while parallel arrays form in myotubes [56]. In polarized epithelial cells, redistribu-
tion of the nucleating material occurs in certain polarized epithelia of Drosophila
during late pupal morphogenesis, where microtubule minus ends are anchored
and elongate from multiple plasma membrane-associated MTOCs following the
loss of the centrioles [57–59]. In lens epithelial cells the centrosome apparently dis-
assembles only to relocate and reassemble de novo at a later stage in lens fiber dif-
ferentiation [4, 60, 61]. However, in most polarized epithelial cells the centrosome
remains, but relatively few microtubules radiate from it and, instead, the vast ma-
jority of microtubule minus ends are non-centrosomal. The question then arises,
as to whether the centrosome is still active and whether it is the predominant
site of microtubule nucleation. In rat Sertoli cells the centrosome, which remains
juxta-nuclear and basal during polarization, apparently no longer acts as the main
site of nucleation. Here the minus ends of the apico-basal microtubules are
anchored at apical non-centrosomal sites and re-grow from these sites following
nocodazole removal, which suggests non-centrosomal nucleation [62].
Establishment of polarity in most epithelial cells involves migration of the cen-

trioles to the apical cell surface, loss of radial microtubule organization and the for-
mation of a predominantly apico-basal array [63–66]. In many epithelial cells one
of the centrioles becomes a basal body, which gives rise to a primary cilium, but
also supports a small cytoplasmic fascicle of microtubules. The majority of the mi-
crotubules are non-centrosomal and in a few epithelial cell types, such as retinal
photoreceptor cells and sensory hair cells of the mammalian inner ear, they remain
free in the cytoplasm [67–70], while in most others they are anchored at apical non-
centrosomal sites [63–65, 71–73]. So is the apical centrosome still the dominant
nucleating site in these polarized epithelial cells? Data from Madin–Darby canine
kidney (MDCK) cells [71] and from cochlear supporting cells [51] suggest that the
non-centrosomal microtubules originate from the centrosome and that they are not
nucleated at the non-centrosomal apical sites where the minus ends of the apico-
basal microtubules are anchored.
Inner ear epithelial cells located in the cochlea, which retain their centriole-con-

taining centrosome, have proved extremely useful as a model system for studying
microtubule nucleation and anchorage in a tissue system where non-centrosomal
microtubules predominate. This is particularly the case for the supporting inner

302 15 Microtubule Organizing Centers in Polarized Epithelial Cells



and outer pillar cells of the organ of Corti, which assemble large apico-basal arrays
of several thousand microtubules during tissue morphogenesis [51, 73, 74]
(Figures 15.2 and 15.3). Microtubule polarity investigations show that the minus
ends of the microtubules are associated with the apical anchoring sites in the pillar
cells [75]. This provides a large target for microtubule-associated proteins which
facilitates their unambiguous detection. In addition, the distinct and morphologi-
cally well-defined temporal and spatial differentiation process of the pillar cells
enables assessment of the distribution of such proteins during assembly of the
apico-basal arrays. Further, it provides an opportunity to study centrosomal and
microtubule organization during normal tissue morphogenesis in situ.
g-Tubulin and pericentrin are concentrated at the centrosome in the pillar cells

throughout development and they have not been detected at the apical sites,
where most of the microtubule minus-ends are concentrated (Figure 15.2b). This
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Figure 15.2 Apico-basal microtubule arrays
in cochlear inner pillar epithelial cells.
(a) Schematic 3-D representation of the
microtubule organization (blue) in an inner
pillar cell during assembly of the apico-basal
array. The centrosome (red with centriole
and basal body/primary cilium in blue) is
located at the apex and most of the micro-
tubule minus-ends are anchored at a per-
ipheral apical ring (grey). The nucleus is
shown in yellow. Adapted from [52]. (b) Wide

field fluorescent image of the apical halves of three inner pillar cells showing an apico-basal array
of microtubules (labeled with an antibody to a-tubulin in green) and g-tubulin (red) concentrated
at the apical centrosome. Images by courtesy of Gemma Bellett. Bar ¼ 10 mm (see Color Plates
page XXXIII).

Figure 15.3 Microtubules at the apical non-centrosomal site in an inner pillar cell. Transmission
electron microscopic image of a longitudinal section through the apical region of an inner pillar
cell during assembly of the apico-basal microtubule array. The majority of the microtubules are
associated with dense material at the apical periphery (large arrows) while a few microtubules can
be seen near the centrosome (small arrow). Bar ¼ 0.5 mm.



suggests that microtubule nucleation is confined to the centrosome. Similarly, g-tu-
bulin is concentrated at a single apical focal point in other polarized epithelial cells
such as MDCK and retinal pigment epithelia cells [71, 76]. The microtubule minus
end-anchoring protein ninein, on the other hand, is evident at the centrosome and
at the apical non-centrosomal sites where several thousand microtubule minus-
ends are concentrated (Figure 15.4). Furthermore, a transit population of microtu-
bules and ninein speckles are evident between the centrosome and the apical sites,
while microtubule assembly is progressing. This correlates with the observed gra-
dual shift in microtubules from the centrosome to the apical sites and the simul-
taneous accumulation of ninein at the apical sites during development. Evidence
from studies on polarized MDCK cells also supports microtubule nucleation at
the centrosome and anchorage at the apical sites. Microtubule re-growth analyses,
following nocodazole-induced microtubule depolymerization, reveal an initial
radial centrosomal array, which is subsequently replaced by an apico-basal non-cen-
trosomal array. In addition dynactin, which has been suggested to be important for
microtubule minus-end anchorage at the centrosome, is located at the cell apex in
polarized MDCK cells [71, 77, 78]. Analyses of microtubule assembly in these cells
led to the proposal of a novel microtubule release and capture mechanism for the
generation of non-centrosomal apico-basal arrays in polarized epithelial cells. The
studies also suggested that the centrosome contains two functionally distinct com-
plexes, one concerned with nucleation and the other with anchorage, which in
these highly specialized cells are located at different sites [4, 51, 52, 75].
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Figure 15.4 Ninein localization in
inner pillar cells. Projection of confo-
cal optical sections through two iso-
lated inner pillar cells at a stage when
some 3000 microtubule minus-ends
are concentrated at the apical sites.
The pillar cells have been labeled
with an antibody for ninein (yellow).
Ninein is concentrated at the centro-
some and at the apical sites but
ninein speckles are also evident within
the apical half of the cytoplasm.
From [52]. Bar ¼ 5 mm (see Color
Plates page XXXIV).



15.4
Microtubule Minus-end Anchorage at Centrosomal and Non-centrosomal Sites

The concept of two functionally distinct centrosomal complexes was conjectured by
De Brabander and co-workers [79] who speculated that microtubule nucleation and
anchorage may be separate events involving different parts of the centrosome. This
has now become highly relevant and is clearly central to the control of microtubule
assembly and organization in cells generally. Two functionally distinct microtubule
minus-end-associated complexes, one nucleating and one anchoring, thus seem to
be fundamental components of the centrosome (Figure 15.5). The assembly of
non-radial arrays, typical of many differentiated cells, is likely to depend on the
redeployment of either nucleating or anchoring complexes or both to other sites.
The assembly of the apico-basal arrays in, for example, the pillar cells involves
the relocation of anchoring complexes to apical sites, while in Drosophila wing
cells it seems that both nucleating and anchoring complexes become associated
with multiple apical sites.
The centrosomal protein ninein is a strong contender as a component of the an-

choring complex. Ninein is a coiled-coil protein which exists as several splice var-
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Figure 15.5 Two centrosomal complexes: a nucleating and an anchoring complex. Schematic
diagram showing the organization of nucleating (g-TURC) and anchoring (ninein) complexes
within the centrosome based on recent findings. The possible fates of a microtubule nucleated by
a g-TURC and centrosomal anchoring complexes are outlined in 1–4. (1) Microtubule release
from the g-TURC following nucleation; (2) microtubule minus-end capping by a capping/an-
choring complex; (3) microtubule release from the centrosome or firm anchorage within the PCM
closely associated with the mother centriole; (4) release of anchoring complexes from the cen-
trosome and their transport along a microtubule (see Color Plates page XXXIV).



iants and localizes to the centrosome in most cells displaying a radial microtubule
array [80–82]. Ninein localizes together with g-tubulin at the centrosome in co-
chlear pillar cells, but is evident also at the apical sites where the majority of the
microtubule minus-ends accumulate [52]. Immunofluorescent imaging reveals
that ninein is concentrated around one of the centrioles, often organized into sev-
eral dots, while only a single, usually faintly stained, dot is associated with the
other centriole [52, 53, 83]. Immunoelectron microscopy has pinpointed ninein
to the tip of the subdistal appendages of the mother (older) centriole and to the
minus ends of both centrioles, which provides evidence for a role in minus-end an-
chorage [52]. The tips of the subdistal appendages are the focus for the minus ends
of a fascicle of microtubules and the proximal ends of the centrioles, which contain
the minus ends of the centriolar microtubules, are regions with strong sequester-
ing affinity for minus-end binding proteins [84, 85]. Ninein is also present at the
minus ends of microtubules within the PCM [52]. Affinity for the minus end is
further supported by co-localization of ninein with C-Nap1, which is known to as-
sociate with the minus ends of the centrioles [83]. Microtubule re-growth, overex-
pression and depletion studies, in particular, support the role of ninein in micro-
tubule minus-end anchorage. g-Tubulin is usually closely associated with the cen-
trioles [85] and while both mother and daughter centrioles nucleate similar num-
bers of microtubules following nocodazole removal, only the mother with its high
concentration of ninein is able to maintain a radial array [53]. Ninein overexpres-
sion, which leads to the formation of highly ordered aggregates consisting of
nodes and fibers, causes an increase in microtubule anchorage, and a marked de-
crease in microtubule release. Nocodazole re-growth experiments in cells overex-
pressing ninein show no effect on microtubule nucleation or elongation but result
in a dramatic fall in non-centrosomal microtubules [86]. Striking evidence for a role
in anchorage comes from ninein inhibition and depletion studies, which affect mi-
crotubule organization but not nucleation. Microinjection of anti-ninein antibodies
or RNAi depletion of ninein results in loss of the radial array [87].
Other centrosomal proteins such as cenexin/ODF2, centriolin, Cep110 and e-tu-

bulin also localize to the subdistal appendices [83, 88–90]. e-Tubulin, like ninein
does not appear to play a role in microtubule nucleation as depletion does not
affect the ability of sperm centrosomes to nucleate. However, it does seem to influ-
ence microtubule organization. e-Tubulin together with ninein and g-tubulin is
present at the focus of non-centrosomal DMSO-induced asters in Xenopus extracts
and e-tubulin depletion disrupts the radial arrangement [88]. Centriolin, which has
proved to be important for the normal progression of cytokinesis, does not seem to
play a central role in microtubule minus-end anchorage as RNAi depletion does
not affect microtubule organization [89]. However, centriolin localizes to the apical
anchoring sites in the pillar cells, which may reflect a role in microtubule stabiliza-
tion rather than anchorage.
Dynactin has also been reported to have a key role in microtubule anchorage, in-

dependently of dynein, at the centrosome and at apical non-centrosomal sites in
polarized MDCK cells. Dynactin shows preferential association with the mother
centriole and overexpression of dynactin subunits affects centrosome integrity
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and induces microtubule disorganization [77, 78, 91]. Dynein/dynactin has recently
been shown to be needed for the recruitment of ninein to the centrosome, and
PCM-1 seems to play a role in this process [87].

15.5
Centrosomal Release of Microtubules and Anchoring Complexes

Centrosomal microtubule nucleation and release is not a new concept but was ori-
ginally proposed as part of the conveyer belt hypothesis in which microtubules are
continuously nucleated and released from the centrosome [92]. Release has been
visualized in epithelial cell cultures [93, 94] and has been shown convincingly to
be the main mechanism for producing non-centrosomal, free microtubules in neu-
rons [95]. In polarized epithelial cells, unlike in neurons, microtubules are subse-
quently captured and anchored at apical non-centrosomal sites following their
release. Evidence is now emerging which reveals that anchoring complexes are
also released from the centrosome [5, 52, 86].
The mechanism responsible for centrosomal microtubule release in epithelial

cells is not known, but the microtubule-severing protein katanin is a strong candi-
date. Katanin is a well-established microtubule-severing protein which has been
shown to be important for microtubule release from their centrosomal attachment
and for neuronal differentiation [95–98]. Evidence also suggests that katanin is
responsible for M-phase severing activity at the spindle poles in mammalian
cells, which is thought to play a critical role in minus-end depolymerization of
spindle microtubules for pole-ward flux during mitosis [99, 100]. Interestingly,
high resolution electron tomography analyses of microtubule minus-ends at mito-
tic spindle poles show a high proportion of open-ended kinetochore microtubules
which is consistent with the action of katanin [101]. A katanin-like protein, MEI-1,
in Caenorhabditis elegans also severs microtubules and is essential for meiotic spin-
dle function [102, 103]. Katanin also seems to mediate the severing of axonemal
microtubules during deflagellation in Chlamydomonas [104] and a katanin-like pro-
tein in plants is important for microtubule organization and dynamics [105].
In epithelial cells not only microtubules but also anchoring complexes are

released from the centrosome [52, 86] (Figure 15.5). Release and positioning of
microtubule minus-end anchoring complexes is likely to be central to the assembly
and stabilization of the apico-basal arrays in polarized epithelial cells. Analyses of
ninein distribution during assembly of the apico-basal arrays in the pillar cells sug-
gest that ninein is released from the centrosome and relocates to non-centrosomal
apical microtubule minus-end anchoring sites in a microtubule-dependent manner
[52]. Ninein release and bi-directional movement along microtubules has been
visualized in living epithelial cells expressing green fluorescent protein-ninein
(D. Moss and M. M. Mogensen, unpublished observations). The mechanism
responsible for release of anchoring complexes from the centrosome during as-
sembly of the apico-basal arrays is not known but phosphorylation is likely to be
involved. Ninein is possibly phosphorylated by Aurora A and PKA (cAMP-depen-
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dent protein kinase), which could be responsible for its displacement from the cen-
trosome during mitosis [106]. The ninein related protein, Nlp has been also shown
to disassociate from the centrosome prior to mitosis, in this case in response to
phosphoration by Plk1 (Polo-like kinase 1) [49]. Ninein and other anchoring com-
ponents may also be released together with the microtubules.
Relocation of ninein to the apical sites is likely to be microtubule dependent and

involve microtubule-based motors since nocodazole disperses cytoplasmic speckles
from the transit region in the pillar cells and inhibits ninein dynamics [52]. Intri-
guingly, findings from studies on PCM-1 suggests that PCM-1 granules (also
known as pericentriolar satellites) may act as a cargo vehicle for the transport of
ninein and other proteins such as centrin and pericentrin to the centrosome
[87]. PCM-1 granules move along microtubules towards the centrosome in a dy-
nein-dependent manner [107, 108]. Inhibition or RNAi depletion of PCM-1 does
not affect microtubule nucleation but dramatically decreases the amount of ninein
at the centrosome and indirectly affects microtubule anchorage at the centrosome
[87]. This further supports the idea that microtubule nucleation and organization
are controlled by separate complexes. Whether PCM-1 is also responsible for
ninein translocation from the centrosome to the apical sites will be interesting
to determine. PCM-1 has been observed at the apical anchoring sites in the pillar
cells (G. Bellett and M. M. Mogensen, unpublished observations) and this may be
indicative of a role in ninein accumulation at non-centromal sites. Alternatively,
PCM-1 may have a more direct role in microtubule anchorage and form a docking
platform for ninein, possibly via its interaction with dynein/dynactin. Future stu-
dies will need to resolve the composition of the anchorage sites with variants of
the AKAPs being strong candidate components. In fact AKAP350 has been loca-
lized to apical foci in polarized MDCK cells [109] although a connection with
microtubule minus-end anchorage remains to be determined.

15.6
Stabilization of Non-centrosomal Microtubules

Anchorage of microtubules at the centrosome ensures stabilization of microtubule
minus-ends, which might otherwise be subject to depolymerization. Stabilization
of the minus ends of free microtubules is an essential step towards the creation
of non-centrosomal microtubule arrays. The g-TuRC complex has been suggested
to act as a microtubule minus-end cap [31, 32, 110]. However, g-tubulin is not
associated with the transit microtubule population or present at the microtubule
minus-ends at the apical sites in the pillar cells. Similarly, g-tubulin does not
appear to cap the minus end of free microtubules released from the centrosome
in neurons [111]. In addition, g-tubulin has not been detected at the end of free
microtubules in epithelial cells [112]. The fate of the released microtubules is likely
to depend on the microenvironment that the new microtubule ends are exposed to.
Treadmilling, which is the continuous polymerization at the plus ends and depo-
lymerization at the minus end, is frequently observed in cytoplasts prepared
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from melanocytes or fibroblasts while rarely in cytoplasts from epithelial cells [112,
113]. Instead, in epithelial centrosome-free cytoplasts the microtubules show dy-
namic instability [114]. This suggests that non-centrosomal microtubules in epithe-
lial cells may be stabilized especially at their minus ends by an end-capping com-
plex and/or by microtubule-associated proteins (MAPs), which prevent their depo-
lymerization. Ninein is also a potential microtubule minus-end capping protein as
it associates with the transit microtubule population in the pillar cells and with free
microtubules in cultured epithelial cells. Furthermore, ninein associates with the
minus end of paclitaxel-induced microtubule bundles [86]. Ninein may thus per-
form an additional role in capping the minus end and providing microtubule sta-
bility whilst in transit.
Cell differentiation seems to involve increased microtubule stability. Polarization

and formation of cell contacts in MDCK cells, for example, doubles the half-life
time for microtubule turnover [115]. Cadherin-mediated signaling seems to influ-
ence the control of microtubule dynamics and stabilization of the minus ends of
non-centrosomal microtubules [116, 117]. Expression of cadherins and cell-to-cell
contacts in centrosome-free cytoplasts induces a switch in microtubule behavior
from treadmilling to dynamic instability suggesting stabilization of the minus
end. Signaling from cadherins to microtubules has been suggested to involve
the small GTPases and Ran has been proposed as a potential mediator of
minus-end stability [50, 116]. Interestingly, a fraction of Ran localizes to the centro-
some and in the pillar cells it is also present at the apical anchoring sites [50]. Plus-
end dynamic instability is also suppressed in fully contacted newt lung epithelial
cells, which implies plus-end capping [117]. Selective stabilization of microtubules
has been shown to involve the Rho GTPases and the downstream effector mDia
(mouse diaphanous-related formins) [118, 119]. mDia binds microtubules along
their length, induces stability and caps both ends without apparently binding to
them. So mDia seems to protect free non-centrosomal microtubules. Interestingly,
the microtubules within the apical region of the pillar cells become detyrosinated
and acetylated relatively early in the assembly process, which is indicative of stabi-
lization [120]. Several potential candidates for microtubule plus-end capping exist,
including CLIP-170, EB1, dynein/dynactin and APC (adenomatis polyposis coli)
protein. APC is a potential plus-end-associated protein and is likely to play an im-
portant role in microtubule stabilization in polarized epithelial cells. The role of
APC in microtubule plus-end anchorage and stabilization is highlighted in studies
of the pillar cells from the min mouse (APC heterozygote mutant), which reveal
marked reductions in microtubule numbers [75]. The pillar cells are subjected to
considerable mechanical stress during the process of hearing and microtubule
stability is likely to be a prerequisite of their survival.
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15.7
Release and Capture

Release and capture is likely to be the main mechanism for generating non-centro-
somal apico-basal arrays in most polarized epithelial cells which retain their centro-
some. The role of microtubule minus-end anchoring complexes is likely to be cen-
tral to this process with not only microtubules but also anchoring complexes being
released, translocated and captured at non-centrosomal sites. Indirect evidence for
translocation of microtubules from the centrosome to the apical sites comes from
studies of nocodazole re-growth sequences in MDCK, WIF-B and Caco-2 cells,
where a centrosomal aster is initially formed but subsequently replaced by an
apico-basal array [71]. Evidence also comes from analyses of microtubule assembly
in cochlea pillar cells during tissue morphogenesis. Here both microtubules and
ninein gradually accumulate at the apical sites and only appear in the transit
region while assembly of the apico-basal arrays is proceeding. It could be argued
that the transit microtubule population and apico-basal arrays are not a result of
centrosomal release but due to cytoplasmic microtubule assembly. Cytoplasmic
microtubule assembly has been observed in several cell types [29, 121–123] but
whether it is a spontaneous process induced by locally high tubulin concentration
or is mediated by free g-TuRCs is not clear. It may be that non-centrosomal cyto-
plasmic microtubule nucleation contributes to the transit microtubule population
especially in systems such as the pillar cells where large numbers of free microtu-
bules may increase turnover and create microenvironments favorable for self
assembly.
The release and capture mechanism may be operating in one of two ways, de-

pending on the cell type, and is probably governed by the distance between the cen-
trioles (Figure 15.6). Control of the distance between the centrioles could poten-
tially be affected by the Nek2/C-Nap1/PP1 complex as has been suggested pre-
viously [5, 124–127]. The daughter centriole is not able to retain microtubules
and tends to release them, while the mother centriole has a strong capacity for
anchorage [52, 53]. In cells where the daughter centriole tends to be relatively
far from the basal body (mother centriole), which is apparent in the pillar cells,
the classic release and capture mechanism is likely to operate. Here evidence sug-
gests that microtubules are nucleated at the centrosome and short microtubules
together with anchoring complexes (ninein) are released, translocated and captured
at the apical sites (Figure 15.6). How microtubule translocation is effected in these
cells is not known but an extensive actin-based filament system is present in co-
chlear epithelial cells and a sliding interaction between actin filaments and micro-
tubules could enable dual translocation of these cytoskeletal filaments. The final
cytoskeletal apico-basal array in the pillar cells consists of microtubules and inter-
digitating actin filaments [72].
Substantial evidence has emerged to show that free microtubules are translo-

cated through the cytoplasm towards the cell periphery. Microtubules have been
directly observed to move by translocation in PtK1 cells [93]. Studies of microtubule
release in cultured cells during re-growth following nocodazole removal reveal that
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dynein is involved in the mediation of translocation towards the cell periphery [86].
Furthermore, it seems that translocation of short microtubules does not depend on
a microtubule network, instead, movement is suggested to be mediated by dynein
motors linked to actin or intermediate filaments. This has previously been shown
for neurons. In neurons dynein and dynactin are responsible for microtubule
translocation from the centrosome in the cell body into the axon and microtubules
have been proposed to move relative to actin filaments [128, 133]. MyosinV is also a
strong candidate for the translocation process. Very recent findings show that myo-
sinVa binds to microtubules and mechanochemically couples microtubules to actin
filaments [129]. It is tempting to speculate that factors such as mDia may facilitate
the sliding interaction as overexpression of mDia results in co-alignment of micro-
tubules and actin filaments [119] and that dual translocation of these filaments is
mediated by dynein and myosinV (Figure 15.6).
In polarized epithelial cells, where the centrioles remain fairly close to each

other, release of microtubules from the daughter centriole is likely to lead to
their capture by anchoring complexes associated with the mother centriole. The
consequence is likely to be the assembly of an initial extended radial array
anchored at the centrosome, and this may be the case for MDCK cells. Plus-end
capture of microtubules at the lateral cell surface, possibly mediated by plus-end-
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Figure 15.6 Release and capture. Two variants of the release and capture mechanism are illu-
strated to show the assembly of non-centrosomal apico-basal microtubule arrays in polarized
epithelial cells. The right-hand side shows the classic release and capture version involving the
release of relatively short microtubules and their subsequent translocation and capture at apical
sites, whereas the left-hand side shows the modified version involving microtubule plus-end
capture, release, translocation and minus-end capture. The two variant models are not mutually
exclusive (see Color Plates page XXXV).



associated dynactin- and actin-anchored dyneins at the cell surface, may trigger mi-
crotubule release. The subsequent downward translocation and minus-end capture
and anchorage at the apical site are likely to be mediated by anchored dynein. EB1
associates with the growing plus ends of microtubules and has been shown speci-
fically to interact with the p150Glued complex at the tip of microtubules and may
deliver the dynein/dynactin complex to the cell cortex [130–132]. APC is likely to
anchor microtubule plus-ends at cell surface sites and mediate interactions with
actin at adherens junctions via b-catenin or via Asef at other sites. So a modified
release and capture mechanism, involving plus-end capture, release, translocation
and minus-end capture, may be operating in these polarized cells (Figure 15.6).
Translocation of anchoring and docking complexes is likely to be mediated by
motor proteins, microtubules and possibly carriers such as PCM-1.
The assembly of apico-basal microtubule arrays in most polarized epithelial cells,

which have retained their centrosome is evidently controlled by the release and po-
sitioning of microtubules and minus-end anchoring complexes. The future holds
exciting prospects for resolving the molecular basis for the release and transloca-
tion of microtubules and their minus-end anchoring complexes.
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Notes

New exciting findings from Bornen’s lab, reveal that ninein not only is critical for
microtubule minus-end anchorage but also for the docking of g-TuRCs at the cen-
trosome. In addition ninein is shown to interact with the p150glued subunit of
dynactin and seems to be a major structural protein of the subdistal appendages
of the mother centriole (communication Delgehyr and Bornens).
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Centrosome Anomalies in Cancer: From Early Observations
to Animal Models

Thea M. Goepfert and William R. Brinkley

16.1
Early Observations

Early in the last century, Theodor Boveri proposed that the characteristics seen in
malignant tumors, such as loss of cell polarity and chromosomal segregation ab-
normalities (aneuploidy), result from defects in centrosome function [1]. Boveri
first coined the terms “centrosome” and “centriole”, described their location in
the cytoplasm, and identified their role in mitosis and aneuploidy:

The centrosome generally lies outside but near the nucleus. In its passive condi-
tion it is a minute speck in the cell; but in its active phase it becomes the centre of
an “attraction sphere”, with radiating fibers, constituting the aster. Along these
fibers the split chromosomes travel in cell-division to the opposite poles of the
achromatic spindle. [2, 3]

As early as 1887, Boveri determined that inheritance and heritable elements were
intimately associated with chromosomes. In joint studies with Edouard van Bene-
den on the horse nematode, Ascaris megalocephala, Boveri observed that chromo-
somes (chromatic elements) migrated toward one of the two poles in normally
dividing eggs. Boveri reasoned that “the nuclei of the resulting daughter cells
must receive different qualities, in case we are to ascribe different qualities to
the individual chromatic elements” [2]. Ultimately, he realized that Mendel’s her-
edity laws from 35 years earlier were in perfect accordance with his own cytological
and developmental discoveries.
Boveri and van Beneden also observed abnormal cell division in Ascaris eggs.

Occasionally, cells divided with multiple spindle poles (tetrasters) when two sperms
fertilized one egg (dispermic egg). An example is shown in Figure 16.1, which de-
monstrates the resulting unequal distribution of chromosomes to four poles. From
this observation, they theorized that “the harmful effect of multiple poles is due to
the fact that as a rule they cause an abnormal chromatin complement in the
daughter cells” [4].



Boveri continued to explore the consequences of chromosome duplication by
studying the complex division of fertilized sea urchin eggs. In culture, a fertilized
sea urchin egg divides to form four cells without passing through the normal two-
cell stage. This cell division involves four distinct spindle poles, and each of the
resulting cells, if gently separated, can develop into a normal adult. In dispermic
sea urchin eggs, however, when Boveri separated daughter cells at the four-cell
stage and looked at their development, he found that the individual “quarter em-
bryos” rarely developed normally. He also observed that each of the four cells de-
veloped differently from the others. Boveri therefore hypothesized that each cell
needs a full set of chromosomes for normal development [4]. If any chromosomes
are missing, the cell lacks “developmental potential”. Boveri’s theory that chromo-
somes are responsible for the normal cell function and his observation that aber-
rant chromosome combinations in dispermic eggs cause damage to such cells,
led him to postulate a link between cell division and cancer. When Boveri pub-
lished the results of his experiments on the development of double-fertilized sea
urchin eggs in 1902, he added the suggestion that “malignant tumors might be
the result of a certain abnormal condition of the chromosomes, which may arise
from multipolar mitosis”. His perception that the “tumor problem is a cell pro-
blem”, seems obvious today, but it represented an important step toward under-
standing the significance of the biology of cell division in cancer.
David von Hansemann was another early pathologist who recognized the poten-

tial role of the mitotic process in cancer. Despite von Hansemann’s lesser stature in
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Figure 16.1 Th. Boveri (1908) and tetrapolar spindle in an egg of Ascaris megalocephala bivalens.
Chromosomes arranged on several spindles. Top right of the figure: of the four poles, two (a,c)
will receive only one chromosome, b will receive three or four; d, two [2].



the scientific world of the 19th century, his writings significantly influenced Boveri.
Von Hansemann coined the term anaplasia and defined it as:

A process carrying the cell in some entirely new direction – a direction, moreover,
which is not the same in all tumors, nor even constant in the same tumor – the
anaplastic cell is one in which, through some unknown agency, a progressive
disorganization of the mitotic process occurs. [5, 6]

Although Boveri never studied cancer per se, his seminal paper “Zur Frage der
Entstehung maligner Tumoren” (The origin of malignant tumors), postulated (a)
that the neoplastic properties of a cancer cell derive from chromosomal aberra-
tions, and (b) that a malignant transformation results from the clonal expansion
and proliferation of a single chromosomally-altered somatic cell [1].
From meticulous experimentation and tested hypotheses, Boveri concluded that

for the products of cell division to develop normally, they must receive from their
progenitor a full set of the structures that determine inheritance – the chromo-
somes. With these elegant experiments he set the agenda for cytogenetics and
cell division research for the centuries to come. E. B. Wilson wrote in memory
of Boveri:

The work was in high degree original, logical, accurate, and thorough. It
enriched biological science with some of the most interesting discoveries and
fruitful new conceptions of our time. [7]

Boveri’s hypothesis on the role of the centrosome in normal mitosis and its signif-
icance in cancer was an attempt to construct a unifying vision for cancer, without
significant experimental verification. He acknowledged this and in 1904, concluded
that:

…building castles in the air can provide the stimulus which is essential for
carrying out painstaking experimental work. [6]

No longer “castles in the air”, Boveri’s innovative hypothesis implicating centro-
somes in the development of cancer has recently been resurrected [8] and re-exam-
ined [8–12], and currently finds support in several studies, using both tumor-
derived cell lines and animal tumor models. During their development and pro-
gression, both primary and metastatic human tumors have been found to display
prominent centrosome anomalies, especially centrosome amplification. Careful
examination of human breast carcinomas and normal breast specimens revealed
that structural and functional centrosome abnormalities are characteristic of cancer
cells in situ [9, 10]. Characteristic structural alterations included increased centro-
some number and volume, supernumerary centrioles, accumulation of excess peri-
centriolar material, and inappropriate phosphorylation of centrosomal proteins. As
originally proposed by Boveri, these observations have important implications for
understanding the mechanisms underlying two characteristics of high-grade tu-
mors: genomic instability and the loss of cell polarity [11, 12]. At least one pathway
to genomic instability appears to be linked to the amplification of functional cen-
trosomes, a phenomenon that is frequently observed in tumor types [13]. A sig-
nificant fraction of precursor lesions were found to display centrosome defects,
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including in situ carcinoma of the uterine cervix, prostate, and female breast [14].
Moreover, centrosome defects occurred together with mitotic spindle defects, chro-
mosome instability, and high cytological grade.
These reports were followed by additional findings and two articles entitled

“Managing the centrosome numbers game: from chaos to stability in cancer cell
division” [15] and “Centrosome aberrations: cause or consequence of cancer pro-
gression” [16], that offered insights into mechanisms and molecular scenarios
for the origin of supernumerary centrosomes.

16.2
Origin of Centrosome Anomalies

At least four mechanisms allow cells to acquire more than two centrosomes
(Figure 16.2) and these will be discussed in Sections 16.2.1–16.2.4.

16.2.1
Deregulation of Centrosome Duplication

Two major controls regulate centrosome duplication: proper timing of the initia-
tion of duplication, which occurs at late G1/S-phase of the cell cycle, and suppres-
sion of reduplication of duplicated centrosomes (see Chapter 9). If these controls
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Figure 16.2 Origin of supernumerary centrosomes. Four mechanisms for the accumulation of an
excess number of centrosomes are illustrated: (a) deregulation of centrosome duplication; (b) de
novo formation of centrioles or uncontrolled separation of centriole pairs; (c) failure to undergo
cytokinesis, and (d) fusion of cells.



are abrogated, centrosomes will duplicate multiple times within a single cell cycle,
resulting in centrosome hyperamplification [17, 18].
By fusing cells in different cell-cycle stages, Wong et al. found that G2 centro-

somes were unable to reduplicate in a cellular environment that supports centro-
some duplication [19]. The block to reduplication is intrinsic to the centrosomes
rather than the cytoplasm. Human primary cells exert tight control over centro-
some number during prolonged S-phase arrest but partially lose this control in
transformed cells. Thus, genomic stability may require control over centrosome
duplication [19]. The presence of aberrant centrosome numbers in many types
of cancer [10, 20, 21] make it likely that cancer cells characteristically have defects
that prevent them from suppressing centrosome reduplication.

16.2.2
De Novo Formation of Centrioles or Uncontrolled Separation of Centriole Pairs

Studies on the consequences of centrosome ablation by laser microsurgery (see
Chapter 10) indicate that many vertebrate cells can form centrioles de novo, a me-
chanism normally suppressed by existing centrioles [22]. Centrioles are physically
partitioned from each other prior to duplication (see Chapter 9). Abrogation of this
control causes the centriole pair to split apart, generating two centrosomes, each
containing a single centriole and pericentriolar material, thereby causing acquisi-
tion of an extra microtubule organizing centre. If cell mutation(s) leads to overex-
pression of certain PCM components, the cells may form acentriolar centrosomes,
as seen normally in the meiotic phases of oocytes that lack centrioles [23].

16.2.3
Failure to Undergo Cytokinesis

Cell division failure can have several primary causes, including the deregulation of
pathways that coordinate mitotic progression and cytokinesis (see Chapter 8), mu-
tational activation or inactivation of a certain protein that controls cytokinesis, the
persistence of unrepaired DNA damage, or malfunction of the spindle-assembly
checkpoint (see Chapter 11), or adaptation to a prolonged checkpoint. If these aber-
rations accompany cells that enter the next cell cycle, they will reduplicate the cen-
trosomes, resulting in an excess number of centrosomes and twice the normal
amount of DNA [24].

16.2.4
Fusion of Cells

Fusion-induced centrosome amplification has been observed following ectopic ex-
pression of the RAD6 ubiquitin-conjugating enzyme in human breast epithelial
cells [25]. Adjacent nuclei of Rad6-overexpressing cells frequently polarized toward
one another, promoting cell–cell fusion due to the fusion of the cell membranes
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separating them. These cells contained supernumerary centrosomes and either
single giant nuclei or multiple multi-lobed nuclei.
The mechanisms described for generating centrosome anomalies are not mu-

tually exclusive, and insufficient experimental and observational evidence exists
to favor one mechanism over another.
Cell cycle regulatory proteins can modulate the numerical homeostasis of centro-

somes. Thus, activation or inactivation of these proteins, which is commonly seen
in cancer cells can disrupt centrosome biology and promote genomic instability.
Specifically, genes implicated in centrosome amplification affect the following pro-
cesses: the p53 pathway including p53, WAF1, Gadd445 and MDM2; the DNA-re-
pair pathway including ATR, Brca1, Brca2, and XRCC2/3; protein degradation in-
cluding Tsg 101, Skp2, and RAD5; and mitosis including Aurora A and survivin
(for a review, see [16]).

16.3
Animal Models

Researchers have traced the pathways that cause centrosome aberrations in animal
models by mimicking the deregulation of gene products of cell-cycle regulatory
proteins in animal models. The remainder of this chapter will focus on recent find-
ings regarding three such proteins, the tumor suppressor p53, the DNA damage
repair protein BRCA1, and the ser/thr kinase Aurora A, and their roles in tumor-
igenesis as regulators of centrosome function and mitotic control.

16.3.1
Centrosome Anomalies and the p53 Pathway

Early studies of embryonic fibroblasts derived from p53 �/� mice suggested that
p53 loss leads to centrosome amplification [21]. In these studies, loss of p53 was
described to cause multiple rounds of centrosome duplication in a single S-
phase, resulting in an abnormal number of centrosomes, which in turn, frequently
resulted in defective mitosis organized by multiple spindle poles associated with
chromosome loss and/or gain (aneuploidy). More recent findings suggest that
p53 might directly control both initiation of centrosome duplication and suppres-
sion of reduplication. In p53 þ/þ MEFs (mouse embryonic fibroblasts), initiation
of centrosome duplication is tightly coupled with initiation of DNA duplication. In
contrast, in p53 �/� MEFs, centrosomes initiate duplication early in G1 much be-
fore S-phase entry [26, 27].
The correlation between p53 mutations and centrosome hyperamplification (28)

has been shown in animal models, cultured human tumor cell lines and human
tumors, including breast tumors [29, 30], squamous cell carcinomas of the head
and neck [29], cerebral primitive neuroectodermal tumor cells [31], and prostate
cancer cell lines [32]. Cells expressing viral oncoproteins, which inactivate p53,
also accumulate abnormal numbers of centrosomes (see Chapter 18).
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Earlier studies found that expression of a p53 mutant in the epidermis of trans-
genic mice causes chromosome amplification and accelerated chemical carcino-
genesis. This model expressed a murine p53172R p H mutant (p53m) under the
control of a human keratin-1-based vector (HK1.p53m) [33]. HK1.p53m mice, in
contrast to mice with wild-type p53 and p53-knockout mice, exhibit increased sus-
ceptibility to chemical carcinogenesis with greatly accelerated benign papilloma
formation, malignant conversion, and metastasis. In HK1.p53m papillomas, in
situ examination of centrosomes demonstrated abnormalities at high frequencies
(75% of cells contained more than three centrosomes per cell). Significantly,
equivalent p53-null tumors exhibited few abnormal centrosomes (4% of cells con-
tained more than three centrosomes per cell) [34]. These data suggest that the p53
mutant accelerates tumorigenesis by exerting a gain-of-function associated with ab-
normal amplification of centrosomes.
In some cases, however, p53 fluctuation and centrosome anomalies do not cor-

relate. For example, inactivation of p53 in human diploid cell lines induced neither
centrosome hyperamplification nor chromosome instability [35, 36]. Analyses of
breast carcinomas and tumor-derived cell lines indicate that centrosome amplifica-
tion can arise independent of estrogen receptor (ER) or p53 status and is a com-
mon feature of aneuploid breast tumors [37]. Because most pre-invasive lesions
are not uniformly mutant for p53, the development of centrosome defects does
not appear to require abrogation of p53 function [14].
In conclusion, recent studies challenge the theory that p53 loss directly affects

centrosome duplication [28]. Instead, centrosome anomalies may arise when the
missing checkpoint function, caused by a loss of p53, leads to survival of cells
that have undergone errors in mitosis.

16.3.2
Centrosome Anomalies and BRCA 1

Centrosome duplication is tightly controlled and occurs only once in a normal
mammalian cell cycle (see Chapter 9). Interference with this process, as discussed
above, can cause centrosome amplification, multipolar spindles, unequal chromo-
some segregation, and tumorigenesis. The breast cancer suppressor gene 1
(BRCA1) appears to contribute to the regulation of centrosome duplication.
Many other biological processes also involve BRCA1, including transcriptional
activation and repression, cell cycle regulation, chromatin remodeling, and DNA
damage repair (see [38] for a review). BRCA1 has been localized at the centrosome
[39] and seems to interact with a variety of proteins, including BRCA2, CDK2-
cyclin A, CDK2-cyclin E, Gadd45, p21, p53, and Rb.
Targeted deletion of BRCA1 exon 11 has been shown to cause centrosome am-

plification [40]. Mouse embryonic fibroblasts derived from BRCA1 D11/D11 em-
bryos contained the short isoform of BRCA1 and could grow in culture, unlike
BRCA1-null cells. The BRCA1 D11/D11 cells grew slower in culture and exhibited
more than two centrosomes per cell in 25% of the cell population. In addition, the
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mutant cells were aneuploid, forming multipolar spindles during mitosis that re-
sulted in unequal chromosome segregation and micronuclei formation.
Some evidence suggests, however, that BRCA1, like p53, may only play an inter-

mediary role in centrosome amplification, acting as a checkpoint to prevent errors
in mitosis. For example, BRCA1 mutant cells proliferate at a slower rate and have
longer G1 phases. This could trigger an extra cycle of centrosome duplication
thereby generating aberrant centrosome numbers [41]. In mouse embryonic fibro-
blast (MEF) carrying a targeted deletion of exon 11 of the BRCA1 gene, the G2/M
checkpoint is defective in BRCA1 �/� cells [41]. Extensive chromosomal abnorm-
alities accompany this G2/M checkpoint defect [41], which can be restored by the
reconstitution of wild-type BRCA1 [42]. Thus, BRCA1 functions in G2/M check-
point control, and supernumerary centrosomes might arise from the abrogation
of that checkpoint function.

16.3.3
Centrosome Anomalies and Aurora A

The recent discovery of the Aurora kinases, a family of ser/thr kinases in mamma-
lian cells, may cast new light on the mechanism of centrosome amplification.
Aurora kinases are key regulators of cell division, and they also affect centrosome
function, bipolar spindle assembly, and chromosome segregation processes (re-
viewed in [43–46]). Although many variants from the Aurora kinase family can
be found in eukaryotic cells, mammalian cells generally express three Aurora var-
iants, Aurora A, B, and C [45, 46]. All share amino-terminal regulatory domains
and conserved catalytic domains [46]. Aurora A appears to be critical to the control
of numerous mitotic events and the mRNA level varies throughout the cell cycle
and peaks during G2/M. Aurora A localizes at the centrosome, whereas Aurora
B appears to be associated with chromosomes and behaves as a “passenger pro-
tein” on the mitotic spindle.
Numerous studies have explored the diverse roles Aurora A plays in regulating

centrosome function and mitotic control. Under mutational analysis, specific
Aurora A domains target the centrosome and the mitotic spindle [47]. Recent
work has demonstrated that Aurora A plays an active function in promoting
entry into mitosis [48] by regulating local translation of mRNA stored in the cyto-
plasm, to produce cyclin B1 for example [49]. Substrates for the kinase Aurora A
may also involve centrosomal proteins that interact with the mitotic machinery.
Proteins like TACCs interact with XMAP215 to regulate microtubule behavior
[50]. TPX2, a component of the spindle apparatus, seems to be required for target-
ing Aurora-A kinase to the spindle apparatus. Aurora-A, in turn, may regulate the
function of TPX2 during spindle assembly [51, 52]. A model for Ran-stimulated
spindle assembly proposes the activation of Aurora A by inhibiting PPI through
TPX2 on microtubules. The Ran-GTP gradient established by the condensed chro-
mosomes is translated into the Aurora A kinase gradient on the microtubules to
regulate spindle assembly and dynamics [53].
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Further research has examined the role of Aurora A in tumor formation and de-
velopment. Aurora A may contribute to tumorigenesis when ectopic expression
causes an increase in centrosome numbers, leading to aneuploidy and genomic in-
stability [54, 55]. In mice and humans, Aurora A was identified as a candidate low-
penetrative tumor-susceptibility gene [56].
Recent studies established centrosome amplification and overexpression of Au-

rora A as early events in rat mammary carcinogenesis. A model for rat mammary
carcinogenesis provided evidence that Aurora A mRNA overexpression and centro-
some amplification are linked to tumor development and progression [57]. Initially,
this model had been established to investigate the resistance to tumorigenesis con-
ferred when the normal hormonal milieu present during pregnancy results in per-
sistent changes in the mammary gland [58]. Animals exposed to hormones failed
to develop mammary tumors when subjected to carcinogens such as NMU (methyl-
nitrosourea). Moreover, they displayed normal centrosome profiles with one or two
centrosomes per cell (see Figure 16.3). Animals given NMU without prior hormonal
treatment were unprotected and developed mammary tumors [58]. In rat mammary
gland, as early as 40 days after NMU treatment, Aurora A expression levels were up-
regulated and peaked in tumors [57]. At the same time, small foci with higher cen-
trosome numbers were detected (see Figure 16.3, 40 days NMU). Thus, higher Au-
rora A expression levels coincided with the appearance of supernumerary centro-
somes. Centrosome counts showing elevated numbers were detected exclusively
in epithelial cells. Adjacent stromal cells always displayed normal numbers with
one or two centrosomes per cell. The abnormal number of centrosomes varied in
early lesions of mammary tumors to a degree that was commensurate with the
neoplastic state (Figure 16.3) [57].
Electron micrographs of mammary tumors demonstrate centrosomes with aber-

rant morphologies (unpublished data). Important questions for future research in-
volving this mammary gland model include how the timing of the commencement
of Aurora A overexpression after carcinogen treatment results in malfunctioning
centrosomes, genomic instability and tumor formation.
In a study of human bladder cancer, elevated copy numbers of the Aurora A gene

and overexpression of the kinase coincided precisely with the onset of aneuploidy
and the clinical aggressiveness of these tumors. The study examined 205 patients
and included lesions that were progressing from low-grade papillary urothelial car-
cinomas to high-grade invasive non-papillary urothelial carcinomas [54]. Centro-
some amplification is currently being investigated in this human tumor model.
In summary, Aurora A is one example of a centrosome-associated protein that is

apparently involved in tumorigenesis as a regulator of both centrosome function
and direct mitotic control. Overexpression of Aurora A causes centrosome amplifi-
cation and the formation of multipolar mitotic spindles, which leads to aneuploidy
and tumorigenesis. Inhibition of Aurora A results in cell cycle arrest and apoptosis.
For these reasons, Aurora A is of considerable interest as a potential drug target.
Completion of the crystal structure of Aurora A [59, 60] will facilitate the develop-
ment of inhibitors of the aurora kinases, which, in turn, will represent new entry
points for therapies targeting abnormal centrosome function in cancer.
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In Zur Frage der Entstehung maligner Tumoren (The Origin of Malignant Tumors)
Boveri concludes with the following statement:

I may in conclusion send a wish along with this book, it is this: that my argu-
ments may induce active investigators of the tumor problem to consider their
work from the standpoint presented here and to ask in their future studies,
whether what they find, contradicts or supports the theory I have here set
forth. [1]

Boveri’s early vision proved to be prophetic, and we have only just begun to realize
his aspirations. Centrosome anomalies and associated regulatory pathways in can-
cer will likely be the subject of many future studies as investigations progress from
in vitro and in situ animal models to human malignancies.
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17
Radiation Therapy and Centrosome Anomalies in Pancreatic
Cancer

Norihiro Sato, Kazuhiro Mizumoto, and Masao Tanaka

Abstract

Radiation therapy has been widely used as a major treatment option for patients
with malignant tumors, including pancreatic adenocarcinoma. Nevertheless, the
precise mechanism by which radiation-induced cellular damage leads to cell
death or growth arrest is not yet fully understood. Ionizing radiation has been
shown to induce extensive induction of aberrations in centrosome number in var-
ious solid tumor cell lines. Importantly, such supernumerary centrosomes have
been associated with the formation of multipolar spindles and chromosome mis-
segregation. Possible mechanisms leading to abnormal centrosome numbers in re-
sponse to radiation include dissociation between centrosome duplication and DNA
replication cycles coupled with loss of a centrosome-intrinsic mechanism to block
reduplication, failure of cell division (cytokinesis) associated with polyploidization,
and centrosome fragmentation. Integrity of DNA damage checkpoint pathways as
well as tumor microenvironment (extracellular factors) may determine the extent
of centrosome aberrations after irradiation. The formation of multiple centrosomes
that retain microtubule-nucleating activity provides an attractive model for radia-
tion-induced nuclear fragmentation and subsequent cell death, although the caus-
ality remains to be established. A better understanding of the origins and conse-
quences of centrosome anomalies after irradiation could lead to the development
of novel prognostic markers with respect to radiation sensitivity and therapeutic
modalities to improve local control and outcomes of current radiation therapy.

17.1
Introduction

The centrosome is a tiny organelle but is crucial for a variety of cellular processes,
including cell motility, intracellular transport, cell cycle progression, chromosome
segregation, cytokinesis, and the establishment of cell shape and cell polarity [1–4].



Considering the multitude of essential cellular events that require proper centro-
some function, it is not surprising that defects in centrosome function have
been associated with various human diseases [5, 6]. One of the most important
functions of the centrosome is to contribute to the establishment of bipolar mitotic
spindles that orchestrate the balanced segregation of chromosomes. To maintain
mitotic fidelity and cell viability, the centrosome duplication cycle should be strictly
coordinated with DNA replication and cell division [7–10]. Numerical and func-
tional abnormalities of the centrosome can result in chromosome segregation
errors through the formation of defective spindles, possibly leading to genetic in-
stability (aneuploidy) or lethal mitotic events [11–13]. Identification of centrosome
abnormalities in virtually all common types of human malignant tumors has
suggested a potential role of this organelle in the pathogenesis of cancer [6 ,11,
12 ,14–18]. It has been proposed that an abnormal centrosome phenotype acceler-
ates genetic instability and thus causes the tumor to progress to a more advanced
stage [6, 12, 14, 15, 17, 19–25]. On the other hand, abnormal centrosomes and the
resultant multipolar spindles have been considered apparently disadvantageous for
continued cell divisions and cell viability [6, 13, 19].
Centrosome anomalies have also been shown to arise as a response to DNA

damage or other genotoxic stimuli. For example, exposure of human cell lines
derived from different solid tumors to g-radiation results in a massive induction
of aberrations in centrosome number, although the underlying mechanism is un-
known [26, 27]. This finding is potentially of major importance because supernu-
merary centrosomes and the resultant multipolar spindles might contribute, at
least in part, to nuclear fragmentation and subsequent cell death after irradiation.
Detailed understanding of the relationship between centrosome anomalies and ra-
diation-induced cell death will provide further insights into the role of centrosomes
in the cellular response to DNA damage and in the maintenance of cell viability.

17.2
Radiation-induced Cell Death: Apoptosis or Mitotic Cell Death?

Radiation therapy, either alone or in combination with surgery and chemotherapy,
has long been used in the management of a majority of patients with different
types of solid tumors. It has been generally accepted that ionizing radiation in-
duces two types of cell death that are routinely referred to as apoptosis and mitotic
cell death [28, 29]. Apoptosis (or programmed cell death) is an active form of cell
death which appears to occur preferentially in lymphoma and leukemia cells after
irradiation [30, 31]. In most solid tumor cell types, however, cell death after radia-
tion occurs predominantly as a result of aberrant mitotic events, namely, mitotic
cell death or mitotic catastrophe [28, 32–34]. This form of cell death has been de-
fined as loss of reproductive integrity after inappropriate entry into mitosis, and is
characterized by the emergence of large nonviable cells containing multiple nu-
clear fragments or “micronuclei” [28, 32, 35]. In our study, a panel of 10 solid
tumor cell lines treated with g-radiation (10 Gy) showed predominantly mitotic
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cell death, as evidenced by the emergence of multi- or micronulceated cells [27].
Mitotic cell death can also be induced by heat shock [36] or various chemotherapeu-
tic agents including etoposide, doxorubicin, cisplatin, bleomycin, and taxol [29].
Furthermore, mitotic cell death may occur as a consequence of prolonged growth
arrest. Chang and colleagues have shown that after release from growth arrest in-
duced by the Cdk (cyclin-dependent kinase) inhibitor p21Waf1/Cip1, human fibrosar-
coma cells re-enter the cell cycle but display multiple mitotic abnormalities charac-
teristic of mitotic cell death [37]. Importantly, it has been suggested that apoptosis
and the genes controlling it, such as p53 and Bcl2, play little or no role in the sen-
sitivity of most solid tumor cell types to overall killing by anticancer drugs and
radiation [30]. Furthermore, at least in some experimental models, inhibition of
apoptosis results in a subsequent increase in the proportion of cells undergoing
mitotic cell death [29]. Lock and Stribinskiene have shown that overexpression of
Bcl2 inhibits apoptosis of HeLa cells treated with etoposide but enhances the in-
duction of mitotic cell death, resulting in no change in the clonogenic survival
[38]. Similarly, inhibition of apoptosis by inducible expression of MDR1 does not
protect tumor cells from proliferative death, which may occur through mitotic
cell death or senescence-like terminal growth arrest [39]. These findings highlight
the predominant role of mitotic cell death rather than apoptosis in the overall kill-
ing of solid tumor cells induced by DNA-damaging agents. Therefore, it is concei-
vable that strategies to augment mitotic cell death could improve the efficacy of
radiation therapy for cancer patients. Despite this, little is known about the mole-
cular or cellular pathways leading to mitotic cell death.

17.3
Centrosome Anomalies Induced by Radiation

Because centrosomes are essential for the establishment of bipolar spindles and
proper partitioning of chromosomes during mitosis, it could be hypothesized
that defects in centrosome function play a role in the lethal chromosomal fragmen-
tation and catastrophic mitosis following irradiation. So far, relatively few studies
have addressed the effects of radiation on centrosome dynamics. In 1983, the
first observation of centrosomes in cells exposed to radiation was described by
Sato and coworkers showing that X-irradiation of murine cells resulted in centro-
somes that were atypical in number, structure, and microtubule nucleating activity
[40]. Bunz and co-workers studied the role of p53 and p21 in the G2 cell-cycle
checkpoint after DNA damage and found abnormally high numbers of centro-
somes in p53- or p21-defective cancer cells undergoing abnormal mitosis after g-
radiation, although the frequency of these centrosome abnormalities was not de-
scribed [41]. Using immunofluorescence microscopy, we have examined centro-
some profiles in U2-OS osteosarcoma cells following g-irradiation [26]. Although
abnormal cells containing three or more centrosomes occurred with frequencies
of less than 2% in untreated cultures, this population markedly increased to
Z 60% at 72 h after 10 Gy irradiation (Figure 17.1). In addition, the fraction of
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mitotic cells that display multipolar spindles increased after irradiation along with
the increased fraction of cells with an abnormal centrosome phenotype. Remark-
ably, the cells containing multiple centrosomes frequently exhibited abnormal nu-
clear morphology, including micronuclei. A more detailed study investigating the
effect of radiation on centrosome dynamics was performed using a large panel
of 10 cell lines derived from different types of human solid tumors (including pan-
creatic, breast, colorectal, and cervical carcinoma) [27]. Exposure to g-irradiation at a
single dose of 10 Gy led to a marked increase in the fraction of cells containing
abnormally high numbers of centrosomes in all the cell lines tested, suggesting
that numerical centrosome aberration is a common response of tumor cells to ra-
diation (Figure 17.1). The extent of centrosome anomalies, however, varied among
cell lines and the percentage of abnormal cells with multiple centrosomes ranged
from Z 20 to Z 60% at 48 h after irradiation. Importantly, double-staining of irra-
diated cells with antibodies to a-tubulin and pericentrin have revealed that these
extra copies of centrosomes have the potential to nucleate microtubules and
form multipolar spindles at mitosis (Figure 17.2).

340 17 Radiation Therapy and Centrosome Anomalies in Pancreatic Cancer

Figure 17.1 Ionizing radiation induces numerical aberrations of centrosomes in human tumor
cells. Cells were stained with an antibody to g-tubulin (green, A and B) or pericentrin (red, C and
D) for centrosomes and counterstained with propidium iodide (red, A and B) or Hoechst 33258
(blue, C and D) for nuclear labeling. U2-OS osteosarcoma cells before (A) and 48 h after (B)
g-radiation at 10 Gy. Mia PaCa2 pancreatic cancer cells before (C) and 48 h after (D) g-radiation at
10 Gy (see Color Plates page XXXVII).



Similar centrosome aberrations have also been observed in response to other
DNA-damaging agents or stress situations. Augustin and coworkers have shown
that multiple centrosome formation is induced not only by g-radiation but also
by other DNA-damaging agents including N-methyl-N-nitrosourea and H2O2 [42].
Furthermore, increased numbers of centrosomes and spindle abnormalities have
been reported in Chinese hamster ovary (CHO) cells treated with fostriecin, a phos-
phate ester known to inhibit DNA topoisomerase II and protein phosphatase activ-
ity [43]. The authors demonstrated that treatment with okadaic acid and canthari-
din, two established protein phosphatase inhibitors, also induces similar centro-
some aberrations, implying that these effects on centrosomes may be related to
protein phosphatase inhibition. Notably, Meraldi and Nigg have also shown that
phosphatase inhibition leads to centrosome splitting in U2-OS cells [44]. In addi-
tion, it has been documented that heat shock and bacterial cytolethal distending
toxin (CDT) induces multiple centrosomes and multipolar spindle formation
that closely resemble those seen in irradiated cells [45–47]. Thus, numerical
centrosome aberrations may be a common cellular response to genotoxic damage
or other stress situations, although it is unclear whether they arise through the
same or different mechanism(s).

17.4
The Mechanism(s) Leading to Centrosome Anomalies after Radiation Treatment

The mechanism underlying the centrosome anomalies which occur after irradia-
tion is unknown. Over the past several years, a substantial amount of research
has been devoted to exploring the origin(s) of centrosome abnormalities in cancer
and these studies have provided important clues to understanding the mechan-
isms that potentially cause centrosome multiplicity. Although it is unlikely that
centrosome abnormalities seen in cancer and those induced by radiation arise
through the exact same mechanism, they might share one or more common
pathway(s).

34117.4 The Mechanism(s) Leading to Centrosome Anomalies after Radiation Treatment

Figure 17.2 Aberrant mitotic cell with multipolar spindles after g-radiation at 10 Gy. Cells were
double-stained with a-tubulin (red) and pericentrin (green) antibodies (see Color Plates page
XXXVII).



One possible mechanism for the formation of multiple centrosomes after irra-
diation is dissociation between the centrosome duplication cycle and the DNA re-
plication cycle. To ensure that only one new centrosome assembles per cell cycle
and to limit centrosome numbers to one or two within a cell, the centrosome du-
plication cycle should be precisely coordinated with other cell cycle events, particu-
larly DNA replication and mitotic cell division [7–10, 13, 48]. It has become clear
that centrosome duplication is regulated by complex mechanisms, including phos-
phorylation [8, 9, 49] and ubiquitin-dependent proteolysis of key proteins [50–52].
It has been shown that both centrosome duplication and DNA replication require
the hyperphosphorylation of the retinoblastoma (RB) protein and the activation of
cyclin-dependent kinase 2 (Cdk2), suggesting that the two cycles are synchronized,
in part, by sharing a common regulatory pathway [53–56]. In some experimental
models, however, the centrosome cycle can be dissociated from other cell-cycle
events. For example, treatment of Xenopus embryos with cycloheximide allows
the continuation of centrosome duplication in the absence of a detectable cell
cycle, resulting in numerous centrosomes [57]. Arresting DNA replication at the
G1/S boundary using hydroxyurea (HU) or aphidicolin, results in the continuation
of centrosome duplication in CHO cells, producing cells with multiple centro-
somes [58]. We have observed that after g-irradiation of U2-OS cells, the fraction
of cells with multiple centrosomes continues to increase during a transient cell-
cycle delay in S-phase and prolonged G2 arrest [27]. Although there might be dif-
ferences in centrosome behavior between inhibition of DNA replication and DNA
damage, it is a plausible scenario that centrosomes accumulate in these cells
through a process of repeated duplication despite radiation-triggered arrest or
delay of DNA replication, thereby producing cells with multiple centrosomes. In
specific cell types, however, centrosome reduplication during the HU-induced S-
phase arrest does not occur [59], leading to the hypothesis that there is a mechan-
ism that limits centrosome duplication to only once per cell cycle. In support of
this hypothesis, there is emerging evidence for the existence of a centrosome-inac-
tivation pathway in response to DNA damage [60]. It has been shown that in Dro-
sophila melanogaster embryos DNA damage or incomplete DNA replication at the
onset of mitosis triggers centrosome inactivation, leading to the failure of the da-
maged chromosomes to segregate [61, 62]. Takada and colleagues have shown that
checkpoint kinase 2 (Chk2) is essential for the signaling pathway that leads to dis-
ruption of centrosome function in response to genotoxic stress [62]. This centro-
some inactivation pathway is one of the damage-control systems which ensure
genomic integrity, and a comparable mechanism for controlling centrosome num-
ber has been identified in higher eukaryotes [63]. Using a cell fusion assay, Wong
and Stearns have recently shown that in normal somatic mammalian cells centro-
some numbers are regulated by a centrosome-intrinsic mechanism that limits cen-
trosome duplication to one round per cell cycle [63]. In normal human cells (pri-
mary diploid fibroblasts), centrosome reduplication is blocked during prolonged
S-phase arrest induced by treatment with HU. By contrast, cells containing more
than two centrosomes accumulate during the S-phase arrest in HCT116 colorectal
cancer cells in response to the same drug, suggesting that this control to block cen-
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trosome reduplication is likely to be abrogated in cancer cells. Thus, loss of the
block to centrosome reduplication in tumor cells could contribute to numerical
aberrations of the centrosome after irradiation.
Another possible mechanism of centrosome multiplication in response to radia-

tion is failures in cell division (cytokinesis) and subsequent polyploidization, which
is, so far, the most likely mechanism for the abnormal centrosome phenotype seen
in cancer cells [69, 64]. In support of this model, we have shown that flow cyto-
metric analysis of U2-OS cells after irradiation revealed the appearance of tetra-
ploid cells [27], and that most of the cells harboring abnormal numbers of centro-
somes were multinucleated [26 ,27]. Induction of polyploidization after irradiation
has been well documented in various tumor cells, especially in the absence of func-
tional p53 or p21 [65–68]. It has been reported that p53�/� and p21�/� cancer
cells never complete cytokinesis after g-radiation, resulting in cells containing mul-
tilobulated nuclei and an abnormally high number of centrosomes [41]. In these
cells, abnormal centrosomes were located in a cleft that likely was a remnant of
the cleavage furrow associated with the failure of cytokinesis, supporting the role
of cytokinesis failure in the synthesis of multiple centrosomes. Based on these
findings, cytokinesis failure coupled with polyploidization is a plausible explana-
tion for multiple centrosome formation in tumor cells after irradiation, although
it is unlikely the only mechanism.
Finally, Hut and coworkers treated CHO cells with HU or mitomycin C to de-

monstrate that in the presence of incompletely replicated or damaged DNA, centro-
somes split into fragments containing only one centriole, leading to the formation
of multipolar spindles during mitosis [69]. Similar to the findings observed in irra-
diated cultures, the cells with abnormal spindles subsequently exit from mitosis,
producing multinucleated or aneuploid cells. This centrosome splitting occurs
only when mitosis is initiated, suggesting that the formation of multiple centro-
some-like structures is not the result of multiple rounds of centrosome duplication
but the result of centrosome fragmentation which is triggered by entry into mitosis
in the presence of impaired DNA integrity. These findings provide evidence for a
novel mechanism by which DNA damage induces multiple centrosome-like struc-
tures (fragments), multipolar spindles, and cells with multiple nuclei. Careful ana-
lysis with electron microscopy is needed to generalize this model to other cell types
treated with different types of DNA damage-inducing agents, including radiation.

17.5
The Consequence of Centrosome Anomalies after Irradiation

Increased numbers of centrosomes after irradiation can contribute to the forma-
tion of multipolar spindles [26, 27]. It is likely that multipolar spindles may lead,
in most cases, to loss of cell viability through lethal mitotic events. However, the
exact fate of cells containing multipolar spindles after irradiation is uncertain. To
address this issue, we treated MIA PaCa-2 pancreatic cancer cells with 10 Gy g-ra-
diation and the mitotic cells were collected after 24 h by the method of mitotic
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shake-off [27]. Staining of these mitotic cells with an anti-g-tubulin antibody re-
vealed that over 60% of them displayed multiple centrosomes which were dis-
persed chaotically throughout the condensed chromosomes (Figure 17.3A). The
cells were then re-plated in culture dishes and incubated with complete medium.
After 24 h, we found that Z 80% of the reseeded cells turned into giant cells con-
taining multiple nuclear fragments of various sizes and shapes (Figure 17.3B and
C). A prolonged culture of these multinucleated cells for 7 days resulted in cell
swelling, membrane blebbing, and detachment from the culture dishes in most
cells. We have also observed a positive correlation between the fraction of cells
with multiple centrosomes and the fraction with mitotic cell death characterized
by the appearance of multi- or micronucleated cells after irradiation. To determine
the effect of centrosome aberrations on radiation-induced cell killing we trans-
fected p21, a Cdk inhibitor known to block centrosome duplication [55], into
cells before irradiation. Forced expression of p21 by adenovirus gene transfer inhib-
ited the induction of multiple centrosomes and partially prevented cells from un-
dergoing cell death after irradiation. Collectively, these findings indicate that radia-
tion-induced centrosome anomalies may give rise to the multinucleated phenotype,
which eventually results in cell death.
Alternatively, it is possible that cells containing abnormally high number of cen-

trosomes could be eliminated through the apoptotic pathway. Because the centro-
some is involved in multiple signal transduction pathways and interacts with a
number of regulatory proteins [70], it could play an important role in apoptosis
and its dysregulation could trigger apoptotic signaling [71]. Evidence supporting
a link between centrosomes and apoptosis comes from studies that report the
localization of several proteins involved in the regulation of apoptosis, including
p53 and poly(ADP-ribose) polymerase (PARP), to centrosomes [42, 72–74]. Sandal
and coworkers have further demonstrated that Irod/Ian5, a protein also localized to
centrosomes, functions as an inhibitor of g-radiation- and okadaic acid-induced
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Figure 17.3 MiaPaCa2 pancreatic cancer cells after 10 Gy radiation showing abnormal mitosis
(metaphase) with multiple centrosomes (green, pericentrin labeling) dispersed chaotically
throughout the condensed chromosomes (A), followed by the appearance of the micro- (B)
and multinucleated (C) phenotype, characteristic of mitotic cell death (see Color Plates page
XXXVIII).



apoptosis [75]. These authors have also shown that calmodulin-dependent protein
kinase II (CaMKII), which is known to be associated with centrosomes [76, 77], is
involved in apoptosis induced by ionizing radiation. We have observed that a subset
of irradiated cells with multiple centrosomes appear to undergo apoptosis as deter-
mined by TUNEL staining [27]. Bunz and coworkers also noted apoptotic cell death
after g-radiation in a subset of p53�/� or p21�/� cells containing multiple cen-
trosomes [41]. These studies, however, did not establish causality between centro-
some defects and apoptosis. It is also possible that nuclear fragmentation asso-
ciated with centrosome anomalies could trigger apoptosis. Merritt and colleagues
described a p53-independent delayed apoptosis in small intestinal epithelia after
irradiation, which was associated with the appearance of giant cells with fragments
of condensed chromatin in their nucleus [78]. In addition, several investigators
have shown that p53 protein is upregulated in micronucleated cells, thereby direct-
ing these cells toward apoptosis [79 ,80]. Together, these observations raise the pos-
sibility that numerical aberrations of centrosomes and/or the resulting nuclear
fragmentation may be critical events leading to apoptosis in irradiated cells. The
final determination of whether cells with multiple centrosomes die by apoptosis
or mitotic death may depend on the integrity of the checkpoint and/or apoptotic
pathways.

17.6
Factors Affecting Centrosome Anomalies after Irradiation

DNA damage after exposure to ionizing radiation activates checkpoint pathways
that inhibit progression of cells through the G1 and G2 phases [81]. In many can-
cer cells, these checkpoint pathways are inactivated by different mechanisms. Im-
portantly, the integrity of the DNA damage checkpoint pathways could affect cen-
trosome anomalies after irradiation for the following reasons. First, in the presence
of intact checkpoint pathways cells with heavily damaged DNA are likely to be
arrested and eliminated by apoptosis before acquisition of abnormal centrosome
phenotypes. Second, considering the time required for centrosome duplication,
the extent of abnormal centrosome duplication may be dependent on the duration
of G2 arrest, which in turn is determined by checkpoint mechanisms. Among the
genes involved in DNA checkpoint pathways, the p53 tumor suppressor is fre-
quently mutated in human cancers [82]. In addition to its established role in the
G1 checkpoint and apoptosis, p53 also blocks entry into mitosis when cells enter
G2 with damaged DNA partly through inhibition of Cdk1, the cyclin-dependent
kinase required for entry into mitosis [83]. Cdk1 is inhibited simultaneously by
three transcriptional targets of p53, Gadd45, p21, and 14-3-3s [83]. Notably, loss
of the p53 as well as loss of its downstream targets, p21 and Gadd45, has been
shown to result in supernumerary centrosomes [84–87], although the origin of
this phenotype remains controversial [6]. In addition, 14-3-3s has been reported
to be frequently inactivated by aberrant DNA hypermethylation in certain cancer
types, including breast carcinoma [88–91]. 14-3-3s, which can bind to Cdk1/cyclin
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B1 and sequester it in the cytoplasm, controls the duration of G2 arrest in response
to DNA damage [92, 93]. HCT116 colorectal cancer cells in which 14-3-3s was in-
activated by homologous recombination were unable to sustain a G2 arrest in re-
sponse to DNA damage and underwent mitotic catastrophe [92]. Interestingly, aber-
rant hypomethylation of 14-3-3s and its overexpression in pancreatic cancer have
also been reported [94, 95], although the biological significance of these findings
remains unknown. Finally, reprimo, a gene involved in the p53-mediated G2 cell
cycle arrest [96], has been recently identified as a target for aberrant hypermethyla-
tion in pancreatic cancer [97]. Thus, genetic and epigenetic inactivation of check-
point genes may influence the extent of centrosome anomalies and determine
the entry of cells into mitosis after irradiation.
The centrosome anomalies which occur in response to DNA damage can also be

affected by tumor microenvironment (extracellular factors), such as hypoxia, acido-
sis, and nutritional deprivation. For example, we have shown that serum depletion
of irradiated pancreatic cancer cells drastically accelerated the emergence of numer-
ical aberrations of the centrosomes and the formation of multipolar spindles,
resulting in increased nuclear fragmentation and cell death [98]. The effects of
other extracellular factors (e. g. hypoxia), that are known to modulate the sensitivity
of cells to radiation [99], have not yet been studied.

17.7
Conclusions and Future Directions

In conclusion, exposure of human solid tumor cells to ionizing radiation induces
numerical aberrations of the centrosomes, multipolar spindle formation, and
micro- or multinucleated phenotypes characteristic of mitotic cell death. The origin
of supernumerary centrosomes in response to radiation is unknown, but possible
mechanisms include dissociation between centrosome duplication and DNA repli-
cation cycles coupled with the loss of a centrosome-intrinsic mechanism to block
reduplication, failure of cytokinesis associated with polyploidization, and centro-
some fragmentation. Although there is no direct evidence to indicate that centro-
some anomalies contribute to the killing of tumor cells after irradiation, supernu-
merary centrosomes or centrosome-like structures that retain microtubule-nucleat-
ing activity provide an attractive model for radiation-induced nuclear fragmentation
and subsequent cell death. A better understanding of the origins and consequences
of centrosome anomalies in response to radiation may have important clinical im-
plications. For example, if such centrosome phenotypes correlate with overall cell
killing after radiation treatment, the extent of centrosome aberrations may be used
as an indicator of treatment response and as a prognostic marker. It is also impor-
tant to identify and characterize the molecular pathways associated with the induc-
tion of abnormal centrosome phenotypes after irradiation. Identification of such
pathways could lead to the development of novel centrosome-related strategies to
enhance the efficacy of current treatment regimens for cancer patients.
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18
Human Papillomavirus Infection and Centrosome Anomalies
in Cervical Cancer

Karl M�nger and Stefan Duensing

18.1
Genomic Instability and Malignant Progression

Most human tumor cells exhibit evidence of genomic instability. Whether genomic
destabilization constitutes a mechanistically significant component of malignant
progression of an emerging neoplasm, or simply represents a manifestation of
cell division abnormalities that have been indiscriminately accumulated during
the carcinogenic process is a matter of ongoing debate (reviewed in [1]). It has
been estimated, however, that the mutation rate of normal human cells would
not suffice to permit accumulation of the multitude of genetic alterations that
appear to be required for the genesis of many human cancers. Hence inactivation
of pathways that control genomic stability may be necessary for malignant progres-
sion in vivo [2]. Tumorigenic cell populations have recently been generated in vitro
by expression of a small number of defined genetic elements in normal human
cells (reviewed in [3]). Such artificially engineered tumor cells do not exhibit
overt genomic instability thus underscoring that genomic destabilization does
not inevitably arise as a cellular manifestation of oncogenic insults. Hence geno-
mic instability as observed in most naturally-occurring human tumors might
indeed represent an essential prerequisite that enables an emerging tumor cell
to accumulate the necessary oncogenic hits.
In principle several different and cooperating mechanisms that may contribute

to genomic destabilization can be envisioned (reviewed in [4]). Dysfunction of
“caretaker” functions such as cell cycle checkpoint and DNA repair pathways
will enable cells that have suffered genomic aberrations to remain in the prolifera-
tive pool. On the other hand, however, there may be oncogenic insults that give rise
to a higher mutation rate in emerging tumors. This concept of the “mutator” phe-
notype of cancer cells was proposed to explain the large number of mutations in
human tumors [5, 6].
The mutation rate dramatically increases in cells that have reached replicative

senescence. Telomere attrition increases the frequency of chromosome fusions
(reviewed in [7]) that can initiate breakage–fusion-bridge cycles and lead to chromo-



somal translocations [8]. In such a scenario, developing cancers exhibit a pro-
nounced mutator phenotype exclusively at a specific relatively late stage of cellular
crisis and the small number of telomerase-positive clones that grow out would not
necessarily exhibit a higher mutation rate than normal cells. Emerging cancer
cells, however, are constantly subject to new selection barriers, which may require
them to have a higher degree of genomic plasticity not only at the end of their
replicative lifespan (reviewed in [1]). Moreover, telomerase activity can be stimu-
lated at early stages of carcinogenic progression before telomere attrition becomes
critical; during cervical carcinogenesis telomerase expression is induced at a tran-
scriptional level as a consequence of viral E6 gene expression [9, 10].
Another mechanism that might contribute to a mutator phenotype in some can-

cer cells is the induction of double-strand DNA breaks by certain oncogenes such
as c-myc [11, 12] or HPV-16 E7 [13], which can cause chromosomal translocations.
This is consistent with results of earlier studies that have shown that ectopic c-myc
expression can cause genomic instability [14–17].
In general, however, the relative importance of these and other mechanisms

such as mutant forms of DNA polymerases [18], for the observed mutator pheno-
type of human tumors has remained controversial. This may reflect the fact that
for most cancer types, the molecular nature of the oncogenic insults that fuel ma-
lignant progression are molecularly diverse and/or unknown.
In contrast, cervical carcinogenesis is almost exclusively associated with infec-

tions by high-risk human papillomaviruses (HPVs). High-risk HPV infection is a
prerequisite for the development of almost all the pre-malignant cervical lesions
but carcinogenic progression occurs gradually and overall represents a relatively
low frequency event. Accumulation of host cellular mutations may thus be rate
limiting for malignant progression of high-risk HPV-positive lesions. Consistent
with this model, hallmarks of genomic instability, in particular mitotic abnormal-
ities, are evident even in early high-risk HPV-associated pre-malignant lesions
(reviewed in [19]). Since only two small HPV proteins, E6 and E7, are expressed
in cervical tumors it has been feasible to investigate the molecular mechanisms
that can lead to genomic destabilization in an emerging neoplasm. These studies
strongly suggest that the HPV E7 oncoprotein may act as a mitotic mutator by in-
ducing primary centrosome duplication errors, whereas the cooperating E6 onco-
gene subverts checkpoint controls thereby allowing for the maintenance of abnor-
mal cells in the proliferative pool.

18.2
Human Papillomaviruses

Papillomaviruses are an extensive family of small DNA viruses that have been de-
tected in a variety of hosts from birds to humans. They are highly species specific
and in each case exclusively infect epithelial cells. HPV infections generally give
rise to benign hyperplasias commonly referred to as warts. Papillomaviruses pos-
sess a double-stranded circular DNA genome of approximately 8000 base pairs
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in size. The entire coding information is contained on a single DNA strand. Papil-
lomavirus genomes can be divided into three portions; the early coding region that
encompasses approximately eight open reading frames (ORFs), the late coding re-
gion consisting of two ORFs, and a third “long control region” (LCR) that does not
contain extensive coding information but harbors multiple cis elements that con-
trol the viral replication and transcription programs. Individual ORFs are desig-
nated “E” or “L” for early and late, respectively, followed by a numeral that denotes
their relative sizes; the higher the number the smaller the encoded ORF (reviewed
in [20]).
Like all viruses, papillomaviruses are obligatory intracellular parasites and the

function of the viral E genes collectively is to ensure replication and propagation
of viral progeny, whereas the two L genes encode the viral capsid proteins. Approxi-
mately 200 HPVs have been discovered and a subgroup of approximately 30 HPVs
specifically infects the anogenital and oral tract mucosa. These HPVs are further
classified as “high-risk” or low-risk” depending on whether the lesions they
cause are likely to progress to malignancy. Low-risk HPVs cause benign genital
warts, condyloma acuminata, whereas infections with high-risk HPVs can give
rise to squamous intraepithelial lesions (SILs) that have a finite potential for ma-
lignant progression (reviewed in [21]). The vast majority (i 99%) of all cervical
cancers, a leading cause of cancer death in young women worldwide are associated
with infections of high-risk HPVs (reviewed in [22]). In addition, a variety of other
squamous cell carcinoma of the anogenital tract and approximately 20% of oral
cancers are also caused by this same high-risk HPV group [23]. Hence, high-risk
HPVs may be one of the first-ever identified, necessary and molecularly defined
causative agents of almost all cases of a major human cancer [24].

18.3
Biological Activities of HPV E6/E7 Oncogenes

HPV genomes frequently integrate into a host cellular chromosome upon malig-
nant progression. There is no evidence for insertional mutagenesis as integration
is relatively non-specific with respect to the host genome [25]. The integration event
follows a more specific pattern with respect to the viral genome, however, and only
two HPV genes; E6 and E7 are consistently expressed in cervical cancers. Since in-
tegration disrupts expression of the viral E2 transcriptional repressor protein, HPV
E6/E7 expression is controlled by cellular transcription factors after integration,
and cells are endowed with an additional growth advantage [26]. The HPV E6
and E7 genes each have oncogenic activities in cell culture and transgenic
mouse models, and their persistent expression is required for the maintenance
of the transformed phenotype of cervical cancer cell lines (reviewed in [20]). In con-
trast to other viruses where integration can establish latency, HPV genome integra-
tion is an irreversible event that effectively terminates the viral life cycle. Thus
HPV-associated carcinogenesis is an accident with potentially dire consequences
not only for the infected host, but definitely for the intruding virus. Therefore,
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the biological activities of the HPV E6 and E7 “onco”proteins did not evolve to
cause oncogenic transformation of the infected host cell, but to contribute to the
viral life cycle by supporting HPV genome replication in the infected host cells.
This is a mechanistically challenging endeavor as high-level HPV genome replica-
tion and production of viral progeny are confined to terminally differentiated
epithelial cells that would have normally withdrawn permanently from the cell di-
vision cycle (reviewed in [27]). Since HPVs do not encode all the necessary replica-
tion enzymes, an important function of the E6 and E7 proteins is to activate the
cellular DNA replication machinery by reprogramming critical cellular control cir-
cuits. High-risk HPV E6 and E7 encode small proteins comprised of approximately
160 and 100 amino acid residues, respectively. Like other DNA tumor virus onco-
proteins, HPV E6 and E7 are unique proteins with no extensive similarities to cel-
lular proteins. They possess no known enzymatic or DNA binding activities and
chiefly function by interacting with host cellular regulatory proteins, thereby sub-
verting their biological activities. A considerable number of putative cellular targets
of the HPV E6 and E7 proteins have been identified (reviewed in [28]), and only
those that bear potential relevance to genomic destabilization will be discussed
here. The high-risk HPV E6 proteins interact with the ubiquitin ligase E6-AP
[29] and reprogram it to target the p53 tumor suppressor for rapid proteasome-
mediated degradation [30] whereas the normal degradation pathway of p53
through mdm2 is abrogated in cervical carcinoma cell lines [31]. High-risk HPV
E7 oncoproteins interact with the retinoblastoma tumor suppressor pRb and the
related “pocket protein” family members p107 and p130 and cause their proteolytic
degradation (reviewed in [32]). Since pRb, p107 and p130 limit G1/S cell cycle tran-
sition, HPV E7-expressing cells proliferate aberrantly. Furthermore, HPV E7 pro-
teins inactivate cyclin-dependent kinase (Cdk) inhibitors such as p21Cip1 [33, 34]
and p27Kip1 [35] causing further dysregulation of G1/S cell cycle control
(Figure 18.1).
Such aberrant proliferation normally elicits activation of the p53 tumor suppres-

sor to enforce eradication of such deregulated cells through apoptosis (reviewed in
[36]). Since p53 is rendered functionally defective as a consequence of E6-mediated
degradation [37], high-risk HPV infected cells will persist in the proliferative pool.
In addition, E6 also causes increased telomerase transcription [38–40], potentially
through a c-myc-dependent mechanism [41, 42], and thus HPV E6- and E7-expres-
sing cells have a greatly increased proliferative capacity (Figure 18.1). As pointed
out previously, high-risk HPV infected cells are thus unlikely to undergo telomere
attrition-related genome destabilization.
Consistent with this notion, ectopic expression of the HPV E6/E7 oncoproteins

extends the lifespan of primary human epithelial cells and facilitates their immor-
talization [43, 44]. When grown under conditions that allow formation of a strati-
fied skin-like structure, HPV E6/E7-expressing epithelial cells exhibit histo-mor-
phological alterations that are characteristic of high-grade pre-malignant intra-
epithelial lesions [45, 46]. Nevertheless, early passage HPV E6/E7-immortalized
keratinocyte cultures are non-tumorigenic in standard assays [47]. Tumorigenic
conversion, however, can occur when such cells are engineered to express addi-
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tional oncogenes such as ras or fos [48, 49]. Fully transformed clones also arise
upon extended passaging in vitro, and malignant progression is associated with
accumulation of chromosomal alterations [50]. HPV-associated cervical carcinogen-
esis can be recapitulated in transgenic mice when HPV E6 and E7 expression is
targeted to basal epithelial cells. Malignant progression in this model, however,
is dependent on chronic low-level estrogen exposure [51].
Hence, the results with each of these experimental systems suggest that HPV E6

and E7 expression is sufficient to induce cellular alterations that are reminiscent of
pre-malignant lesions, but that malignant progression is a stochastic event that is
reliant on additional mutations of the host genome. This clearly parallels the situa-
tion in the clinic where only a relatively small number of high-risk HPV-infected
patients will eventually develop invasive cervical cancer and often only after a pro-
longed time after the initial infection event.

18.4
HPV-mediated Cervical Carcinogenesis as a Model System to Study Genomic
Instability and Malignant Progression

Progression of a high-risk HPV-positive cervical lesion to invasive carcinoma is a
multi-step process that occurs at a relatively low rate and efficiency. Some lesions
regress spontaneously, most likely because the host is able to mount an effective
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Figure 18.1 Major cellular targets of high-risk HPV E6 and E7 oncoproteins as they relate to cell
cycle regulation. See text for details.



immune response (reviewed in [52]). Nuclear alterations and mitotic abnormalities
suggestive of genomic instability, however, are evident in low-grade lesions caused
by high-risk HPVs, suggesting that genomic instability develops at an early stage
and precedes malignant progression [53–57]. Similarly, cells engineered to express
HPV oncoproteins in vitro rapidly exhibit hallmarks of genomic instability, even
prior to immortalization [58]. Consistent with these observations, high-risk HPV
E6 and E7 proteins can each individually induce genomic instability in primary
human cells [59, 60]. In contrast, however, low-risk HPV E6/E7-expressing cells
show no evidence of genomic instability. In these experiments, cells were selected
to acquire resistance to the drug N-phosphonoacetyl-L-aspartate (PALA), a transi-
tion state analog inhibitor of aspartate transcarbamylase, one of the activities of
the trifunctional carbamyl phosphate synthetase, aspartate transcarbamylase, dihy-
droorotase (CAD) enzyme that catalyzes the first three steps of cellular UMP synth-
esis. Normal cells succumb due to nutritional deprivation and do not develop PALA
resistance at a high frequency [61]. When PALA-resistant clones emerge, they gen-
erally contain additional copies of the CAD gene [62, 63]. Genomic analyses of
PALA resistant E6- and E7-expressing clones revealed that they had acquired
PALA resistance through distinct mechanisms. HPV E6-expressing PALA-resistant
clones revealed evidence for amplification of the CAD gene, whereas HPV E7-ex-
pressing PALA-resistant clones contained increased copy numbers of chromosome
2 that encodes the CAD gene [59]. The ability of the high-risk HPV E7 protein to
induce aneuploidy under these conditions was consistent with earlier reports that
revealed spontaneous development of aneuploidy in high-risk HPV E7-expressing
keratinocytes [43, 64]. The HPV E6/E7-induced deterioration of genomic stability,
in particular the ability to induce structural chromosomal alterations, might also
contribute to the frequent integration of HPV genomes that accompanies malig-
nant progression [65].

18.5
Centrosome Abnormalities and Genomic Instability: Cause or Effect?

Aneuploidy is a consequence of abnormal chromosome segregation during mito-
sis and represents the most frequent manifestation of genomic instability in
human tumors. “Asymmetric” cell division, including multipolar mitotic figures,
had already been described by Hansemann as one of the hallmarks of epithelial
tumors [66], but the mechanisms that drive the development of such abnormal-
ities remained unknown for almost a century. Based on his careful descriptive
studies on abnormal multipolar cell division in polyspermic eggs [67], Theodor
Boveri hypothesized in his visionary book Zur Frage der Entstehung maligner Tumo-
ren, that “a single multipolar mitosis going on in a healthy tissue, caused perhaps
by the simultaneous multiple division of the centrosome, might produce the pri-
mordial cell of a malignant tumor” [68]. Even though numerical and structural
centrosome abnormalities have subsequently been detected in numerous
human tumors and various tissue culture and transgenic mouse models of
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human cancer, this attractive theory still awaits experimental confirmation (re-
viewed in [69, 70]).
Like many other tumor types, HPV-associated lesions and cancers exhibit evi-

dence for numerical and structural chromosome abnormalities [71]. Microsatellite
instability has been observed in a subset of advanced tumors and thus may not be
directly caused by HPV oncogene expression [72]. Abnormal, multipolar mitoses
have long been recognized as hallmarks of high-risk HPV-associated lesions [73–
75], and recent studies have revealed that these can arise as a consequence of super-
numerary centrosomes [58]. A small survey of cervical neoplasms suggests that the
degree of centrosome abnormalities increases in parallel with the clinical severity
of the lesion [76]. Similar to reports for some other cancers [77–80], centrosome
abnormalities are already detected at early stages of the disease, including pre-
malignant high-risk HPV-associated squamous intraepithelial lesions [58, 76].
As outlined earlier, the unique advantage of studying cervical carcinogenesis is

that it is almost exclusively associated with high-risk HPV infections and only
two small viral oncoproteins, E6 and E7, are generally expressed in these cancers.
Expression of HPV E6/E7 in epithelial cells has yielded relatively simple tissue cul-
ture and transgenic animal model systems that closely recapitulate key aspects of
the clinical lesions. Hence it is possible to study the mechanisms and biological
relevance of HPVoncoprotein-induced genomic instability for initiation and progres-
sion of HPV-associated tumorigenesis. It is conceivable that the results from these
studies may also be more generally applicable to other, non-HPV-associated cancers.

18.6
Induction of Centrosome Abnormalities by HPV Oncoproteins:
Boveri’s Model Revisited

Since expression of individual high-risk HPV oncogenes in primary human cells
causes genomic instability [59] this model system appeared particularly useful
for studying the emergence of centrosome abnormalities and their relevance to
genomic destabilization. These studies revealed that primary human foreskin
keratinocytes engineered to ectopically express HPV-16 E6 or E7 each developed
numerical centrosome abnormalities within a few passages in culture. Supernu-
merary centrosomes were detected both in interphase and metaphase cells, and
were associated with the appearance of multipolar metaphases and anaphases. In-
terestingly, however, there was no evidence of the development of structural centro-
some abnormalities as detected in vivo [58]. This finding suggests that structural
centrosome abnormalities may not arise as a primary consequence of HPV onco-
gene expression. Importantly, primary human keratinocytes expressing E6 or E7
genes derived from “low-risk” genital wart-associated HPVs did not develop centro-
some abnormalities [58]. Hence the ability of HPV E6/E7 proteins to induce cen-
trosome abnormalities parallels the clinical association of high-risk or low-risk of
the HPVs they are derived from. Moreover, the inability of the low-risk HPV E6/
E7 proteins to induce centrosome abnormalities is consistent with the finding
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that expression of these proteins does not cause genomic instability [59], and may
retrospectively explain Hansemann’s failure to detect asymmetrical cell division in
a penile wart that was likely caused by infection with a low-risk HPV [66].
Given that high-risk HPV E6 and E7 target distinct cellular pathways (reviewed

in [81]), the finding that cells expressing individual HPV oncoproteins each devel-
oped centrosome anomalies was initially somewhat disconcerting. It appeared pos-
sible that centrosome abnormalities in these cell populations might have arisen as
a generic consequence of subverting proliferation control mechanisms and/or cell
cycle checkpoints rather than via disruption of pathways that specifically modulate
centrosome duplication. Cell populations that expressed HPV E6 and E7 proteins
in combination, however, contained a higher fraction of cells with supernumerary
centrosomes. This suggested that the two HPV oncoproteins may have caused
these defects through biochemically distinct cooperating pathways [58]. This notion
was supported by additional studies that showed that acute expression of HPV E7
in primary human keratinocytes caused rapid synthesis of supernumerary centro-
somes within one or two rounds of cell division. These results suggested that ex-
pression of the high-risk HPV E7 oncoprotein could rapidly uncouple centrosome
duplication from the cell division cycle. In sharp contrast, acute expression of HPV
E6 failed to evoke immediate subversion of centrosome homeostasis [58]. Addi-
tional evidence for the notion that centrosome abnormalities in HPV E6- or E7-
expressing cells arise via fundamentally different mechanisms was obtained
from experiments with a U2OS human osteosarcoma cell line engineered to ex-
press a centrin molecule fused to the green fluorescent protein (GFP) [82]. Indivi-
dual centrioles are easily discerned in such cells (Figure 18.2A), and the effects of
oncogenic stimuli on centriole synthesis can be directly visualized by fluorescence
microscopy. Consistent with the transient transfection experiments in primary
cells, acute expression of HPV E7 in these cells caused a rapid increase in GFP–
centrin-positive structures (Figure 18.2A). These newly formed structures likely
represent functional centrioles since they contribute to the formation of aberrant
mitotic spindle poles during mitosis [83]. Hence there is compelling evidence
that the HPV E7 oncoprotein can induce primary centrosome duplication errors
through “the simultaneous multiple division of the centrosome” as originally pos-
tulated by Boveri [68].
HPV E7-expressing cells exhibit evidence for double-strand DNA breaks and

DNA repair [13]. This may cause DNA replication forks to stall thus prolonging
S-phase, which in turn may allow for aberrant centriole synthesis. Consistent
with the notion that centrosome reduplication is intrinsically blocked in many
cells [84], human keratinocytes that are S-phase arrested by hydroxyurea do not un-
dergo additional rounds of centrosome duplication (S. Duensing and K. M�nger,
unpublished observations). Hence HPV E7 may have to overcome such a block
to induce centrosome duplication errors.
One might envision at least two distinct but not mutually exclusive mechanisms

by which E7 may induce aberrant centriole synthesis. Maternal centrioles in HPV
E7-expressing cells might carry a persistent licensing signal, and upon abrogation
of the intrinsic block to centrosome re-duplication [84], this may allow for the
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sequential or concomitant synthesis of multiple daughter centrioles from a single
maternal template. Alternatively, newly formed daughter centrioles may in turn
acquire licensing signals, leading to the formation of “grand-daughter” centrioles
as has been recently reported in Drosophila wing discs in response to inhibition
of Cdk1 [85].
Even though some cells do not engage efficient checkpoint mechanisms to

thwart mitosis in the presence of aberrant multipolar spindles [86], there is an ap-
proximately 10-fold difference between the number of multipolar metaphases and
multipolar anaphases in HPV E6/E7 oncogene-expressing primary human cells
[13]. Hence it is conceivable that some control mechanism may be activated
when a cell with supernumerary centrosomes attempts to undergo multipolar
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Figure 18.2 (A) Rapid induction of centriole duplication errors by the HPV-16 E7 oncoprotein.
The human U-2 OS osteosarcoma cell line was manipulated to stably express centrin-GFP (kindly
provided by M. Bornens, Institut Curie, Paris), thus allowing the visualization of individual cen-
trioles as green dots by fluorescence microscopy. Prior to cell division, the normal centrosome of
a cell contains two centrioles (left panel) that duplicate during S-phase and give rise to two
mother–daughter centriole pairs (diplosome) in G2 (middle panel). Transient overexpression of
the HPV-16 E7 oncoprotein increases the proportion of cells with uncontrolled centriole dupli-
cation (right panel). Cells were evaluated at 48 h post transfection; no drug treatment was used to
induce S-phase arrest. Note the differences in fluorescence intensity between centrioles. Younger
centrioles have been shown to contain less centrin than older centrioles supporting the notion
that HPV E7 triggers abnormal daughter centriole formation. Nuclei stained with DAPI. Scale bar
indicates 10 mm. (B) Centrosome accumulation in HPV-16 E6-expressing cells. An example of a
primary human keratinocyte expressing HPV-16 E6 oncoprotein that has accumulated multiple
centrosomes in parallel with nuclear atypia. Centrosomes were detected by immunofluorescence
microscopy for g-tubulin, a pericentriolar marker. The abnormal cell nucleus (stained with DAPI)
is lobulated and dramatically enlarged. This nuclear morphology suggests a division failure, in-
dicating that DNA replication may be uncoupled from cell division. Scale bar indicates 10 mm (see
Color Plates page XXXVIII).



mitosis. This hypothesis is consistent with a recent analysis of a case of a malig-
nant Burkitt’s lymphoma. Despite evidence for numerical and structural centro-
some abnormalities in approximately 30–50% of all cells, including some with
multipolar mitoses, the tumor apparently maintained a stable pseudo-diploid
karyotype [87].
A careful reevaluation of centrosome abnormalities in human keratinocytes with

stable expression of HPV E6 or E7 revealed that centrosome abnormalities in
E7-expressing cells were manifest in diploid cells devoid of overt nuclear anoma-
lies. In contrast, centrosome abnormalities in HPV E6-expressing cells were mostly
confined to cells that contained extensive nuclear abnormalities such as multiple
nuclei, including micronuclei and/or abnormally enlarged, multilobulated nuclei
and did not arise in diploid cells (Figure 18.2B). The formation of such pronounced
nuclear abnormalities may be related to persistent cytokinesis defects similar to
those that have been observed in cells that lack p21Cip1 or p53 function [88]. Similar
to these p53- or p21Cip1-deficient cells, which were frequently eliminated by apop-
tosis [88], the HPV E6-expressing multinucleated keratinocytes often expressed
markers of cellular senescence and thus they are unlikely to remain in the prolif-
erative pool and may not give rise to viable daughters [83].
Based on these findings one has to conclude that the mere presence of centro-

some abnormalities in a tumor cell does not necessarily predict that these abnorm-
alities represent a primary defect of the centrosome duplication process but may
have accumulated as a consequence of abortive mitoses. Cells with diploid or tetra-
ploid genomes that contain centrosome abnormalities can undergo additional
rounds of cell division with the potential of forming abnormal, multipolar mitotic
spindles leading to chromosomal missegregation and development of aneuploidy.
In contrast, cells with extensive nuclear abnormalities may be persistently defective
in undergoing cytokinesis [88] and thus may be less potent in fueling malignant
progression. The significance of detecting centrosome abnormalities in in vitro-ma-
nipulated cells and transgenic mouse models needs to be interpreted with these
same caveats in mind.

18.7
Do HPV E7-induced Centrosome Anomalies Contribute to Carcinogenic Progression?

Even though HPV oncogene-expressing cells display additional signs of genomic
instability that are unrelated to numerical centrosome abnormalities [13, 89, 90],
there are multiple lines of evidence to support the notion that genomic destabiliza-
tion caused by HPV E7-induced centriole duplication errors may contribute to car-
cinogenic progression. For one, centrosome abnormalities have been detected in
human keratinocytes that, similar to pre-malignant lesions, retain episomal copies
of HPV-16, and E6/E7 oncogene expression in these cells is controlled by viral fac-
tors. When such cells are grown under organotypic conditions that allow for the
formation of a stratified skin-like structure that shows histo-morphological altera-
tions reminiscent of dysplasia, centrosome abnormalities are observed in basal
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cells that contain HPV genomes at a low copy number. Centrosome abnormalities
in these basal cells are associated with multipolar mitoses, and, as expected, these
cells are aneuploid [91]. The incidence of centrosome abnormalities in basal cells
was lower when they expressed an HPV-16 genome with a mutation in E7, lending
additional support to the notion that E7 plays a direct role in inducing these ab-
normalities [91].
Centrosome abnormalities have also been noted in a transgenic mouse model of

cervical carcinogenesis. These mice were engineered to express HPV-16 oncogenes
in basal epithelial cells under the control of the human keratin K14 promoter and
to develop cervical tumors when treated with low doses of estrogen (reviewed in
[92]). Similar to reports for HPV-associated human cervical lesions, supernumerary
centrosomes were already apparent in cervical precursor lesions, and the degree of
abnormalities in this model increased in parallel with the severity of the lesions.
When mice were generated that expressed HPV-16 E6 or E7 separately, the HPV
E7-expressing animals developed high-grade cervical dysplasia and invasive cervical
carcinomas. Expression of the HPV E6 oncoprotein, however, only induced low-
grade cervical dysplasia and neoplastic progression did not occur [93]. As expected
from the results with HPV E6 or E7 oncogene-expressing human keratinocytes, hy-
perplastic lesions that developed in HPV E6- or E7-expressing animals each dis-
played a similar degree of centrosome abnormalities [93]. The obvious discordance
in neoplastic potency between HPV E7 and E6 in this transgenic mouse model de-
spite similar elevations in centrosome abnormalities further reinforces the conclu-
sion that mere detection of centrosome abnormalities in a tumor per se is not an
appropriate predictor of neoplastic progression. The finding that lesions in mice
expressing E7 can undergo carcinogenic progression, however, is consistent with
the notion that primary centrosome duplication errors induced by oncogenic sti-
muli such as HPV E7 may have the capacity to drive genomic destabilization
and thus contribute to malignant progression.

18.8
Mechanistic Considerations

The high-risk HPV E6 proteins form a complex with the ubiquitin ligase E6AP and
re-target it to induce multi-ubiquitination and proteasome-mediated degradation of
p53 [30]. Loss of p53 activity has been shown to result in centrosome hyperampli-
fication [94]. This is at least in part a transcriptional effect since it can be rescued
by ectopic expression of the transcriptional target p21Cip1 [95], and cells lacking
p21Cip1 also exhibit centrosome abnormalities [96]. The detection of centrosome-as-
sociated p53 has advanced the model that p53 may have additional direct activities
in modulating centrosome duplication (reviewed in [97]). In many cancers, how-
ever, centrosome abnormalities develop in pre-maligant lesions that retain bona
fide wild-type p53 function [77, 78]. This suggests that loss of p53 is not a neces-
sary, rate-limiting step for induction of centrosome anomalies in human tumors.
Centrosome abnormalities in p53-deficient cells may accumulate as a consequence
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of mitotic errors and failure to detect and thwart such defects [98]. Since centro-
some abnormalities in HPV E6-expressing cells are accompanied by nuclear ab-
normalities, particularly multinucleation [83] (Figure 18.2B), the accumulation of
centrosome abnormalities in HPV E6-expressing cells may be related to p53 inac-
tivation. The high-risk HPV E6 and E7 proteins can each affect aspects of G2/M
checkpoint control [58, 99, 100]. In the case of E6, this is related to p53 inactivation
[99] consistent with the finding that p53 is necessary to sustain G2 arrest after
DNA damage through p21Cip1- and 14-3-3s-dependent pathways [88, 101, 102].
The mechanistic basis for the ability of HPV E7 to affect mitotic checkpoint control
may be related to the ability to interfere with p21Cip1 function [33, 34], or gradual
accumulation of mdm2, which may inhibit p53 function [100].
In contrast, the ability of HPV E7 to induce centrosome duplication errors is in-

dependent of the p53 status of the cell [103], and expression of a high-risk HPV E7
protein rapidly induces centriole duplication errors in phenotypically normal,
diploid human cells [83]. Hence HPV E7 may target molecule(s) that are directly
involved in centrosome homeostasis. Obvious candidates are the retinoblastoma
tumor suppressor pRb and the related “pocket” proteins p107 and p130 that are
targeted by high-risk HPV E7 for proteasome-mediated degradation [104]. The
pocket proteins control the transcriptional activity of E2F transcription factor
family members (reviewed in [105]), which in turn regulate expression of transcrip-
tional targets such as cyclin E, cyclin A, DNA polymerase a, and thymidine kinase
that are rate limiting for G1/S transition as well as components of DNA repair
pathways and G2/M checkpoint control [106, 107]. E2F as well as cyclin A/Cdk2
and cyclin E/Cdk2 complexes have been implicated in centrosome duplication
[108–112]. Mouse embryo fibroblasts lacking E2F-3, but not those deficient in
other E2F family members, accumulate centrosome abnormalities, but as in
p53-deficient cells, these defects appear to arise mostly in cells that also exhibit
nuclear aberrations [113]. Since cyclin A/Cdk2 and cyclin E/Cdk2 complexes can
shuttle between the nucleus and cytoplasm [114] they may be directly involved
in licensing centrosomes for duplication by phosphorylation of substrates such
as B23 nucleophosmin [115 ,116], the Mps1p kinase [117] or CP110 [118]. Interest-
ingly, however, suppression of Cdk2 activity in colon carcinoma cell lines did not
appear to interfere with normal centrosome duplication [119] and genetic ablation
of cyclin E [120, 121] and Cdk2 [122] in mice does not markedly interfere with
normal cell division and development demonstrating that Cdk2 activity is not
strictly required for normal centrosome duplication. This is consistent with an
earlier study in Xenopus egg extracts that revealed that the initial round of centro-
some duplication is Cdk2 independent but requires calcium/calmodulin-depen-
dent protein kinase II (CaMKII) activity [123]. Alternatively, the centrosome-related
function of Cdk2 in Cdk2- or cyclin E-deficient cells may be compensated by other
Cdk/cyclin complexes.
Inhibition of E2F and Cdk2 activity by dominant negative mutants and/or small

molecule inhibitors, however, each interfered with the ability of HPV E7 to induce
abnormal centrosome duplication [58]. Additional experiments revealed that HPV
E7 expression induced centrosome abnormalities in cell lines with mutated pRb
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and even in mouse embryo fibroblasts that lack expression of pRb, p107 and p130
altogether [103]. Even though mouse embryo fibroblasts appear to be defective in
certain mitotic control mechanisms and undergo spontaneous tetraploidization
[124], these results demonstrate that the capacity of HPV E7 to induce centrosome
duplication errors is at least in part independent of its ability to subvert pRb and
related pocket protein function [103]. This is consistent with other studies that
have shown that loss of p16INK4A expression, which compromises pRb function
through constitutive Cdk4/Cdk6-mediated hyperphosphorylation, or expression
of SV40 T antigen, which interacts with pRb family members and disrupts pRb/
E2F complexes, are not sufficient to rapidly induce centrosome abnormalities
[124, 125]. The adenovirus E1A protein, which also interacts with pRb induces cen-
trosome hyperamplification through a pRb-independent pathway that involves the
small GTPase protein Ran [126]. The ability of HPV E7 to induce centrosome du-
plication errors depends on the integrity of a specific domain that in addition to
serving as the pRb core binding site also mediates binding of HPV-16 E7 to the
Cdk2 inhibitor p21Cip1 and most likely other cellular proteins [33, 103]. Hence,
while Cdk2 activity may not be strictly necessary for normal centrosome duplica-
tion, HPV-16 E7-induced Cdk2 hyperactivity may be critical for induction of abnor-
mal centrosome duplication [58]. If this were indeed the case, Cdk2 inhibitors
might be particularly useful as drugs to suppress genomic destabilization triggered
by oncogene-induced centrosome duplication errors.

18.9
Concluding Remarks

Studies with HPV oncoproteins have yielded strong support for Boveri’s hypothesis
that some oncogenic stimuli can indeed give rise to aberrant centrosome synthesis,
which may then drive genomic destabilization and provide genomic plasticity to an
emerging neoplasm. Theses experiments also underscore, however, that in many
cases, centrosome abnormalities can arise as secondary defects in cells that have
undergone nuclear changes, most likely as a consequence of persistent cytokinesis
defects. The mere presence of centrosome abnormalities in a tumor or tissue
culture system cannot be taken as evidence that a certain oncogenic stimulus
has directly caused these defects.
Virologists may raise the question whether the ability of the high-risk HPV E6

and E7 oncoproteins to induce centrosome-associated mitotic abnormalities and
chromosome missegregation in their host cells may be of advantage to the viral
life cycle or whether this simply represents an unavoidable corollary of the particu-
larly nefarious viral replication strategy that these viruses have adopted. Since the
low-risk HPV E6 and E7 proteins do not noticeably interfere with centrosome du-
plication, it is unlikely that induction of centrosome defects represents a necessary
feature of the viral replication strategy. Interestingly, however, microcell-mediated
transfer of chromosome 4 into the HPV-18-positive HeLa cervical carcinoma cell
line led to suppression of telomerase activity [127]. Hence chromosomal gains
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and losses may not only alter the malignant phenotype but also augment the
proliferative potential of HPV oncogene-expressing cells. Moreover, whereas
many nuclei of the highly abnormal multinucleated HPV-16 E6/E7-expressing
cells expressed senescence-associated b-galactosidase activity, some nuclei had
retained the ability to undergo S-phase progression as evidenced by expression
of the Ki67 proliferation marker [83]. High-level papillomavirus genome synthesis
in differentiated keratinocytes may be confined to a relatively small number of
“jackpot” cells that contain a very large number of HPV genomes [128]. Analysis
of HPV genome synthesis by fluorescence in situ hybridization (FISH) analysis
in differentiated keratinocytes grown under organotypic conditions revealed that
some cells that contained high numbers of HPV-16 genomes also displayed nu-
clear abnormalities [91]. This indicates that, at the very least, generation of nuclear
abnormalities does not interfere with the synthesis of viral progeny.
Over the years studies with small DNA tumor virus oncoproteins have yielded

fundamentally relevant insights regarding the basic mechanisms of human carci-
nogenesis. In particular, the retinoblastoma and p53 tumor suppressors, important
cellular targets of small DNA tumor virus oncoproteins, are mutated at some level
in almost all human cancers and hence are likely to play a general role in tumor-
igenesis. Likewise, studies with HPV E6 and E7 oncoproteins may lead to the dis-
covery of essential and generally applicable concepts and molecular pathways that
can disrupt centrosome homeostasis in otherwise normal cells and may illuminate
how such abnormalities might contribute to carcinogenesis. It may finally be
possible to perform the critical experiment that Boveri “followed so far without
success, (…) to bring about, with as slight injury as possible, multipolar mitoses
in a healthy tissue and to observe whether a malignant tumor sometimes arises
on such a soil” [68].
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Manipulation of Centrosomes and the Microtubule Cytoskeleton
during Infection by Intracellular Pathogens

Niki Scaplehorn and Michael Way

19.1
Introduction

The evolution of pathogens is shaped by a genetic arms race between invading mi-
croorganisms and the defense mechanisms of their unwilling hosts. From infect-
ing and evading detection, to replicating and spreading, bacteria and viruses have
evolved to manipulate the molecular machinery of the cell by intercepting or mi-
micking the signals that control normal cellular functions. These genetic weapons
provide us with a rich resource of clues to establish how cellular functions are
regulated. For example, the discovery of viral oncogenes such as v-src in the
1970s, and the revelation that they represent hijacked copies of host genes, comple-
tely revolutionized our understanding of signal transduction [1]. More recently, our
knowledge of the regulation of actin dynamics has been transformed by work with
bacteria such as Listeria and Shigella, and vaccinia virus, all of which can induce
actin polymerization to enhance their spread from cell to cell [2].
Interactions between invading pathogens and the microtubule cytoskeleton have

also been observed. Ever since the widespread use of electron microscopy, close
associations between microtubules and virus particles have been documented. In
some cases, infections with bacteria or viruses have been shown to induce dramatic
reorganization of the microtubule network, but the molecular basis for these
changes was not clear. However, dramatic improvements in live-cell imaging tech-
niques, ever-increasing access to pathogen genomes, and a deeper understanding
of cell regulation have all contributed to an explosion of recent advances in the
study of pathogen–microtubule interactions. It has become clear that the microtu-
bule cytoskeleton plays a fundamental role in the life cycle of many intracellular
pathogens. The radial array of polarized microtubules, together with the wealth
of motor proteins that carry cellular cargoes along them, forms an ideal system
to facilitate the transport of viruses and bacteria around the cell. Many pathogens
are able to rapidly subvert this system to promote their own spread through the
cytoplasm. Much work is currently underway to determine how these pathogens
are able to hijack motor proteins and microtubules so efficiently [3–5].



The centrosome lies at the heart of this transport network, by both organizing
and maintaining the polarity of the microtubule cytoskeleton. This makes it a com-
mon site for the accumulation of many invading pathogens. This accumulation
appears to play a vital role during infection, either by enhancing the targeting of
virus particles to the nucleus, or by concentrating viral and host factors required
to form a site of virus assembly or bacterial replication. The response of the host
cell to infection is also coordinated at the centrosome, since many protein-degrada-
tion and antigen-processing activities are concentrated there [6]. The centrosome
therefore promotes not only pathogen assembly and maturation, but also pathogen
degradation [7].
The centrosome can also be a casualty of infection. Many viruses disrupt control

of centrosome duplication, causing the cell to accumulate multiple centrosomes.
This leads to the formation of abnormal mitotic spindles, which fail to accurately
segregate chromosomes during cell division. The resulting genomic instability can
cause the cell to acquire a transformed phenotype, suggesting that centrosome de-
regulation is an important part of the mechanism of virus-induced tumor progres-
sion [8] (see also Chapter 18). Recent work has also shown that some viruses are
able to damage the centrosome, severely limiting its ability to nucleate microtu-
bules [9].
Viruses and bacteria are clearly able to manipulate the microtubule network, cen-

trosome stability, and centrosome duplication using a variety of different genetic
tools. This chapter brings together these diverse mechanisms, and discusses
what we might learn about the normal functions of the centrosome and microtu-
bules by studying the interactions between intracellular pathogens and their hosts.

19.2
Microtubule-directed Movement of Viruses and Membrane Compartments
during Viral Infection

As the principal microtubule organizing centre (MTOC) of the metazoan cell, the
centrosome forms the core of an enormously complex transport system which
spans the entire cell. By anchoring microtubule minus-ends at a single focus,
close to the surface of the nucleus, the centrosome marks a reference point
from which the entire system is directed [10]. The microtubule network provides
the tracks for the many different motor proteins which carry cellular cargoes
along the microtubules, moving either towards or away from the centrosome
[11]. The localization within the cell of vesicles, the endoplasmic reticulum, the
Golgi complex, mitochondria, and even the nucleus are all dependent on the
microtubule–motor network.
Unfortunately, this powerful system is also an ideal target for invading microor-

ganisms. Most intracellular pathogens need to spread through the cytoplasm. For
example, many viruses are dependent on proteins of the host nucleus to replicate
their genomes, and so need a fast and efficient means to locate to their site of
replication. Other viruses and bacteria replicate in the cytoplasm, but need to con-
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centrate the proteins and membranes required for their assembly and maturation
in one location within the cell. These “assembly points” can be in any number of
locations, from the centrosome to the plasma membrane. Finally, most bacteria
and viruses that do not induce cell lysis need to move away from their site of
replication and assembly, to spread infection to neighboring cells. All of these re-
quirements are met by the microtubule cytoskeleton, and so it is unsurprising that
a huge number of pathogenic organisms have evolved molecular tools to hijack this
network [3].

19.2.1
Targeting the Nucleus using Motor-proteins and the Microtubule Network:
Herpes Simplex Virus, Poliovirus and Retroviruses

Viruses which infect the large, polarized cells of the peripheral nervous system
have the most dramatic need for a means of spreading over long distances,
since the distance between their site of entry and their site of replication can
reach several centimeters in length [12]. Herpes simplex virus type 1 (HSV-1) the
causative agent of cold sores infects sensory neurons and spreads via synapses.
Within a neuron, viral capsids must first move from the synapse, along the length
of the axon to the cell body, where replication is possible. Progeny virus must then
make the return journey, along the axon to the synapse, where they emerge in
order to spread to neighboring cells (Figure 19.1). It has been calculated that
were this movement to occur by diffusion alone, a journey of a single centimeter
would take 231 years, and so it is essential that herpes virus moves by an active
transport mechanism. HSV-1 capsids have long been observed to be aligned
with axonal microtubules using the electron microscope, and it was suggested
that capsids use this association to move around the cell [13].
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Figure 19.1 Retrograde and anterograde transport of viruses along the axon. Neurotropic viruses
such as herpes simplex virus-1 subvert host motor proteins to aid their spread over long
distances. Incoming virus particles move from the synapse to the cell nucleus using minus
end-directed dynein-family motors. Progeny virus returns along microtubules in the opposite
direction, possibly using kinesin-family motors.



More recently, the motor proteins responsible for this movement have been iden-
tified. In cultured epithelial cells, incoming nucleocapsids recruit dynein and the
dynactin complex, taking full advantage of the cellular machinery normally used
by the host to speed transit through the axoplasm. Retrograde transport of capsids
towards the centrosome depends upon the integrity of this motor protein complex,
as overexpression of a dynactin subunit, p50/dynamitin, blocks accumulation of
virus near the nucleus (Figure 19.2) [14]. In contrast, anterograde transport of pro-
geny virus in cultured neurons, away from the centrosome, is thought to involve
conventional kinesin, based on its recruitment to progeny virus particles [15].
The means by which HSV-1 interacts with dynein/dynactin and kinesin complexes
is yet to be fully resolved, as is the question of how this powerful subversion of host
motor proteins is regulated.
While related neurotropic viruses such as poliovirus also use dynein/dynactin to

locate to the nucleus, the mechanisms by which motor complexes are recruited ap-
pear to vary significantly [5]. Poliovirus enters target cells by binding a nectin-like
receptor, CD155, and undergoing receptor-mediated endocytosis. A direct interac-
tion between the cytoplasmic tail of CD155 and a dynein light chain is proposed
to mediate the recruitment of virus-containing endocytic vesicles to microtubules
[16]. In this way, poliovirus appears to perfectly mimic its host by subverting endo-
genous proteins for the task of docking with motor complexes.
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Figure 19.2 The dynein–dynactin complex and viral motility. The dynactin complex acts as an
interface between dynein motors and their cargoes. Overexpression of the p50 dynamitin subunit
of the dynactin complex inhibits dynein motor activity.



The journey of HIV and other retroviruses towards the nucleus, where they
integrate with the host genome, has also been characterized in some detail. The
virus enters the cell by engaging host receptors, and fusing with the plasma mem-
brane. Once inside, the RNA genome is reverse transcribed to generate a DNA
copy, forming a triple-helical structure which together with viral proteins com-
prises the reverse transcription complex (RTC). RTCs were filmed live in motion
in infected cells by labeling viral proteins, newly transcribed DNA, and viral mem-
branes (so that incomplete RTCs could be identified and excluded from analysis).
RTCs move towards the centrosome with dynamics typical of microtubule-based
movement, and accumulate there.
To enable the virus to move both towards and away from the centrosome, two

different motor proteins must be employed. For example, if dynein-based motility
in HIV infected cells is blocked by microinjection of an inhibitory antibody, virus
accumulates at the cell periphery. This suggests that not only does HIV make use
of minus end-directed motor proteins to move towards the centrosome, but plus
end-directed motor activities are active in keeping the virus in the cell periphery
[17]. This is supported by work with other retroviruses; direct interactions between
dynein light chain 8 and the viral scaffold protein Gag in foamy retroviruses, and
between KIF4 kinesin and Gag in murine leukemia virus have been identified
[18, 19].
For a retrovirus, the centrosome is a crucial interchange during its journey to-

wards the nucleus. While centrosomal targeting appears to be a common feature
of many retroviruses, the mechanism by which each retrovirus penetrates the nu-
clear membrane appears to vary [20]. Many, including human T-cell leukemia virus
(HTLV), require cell proliferation for productive infection, presumably because nu-
clear envelope breakdown during mitosis gives the virus unhindered access to the
DNA of the host. Others, such as human immunodeficiency virus (HIV), encode
proteins containing nuclear localization signals, which target the viral genome
for nuclear import via nuclear pore complexes (NPCs). In general however, the
mechanism by which viruses make the journey from the centrosome to the nuclear
membrane is poorly understood. The process must at some point involve dissocia-
tion from the microtubule network, and may require the virus to acquire motor
proteins with a different directionality, to allow movement away from the centro-
some and towards the nuclear membrane. Establishing the molecular events
that regulate transit between the centrosome and nuclear membrane will be an
important aim of future research.

19.2.2
Hijacking Motor Proteins to Promote Cytoplasmic Assembly and Spread:
Vaccinia Virus and African Swine Fever Virus

Vaccinia virus, the vaccine for smallpox, faces several different transport problems
during infection. This is largely due to its highly complex life-cycle, which occurs
exclusively in the cytoplasm, and involves formation of multiple forms of the virus
in a number of different locations (Figure 19.3) [21]. A result of this nucleus-inde-
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Figure 19.3 Interactions between vaccinia and microtubule cytoskeleton. Microtubules are
thought to be involved in many steps of the vaccinia virus life cycle. (1) Incoming viral cores
appear to associate with microtubules. (2) Viral mRNAs are organized into granules in a
microtubule-dependent process. (3)Mitochondria retract from the cell periphery to surround the
newly formed viral-factory region. (4) Accumulation of IMV particles at the centrosome and TGN
requires intact microtubules. (5) IEV move from the TGN to the cell periphery along microtubules
before leaving the cell and stimulating actin-tail formation (see Color Plates page XXXIX).



pendent existence is that vaccinia has become a masterful manipulator of intracel-
lular membranes, essentially building for itself the structures required for viral
gene expression, DNA replication, morphogenesis and spread. Microtubules play
a role in coordinating these processes from the earliest stages of infection.
Almost immediately after entering a cell, vaccinia initiates transcription of early

viral genes. This occurs within the incoming viral cores, and the resulting messen-
ger RNAs (mRNAs) are extruded into the cytoplasm [22]. Both the viral cores and
the extruded mRNAs are thought to move along the microtubule network. GFP-
tagged cores have been observed by video-microscopy to move with speeds and
“stop–start” dynamics characteristic of microtubule-based motility [23]. Although
a motor protein responsible for this movement has not been identified, several
viral proteins which are components of the core have been shown to behave as
microtubule-associated proteins (MAPs), and it is possible that these proteins
play some role in targeting vaccinia cores to the microtubule network [9].
Following extrusion from the cores, mRNAs become organized into granular

structures, in a process which also requires intact microtubules [24]. The mechan-
ism by which these structures form is not understood, but is likely to share fea-
tures in common with mRNA transport in other systems. For example the polar-
ized distribution of mRNAs in the Drosophila oocyte provides a crucial source of
positional information which determines the antero-posterior axis of the fly [25].
This polarity is generated by the transport of mRNAs along microtubules which
span the oocyte, and is known to depend on the activity of dynein-family, minus
end-directed microtubule motors [26]. The same machinery for mRNA localization
appears to be used both during oogenesis and in subsequent embryogenesis, sug-
gesting that a conserved mechanism for mRNA targeting is at work [27]. Future
studies with vaccinia might therefore yield important clues as to how mRNA loca-
lization is regulated during normal development.
Vaccinia replication and maturation occurs in regions of perinuclear cytoplasm

called viral factories, in which replicated viral DNA is thought to become packaged
with virally-modified membranes derived from the endoplasmic reticulum
(ER)–Golgi intermediate compartment [28]. From these factories, so-called intracel-
lular mature virus (IMV) particles emerge, and many begin to accumulate close to
the MTOC. During infection, the trans-Golgi network (TGN) also becomes loaded
with viral proteins [29]. A fraction of the IMVs become wrapped in the modified
TGN to form intracellular enveloped virus (IEV). This trafficking of IMVs from
the factories to the TGN depends on the protein encoded by the viral gene
A27L, since viruses which lack this gene fail to accumulate at the centrosome,
and are unable to reach their wrapping site to form IEV particles [30]. However,
whether A27L plays a direct role in this process remains to be established.
Like HSV, accumulation of vaccinia at the MTOC requires the activity of the

dynein–dynactin complex, since overexpression of p50/dynamitin inhibits the an-
choring of virus particles close the centrosome [9]. However, in the case of vaccinia,
the viral proteins responsible for binding this motor complex have not been found.
A more detailed molecular characterization has been achieved with a distant rela-
tive of vaccinia, African swine fever virus (ASFV), which is also a large DNA virus
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that replicates in the cytoplasm. The movement of ASFV towards the centrosome
is also dependent on the dynein–dynactin complex. A viral protein, p54, has been
identified as a direct binding partner of dynein light chain 8. p54 is an external
component of the ASFV virion, and resembles the 190-kDa family of mammalian
MAPs. It is proposed that this interaction might be required for minus end-direc-
ted transport [31].
While an equivalent interaction in vaccinia-infected cells has not yet been iden-

tified, the movement of vaccinia away from the centrosome has been more inten-
sively studied, and tantalizing clues as to how viral transport might be regulated
have been found. After their formation, IEV particles move out towards the plasma
membrane along the microtubule network [32, 33]. This process has been visua-
lized using video-microscopy of GFP-tagged IEVs [34, 35]. Deletion of two different
IEV-specific viral genes, A36R and F12L, blocks IEV transport without affecting
IEV formation. In the case of A36R, a 30 amino-acid long region of the protein
has been shown to be necessary and sufficient for virus movement [34]. This region
overlaps with that required for A36R to bind a third IEV-specific protein, A33R [36].
Furthermore, a virus which lacks the A36R-binding site in A33R forms IEV parti-
cles which fail to move along microtubules to the cell periphery [36]. While A33R
and A36R are integral IEV membrane proteins, F12L appears to associate specifi-
cally with those IEVs which are moving on microtubules, suggesting that recruit-
ment of F12L plays a key role in promoting viral egress [37]. Finally, microtubule-
associated IEV particles also recruit conventional kinesin, and overexpression of
the cargo-binding domain of kinesin light chain efficiently blocks movement of
IEV particles away from the centrosome [34]. What remains to be established is
how these proteins interact to form a complex, and how the formation of this com-
plex is regulated to generate movement of IEVs to the cell periphery.
Manipulation of the microtubule–motor protein network is not limited to the

movement of virus particles, but also appears to be involved in the reorganization
of intracellular membrane compartments during viral factory formation. Like
vaccinia, both ASFV and iridoviruses depend on factories for their replication. In
general, viral factories tend to form close to the MTOC, dramatically exclude
host protein markers for different membrane compartments, and strongly recruit
host chaperone proteins [38]. Additionally, mitochondria collapse from the cell
periphery to surround the factory, presumably to supply the region with the vast
quantities of ATP required for vigorous virus replication and morphogenesis
[39]. This retraction could be a result of viral disruption of the host motor proteins
which are required for normal mitochondrial distribution. Finally, factories become
wrapped in a cage-like structure of vimentin intermediate filaments [40].
Such a vast and orchestrated restructuring of the contents of the cell might be

expected to depend on the action of a large number of viral genes, and complex
interactions with the machinery and signaling pathways of the host. However,
although factory formation is undoubtedly an intricate process, there remains a
strong possibility that the program of reorganization is largely an intrinsic protec-
tive reaction of the host cell, being strikingly similar to the cellular response to
aggregation of unfolded proteins [41]. This response has been named the “aggre-
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some” reaction, as it results in the formation of a large inclusion body around the
MTOC, which contains aggregated, ubiquitinated proteins. The aggresome reac-
tion can be induced by expressing proteins with mutations which prevent folding
and promote aggregation [42]. Chaperones and proteasomal machinery are re-
cruited to the aggresome structure, which becomes surrounded by mitochondria
and a vimentin cage – mimicking almost perfectly the appearance and conse-
quences of viral factory formation (Figure 19.3).
The centrosome and its accompanying microtubule network play at least two

roles in this process. Firstly, the inward trafficking of aggregated proteins requires
the activity of microtubules and the dynein–dynactin complex, as it is sensitive to
nocodazole and expression of p50–dynamitin respectively [43]. For this reason, the
natural point of accumulation for aggregated protein is the centrosome. Secondly, a
significant fraction of active chaperones and proteasomal machinery of the cell is
associated with the centrosome [44]. Viruses could take advantage of this rich sup-
ply of protein-processing enzymes to facilitate their assembly. For example, the
centrosomal chaperone Hsp90 is known to be important for efficient replication
of vaccinia virus [45].
However, the proximity of viral factories to centrosomal proteasome activity may

also benefit the host cell. During infection, viral proteins are targeted by the pro-
teasome, generating antigenic peptides which are presented to the immune system
via major histocompatibility complex (MHC) class I proteins [46]. In the case of a
misfolded influenza virus antigen, this process appears to occur at the MTOC, and
in nuclear substructures called promyelocytic leukemia oncogenic domains (PODs)
[47]. Processing of ubiquitinated HIV Nef antigen also occurs at the centrosome,
and the microtubule-dependent recruitment of antigen to this site is necessary
for processing and presentation of Nef peptides [48]. It will be interesting to see
whether viral antigen processing at the centrosome is established as a general
theme of the anti-viral response, or whether it only occurs in specific circum-
stances.
Studies of virus-infected cells have highlighted the dynamic nature of the pro-

tein-processing machinery of the cell. The observation that misfolded proteins
are transported by the microtubule–motor protein network suggests that like pro-
tein synthesis, protein degradation is a spatially regulated process, which is orga-
nized by the cytoskeleton. Ironically, it appears that viruses can take advantage
of this system to promote their assembly in the cytoplasm – despite the fact that
an important function of the degradation machinery is to alert the immune
response to intracellular infection. Both viral assembly and viral degradation are
therefore focused around the centrosome.

19.2.3
Conclusion

Viruses intercept motor proteins and the microtubule network not only to
accelerate their spread through the cytoplasm, but also to enhance their assembly
by triggering the reorganization of cellular membrane compartments. The means
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by which they manage to do this, by hijacking and mimicking motor proteins and
other MAPs at multiple levels, promises to highlight exciting facets of host biology.
On a technical level, viruses are ideal tools to probe motor protein function, since
they can potently concentrate motor proteins, making them highly amenable to
visual analysis.
It appears that viruses are also able to efficiently regulate their direction of move-

ment. Directionality is likely to be controlled by a number of factors, including
post-translational modification of “cargo” proteins on the virus surface, by acquisi-
tion of host or viral adaptor proteins, or by a combination of the two processes. In
particular, it will be interesting to see whether viruses, like other cellular cargoes,
can simultaneously recruit a number of different motor protein complexes. The
mechanism by which either retrograde or anterograde transport is selected by
the virus may offer fascinating parallels with the control of vesicular and organelle
trafficking in normal, uninfected cells. The centrosome itself is such an organelle,
being strongly dependent on the activity of motor proteins both to maintain its
position relative to the nucleus in non-dividing cells, and to migrate around the
nucleus following centrosome separation [49, 50].
Viruses which take control over the motor proteins required for normal centro-

some function might therefore be expected to have a dramatic impact on microtu-
bule organization and cell division. However, finding a clear link in infected cells
between viral motor-abuse and microtubule reorganization is hindered by the sheer
number of different viral factors and motor proteins that might play a part in this
process. The following section describes some of the many ways in which viral
infection can result in disruption of the microtubule network and centrosome
function.

19.3
Virus-mediated Damage to the Centrosome and Microtubule Network

All pathogens tread a fine line between manipulating the systems of their hosts,
and destroying them. While cell lysis may be a useful means by which viruses pro-
mote their release and spread, it is possible that in many cases cellular damage is
simply a result of an intolerable level of viral abuse of the cell’s signals and
resources. Bearing this in mind, together with the fact that the microtubule cyto-
skeleton and centrosome are frequently hijacked by intracellular pathogens, it
is unsurprising that both are frequently reorganized or even destroyed during
many different infections.

19.3.1
Viral Disruption of Microtubule Organization

Microtubule reorganization is presumably a result of viral manipulation of the pro-
teins which normally regulate the stability and localization of microtubule fila-
ments. The hijacking of motor proteins has been discussed, but other components
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of the microtubule network are also targeted by viruses [3]. In many cases, the
mechanism by which microtubules are reorganized during infection is completely
unknown.
As discussed above, both vaccinia and ASFV encode proteins which have MAP-

like properties, and so may be partly responsible for microtubule reorganization
during infection [9, 31]. MAPs are found in many other viruses – for example,
the “movement protein” (MP) of tobacco mosaic virus (TMV) is an endoplasmic
reticulum-resident protein which binds microtubules, and is required for transmis-
sion of virus from cell to cell through plasmodesmata [51]. MP has a potent
ability to disrupt the microtubule cytoskeleton: its expression in uninfected
mammalian cells causes microtubules to detach from the centrosome, by an
unknown mechanism [51]. The HSV-1 tegument protein, VP22 also behaves
as a MAP, and is an aggressive manipulator of the microtubule cytoskeleton,
inducing microtubule bundling when expressed in uninfected cells [52]. Like
TMV movement protein, VP22 is required for the efficient spread of virus from
cell to cell [53].
Other viruses affect microtubule organization by disrupting the function of host

MAPs. Poliovirus, for example, encodes a protease that cleaves MAP4. This clea-
vage correlates with collapse of microtubules during infection [54]. HIV also ex-
presses a protease capable of cleaving MAP2, although the significance of this is
unknown [55]. Finally, flaviviruses such as Kunjin virus and hepatitis C virus
have long been known to reorganize microtubules into large crystalline structures
[56, 57]. The function of these paracrystals is unclear, as is the molecular basis of
their origin.
It is likely that viral disruption of the microtubule network, either by expression

of viral MAPs, by cleavage of host MAPs, or by other mechanisms, enhances the
ability of the virus to interact with microtubules or indeed promotes infection in
some other way. However, it is equally possible that many disruptive effects of
virus infection are simply tolerable side-effects of other viral manipulations or
host responses to invasion. Despite this, such phenomena may still be of signifi-
cant interest to those studying regulation of the microtubule network, since they
may shed light on novel ways in which the cytoskeleton may be controlled in
uninfected cells.

19.3.2
Virus-mediated Centrosomal Damage

In a small number of cases, virus infection has been shown to result in almost
complete ablation of the centrosome. In vaccinia-infected cells, centrosome de-
struction is characterized by a rapid loss of centrosomal proteins from the
MTOC as determined by immunofluorescence, and starts from 2 h post-infection
(Figure 19.4). This effect appears to be due to a redistribution of proteins within
the cell, since levels of expressed centrosomal proteins, measured by Western
blot, are not significantly reduced over the same period. The ability of the centro-
some to re-nucleate microtubules is also greatly diminished by vaccinia infection.
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Figure 19.4 Vaccinia infection damages the centrosome. Centrosomes in vaccinia-infected cells
show dramatically reduced labelling with antibodies against centrosomal proteins including
gamma-tubulin (A–D), pericentrin (E, F), C-Nap1 (G, H) and centrin (K, L). Reproduced from [9]
with permission from Oxford University Press.



Centrosome destruction also appears to require the expression of viral genes,
although the gene responsible has not been identified [9].
More recently, centrosome destruction was also observed in HSV-1-infected cells,

where VP22-dependent microtubule reorganization may be involved. In this case,
MTOCs have been shown to return after prolonged infection, suggesting that the
process of destruction is reversible [58]. Centrosomal defects have also been de-
scribed by electron microscopy in cytomegalovirus (CMV)-infected cells, where dis-
ruption of centriole structure and detachment of fibrillar material occur [59].
Whether these changes are also seen during vaccinia- or HSV-1-mediated centro-
some destruction, and so represent a general response to a variety of different
viral infections, remains to be seen.
Centrosome destruction was first observed many years ago, as a cellular response

to heat shock [60]. Both viral infection and heat shock are potent activators of stress
pathways, raising the intriguing possibility that centrosome stability is under the
control of stress-activated signaling [61]. Centrosomal damage may therefore be
an underlying cause of microtubule reorganization in many other viral infections,
since in many cases the centrosome has been overlooked when characterizing
virus-induced alterations in the microtubule network.

19.3.3
Summary

Identifying the mechanisms by which viral infections cause damage to cellular or-
ganization may be a fruitful area of research in the future. Such work may draw
our attention to new ways in which the stability of microtubules and the cytoske-
leton is regulated in uninfected cells. This has certainly been the case in the cell
cycle field, where the deregulation of centrosome duplication and checkpoint sig-
naling during virus infection has been intensively studied. Insights from viral pro-
teins which disrupt these centrosomal functions are described in the next section.

19.4
Viral Disruption of the Centrosome Duplication Cycle and Spindle Checkpoints

The centrosome is the only organelle outside the nucleus which is known to dupli-
cate precisely once during each round of the cell cycle. How this remarkable level
of control is possible for a structure consisting entirely of proteins is not yet fully
understood, although pathogens may offer some insights. Many viruses have been
found to cause uncontrolled duplication of the centrosome. These viruses some-
how uncouple the centrosome from the mechanisms which link it to the rest of
the cell cycle – the system which normally ensures that centrosomal duplication
occurs in concert with replication of the host genome in S-phase [62] (see
Chapter 9).
Cells are normally protected from the consequences of centrosome reduplication

by mitotic checkpoints: signals which become active if the mitotic apparatus fails to
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be assembled correctly, and which act to arrest cell cycle progression to prevent the
otherwise inevitable onset of genomic instability. However, several viruses have
been identified which clearly interfere with this checkpoint system, allowing
cells with multiple centrosomes to proceed through the next round of DNA repli-
cation having failed to complete mitosis. By disrupting both centrosome duplica-
tion and the protective checkpoints that buffer the cell from such damage, some
viruses can be potently oncogenic. Identifying viral genes which are involved in
this disruption has shed new light on how the intricacies of the host cell cycle
are coordinated.
Perhaps the best characterized host–pathogen interaction involving centrosome

cycle regulation is that of papilloma virus. The role of papilloma viral genes E6
and E7 in promoting ectopic centrosome duplication is covered extensively else-
where in this book (see Chapter 18), and so will not be described here. However,
studies with many other viruses are now following in the wake of papilloma
virus, and the variety of different ways in which cell-cycle disruption may occur
is proving to be particularly informative.

19.4.1
Early Studies on Centrosome Number: Paramyxoviral Syncytia

Some of the very first experiments to address the question of how centrosome
number is regulated used viruses as an experimental tool. Infection with para-
myxoviruses such as Sendai virus and simian virus 5 (SV5) causes cells to fuse
with one another. In SV5-infected cell monolayers for example, large syncytia
are formed in which nuclei align with each other in ordered rows. In these cells,
centrosomes were observed to aggregate, forming a single, functional MTOC,
from which bundles of microtubules emerge. These bundles were shown to play
a role in guiding the nuclei into such organized arrays, providing us with one of
the first clear examples of how microtubules can manipulate membrane-bound or-
ganelles [63]. Using Sendai virus to generate binuclear cells, MTOCs were also
found to merge, to form a single, functional center [64]. However, in both cases,
centrosome number is not modified directly through the signaling pathways of
the host, but is increased simply through cell–cell fusion. Interestingly, centrosome
aggregation is not a direct consequence of cell fusion, since other fusion techni-
ques do not appear to result in the same outcome. Whether the aggregation
response is a regulatory reaction to increased centrosome number, a function of
the activity of the virus or an intrinsic property of centrosomes is not clear. In
Sendai virus-infected cells, multipolar spindles are often seen, suggesting that cen-
trosome aggregation does not restore their ability to reliably assemble a normal,
bipolar spindle.
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19.4.2
Multiple Centrosomes:
Human Immunodeficiency Virus and the DNA Damage Checkpoint

One of the hallmarks of the late stages of AIDS is a dramatic and acute decline of
CD4þ T-cells in the HIV-infected patient. This is thought to be at least partially a
result of cytotoxicity associated with the expression of viral proteins. One such
viral component, the accessory protein Vpr, is known to have such an impact,
since its expression in many cell types results in prolonged cell-cycle arrest and
apoptosis. Importantly, Vpr is both necessary and sufficient for these effects,
since viruses lacking Vpr fail to induce cell-cycle arrest, while ectopic expression
of Vpr reproduces the arrest phenotype [65, 66]. In particular, Vpr expression in-
duces a long arrest in the G2 phase, during which multiple centrosomes accumu-
late, followed by aberrant entry into mitosis, generation of abnormal spindles, and
induction of apoptosis. Inappropriate centrosome reduplication is also observed in
HIV-infected cells [67, 68].
Several signaling pathways that are known to be involved in regulation of the

centrosome cycle have also been shown to be affected by Vpr expression. Most sig-
nificantly, Cdc2 (also known as Cdk1) becomes phosphorylated on tyrosine 15 in
Vpr-expressing cells, resulting in suppression of the Cdc2–cyclin B kinase activity
required for G2–M transition. This effect is conserved in fission yeast, where ge-
netic studies have pointed to a role for the Cdc2 phosphatase Cdc25 and the
Cdc2 kinase Wee1 in mediating the impact of Vpr on Cdc2 phosphorylation [69].
Protein phosphatase 2A (PP2A) is also proposed to function in this cascade,
although its relationship with Vpr and the significance of its activity remains con-
troversial [70]. More recently, proteins of the DNA-damage checkpoint pathway,
ATR and Chk1 have been shown to act downstream of Vpr and upstream of
Cdc25 in mammalian cells [71]. Finally, while none of the above processes appear
to be dependent on the tumor suppressor, p53, an additional effect of Vpr is to
upregulate expression of the cyclin-dependent kinase inhibitor, p21Waf1/Cip1, and
this particular pathway requires p53 activity (Figure 19.5) [72].
How does viral manipulation of this intricate web of interactions result in

centrosome reduplication? The identification of DNA-damage checkpoints as a
major target of Vpr may be particularly revealing. The ATR/Chk2 signal is activated
in response to treatments which disrupt accurate DNA replication during S-phase,
while a sister pathway involving ATM and Chk2 are regulated by other genotoxic
stresses, such as gamma-irradiation [73]. Both types of stress are known to promote
the formation of ectopic centrosomes under some circumstances [74, 75] (see
Chapter 17). Together, these results suggest that activation of DNA-damage check-
points is often sufficient to inhibit the onset of mitosis, and yet insufficient to in-
hibit centrosome duplication. In addition, unexpected connections between the
machinery that monitors genome integrity and the centrosome have been identi-
fied (see Chapter 11). For example, mutations in several genes required for DNA
integrity, including Brca1 and Brca2, result in centrosome-number abnormalities
[76, 77]. By what mechanisms these centrosome amplifications come about is un-
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clear, but aborted cell division constitutes one possible mechanism [78]. Clearly, the
system which licenses centrosome replication is somehow integrated with the sys-
tem which licenses the G2–M transition, although unsurprisingly, this integration
is far from perfect. Such inconsistencies are exploited to great effect by viral genes
such as Vpr.
Given the importance of cell-death in the pathology of AIDS, a key point which

must be resolved is whether centrosomal abnormalities induced by Vpr represent a
mechanism by which apoptosis is induced. Several lines of evidence, and especially
the results of mutational analyses of Vpr, suggest that the cell-cycle arrest and
apoptotic functions of Vpr may be separated [79, 80]. However, the interdepen-
dence between cell-cycle arrest and centrosome dysfunction is clearly highly com-
plicated, and so a direct connection between such abnormalities and apoptosis may
not be evident. What is clear is that future work in this field promises to help un-
tangle the complicated triangular relationship between centrosome duplication,
DNA replication checkpoints, and apoptosis.
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Figure 19.5 HIV Vpr inhibits progression from G2 to M phases of
the cell cycle. HIV Vpr expression activates the ATR/Chk1 DNA-
damage checkpoint, which acts on Cdc2 : cyclin B to inhibit the
onset of mitosis. Cells stalled in this way accumulate multiple
centrosomes.



19.4.3
Multiple Centrosomes: DNA Tumor Viruses, Retinoblastoma and Ran GTPase

Like HIV, DNA tumor viruses such as adenovirus and SV40, also induce centro-
some amplification in infected cells. However, while HIV interrupts the cell
cycle at the G2–M transition, DNA tumor viruses exert an effect on progression
between G1- and S-phase, forcing infected cells to begin DNA replication indepen-
dently of the permissive signals normally required for this to occur [8]. In the case
of adenovirus, the oncoprotein E1A is sufficient to mediate this effect – in fact, a
key regulator of G1–S transition, the retinoblastoma protein pRB, was originally
identified as a ligand of E1A [81]. One of the many functions of pRB is to act as
a tumor suppressor, by sequestering transcription factors such as E2F which
when released, upregulate expression of genes required for S-phase entry [82].
E1A acts by binding to pRB, forcing it to release its other binding partners, and
driving the cell into S-phase prematurely [83]. SV40 T antigen behaves in an iden-
tical manner [84].
As a result of pRB inactivation, there is a dramatic upregulation of E- and A-type

cyclins, which together with the cyclin-dependent kinase Cdk2 form complexes
capable of phosphorylating and activating key S-phase targets. These are not
only involved in DNA replication, but also in the initiation of centrosome duplica-
tion [85]. In this way, E1A and SV40 T antigen could rapidly bring about premature
centrosome duplication. This does not however explain how these oncoproteins
disrupt the controls which normally limit this duplication to a single event in
each round of the cell cycle. Inactivation of pRB by alternative routes, by over-
expressing Cdk4 or impairing cyclin-dependent kinase inhibitor function, both
of which lead to inhibitory phosphorylation of pRB, does not result in centrosome
amplification [86]. This suggests that another function of viral oncoproteins
is required for full onset of genomic instability. The identification of Ran
GTPase as an additional binding partner of E1A is particularly exciting in this
regard.
Ran interacts directly with E1A both in vitro and in vivo. While the meaning of

this association is not understood, E1A acts to inhibit the exchange of GDP for
GTP on Ran by the guanine nucleotide exchange factor RCC1 in vitro. Most impor-
tantly, induction of supernumerary centrosomes by E1A expression depends on the
activity of the Ran signaling network, since centrosome amplification fails to occur
in a cell line in which RCC1 is inactivated, even though premature S-phase entry
still occurs [87].
Ran was first identified as an important regulator of the directionality of nucleo-

cytoplasmic transport. The exchange factor activity of RCC1 is concentrated in the
nucleus via its association with chromatin, whereas Ran GTPase activating pro-
teins are found largely in the cytoplasm. This generates a RanGTP–RanGDP gra-
dient which is used as a source of positional information by proteins passing
through the nuclear pore complex [88]. More recently, Ran was also found to
regulate the assembly and disassembly of microtubules. Upon the breakdown of
the nuclear envelope, the Ran gradient was proposed to be critical in establishing
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the organization of the mitotic spindle [89]. A fraction of cellular Ran is found at
centrosomes, bound to the A-kinase anchoring protein (AKAP450) [90]. An impor-
tant regulator of Ran activity, RanBP1, also localizes to the centrosome, and its
overexpression leads to premature centrosome splitting, to form multipolar spin-
dles from the resulting, partially functional organizing centers [91].
However, despite this progress, the mechanism by which Ran is involved in the

regulation of the centrosome cycle has not been clarified. One distinct possibility is
that Ran activity is required for the shuttling of essential centrosomal components
between the nucleus and the centrosome in interphase. This would suggest that
E1A causes the formation of supernumerary centrosomes because it disrupts the
flow of regulators between these two organelles. This is supported by recent find-
ings with the unrelated, non-tumorigenic, hepatitis B virus, which also causes aber-
rant centriole replication. This effect has been mapped to the viral HBx gene,
which is necessary and sufficient for the phenotype. HBx sequesters a nuclear
export receptor, Crm1 in the cytoplasm, preventing export of nuclear proteins
such as NF-kB. Crm1 is a binding partner of Ran, and in common with Ran, a frac-
tion of the protein is centrosome associated [92].
Using Ran to hijack the nucleocytoplasmic transport system might pay dividends

for the virus, by enhancing its access to the nucleus. Alternatively, Ran might
directly affect the assembly, stability and replication of the centrosome. Adenovirus
E1A and its equivalents in other viruses will be important tools to establish which
of these models is correct. What is clear is that the Ran GTPase network is a com-
mon target for viruses that deregulate the centrosome cycle.

19.4.4
Targeting the Spindle Assembly Checkpoint: Human T-Cell Leukemia Virus-1

The centrosome has long been known to act as an organizing center for the assem-
bly of the mitotic spindle. However, it is now becoming apparent that the centro-
some also has a vital role in regulating spindle function during the transition from
metaphase to anaphase. It does this by playing host to signaling pathways which
ensure that chromosomes only separate when each has a bipolar attachment to
the spindle [93]. This so-called spindle-assembly checkpoint is crucial for the main-
tenance of genomic stability. Viruses such as human T-cell leukemia virus-1
(HTLV-1) are capable of interfering with the spindle-assembly checkpoint, by tar-
geting proteins which control the onset of anaphase.
HTLV-1 is the transforming retrovirus responsible for adult T-cell leukemia

(ATL), a disorder characterized by immortalization of T-lymphocytes, which tend
to carry severe cytogenetic defects [94]. Such cells are often multinuclear, contain-
ing micronuclei and both centric and acentric chromosome fragments. Similar
cytogenetic defects are also seen in uninfected cells expressing a single HTLV-1
gene, Tax [95]. Tax is a multifunctional oncoprotein, acting on at least two different
levels to deregulate cell-cycle progression. Firstly, Tax acts on a transcriptional level,
both promoting viral gene expression and interacting with the transcription factors
that control the essential cell cycle regulatory genes of the host. Secondly, Tax is
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itself able to directly suppress the activity of proteins directing cell-cycle progres-
sion, as well as the detection and repair of DNA damage [96].
One way in which Tax interferes with chromosome segregation is by targeting a

component of the spindle-assembly checkpoint, MAD1. MAD1 was identified in a
screen for mitotic arrest defects in budding yeast. The human homolog, HsMAD1
was subsequently identified by virtue of its affinity for HTLV-1 Tax [97, 98].
HsMAD1 operates as a homodimer, and heterodimerizes with another regulator,
HsMAD2 [99]. This heterodimeric MAD complex is highly dynamic during the
cell cycle; HsMAD2 is recruited to unattached kinetochores via its interaction
with HsMAD1, where it acts in a signaling pathway that ultimately controls the
proteolytic cleavage of proteins which maintain the physical connection between
sister chromatids. Once the kinetochores have stably captured spindle microtu-
bules emanating from both poles, the MAD complex dissociates from the kineto-
chores, releasing its inhibitory activity towards chromatid separation. As mitosis
proceeds, HsMAD1 relocalizes to the spindle pole, the spindle mid-zone, and
finally during telophase, to the midbody [100].
Tax interferes with MAD complex formation by stably associating with HsMAD1

and preventing its recruitment of HsMAD2. This results in compromised cohesion
between sister chromatids, and anaphase takes place in the absence of proper chro-
mosome alignment. For reasons that are not clearly understood, subsequent cyto-
kinesis fails, resulting in the formation of multinuclear giant cells with increased
centrosome number. Disruption of HsMAD1 by overexpression of dominant nega-
tive forms of the protein is sufficient to generate multinuclear cells, suggesting
that it is the most significant target of Tax, at least with respect to generating cyto-
genetic abnormalities and centrosome amplification. Suppression of the spindle as-
sembly checkpoint by Tax is also relevant to the pathology of HTLV-1, since the
checkpoint appears to be non-functional in cells from ATL patients [97]. Studies
with a viral oncoprotein have therefore not only revealed novel insights into the
basic functions of the mitotic spindle, but have also identified a molecular basis
for the pathology of a devastating human disease.

19.4.5
Summary

The above examples represent just four ways in which virus infection can disrupt
centrosome number. Each one represents an opportunity to understand how the
centrosome duplication cycle is integrated with that of the cell as a whole. What
is perhaps most astonishing is that single, viral proteins can inflict such severe da-
mage on the host cell. Such factors act either by stalling the cell cycle without halt-
ing the centrosome cycle, by stimulating the centrosome cycle inappropriately, or
by silencing the controls which prevent the amplification of mitotic errors. By un-
covering their mode of action, new connections between the core cell-cycle appara-
tus, the DNA-repair machinery, the nucleocytoplasmic transport system, and the
mitotic spindle have been found. These functions are all organized around or
dependent upon the centrosome.
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In many cases, interfering with the host centrosome in this way offers obvious
advantages to a virus. By promoting cell division, viruses may gain easy access to
the nucleus. Alternatively, maintaining the cell in a particular cell-cycle phase
might promote an environment that is particularly conducive to viral replication
or morphogenesis. Formation of syncytia may be an efficient means for a virus
to spread from cell to cell without alerting the attention of the host immune sys-
tem, while stimulating uncontrolled proliferation achieves a similar aim, promot-
ing the spread of infection throughout the body of the host, and generating a plen-
tiful supply of appropriate cells in which to replicate.
From hijacking the microtubule–motor network and destabilizing the centro-

some, to disrupting cell-cycle progression and checkpoint controls, viruses are
clearly adept at infiltrating and reprogramming their hosts to promote their survi-
val and spread. However, compared with viruses, interactions between bacteria and
the microtubule cytoskeleton have been less commonly observed, presumably be-
cause bacteria are intrinsically less dependent on the machinery of their host for
replication. The final section of this chapter reveals that a remarkably sophisticated
degree of bacterial intervention in host signaling networks has become apparent.

19.5
Bacterial Manipulation of the Centrosome and Microtubules

Intracellular bacteria are also largely dependent on active transport for their pas-
sage through the cytoplasm. Actin-based motility, achieved by stimulating actin-nu-
cleation on the bacterial surface to generate rocket-like propulsion, is one solution
to this problem, but many bacteria take advantage of the microtubule network for
their spread. Moreover, microtubule manipulation is also successfully used by bac-
teria to promote their entry, and in an analogous manner to viral-factory formation,
to generate specialized sites of replication within the cell. In this respect, bacteria
and viruses appear to use very similar molecular strategies to take control of cell
regulation. However, unlike viruses, interactions between bacteria and centrosome
have rarely been documented, but are likely to emerge.

19.5.1
Bacterial Manipulation of the Microtubule Network

Microtubules seem to be involved in the very earliest stages of infection, during
which bacteria are internalized by the cell. Unfortunately, in most cases our knowl-
edge of this involvement is limited to an observed sensitivity of bacterial uptake to
microtubule destabilizing drugs such as nocodazole [101]. Furthermore, some spe-
cies appear to invoke an opposite mechanism, by destabilizing microtubules upon
entry. One example is that of Shigella, which locally disrupts the microtubule net-
work beneath its site of attachment. This is thought to involve the virulence gene
VirA, which is secreted by the bacterial type III secretion system, and appears to act
directly on the microtubule network by binding to tubulin heterodimers, prevent-
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ing their incorporation into microtubules. By inducing microtubule instability, it is
proposed that Shigella activates the Rho GTPase Rac1, which induces actin-
mediated membrane ruffling and stimulates bacterial uptake [102]. In this way,
VirA makes a dramatic impact on both the actin and microtubule cytoskeletons,
even before the bacterium has entered the cell. A similar mechanism may also
operate during internalization of Yersinia pseudotuberculosis, since microtubule-
dependent Rho GTPase signaling is also required for bacterial uptake in this sys-
tem [103, 104].
Following phagocytosis or endocytosis, bacteria face the impending threat of

being passed into the lysosome for enzymatic destruction. Some, including the
actin-tail forming bacteria Shigella and Listeria, escape the endosome entirely,
while others have evolved a means of manipulating both the endocytic pathway
and the microtubule network to such an extent that their passage to the lysosome
is blocked [105]. One of the most ingenious members of this group is Chlamydia,
the bacterial genus which is both responsible for a sexually-transmitted disease that
constitutes the most common reportable infection in the United States, and is also
the world’s leading cause of infectious blindness.
Chlamydia exist in two morphogenetic forms: the infectious elementary bodies

(EBs) which are compact and resistant to environmental stresses, and the intracel-
lular reticulate bodies (RBs), which are metabolically active, and replication compe-
tent. EBs are phagocytosed, and become surrounded by endosomal membranes,
forming an “inclusion”, in which differentiation to the RB form occurs. The inclu-
sion migrates from the periphery of the cell to the MTOC, in close proximity to the
Golgi membranes from which exocytic vesicles containing sphingomyelin and cho-
lesterol are captured and incorporated (Figure 19.6). By hijacking the exocytic path-
way in this manner, the chlamydial inclusion escapes from the endocytic pathway
and avoids destruction in the lysosome [106].
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Figure 19.6 Chlamydial inclusions accumulate at
the centrosome. Chlamydial inclusions move along
microtubules, using dynein to locate to the
centrosome. The inclusion becomes a protective
intracellular niche, incorporating sphingomyelin
from the Golgi and escaping passage to the lyso-
some.



The targeting of the inclusion to the centrosome appears to depend on the ex-
pression of bacterial proteins, which are secreted and incorporated into the endo-
somal membrane [107]. In a similar fashion to retrograde transport of many
viruses, movement is dependent on microtubules. Moreover, inclusions recruit
both the motor protein dynein, and a component of the dynactin complex, p150/
Glued. However, surprisingly, inward migration of the inclusion is insensitive to
overexpression of the dynactin subunit p50–dynamitin, suggesting that this
cargo-binding protein is not involved in binding to the inclusion [108]. While the
significance of these findings is not yet clear, it is tempting to speculate that bac-
terial genes which encode components of the inclusion membrane may be able to
partially substitute for components of the dynactin complex. It remains an exciting
possibility that this mimicry of motor-protein components may also be a strategy
by which viruses facilitate their movement.
In a further parallel with viral-factory formation, at least one of the chlamydial

species, C. psittaci, causes mitochondria to retract towards the region surrounding
the inclusion, presumably to enhance the supply of ATP for bacterial replication.
This reorganization seems to require the activity of kinesin motors, implying
that this species is able to recruit both dynein and kinesin protein families to
construct a structure in which RBs can multiply [109]. An understanding of the
bacterial proteins involved in these processes will offer exciting insights into the
regulation of motor proteins in uninfected cells.
The typhoid bacterium Orientia tsutsugamushi also utilizes the dynein motor

network to accumulate near the centrosome. Orientia moves along microtubules,
in a nocodazole- and p50–dynamitin-sensitive manner. However, in contrast to
Chlamydia, Orientia is thought to escape the endosomal compartment early dur-
ing infection. This would suggest that Orientia can interact with motor proteins
in the absence of intervening cellular membranes. It is unclear whether escape
from the endosome is a prerequisite for microtubule-dependent movement,
or whether both endosomal and non-endosomal transport is possible. The reason
for this perinuclear aggregation is also unknown, as is the case for several
other species which gather close to the centrosome during infection. One possibi-
lity is that centrosomal localization is necessary for efficient replication of the bac-
terium.
As has been shown to be true for viruses such as HIV, motor proteins can also be

recruited to transport bacterial virulence factors, rather than the bacteria them-
selves. In this scenario, the centrosome plays its role as a nexus between microtu-
bules and the nuclear import system. Two bacterial proteins in particular are
known to use the centrosome in this way: the YopM protein of Yersinia pestis,
and IpaH9.8 of Shigella flexneri [110, 111]. Both are virulence factors which belong
to a family of leucine-rich repeat-containing proteins that are secreted into the host
cytoplasm during infection. Both proteins accumulate at the centrosome and are
subsequently targeted to the nucleus. Their functions in the nucleus are unknown,
although both are suggested to modulate the inflammatory or immune responses
of the host, presumably by disrupting or stimulating programs of host gene expres-
sion. The extent to which the transport of these proteins involves the microtubule–
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motor protein network is also unclear, although it is possible that their route to the
nucleus mirrors that of viruses such as HSV and HIV.

19.5.2
Interactions between Bacteria and the Centrosome

Finally, it remains possible that bacterial proteins might act on the centrosome di-
rectly to carry out their functions. Perhaps the most dramatic example of a bacter-
ium which can interfere with centrosome function is Wolbachia, an endosymbiont
which infects arthropods, and causes several reproductive defects in their hosts
[112]. Wolbachia is also responsible for an unusual genetic puzzle which has
been described in several different insects, that of cytoplasmic incompatibility
(CI). This arises when sperm from infected male insects fertilize eggs from unin-
fected females. The resulting embryos fail to develop normally, having severe de-
fects in metaphase chromosome alignment which prevent the segregation of pater-
nal chromosomes.
The most enigmatic feature of CI is the fact that crosses between infected males

and infected females, and also those between uninfected males and infected
females, are all viable. Early models suggested that Wolbachia somehow disrupts
chromatin condensation or the correct formation of the mitotic spindle, and
such arguments were favored by findings which showed that Wolbachia, like
Chlamydia and Orientia, cluster around the centrosome in infected embryos.
Dramatic insights into the mechanism of CI have been obtained by following in

real-time the dynamics of centrosomes and pronuclei during fertilization in the
parasitoid wasp, Nasonia vitripennis. This showed that Wolbachia does not prevent
transmission of paternal centrosomes to the embryo, and that centrosomes from
infected males separate normally in preparation for the first mitotic division. How-
ever, the usual pattern of centrosomal inheritance was disrupted. In Nasonia, cen-
trosomes are transmitted reciprocally, such that female embryos inherit the pater-
nal centrosomes whereas male embryos inherit maternal centrosomes. In contrast,
centrosomes derived from the sperm of Wolbachia-infected males were seen to
dominate, even in male embryos in which the chromosomes which prevailed
were all female. Also, the envelope of the pronucleus derived from infected
males fails to break down in synchrony with the pronucleus of uninfected females,
causing chromosome condensation and alignment on the metaphase plate to occur
too late for successful, diploid mitosis [113].
Delayed nuclear envelope breakdown neatly explains why crosses involving in-

fected females are always viable. Wolbachia are present during spermatogenesis,
but the bacteria are shed during its final stages. In the egg, however, Wolbachia
persists. If the bacterium acts by delaying the breakdown of the pronucleus, then
bacteria in an infected egg may affect both the male and female pronuclei, and so
both are delayed and asynchrony is avoided. Only if the male pronucleus is delayed
by exposure to the bacterium, while the female pronucleus is unexposed, will asyn-
chrony and CI follow. HowWolbachia disrupts the timing of nuclear envelope break-
down and the inheritance of centrosomes remains to be seen. The mitotic cyclin-
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dependent kinase activity of Cdk1/cyclin B has been shown to play an important role
in the onset of nuclear envelope breakdown, and so is a possible target [114]. Inter-
estingly, cyclin B associates with the centrosome during interphase, and so would be
in the vicinity of bacteria which accumulate at the MTOC [115]. If mitotic cyclins
are indeed targeted by Wolbachia, this pathogen would join the ever-growing list of
those which are able to re-engineer progression of the cell cycle.

19.5.3
Summary

These examples demonstrate that bacteria, like viruses, are capable of sophisticated
manipulation of themicrotubule network. While the identification of bacterial genes
responsible for these interactions lags behind work with viruses, their distinctive
evolutionary heritage means that bacteria promise to be an exciting new source
of clues for those investigating the regulation of microtubules and centrosomes.

19.6
Conclusion

For an invading pathogen, the inside of the cell is an enormous and hostile place.
Bacteria and viruses are able to manipulate this harsh environment with astonish-
ing ease, using a powerful and varied genetic armory. One of the most exciting dis-
coveries that has been made by those studying this “genetic terrorism”, is that most
of the weapons identified so far appear to act on a common set of host targets. For
example, the fact that organisms as diverse as vaccinia and Orientia both target the
dynein–dynactin complex to accumulate near the centrosome highlights the funda-
mental importance these proteins must play in the organization of the cell.
The breadth and diversity of interactions between viral and bacterial pathogens

and the centrosome, which are only now becoming apparent, reveals the central
role this tiny organelle plays in the organization and regulation of the cell. Pre-
viously unforeseen connections between the microtubule network, motor proteins,
the machinery of nucleocytoplasmic transport, the activities of chaperones and the
proteasome, the controlled progression of the cell cycle, and at the center of this
web, the centrosome, are all currently emerging from the study of the host–patho-
gen interface. Our efforts to catch up with these compulsive cellular engineers will
not only further our ability to combat infection and disease, but will also deepen
our understanding of fundamental processes in cell biology, including the many
functions of the mysterious centrosome.
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Basal Bodies and Microtubule Organization in Pathogenic
Protozoa

Keith Gull, Laura Briggs and Sue Vaughan

20.1
Introduction and Appreciation

The 30 years straddling the end of the 19th and the start of the 20th centuries was a
period of intense microscopical and microbiological investigation. This period
brought us insights into the biology of the protozoa discovered then to be the etio-
logical agents of major parasitic diseases of man or animals such as Malaria, Leish-
maniasis, East Coast fever, Texas or red-water fever and African trypanosomiasis.
The sub-structure and activity of living cells was also being described in detail
and the protozoa were extremely useful in this endeavor since their unicellularity,
coupled with cellular diversity, provided superb experimental material. It is not
surprising therefore that in one of the earliest textbooks written at the end of
this period Wenyon [1] was able to describe not only the biology of most of the
parasitic protozoa that we know today but also many of the features of their cell
biology. There was a clear recognition that protozoa exhibited a vast array of fila-
mentous structures in their cytoplasm, dividing nuclei as well as in flagella and
other appendages. Thus, well before microtubules were defined by the electron mi-
croscope their identity and some of their properties were well recognized. Given
the precision of cellular form in parasitic protozoa and the precise control over po-
sitioning and number of flagella and other organelles it was natural that cytologists
were interested in the ontogeny of these filaments and cell projections. Their po-
larity, association with and growth from defined centers was well recognized.
The terms centriole and centrosome were in common use at that time, however
they were mainly applied to the structure associated with the cell center or spindle
poles. The structure at the base of the flagellum was then often termed the blephar-
oblast. Wenyon writes on page 31 of his textbook: “A flagellum, as pointed out by
Alexeieff (1911) consists of an axial filament for which the term axoneme, sug-
gested to the writer by Colonel A. Alcock, will be employed, and a thin sheath
of cytoplasm. The axoneme itself takes origin in a minute granule, the blepharo-
blast, which is situated in the cytoplasm, and sometimes upon the surface of the
nuclear membrane”.



The centrosome cycle in interphase and mitosis was well established and Wen-
yon rehearsed the form of nuclear divisions in a number of protozoa describing
those with a discrete centrosome and those without. He comments: “That the for-
mation of a spindle may occur without a definite centrosome being identifiable has
long been recognized in higher plants, so there is no reason to suppose that this
may not happen amongst the protozoa”. However, Wenyon goes on to describe
in detail the debates amongst researchers as to the existence of a centriole rather
than a centrosome in certain division types. He urges the use of good cytological
technique to define the centrosome and its radiating filaments as in his views of
mitosis in Hartmanella. However, again these structures were not confused with
the structure at the base of the flagellum, which was then termed the blepharo-
blast. Wenyon is very clear about the fact that the growth and formation of new
flagella are intimately bound up with the activities of the blepharoplast: “When
the blepharoblast of a flagellate divides, the axoneme which arose from it remains
attached to one daughter blepharoblast, while a new axoneme grows out from the
other to form a new flagellum”. In these and other statements Wenyon emphati-
cally sets out the perceived view of these structures as the organizing centers of
the various filamentous elements of pathogenic protozoan cells that we now recog-
nize as microtubule in nature. The intervening 80 years have filled in much of the
detailed biology and, in this new post-genomic era in molecular parasitology we
are, at the start of this century, only just starting to understand the function of
some of these structures.
It is worth reminding oneself that virtually the whole of the taxonomy, classifica-

tion and identification of the then newly described parasitic protozoa in Wenyon’s
1926 textbook [1] relied entirely on cytology. This precisely defined morphology of
cell types in the protozoa, replicated with fidelity at each division or differentiation,
reflects an internal, highly defined, microtubule cytoskeleton. The advent of the
electron microscope revealed the beautiful, highly structured microtubule arrays
inside the cytoplasm of protozoa as well as the (in general) 9 þ 2 microtubule
arrangement of the axoneme. The blepharoplast became a term used for a number
of structures at the base of the flagella in different organisms and electron micro-
scopy revealed it to be, in general, the now well-known 9-triplet microtubule basal
body. However, in trypanosomes the densely staining structure was revealed by
electron microscopy to include the kinetoplast. The term blepharoplast is now
mainly used to describe the densely staining, spherical inclusion containing nu-
merous lightly stained channels, which is a precursor organelle for the production
of the 100–150 basal bodies of the motile sperm in ferns [2].
There is however, no doubt that the complex relationships between the flagellar/

ciliary basal bodies and the centrosome were clearly recognized by many early
scientists (see for example [3, 4]). These and other concepts were more recently
brought together in the concept of the microtubule organizing center (MTOC)
when the biochemistry and morphology of the microtubule became known [5].
The possession of microtubule-mediated motility, via flagella and cilia, by many

protozoa obviously proved useful in their adaptation to a parasitic lifestyle. In a
similar manner, microtubule-mediated functions in the definition of shape and
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form, intracellular locomotion of various cargoes and coordination of actomyosin
motility phenomena have all become central pathogenicity factors in these para-
sites. Microtubule-mediated events therefore play important roles in invasion,
pathogenicity and spread of many pathogenic protozoa.

20.2
The “Dispersed” MTOC Complement of Protozoal Cells

What is different about the protozoa is that they provide a counterbalance to the
often too generally simplified view of a single centrosomal MTOC found in animal
cells. This idea of an MTOC “singularity” is not the generality in protozoa. Rather,
they display a diversity of MTOCs in both design and function within the same cell
and Mignot [6] has pointed out some of these features. In general there are usually
three distinct MTOCs operating for cytoplasmic, mitotic and flagellar/ciliary micro-
tubules. Rather than being grouped together, as in many animal cells, these three
functions are performed by spatially separated and morphologically distinct
MTOCs. Mignot often refers to the MTOCs nucleating cytoplasmic microtubules
as “interphase MTOCs”. However, since they can operate throughout the cell
cycle we prefer to use the term “cytoplasmic MTOCs” for those MTOCs that nucle-
ate the cytoplasmic microtubules involved in intracellular transport, organelle po-
sitioning, cell shape and division. Thus the three basic types of MTOCs seen in
most eukaryotic cells are the cytoplasmic MTOC, the mitotic MTOC and the flagel-
lum/cilium MTOC. Whilst in animal cells these are often grouped together into
the centrosome, in protozoan cells they are more usually spatially separated. The
mitotic MTOC of protozoa undergoes the normal segregation of one to two
units to set up the bipolar spindle. However, in contrast to many metazoan cells
the cytoplasmic MTOCs and the flagellum/cilium MTOCs of protozoa may be
completely absent or present in multiples. In the latter case the multiple cytoplas-
mic MTOCs may then nucleate distinct sets of microtubules, usually with precise
number control. This characteristic cell biology of such distinct sets of MTOCs may
be easily observed in pathogenic protozoa such as Giardia, Trichomonas, Trypano-
soma, Plasmodium and Toxoplasma [7]. A useful illustration of this phenomenon
is the African trypanosome and the Apicomplexa.

20.3
The Trypanosoma brucei Microtubule Biology

In Trypanosoma brucei there are distinct MTOCs for the flagellum, the mitotic spin-
dle and the cytoplasmic microtubules [8]. Whilst there is one flagellum subtended
from a single basal body (and a pro-basal body destined to nucleate the new flagel-
lum of the next cell cycle), there are two sets of cytoplasmic microtubules nucleated
in distinct manners. The major cytoplasmic microtubule complement is in the
form of a sub-pellicular array forming a corset that is maintained through all stages
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of the cell cycle. The sub-pellicular array underlies the plasma membrane and is
responsible for determining the shape of the cell body. At the posterior ends of
the cell, a single flagellum emerges from a flagellar pocket that is devoid of sub-
pellicular microtubules and is the sole site of endocytotic and exocytotic membrane
traffic at the cell surface in the trypanosome [9, 10]. After its emergence from the
flagellar pocket, the flagellum acquires a structure additional to the axoneme, a
large lattice-like complex termed the paraflagellar rod (PFR) [11–13]. Flagellum at-
tachment to the cell body is mediated through connections between the flagellum
membranes and the flagellum attachment zone (FAZ) in the cell body. The FAZ
consists of a series of junctional complexes positioned along a filament integrated
into the sub-pellicular array. Accompanying this FAZ filament are four specialized
microtubules, nucleated from the basal body region [18]. This nucleation site there-
fore represents a distinctly different cytoplasmic MTOC from that used for the sub-
pellicular microtubules, illustrating the potential for multiplicity of cytoplasmic
MTOCs in protozoa.
Positioning of these MTOCs obviously influences nucleation events and there-

fore microtubule polarity. The flagellum is attached along the length of cell body
up to the anterior end, where there is a short overhang. The anterior and posterior
ends of the trypanosome are defined according to the direction of the cell during
movement and, influenced by the distinct flagellum motility, the cell anterior is at
the distal end of the flagellum. Thus, the flagellar microtubules have their plus
ends at the anterior end of the cell. However, the microtubules of the sub-pellicular
array have their plus ends at the posterior end of the trypanosome cell [8, 15]. Since
the four specialized microtubules are nucleated close to the basal bodies before
they join the sub-pellicular array the best evidence suggests that they have their
plus ends at the anterior end of the trypanosome. Thus, in effect, the sub-pellicular
array is a corset of microtubules of one polarity with a “FAZ seam” of four micro-
tubules of opposite polarity within it. Evidence suggests that this antiparallel ar-
rangement of the FAZ microtubules within the corset is critical for events such
as cytokinesis and intracellular membrane traffic to and from the flagellar pocket
[15–17].

20.3.1
The Spindle and Cell Division

Although there is some remodeling of the cytoplasmic microtubules during cell
division in protozoa it is often the case that there is a general maintenance of
many arrays. This is also true for the flagella. Thus, this provides the opportunity
to study how the cytoskeleton is duplicated and then distributed to the two daugh-
ter cells. In trypanosome division the cytoskeleton is maintained and all its compo-
nents are duplicated to provide each daughter cell with a complete sub-pellicular
array and flagellum. New microtubules are added to the main microtubules of
the sub-pellicular array by insertion between the old microtubules and hence
this group is distributed to the two daughters in a semi-conservative manner
[14]. In contrast, a new flagellum is formed during the division process as are a
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new FAZ filament and four specialized microtubules [13, 19, 20]. Thus, these
cytoskeleton elements are distributed to the daughters in a conservative manner.
The initiation of a new flagellum assembly defines the very beginning of the cell
duplication cycle in trypanosomes [18, 21]. The first event being the elongation
and maturation of the pro-basal body, positioned next to the basal body of the ex-
isting flagellum, and the subsequent nucleation of the new flagellar axoneme
(Figure 20.1). As the new axoneme elongates during the cell cycle the trypanosome
cell becomes biflagellated, with both an elongating new flagellum and the existing
old flagellum. Figure 20.2 shows the arrangement of microtubules and axonemes
at two points in the trypanosome at this time, illustrating the conservative and
semi-conservative construction and pattern of inheritance of different cytoskeletal
components to the two daughter cells.
The mitotic spindle is intranuclear in trypanosomes but it has been difficult to

visualize a discrete spindle pole structure analogous to the spindle pole body of
the yeasts or the plaques at the poles of the malaria parasite spindle (see below).
Electron microscopy does reveal that the spindle microtubules end in a discrete
area of nucleoplasm [22] and imunofluorescence microscopy has shown that in
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Figure 20.1 A schematic representation of the cell division cycle of pro-cyclic forms of T. brucei.
(A) The G1 cell contains a single flagellum with a basal body and pro-basal body. The basal bodies
are connected via the Tripartite Attachment Complex to the kinetoplast (dark blue) inside the
mitochondrion. (B) The pro-basal body matures, nucleates a new flagellum and two new pro-
basal bodies are formed. (C) Mitosis occurs across the axis of the old flagellum. (D) Cytokinesis
occurs from the anterior end of the trypanosome (see Color Plates page XL).



pre-mitotic cells a gamma tubulin dot occurs in the nucleus which duplicates in
early mitotic cells indicative of an intranuclear spindle MTOC [23]. The spindle
contains less than 100 microtubules and the dynamics of segregation of the diverse
sets of chromosomes has been documented [24, 25].
The position of the nucleus and spindle during mitosis in procyclic forms of

T. brucei is interesting (see Figure 20.1). In trypanosomes, there is a single mito-
chondrion that contains a single mitochondrial DNA structure, the kinetoplast,
containing thousands of mini-circles and tens of copies of maxi-circle DNA in a
catenated mass [26]. This mitochondrial genome is replicated in a periodic S-
phase in the cell cycle [21] and segregated by movement apart of the flagellar
basal bodies (see below). This segregation occurs before mitosis begins and so
in trypanosomes the basal bodies are not located at the poles of the intranuclear
spindle [18]. They are however a critical feature of this interesting phenomenon
whereby a unit mitochondrial genome is segregated with fidelity after a periodic
S-phase. We will discuss this in more detail later in the context of other segregation
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Figure 20.2 (A) A diagram of an early stage in the division of a pro-cyclic T. brucei [13] depicting
the three-dimensional arrangement of the flagella and flagellar pocket in a cell soon after the
initiation of the formation of a new flagellum. The specialized set of four FAZ microtubules
(white) are nucleated near the basal bodies. The cartoon shows two theoretical slices through the
trypanosome at the level of the flagellar pocket and at a position through the cell body more to
the anterior of the cell. The diagrams (B) and (C) illustrate the semi-conservative inheritance of
the sub-pellicular microtubules (shown as black/white for old/new) and the formation and con-
servative inheritance of a completely new flagellum (orange) and completely new FAZ filament
and four microtubules (both red) (see Color Plates page XLI).



roles that have been adopted by basal bodies in parasitic protozoa in general.
Whilst in T. brucei the segregation of basal bodies, kinetoplasts and nuclei occur
towards the posterior end of the cell, the initiation of the cytokinetic process occurs
at the anterior end. Work from our laboratory using cell-cycle and microtubule
inhibitors and RNAi silencing of flagellar attachment zone proteins has shown
that in T. brucei pro-cyclic forms, whose flagellum is attached for most of its length,
there is interplay between flagellum and flagellum attachment zone morphogen-
esis, organelle positioning and the capacity for coherent cell division [15–17].
This work revealed the important contribution that the FAZ filament and the
four specialized microtubules referred to earlier, play in setting up the process
of cytokinesis. Compromising flagellum morphogenesis by various means leads
to abnormalities in the construction of internal cytoskeletal elements, particularly
in the FAZ, and subsequent failures in division.

20.3.2
Basal Bodies

T. brucei basal bodies exhibit the canonical 9 þ 0 configuration of 9-triplet micro-
tubules. The mature basal body subtends the 9 þ 2 axoneme of the single flagel-
lum and recent evidence shows that the outer doublets of the axoneme are directly
nucleated onto the triplet microtubules of the basal body but that a gamma tubu-
lin-dependent nucleation of the central pair of microtubules occurs from the distal
transition zone of the basal body. Induction of a gamma tubulin RNAi cell line of
T. brucei produced an early phenotype where cells in division with two flagella
possessed an older, motile flagellum and a new immotile flagellum. The immotile
flagellum lacked the central pair of doublets, but still possessed the outer doublets,
clearly demonstrating that, although nucleation of new microtubules (the central
pair) are gamma tubulin dependent, extension of the outer doublet microtubules
is a gamma tubulin-independent process [27]. The trypanosomes possess delta
tubulin and we discovered both the more evolutionarily widespread epsilon tubulin
and the more restricted zeta in these organisms [28]. Our initial observation that
the evolutionary distribution of these tubulins strongly suggested their role in
basal body structure, function or regulation has proven correct. The new tubulins
have been extensively reviewed both in this volume and in previous discussions
[29, 30].
A number of general points emerge from the above analysis. First cytoplasmic

microtubule arrays in protozoa are nucleated from spatially specific and function-
ally distinct MTOCs. Second, basal bodies are often not directly concerned with the
bipolarity of the spindle. Thirdly, some events in duplication of the cytoskeleton are
spread, as in mammalian cells, over more than one cell cycle (basal body forma-
tion, maturation and axonemal nucleation) whilst others occur within one cell
cycle (formation of the axoneme, paraflagellar rod and the FAZ filament/four mi-
crotubules).
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20.4
The Microtubule Biology of the Apicomplexa

The apicomplexan protozoa are the etiological agents of a series of devastating dis-
eases of man and domestic animals [7]. The group includes parasites ranging from
Plasmodium which causes malaria, Toxoplasma and Cryptosporidium which are
opportunistic pathogens of humans and Theileria, a tick-borne parasite of cattle
in Africa. Each organism exhibits a unique life cycle reflecting its biology in the
host and vector. There are certain core features to all the life cycles. The first is
an infective and proliferative cycle stage(s) in the mammalian host (merozoites
and intra-erythrocyte stages in Plasmodium; Tachyzoites and Bradyzoites in Toxo-
plasma). Then follows the production of gametes followed by fertilization and
zygote production (these events occurring often in alternative hosts or the vector).
Subsequent divisions produce the sporozoite which is often the stage in the life
cycles that re-infects the primary mammalian host [31–38]. Again, as in the trypa-
nosome, we see that the cells of these parasites show a dispersed set of the three
types of MTOC. They express the flagellum MTOC (centriole/basal body), the mi-
totic MTOC and diverse cytoplasmic MTOCs in a pattern that differs with organ-
ism and life cycle stage [34].

20.4.1
The Apical Polar Ring: A Unique Cytoplasmic MTOC

Apicomplexan parasite cells often exhibit a stable sub-pellicular array of microtu-
bules that underlie and link to the pellicular membrane (Figure 20.3). A unique
MTOC, the apical polar ring, in the form of a circle at one end of the cell organizes
these evenly spaced, sub-pellicular microtubules which spiral down to about two-
thirds of the length of the cell body [34, 39, 40]. If two polar rings are present
then the microtubules are associated with the outer one. There are differences
in the number and arrangement of microtubules between organisms and at parti-
cular life cycle stages. However, unlike the trypanosome sub-pellicular array, the
inter-microtubule distance increases as the diameter of the cell increases and
they appear not to be linked to each other. Whilst the sub-pellicular microtubules
are proposed to be important for the elongated cell shape and form and daughter
cell budding, [41] an interwoven mesh of 8–10-nm intermediate filament-like com-
ponents associated with the pellicle, composed of two major proteins TgIMC1 and
2, is probably a major contributor to mechanical strength [42]. Although character-
ized in Toxoplasma, homologs of these proteins exist in many apicomplexan para-
sites. The cytoplasmic microtubules appear essential for shape and apical polarity
since drug treatments, which compromise these cytoplasmic arrays, affect these
processes.
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20.4.2
The Conoid

The conoid of some apicomplexan species (Toxoplasma, Eimeria, Sarcocystis) pro-
vides a beautiful example of the diversity of the tubulin molecule capabilities.
This structure is suggested to be essential for invasion and pathogenicity of
these intracellular parasites and may be particularly advantageous in penetration
of the vertebrate gut epithelium, hence its absence in the apicomplexan that invade
erthrocytes such as Plasmodium [32, 33, 40, 43]. Recently, evidence has been pre-
sented for a novel arrangement of tubulin molecules in this structure in T. gondii.
Electron microscopic analysis suggests that in the mature conoid, tubulin is
arranged into a novel polymer form that is quite different in form from that in
typical microtubule protofilaments [44].The conoid and its set of intertwining coun-
ter-clockwise spiral filaments (Figure 20.3) can be stimulated to extrude by calcium
influx [45]. Intriguingly, there are two specialized microtubules associated with the
conoid, perhaps providing evidence for yet another discrete cytoplasmic MTOC in
this apical area in addition to the apical ring [34].
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Figure 20.3 Schematic representation of the apical complex of T. gondii [from 7].



20.4.3
Apicomplexan Basal Bodies

The apicomplexan parasites are not flagellated in their proliferative, infective
stages. Flagella are produced in the male microgamete and motility is important
for movement to the female macrogamete and fertilization [7, 31, 46]. The form
of a typical apicomplexan male microgamete is shown in Figure 20.4 for Eimeria
maxima. The anterior end of the microgamete contains three basal bodies and
these basal bodies nucleate either two or three flagella depending on the organism.
The variation comes in the fact that in some apicomplexa the third flagellum may
be reduced significantly. In many Apicomplexa as in the Eimeria example in
Figure 20.4, one of the flagellar axonemes runs inside the cell for some length be-
fore exiting. These microgametes still possess a form of cytoplasmic MTOC in that
a band of cytoplasmic microtubules runs from the basal body region down past the
mitochondrion and nucleus towards the posterior end.
There can be distinct differences in the presence of the basal bodies/centrioles at

other stages of the life cycles in the different apicomplexan parasites. Moreover, as
is the case in certain metazoans such as nematodes, the actual structure of the cen-
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Figure 20.4 A diagrammatic
representation of a microga-
mete of Eimeria maxima in
longitudinal and cross section.
AF, attached flagellum; B, basal
body; ET, enlarged tubule;
F, free flagellum; MI, mito-
chondrion; MT, microtubule;
N, nucleus; PF, perfortorium
(from [7]).



triole can vary when it is not acting as a basal body in flagellar axoneme nucleation.
When the apicomplexan basal body is nucleating the 9 þ 2 microtubule flagellar
axoneme it exhibits the canonical 9 þ 0 triplet microtubule arrangement. However,
when centrioles are present in the cytoplasm of non-flagellated apicomplexan cells
at other stages of the life cycles they adopt an unconventional 9 þ 1 form with a
single central microtubule surrounded by nine singlet microtubules [34]. This
9 þ 1 configuration appears to be a conveniently “stalled” stage in the morphogen-
esis of the centriole/basal body providing the required configuration for the non-
flagellated cell types. Such a truncation may indeed be an economical form of con-
struction at times when additional accessory structures are unnecessary or when
cell cycle times are short (cf. the early divisions in the Drosophila embryo). Indeed
in some apicomplexan cell types such as certain of those in Plasmodium the cen-
triole may not be present at all [32, 34].

20.4.4
The Spindle MTOC

Where present, the above-mentioned centrioles are located in the cytoplasm close
to the nuclear envelope, and during mitosis at the spindle poles. Mitosis is intra-
nuclear in these apicomplexan parasites. However, there is a distinct spindle
MTOC that takes the form of a plaque structure, nucleates the intranuclear spindle
microtubules and is referred to as a spindle pole body or a spindle pole plaque.
When no centrioles are present, as in some Plasmodium or Theileria cell types
these plaque structures are the only elements at the spindle poles [32, 34].

20.4.5
Apicomplexan Cell Division and Cell Morphogenesis

Parasitic protozoa exhibit an interesting set of cell division processes reflecting the
architecture and karyology of particular cell types. In addition the processes often
vary in the lifecycle in the context of whether the division is a purely proliferative
division leading to daughter cells of the same cell type as the original cell or a dif-
ferentiation division where the cell is entering a division that will lead to a new cell
type. The procyclic trypanosome division referred to earlier and seen in Figure 20.1
is of a proliferative type but T. brucei, as other trypanosomatids such as T. cruzi and
Leishmania, undergoes differentiation divisions during its life cycle [47, 48]. In each
case the basal bodies and MTOCs are central to the organelle positioning and cell
morphogenesis events that typify the division [15, 18, 49].
The apicomplexan parasites however, exhibit elaborate divisions that differ in

phylogenetic distribution [7]. Apicomplexan parasites replicate by a variety of inter-
nal budding processes to create either two daughter cells or multiple progeny. In all
cases the mitotic spindle is intranuclear. Cell division in Toxoplasma occurs by a
process termed endodyogeny whereby the progeny are two daughter parasites.
This division type is not a straightforward binary fission proliferative division as
typified by the division of the T. brucei procyclic trypanosome where a preceding
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replication of the mother cell organelles and their segregation leads to two daugh-
ters. In endodyogeny, although the two daughters are ultimately the same as their
mother they are formed within the intact, fully polarized mother cell (Figure 20.5).
The internal daughter cells are delimited by an inner membrane complex and a
new daughter cell anlage or primordium forms nucleating the associated sub-pel-
licular microtubules. Each daughter contains a nucleus, mitochondrion, Golgi,
centriole and apicoplast (see below) as well as a complete set of apical organelles.
When morphogenesis of the two daughter cells is completed the maternal apical
complex is disassembled and the daughter parasites bud from the mother cell’s
plasma membrane [7, 34]. One thought is that this process has the attraction of
allowing these tachyzoite stage cells to retain the ability to invade host cells
throughout their cell cycle.
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Figure 20.5 Asexual reproduction in apicomplexan protozoan parasites. (A) Endodyogeny as
seen in tissue cyst stages of Toxoplasma and Sarcocystis. (B) Schizogeny (ectotype) as found in
Eimeria, Plasmodium and Theileria. (C) Endopolygeny as seen in the schizonts of Sarcocystis.
DC, the daughter cell anlage; N, nucleus; PN, polyploid nucleus (from [7]).



There are two other means of replication used by certain apicomplexan parasites
that illustrate the differing ways that the MTOCs appear to act as coordinating cell
centers to facilitate the formation of multiple daughter cells either after a series of
mitotic divisions has produced a syncytium (Ectotype schizogeny) or by the produc-
tion of many daughter cells around the periphery of a single, large, presumably
endoreduplicated nucleus (Endopolygeny schizogeny) [7]. The first process of schi-
zogeny (Figure 20.5) is seen in Plasmodium, Theileria, Eimeria, and Babesia. The
second process (Figure 20.5) of endopolygeny occurs during schizogeny in Sarco-
cystis and the flagellated microgametes of Plasmodium spp. are produced in a simi-
lar manner.
In ectotype schizogeny the parasite sub-pellicular microtubules and apical com-

plex are disassembled and multiple rounds of mitotic nuclear divisions occur. The
formation of the classically polarized parasites occurs when the nuclei move to the
cell periphery and associate with the assembling daughter cell anlagen comprising
inner membrane complexes, sub-pellicular microtubules and apical organelles.
The daughter cells then bud out of the mother cell as merozoites. A set of complex
microtubule events accompanies each division type, which have been studied by
immunofluorescence microscopy and electron microscopy. The details are fascinat-
ing but beyond the scope of this chapter. What is important is that there are uni-
fying principles in how different MTOCs are orchestrated in each division. For in-
stance the dominant role of the mitotic MTOC is seen in each division type acting
as a cell center that then connects with the newly forming cytoplasmic MTOCs of
each prospective daughter so allowing formation of the daughter cell anlagen.
Further, the endopolygeny form of schizogeny implies that although segregation
of genomes occurs, an individual chromosome complement is associated with
each mitotic MTOC so it is maintained at the site of each forming daughter cell
anlage.
In Plasmodium, microgametogenesis occurs in the mosquito midgut, after the

ingestion of infected erythrocytes from a mammalian host. Once in the midgut
the infected erythrocytes lyse to release either female macrogametocytes or male
microgametocytes. These cell types are predetermined and differentiation from
the merozoites is initiated while still in the mammalian host. As we have just
rehearsed, the process of formation of the microgametes in Plasmodium occurs
via the endopolygeny route whereby a single large, endoreduplicated nucleus is di-
vided into many progeny. The microgametes of the malarial parasite are flagellated
and in Plasmodium ultrastructural studies have shown an intriguing mechanism
linking axoneme assembly to nuclear segregation [46, 50].
During microgametogenesis the genome is segregated on three successive series

of intranuclear mitotic spindles. Basal bodies, which are not found in the preced-
ing cells of the intraerythrocytic stages of the Plasmodium life cycle, are formed and
are joined to the spindle pole plaques through electron-dense material. After the
final division there is one centriole/basal body linked to one spindle pole plaque
and this arrangement provides the mechanism by which each haploid set of chro-
mosomes is eventually captured into a single microgamete equipped with a flagel-
lum. The centriole/basal body becomes surrounded by a vesicular-tubular basket at
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the time of the final nuclear division. The assembly of an axoneme takes place
within the cytoplasm of the gametocyte just outside the nuclear envelope and dur-
ing exflagellation the axoneme, basal body and associated MTOCs and other struc-
tures are forced to the cell surface distending the plasma membrane. In the final
stages of this process the prospective microgamete slides tangentially and the nu-
clear bud containing the now condensed haploid genome becomes detached from
the main nucleus and is incorporated into the released microgamete [46, 50]. This
explosive process again illustrates and emphasizes the points made in the Intro-
duction, of the dispersed, yet distinct nature of the mitotic, cytoplasmic and flagel-
lum MTOCs in protozoa, their independent regulation and the maintained, physi-
cal relationship of the mitotic MTOC to the segregated genome.

20.5
Basal Bodies Are More than Just Microtubule Organizers:
The Hitchhiker’s Guide to the Cytoskeleton!

Studies of parasitic protozoa have revealed that the precise and cell cycle-dependent
duplication of basal bodies has been utilized to ensure inheritance of other struc-
tures/organelles outside the roles of microtubule organization and flagellum nu-
cleation. Organisms of the Kinetoplastida share the fact that their mass of mito-
chondrial DNA is located close to a basal body and can be visualized by DAPI stain-
ing in a structure called the kinetoplast. Studies of the association between basal
bodies and mitochondrial DNA in T. brucei have shown that it is critical for kine-
toplast position and segregation [51]. The association is effected via a proximal end
function of the trypanosome basal bodies. The large mitochondrial genome mass
within the kinetoplast is physically connected to the flagellar basal bodies and is
segregated by them during their repositioning during cell division. Recently our
laboratory provided evidence for a stable transmembrane link that connects the
kinetoplast DNA to the basal bodies. We showed that three specific components
comprise a structure that we have termed the tripartite attachment complex
(TAC) [52]. The TAC involves a set of filaments linking the basal bodies to a
zone of differentiated outer and inner mitochondrial membranes and a further
set of intramitochondrial filaments linking the inner face of the differentiated
membrane zone to the kinetoplast (Figure 20.6). As mentioned previously, and
in an event unusual for a eukaryotic cell, the kinetoplast DNA is replicated in its
own periodic S-phase [26, 51]. The TAC and flagellum–kinetoplast DNA connec-
tions are sustained throughout the cell cycle and are replicated and remodeled dur-
ing this periodic kinetoplast DNA S-phase. The architecture of the TAC suggests
that it may also function in providing a structural and vectorial role during replica-
tion of this catenated mass of mitochondrial DNA. This understanding of the high-
order transmembrane linkage provides an explanation for the spatial position of
the trypanosome mitochondrial genome and its mechanism of segregation [26,
51, 52]. We have, as yet, little information on the constituents of the TAC. However,
our view was that since the kinetoplast is so large and so highly organized its inter-
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action with the mitochondrial membrane and the transmembrane nature of the
connection is consequently easily visualized. However, we suggested that this com-
plex was likely to represent an extreme form of a more generally occurring inter-
action between the mitochondrion and the cytoskeleton in eukaryotic cells. This ap-
pears to be the case and recently evidence has been presented for a stable two
membrane-spanning autonomous mitochondrial DNA replisome in yeast [53].
The mitochondrial DNA of yeast and other eukaryotes is organized as a complex
nucleoprotein structure termed the nucleoid. Yeast has at least two populations
of nucleoids that exist within the same mitochondrion and can be distinguished
by their association with a discrete proteinaceous structure spanning the outer
and inner mitochondrial membranes. This two membrane-spanning structure
(TMS) persists and self-replicates in the absence of mitochondrial DNA but actively
replicating nucleoids are associated exclusively with TMS. Thus the TAC appears to
be the paradigm for a more generally occurring two membrane-spanning repli-
some that can provide the mechanism for physically linking mitochondrial DNA
replication and inheritance.
Apicomplexan protozoan parasites such as Plasmodium and Toxoplasma possess a

single non-photosynthetic plastid termed the apicoplast. The apicoplast appears to
be the remnant of a eukaryotic algal plastid that was acquired at some point in evo-
lution by secondary endosymbiosis. The presence of multiple membranes around
the apicoplast is seen as an archaeological cellular signature of such an event.
Although the apicoplast has only a reduced remnant genome it imports many
now nuclear encoded proteins and its metabolism is essential for pathogenicity
and viability [54–56]. Given this and the fact that a single apicoplast resides in
the cytoplasm of Plasmodium and Toxoplasma parasites then faithful segregation
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Figure 20.6 A schematic diagram of the tripartite attachment complex in Trypanosomes. Panel
(a) illustrates the basal bodies, kinetoplast and the components of the TAC (exclusion zone
filaments, differentiated mitochondrial membranes and unilateral filaments) in a trypanosome in
G1 of the cell cycle. In this period there is a single flagellum, a basal body and a pro-basal body.
Panel (b) shows the organization of the S-phase TAC. When the cell enters S-phase discrete
fibrous lobes appear at the poles of the kinetoplast, the pro-basal body matures into a basal body
and subtends the new flagellum and two new pro-basal bodies are formed. Two nascent TAC
complexes are discernable at this period of the cell cycle. Panel (c) shows the period where
movement apart of the flagella basal bodies segregates the replicated kinetoplast DNA. Note that
the position and orientation of the basal bodies have been idealized in this two-dimensional
diagram (from [58]) (see Color Plates page XLII).



and inheritance of this plastid should be important for these intracellular parasites.
The mechanism for this has now become clearer and the centrosome is intimately
involved in the process. In Toxoplasma gondii, the precise duplication and inheri-
tance of centrioles/basal bodies is again utilized to ensure division and segregation
of in this case, a single copy plastid [54]. In non-dividing cells the apicoplast is
closely associated with the centrioles. During mitosis as the intranuclear spindle
extends and becomes bipolar the plastid is pulled into a U-shape and its ends
are associated with centrioles at each spindle pole. The plastid divides into two
and each daughter remains associated with the centrioles of the daughter cell.
Since these structures provide a singularity, which, along with the newly forming
apical ring MTOCs, focuses and polarizes the formation of each daughter cell
cytoskeleton, so then the inheritance of an apicoplast by each daughter cell is
assured. Whether the plastid and its DNA and basal body are physically attached
remains to be determined but appears likely. Again the trypanosome TAC de-
scribed above may provide the paradigm for such a mechanism.
This hitchhiking approach that ensures fidelity of replication and segregation ap-

pears to be deeply embedded in the cell biology of organelles of ancient endosym-
biotic origin. Intriguingly, this form of cellular hitchhiking involving centrioles/
basal bodies or centrosomes has also been adopted by intracellular protozoan para-
sites of animals to ensure segregation and therefore vertical transmission to daugh-
ter host tissue cells. It is likely that Theileria parva, microsporidial parasites and
bacteria harbored in the cells of Drosophila and other organisms use this mechan-
ism [57]. We have predicted that a unifying cell biology underlies the mechanism of
interaction of genome-containing organelles and intracellular parasites or sym-
bionts with cytoplasmic or spindle microtubules, or basal bodies or centrosomes
[58].

20.6
Cytoskeletal Adaptations to Parasitism

Whilst the main focus of this chapter has been on the basal bodies and MTOCs of
parasitic protozoa in relation to their intrinsic cell biology it is obvious that some at
least of this cytoskeletal cell biology is important as an adaptation for parasitism.
The eukaryotic flagellum is an extremely versatile organelle and it has been
adapted for many roles in pathogenicity.
Axoneme-associated structures are commonly found in eukaryotic flagella but

one of the most dramatic is the paraflagellar rod that accompanies the axoneme
in the flagella of trypanosomes. The PFR is a complex network of filaments extend-
ing the length of the flagellum after it emerges from the flagellar pocket and has
been demonstrated to play an essential role in flagella motility [59, 60]. The PFR is
linked directly to the axoneme through filaments and is composed primarily of two
closely related proteins, PFR-1 and PFR-2. Knock down of protein levels of PFR-2
by RNAi, ablated the PFR structure with only a small part of the proximal region
that connects to the axoneme remaining. Without the presence of the PFR-1 sub-
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units, PFR-1 and other PFR constituents cannot assemble to form the PFR struc-
ture and without a complete PFR the resulting cells are viable but immotile. Simi-
lar conclusions have been reached by gene knockout approaches in Leishmania,
which has a detached flagellum [61, 62].
Motility via a flagellum is an undoubted necessity in many pathogenic protozoa

for passage through their complex life cycles. Such fast motility is no doubt essen-
tial for the African trypanosomes such as T. brucei during its journey in the tsetse
vector from the midgut to the salivary glands where essential differentiations occur
before the parasite can be successfully transmitted to another mammalian host.
T. brucei is an extracellular parasite in the mammalian host but no doubt a flagel-
lum is critical there for traverse of blood vessel endothelium barriers. Trypanoso-
matids such as T. cruzi and Leishmania, which have adapted to proliferation inside
mammalian host cells such as macrophages, do so with an amastigote form that
has no flagellum or just a short stub [63–65]. In the malarial parasite the flagel-
lum, as rehearsed above, is restricted to the microgamete stage of the life cycle.
This requirement for at least one of the gametes to be flagellated in order to locate
the female macrogamete mirrors much of the use of the flagellum in the sexual
reproduction phases of many eukaryotes.
One function of the flagellum – that it provides a cell with the ability to differ-

entiate the environment of its surface membrane – has become of great utility
in trypanosomatid parasites and is seen as a key function of the flagellum in blood-
stream forms of the African trypanosome, T. brucei [9, 66]. Flagellum morphogen-
esis in T. brucei defines three plasma membrane domains: the surface membrane,
the flagellar pocket membrane and the flagellar membrane [13]. All vesicular traf-
fic, both into and out of the cell, passes through the flagellar pocket and it defines
the dynamic portal to host or vector environment [10]. Because of the ciliary neck-
lace connections at the basal body region of cilia and flagella, the membranes of
the flagellum and the cell body are contiguous, yet able to be differentiated. A
key feature is that the flagellum not only provides a mechanism for movement
and attachment, it also enables the morphogenesis of a lumenal region of the
plasma membrane: the flagellar pocket. This pocket provides the portal through
which most of the dynamic interactions with the host occur. These interactions fa-
cilitate resistance to innate and acquired immune responses as well as acquisition
of growth factors from the host [9, 66, 67]. Receptors for macromolecules such as
transferrin and lipoproteins from the surrounding plasma are hidden to some ex-
tent from the immune response by being located in the flagellar pocket. The T. bru-
cei bloodstream form surface is covered by a dense coat composed of a glycosylpho-
sphatidylinositol anchored (GPI) protein, the variant surface glycoprotein (VSG).
The presence of the VSG coat and its switching in individual parasites allows eva-
sion of the host’s immune response [68, 69]. Such GPI-anchored proteins are de-
livered and recycled to the cell surface via secretory events at the flagellar pocket.
There is evidence that in trypanosomes, as in other systems, the flagellar mem-

brane enables the specific localization of particular signaling proteins, one example
being adenylate cyclase [70]. The ability to locate a specific translocator, receptor
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and signaling system in a membrane domain may have particular benefits in host/
parasite, parasite/parasite and parasite/environment interactions.
The flagellum allows T. brucei to develop these three distinct plasma membrane

domains: the cell body, the flagellar pocket and the flagellum. Molecular mechan-
isms and signals likely to be important in targeting of particular proteins to parti-
cular regions of the three major plasma membrane domains of the trypanosome
and the flagellum cytoskeleton are becoming clearer, but general paradigms have
yet to emerge [9, 71].
As we commented earlier, the cytoplasmic MTOC responsible for nucleating the

four specialized microtubules, which traverse a path around the flagellar pocket be-
fore joining the main sub-pellicular array in an antiparallel manner in the FAZ, is
located close to the basal bodies. This configuration not only facilitates cell mor-
phogenesis but also suggests mechanisms for setting up directed membrane traf-
ficking and other polarity-dependent phenomena. We have suggested that apart
from organelle positioning this architecture could underlie phenomena such as
the observed capping and internalization of antibody molecules, receptor cycling,
directed access and egress from the flagellum pocket.
The flagellum of many trypanosomatid parasites is used for attachment to host

or vector surfaces. Obviously the sub-pellicular microtubules underlying the cell
body plasma membrane prohibit the formation of stable complex structures
being elaborated between the parasite and the host surface. In Leishmania spp.
the flagellum facilitates attachment to various regions of the sand fly vector gut,
so enabling cell type differentiations important for reinvasion of the mammalian
host to occur. The T. brucei flagellum is used for attachment of the parasite to
the tsetse mouthparts at the epimastigote stage of the life cycle. Attachment of
T. brucei epimastigotes to the salivary gland epithelial brush border is mediated
by rather elaborate, branched outgrowths of the flagellar membrane and “hemides-
mosomal-type” plaques. These outgrowths diminish but the attachment plaques
are maintained as the parasite differentiates to the nascent metacyclic form before
the eventual release of the metacyclic form of the parasite, which is the mammal-
infective form. Epimastigote forms are proliferative in the tsetse vector and there-
fore able to divide whilst attached. It has been suggested that this mode of attach-
ment facilitates cell division. Electron microscopy of whole cells and detergent-ex-
tracted preparations reveals the detailed sub-structure of filaments and attachment
plaques [72] but the biochemical nature of the components of both are unknown.
Parasites need to survive exposure to unstable environments, often where a flui-

dic motion may expel them from their host. Therefore, in order to maintain the
parasites’ presence in this environment it is likely that they secure an attachment
to the host cells. This attachment may be a vital, long-term requirement necessary
to sustain an infection, or may be a necessary but relatively transient attachment
(as with trypanosomes) in being required at only a single stage in their life
cycle. Perhaps no parasite shows a more extreme body plan influenced by the
need to attach to host cells than Giardia. The water-borne parasite Giardia leads
an exclusively extracellular existence and for the majority of its life cycle it exists
as trophozoites in the small intestine of a mammalian host. Its ability to persist
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and colonize the small intestine of its host is essential for the maintenance of the
infection and is also in part responsible for the pathology of the disease [73]. In
order to maintain its presence and to prevent being swept away by peristalsis in
the intestines, Giardia secures an attachment to the intestinal epithelium; this at-
tachment being mediated through unique microtubular structures which dominate
the parasite cytoskeleton and define its appearance [74].
The ventral disk is a concave structure covering the entire ventral surface of the

parasite. It consists of a spiral array of microtubules that lie directly above the ven-
tral membrane and are connected to it through short filaments. These microtu-
bules originate from a set of electron-dense bands located immediately anterior
to the basal bodies of the caudal and posterior-lateral flagella. Microribbons (dorsal
ribbons) extend from each microtubule and project up, nearly perpendicular to the
membrane. The microribbons are connected to a series of cross-linking filaments.
At the edge of the disk, a network of fibers termed the lateral crest replaces the
microtubules and microribbons.
While the exact method by which the ventral disk physically secures its attach-

ment to intestinal cells has yet to be agreed, two proposed methods stand out.
Firstly, that the lateral crest of the ventral disk is capable of contracting resulting
in a clasping of the intestinal epithelial cells. The lateral crest is repeatedly ob-
served in contact with the intestinal epithelial cells and after trophozoite detach-
ment, leaves behind a footprint with sharp marks in the host cell membranes cor-
responding to the lateral crest region. Secondly, that the beating action of the ven-
tral flagella during attachment generates a negative pressure under the disk.
The apicomplexan parasites such as Malaria and Toxoplasma have balanced their

elaborate microtubule cytoskeleton with an intensive investment in acto-myosin
motility systems that are critical for host cell invasion [37, 43, 75, 76]. The apicom-
plexan microtubule systems that have been rehearsed earlier are critical for defin-
ing a cell polarity at the apical end that is tailored towards providing anchor points
and the directional secretion of specialized membranous organelles, namely micro-
nemes, rhoptries and dense granules [77, 78]. This directed secretion of organelles
is vital not only for host cell attachment, but also for motility and cell invasion.

20.7
Conclusion

There are now three completed trypanosomatid genome projects (T. brucei, T. cruzi
and Leishmania major), in addition to the genomes of Plasmodium, Toxoplasma and
Giardia that are complete or nearly so. In addition there is an increasing lower cov-
erage data set available on the genomes of other parasitic protozoa. Mining of this
information already shows that many of the proteins that we recognize as being
associated with basal bodies and MTOCs from work with other organisms, are pre-
sent in these genomes. In addition work from a number of laboratories has defined
basal body and cytoskeletal proteins of parasitic protozoa by empirical experimental
approaches. Given the now excellent and tractable reverse genetics of these experi-
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mental systems there will be extremely interesting opportunities for future func-
tional analyses. These are likely to be informative for understanding fundamental
components, structures, properties and functions of MTOCs, basal bodies and
cilia/flagella in all eukaryotic cells, as well as revealing how these structures and
organelles have been subverted by parasitic protozoa for their own pathogenicity
strategies.
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A
AAA ATPase 84
Abnormal spindle: see Asp
Abscission 153 ff
Acentrosomal cells 145, 148, 153, 157 ff,

198 ff
Acentrosomal spindle poles 200 f, 234 ff, 241,

253, 263
Actin-based motility 390 ff, 403
Actomyosin cytoskeleton 254, 260 ff, 310 f,

403, 419
Adenovirus 344, 365, 387
African swine fever virus 375, 377 ff, 381
Aggresomes 213 ff, 379, 220
AIDS 385 f
Air-1: see Aurora-A kinase
AKAP350/450 128, 152, 259, 300, 308
ALMS1 131, 134
Alstrom syndrome 131, 134
Anaphase-promoting complex/cyclosome:

see APC/C
Aneuploidy 145, 288 ff, 323, 328 ff, 338, 358 ff
Animal models 328 ff, 355 ff
Anterior-posterior polarity 240, 242
Antibody-crossreactivity 127
Anticancer drugs: see Therapy, Chemotherapy,

Radiation therapy
Antigen processing 372, 379
APC/C (Anaphase-promoting complex/

cyclosome) 149 ff, 263 f
Aphidicolin 342
Apical polar ring 408
Apicomplexa 96, 107 ff, 403, 408 ff, 419
Apoptosis 216 ff, 264, 331, 338 f, 344 f, 356,

362, 385 f
Appendages 23, 44, 54, 71, 86 ff, 135, 169,

231 ff, 306, 401
Arabidopsis 105, 107, 109, 115
ART (Assisted reproductive technologies) 281

Asp (Abnormal Spindle) 258
Aspergillus 17, 45, 51, 103, 107, 111, 148
Assisted reproductive technologies: see ART
Asymmetric division 251, 253, 255 f, 266 f
Asymmetry 100 f, 227, 230, 244, 256
ATM/ATR 264, 385, see also DNA damage

(checkpoints)
Auditory perception 302
Aurora-A kinase 36 f, 231, 238 f, 258 ff, 266 ff,

307, 328 ff
Aurora-B kinase 149, 330
Autonomy 84 f, 88, see also Deflagellation
Axoneme 8, 71 ff, 94 ff, 110 ff, 281, 286, 307,

401 ff , 410 ff

B
Bacteria 18, 113, 371 ff, 390 ff, 416
Bardet-Biedl syndrome 112
Basal bodies
– assembly pathways 23, 72, 78 ff, 96, 112,

405, 413
– associated fibers 72 ff, 107, 111, 170
– comparison with centrioles 7 ff, 71 ff, 78 f,

93 ff, 302, 410 ff
– composition 75 f, 127 f, 308
– duplication 17, 23, 72, 78 ff, 97 ff, 110, 173,

407 ff, see also centriole duplication
– in parasites 401, 407 ff
– mutational analysis 72 ff, 83 ff
BCL2 339
Birth defects 288
Bladder cancer 331
Blepharoplast 7, 9 ff, 401 f
Boveri 4 ff, 97 ff, 279 f, 323 ff, 333, 358 ff,

365 f
BRCA1/2 328 ff, 385
Breast cancer: see Mammary tumors
Budding yeast: see Saccharomyces cerevisiae
Burkitt’s lymphoma 362



C
Ca2þ/CaM-dependent protein kinase 159,

180, 345, 364
Caenorhabditis 100, 104 ff, 112, 155 f, 194,

227 ff
Calcium 50, 56, 76 ff, 106 ff, 180, 284, 409
Cancer 14, 53, 146, 323 ff, 337 ff, 353 ff
Cancer susceptibility gene 331
Carcinogenesis 167, 338 ff, 328 ff, 354 ff
Cdc2: see Cdk1
Cdc5p: see Plk1
Cdc14 phosphatase 58 ff, 156, 169 ff
Cdc20 149 ff, 263 f
Cdc25 phosphatase 59, 146 ff, 385
Cdc28: see Cdk1
Cdc31 45 f, 50, 55 ff, 77, 107, see also Centrin
Cdh1 58, 149 f, 263
Cdk1 128, 146 ff, 171, 261, 345, 361, 385, 394
Cdk2 55, 158, 177 ff, 329, 342, 364 f, 387
Cdk-inhibitors 177 f, 180 f, 329, 339, 343 ff,

356 ff, 363 ff, 385
CDT (cytolethal distending toxin) 341
Cell
– division 98 f, 113 ff, 199 ff, 243 f, 404 ff,

411, see also Cytokinesis
– fusion 327, 384
– growth 98 f, 110, 113, 414
– locomotion 96 ff, 113 ff
– morphogenesis 202, 411 f
– polarity 96 ff, 114, 299 ff, 302 ff, 325
Cell center 94, 102 f, 115, 143 f, 401, 413
Cell cycle 55 ff, 78 ff, 135 ff, 143 ff, 168 ff,

203 ff, 233 ff, 263 ff
– Go arrest 96, 98
– G1 arrest 157, 204 f
– G1/S transition 157 ff, 342 f, 356, 364 ff,

387 f
– S phase 169, 175, 206 f, 342 ff, 360
– G2/M transition 23, 59, 146 f, 204 f, 364 ff,

385 ff
– M phase: see Mitosis, Cytokinesis
Cellularization 150, 216, 256 f, 260
Cenexin: see ODF2
Central body 102 f
Central plaque (of SPB) 47 ff
Central spindle 153, 243, 253, 258, 262 f,
Centrin 45 ff, 50, 76, 101 ff, 106 ff, 173, 199 ff,

see also Cdc31
Centromere: see Kinetochore
Centrosome
– amplification 167, 325, 337 ff, 359 ff
– anomalies 288 ff, 325 ff, 339 ff, 359 ff
– as signaling platform 103, 114 f, 143 ff, 263
– core components 126 ff

– destruction 381 ff, see also Centrosome
fragmentation, Laser ablation

– dimensions 126
– disjunction 144, 170
– duplication 167 ff, 326 ff, 359 ff, see also

Centriole duplication
– dynamics 137, 264, 339
– dysfunction 280 ff
– fragmentation 218 ff, 337 ff
– history 3 ff, see also Boveri, Van Beneden
– in diagnosis 284 ff
– inheritance 100 f, 279 ff
– maturation 36, 52, 126, 144, 238 f
– molecular composition 127 ff
– reproduction: see duplication
– separation 135 f, 153 f, 170 f, 263
– splitting 135 f, 169, 174, 327, 343 ff
Centrosome cycle 168 ff, 234 ff, see also Cell

cycle
Centrosomin (CNN): 192, 259 ff, 267 f
Centrosomopathies 134, 280 ff, 292
Centriole
– block to reduplication 169 f, 175 f, 206, 327
– de novo formation 7 ff, 172, 205 ff, 254, 289,

327
– disorientation 168 f
– duplication 169 ff, 205 f, 231 ff, 364, 383 ff
– elongation 169
– migration 135 f, 153 f
– orthogonal orientation 13, 168 ff
– relationship to basal bodies 7 f, 71 ff, 78 f
– replication: see duplication
– structure 231 ff
Centriolin 46, 59, 86, 102, 128, 156 ff, 204,

306
Cep1: see Centriolin
Cep110: see Centriolin
Cervical carcinoma 340, 356, 363 ff
CG-Nap: see AKAP350/450
Chaperones 212 ff, 264, 379
Chemotherapy 218, 339 f, see also Therapy
Chk1, Chk2 kinases: see DNA damage (check-

points)
Chlamydia 391 ff
Chlamydomonas 12, 17 ff, 71 ff, 98 ff, 107 ff,

171, 206
Chromatin 29, 153, 199, 219, 241, 387
Chromosomal instability 167, 325, 353 ff
Chromosomal translocations 354 ff
Chromosome
– (mis-)segregation 143 ff, 167, 202, 291,

337 ff
– non-disjunction 288
Cilia 8, 12, 96 ff, 112, 402
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Ciliates 18, 45, 102, see also Paramecium,
Tetrahymena

Cleavage apparatus 114 ff
Cleavage furrow 167, 202 f, 261
Cloning (“therapeutic”): see Nuclear transfer

cloning
Closed mitosis 51
CMV (Cytomegalovirus) 383
c-Myc oncogene 354 ff
C-Nap1 145, 170 f, 306, 310
CNN: see Centrosomin
Cochlear epithelial cells 301 ff
Coiled-coil proteins 47 ff, 132 ff
Colorectal carcinoma cells 218, 340 ff, 346
Conoid 409
Contraception 293
Contractile fibers 76 f
Contractile ring 153 ff, 202 f, 262 f
Convergent evolution 103
Cortex
– of cell 58 f, 202 f, 243 f
– of embryo 243 f, 255
Cortical heredity 102
CP110 131, 179, 364
CP190/CP60-complex 256, 261 f
Cycads 7 ff, 110
Cyclin-dependent kinase: see Cdk1, Cdk2
Cyclin destruction 149 ff, 263 f
Cycloheximide 182, 342
Cytokinesis 49 ff, 76 f, 97 ff, 114 ff, 153 ff,

202 ff, 218 f, 228 ff, 253 f, 326 f, 343 ff, 362 ff
Cytolethal distending toxin: see CDT
Cytomegalovirus: see CMV
Cytotaxy 102

D
Daughter centriole: see Pro-centriole
Deflagellation 84 f, 307
Derived character 94 ff
Destruction: see Proteolysis
Development 60 f, 137 f
Differentiation: see Development
Dispermy 287 f, 323 f, see also Polyspermy
Distal appendages 86 f, 169, see also Appen-

dages
DNA 11 f, 172
DNA damage (checkpoints) 216 f, 218 ff,

264 f, 338 ff, 342 ff, 354 ff, 360, 385 ff
DNA polymerases 354
DNA replication 215 ff, 337 ff, 356 ff, 384 ff
DNA tumor viruses 387 ff
Dictyostelium 45, 107, 109, 115
Drosophila 29 f, 104 ff, 171, 213 ff, 251 ff
Drug target 331

Dynactin 86, 103, 243, 306 ff, 374 ff, 392 ff
Dynein (cytoplasmic) 97 ff, 103, 202, 243,

264, 306 ff, 374 ff, 392 ff,
see also Microtubule based motors

Dysplasia 362

E
E1A 365, 387
E2F 364, 387
E6 (human papilloma virus gene product)

355 ff
E7 (human papilloma virus gene product)

355 ff
Eg5 154 f, 290 ff, see also Microtubule-based

motors
Electron microscopy 8, 10, 30, 44, 53 ff, 73 f
Embryogenesis 228 ff, 254 ff
Embryonic stem cells 290 ff, see also Stem cells
Endoplasmic reticulum 156, 372, 377, 381
Endosymbiosis 413 f
Enucleation 192
Epithelial cells 8, 96 ff, 110, 255, 299 ff, 331,

354 ff, 374, 418 ff
Epitope-tagging 60, 127 ff, 192 ff
Evolution 93 ff, 371
Eyespot 77, 83, 100

F
FA2 kinase 85
Fertilization 5 f, 99, 234 f, 281 ff
Fin1 101, 148
Fission yeast: see Schizosaccharomyces pombe
Fizzy (Fzy): see Cdc20
Fizzy-related (Fzr): see Cdh1
Flagella 8, 84 f, 401 ff, 416 ff
Flagellar apparatus 96 ff, 113 ff, 401 ff
Flagellar pocket 404 ff, 417 f
Fluorescence energy transfer: see FRET
Fluorescence microscopy 126, 135 f
Fluorescence recovery after photobleaching: see

FRAP
Force generation 243 f
FRAP (Fluorescence recovery after photo-

bleaching) 50, 237, 270
FRET (Fluorescence energy transfer) 48, 270

G
Gametogenesis: see oogenesis, spermato-

genesis
GCP (Gamma Complex Protein) 21 f, 29 f,

240 f, 257 f, 300
Genomic imprinting 287 f
Genomic instability: see Chromosomal

instability
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Genotoxic stress 215 ff, 338 ff
GFP (green fluorescent protein) 47 ff, 101,

129 f, 135, 193 ff, 228 ff, 255
Giardia 107, 109, 111, 403, 418 f
Ginkgo 7, 9, 110
Golgi complex 60, 125, 156, 193, 204, 372,

377, 391, 412
Grip (Gamma Ring Protein): see GCP
GTPases (Tem1, Spg1) 45 ff, 156 ff, see also

Ran GTPase

H
Heat shock 212 ff, 341 ff, 383
Heat shock proteins: see Chaperones
Henson node 96
Hepatitis B/C virus 381, 388
Herpes Simplex virus 373 ff
Heterotrimeric G proteins 244, 256
HIV (human immunodeficiency virus)

375 ff, 385 ff
Hook family protein 230
HPV (human papilloma virus) 354 ff, 358 ff
HSET 290 ff, see also Microtubule-based

motors
HTLV (human T-cell leukemia virus) 375,

388 f
Human immunodeficiency virus: see HIV
Human papilloma virus: see HPV
Human T-cell leukemia virus: see HTLV
Hydroxyurea 177, 206, 342, 360
Hypoxia 346

I
ICSI (intracytoplasmic sperm injection) 285
IFT (Intraflagellar transport) 83 f, 98
Immortalization 356 ff
Immune response 417 f
Individuation 113 ff
Infertility (treatment) 281 ff, 293
In situ carcinoma 326
Intracytoplasmic sperm injection: see ICSI
Intraflagellar transport: see IFT
Invasive carcinoma 357 ff
Inventory 127 ff
In vitro fertilization: see IVF
Ionizing radiation 338 ff,
Irradiation: see Ionizing radiation, Radiation

therapy
g-irradiation: see Ionizing radiation
IVF (In vitro fertilization) 280 ff

K
Karyogamy 47 ff, 52
Karyokinesis 97 ff
Katanin 84 f, 307
Kendrin: see Pericentrin
Keratinocytes 356 ff
Kidney 98, 112
Kinesin-related motors: see Microtubule-based

motors
Kinetochore 149 ff, 264
Kinetoplast 11, 402, 406, 414 ff
Kinetosome 93, 113

L
Larva 257
Laser ablation 153 f, 157 f, 191 ff, 243
Left-right asymmetry 97 f, 244
Leishmania 411 ff, 417 f, see also Trypanosoma
Leishmaniasis 401 ff
Lethal mitotic events: see Mitotic cell death
Leukemia 338, see also HTLV
Licensing 55, 205, 360 ff, 386
Light microscopy 135 f
Linker 136 f, 144, 169 ff
Lissencephaly 103
Listeria 391 ff
Live-cell imaging 59, 134, 148 ff, 228 ff, 255 ff,

378
Lymphoma 338, 362

M
Malaria 401, 408, 419, see also Plasmodium
Male-factor infertility 281 ff
Mammary tumors 329 ff, 340
MAPs (microtubule-associated proteins) 309,

377 ff
Mass spectrometry 45, 127 ff, 264
Marsilea 10, 83, 110
MDM2 328, 356, 364
Mechano-reception 98
Meiosis 60 f, 101, 253, 289 f
Meiotic spindle 29 f
Membrane traffic 261, 404 ff, 417 f
Menopause 289
Micronuclei 337 ff, 362 ff
Microsatellite instability 359
Microsurgery 153 f, 157 f, 193, 203 ff, see also

Laser ablation
Microtubule-associated proteins: see MAPs
Microtubule-based motors 155 ff, 170, 199 ff,

253, 265, 287 ff, 308, 373 ff
Microtubule organizing center: see MTOC
Microtubules
– anchoring 135, 301 ff
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– apico-basal arrays 302 ff
– astral microtubules 200 ff, 243
– cell cycle regulation 36
– dynamic instability 27, 309
– elongation 27 ff
– minus end binding proteins 308 f
– minus end/plus end dynamics 28 f, 49, 53,

265 f
– nucleation 27 ff, 51 ff, 198 f, 240 f
– plus-end binding proteins 309 ff
– polymerization dynamics 17 ff, 27 ff, 31 ff
– protofilaments and templating 30 f, 105
– release and capture 310 ff
– role of GTP hydrolysis 28 ff, 36
– singlet, doublet and triplet microtubules

8, 72 ff, 86 f, 104 f, 231 f
– treadmilling 308 f
Midbody 153 ff
Minispindles (Msps): see XMAP215/ch-TOG
Mitochondria 7 ff, 98, 372 ff, 406 ff
Mitosis
– metaphase-anaphase transition 149 ff, see

also Spindle assembly checkpoint
– exit from: see Mitotic exit network, septation

initiation network
Mitotic catastrophe: see Mitotic cell death
Mitotic cell death 213, 216 f, 338 ff
Mitotic exit network (MEN) 45 f, 57 ff, 100 ff,

156 f
Monopolar spindles 174 f, 200
Morphogenesis 100 f
Mother centriole: see Parental centriole
Mps1 kinase 46, 50, 52, 56 f, 179, 364
mRNA localization 377
Msps: see minispindles
MTOC (microtubule organizing center) 43 f,

94 ff, 230, 252 ff, 284 ff, 299 ff, 372 ff, 402 ff
Multicellularity 102 ff
Multinucleation 116, 343 ff, 362 ff
Multipolar spindles 167, 199 ff, 291 ff, 337 ff,

359 ff
Mutation rate 354
Mutator phenotype 354 ff
Myogenesis 94, 302
Myt1 146 f

N
NAB (Nuclear associated body) 94 f, 299
Naegleria 45, 110, 172 f
Nek2 kinase 85, 101, 148, 169 ff
Nematodes: see Caenorhabditis
Neoplasm: see Carcinogenesis
Neuroblast 256 ff
Neurons 307, 373

NIMA kinase 148 f
Ninein 23, 86, 158, 301 ff, 305 ff
Nlp (Ninein-like protein) 36, 145, 300, 308
NMU (methyl-nitrosourea) 331 f, 341
Non-contractile fibers 77 f
Nucleocytoplasmic transport 388
Nuclear envelope 44 ff, 49 f, 240, 302, 393
Nuclear fragmentation: see Micronuclei
Nuclear positioning 103 f, 115 f, 254 f, 290
Nuclear transfer cloning (NT cloning) 280 ff,

290 ff
Nucleophosmin 158, 179, 364
Nud1p 46, 58 f, 156
NuMA 36, 126 ff, 144, 289 f
Nutritional deprivation 346

O
ODF2 86, 186, 306
Oncogenes 353 ff, 371 ff
Oogenesis 234, 251 ff, 268 ff
Oral-facial-digital syndrome (OFD1) 134
Organ of Corti 302 ff
Organelle positioning 143

P

p21Waf1/Cip1: see Cdk-inhibitors
p53 tumor suppressor 158, 175, 216, 328 f,

339 ff, 356 ff, 363 f, 385 ff
PACT domain 259
PALA (N-phosphonoacetyl-L-aspartate) 358
Pancreatic cancer 337 ff
Papilloma virus: see HPV
PAR proteins 242 ff, 256
Paramyxoviruses 384
Parasites 355,
Paramecium 11, 45, 102, 173
Parthenogenesis 7, 93, 99 f, 112, 172, 254,

280 ff, 289 f
Pathogens 371 ff
Parental centriole 13, 23, 86 f, 102, 135 f, 169,

205 f, 306 f
PCM: 44, 127 ff, 233 f, 259 ff, 327
PCM-1 126, 158, 266, 307 f, 312
Pericentrin 46 ff, 52, 258 ff, 268, 300
Pericentriolar material (matrix): see PCM
PGD (pre-implantation genetic diagnosis)

288
P-granules 242
Phosphorylation 38, 52 ff, 137, 144 ff, 170,

264, 307, 325, 364 f, 385 ff
Phototactic behavior 77, 83
Phylogeny 93 ff
Physarum 103 ff
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Pillar cells 303 ff
Pinwheel structure 73 f
PKA (Protein kinase A) 152 f, 307 f
Plants 7 ff, 72 ff, 93 ff
Plasmodium 403 ff, 408, 411 ff
Plk1 (Polo-like kinase 1) 36, 58 ff, 144 ff,

213, 258 f, 264, 308
Plo1: see Plk1
Plx1: see Plk1
Pocket proteins: see Retinoblastoma protein

(Rb)
Poliovirus 373 ff
Polo kinase: see Plk1
Polycystic kidney disease 98
Polyploidy 158, 200, 218, 257, 343 ff
Polyspermy 280 ff, 285 ff, 358, see also

Dispermy
Pre-implantation genetic diagnosis: see PGD
Pre-malignant lesions 332, 354 ff
Prey capture 97 ff
Primary cilium 86, 96 ff, 302
Pro-basal body 74 ff, 403 ff
Pro-centriole 13, 23, 86 f, 102, 135 f, 169
Prognostic markers 337 ff, 346
Pronuclear migration/apposition 230, 282,

284
Proteasome 149, 181 f, 214, 356 ff, 363 f
Protein correlation profiling 129 ff
Protein kinase cascade 57 ff, 100 ff
Protein misfolding 213 ff
Protein phosphatase 1, 169 ff
Proteolysis 143, 150 ff, 181 ff, 342, 372
Proteomics 127 ff
Protozoa 11, 17 ff, 401 ff

R
Radiation therapy 337 ff, see also Therapy
Ran GTPase 36, 300 f, 330, 365, 387 ff
RanBP1 388
Reproductive biology 280 ff
Release and capture (of microtubules) 304 ff
Retinal photoreceptor cells 302 ff
Retinoblastoma protein (Rb) 158, 178 f, 342,

356 ff, 364 ff, 387 ff
Retroviruses 373 ff
Rho-associated kinase (p160Rock) 155
Ribonucleotide reductase 37
RNA-mediated interference (RNAi/siRNA)

228 ff, 265, 407
Rootlet microtubules 76 ff

S
Saccharomyces cerevisiae 43 ff, 100 ff
SAS-4 236 ff

Satellite
– in SPB duplication 46 f, 53 ff, 56
– pericentriolar (PCM granules) 308
Scaffolding function 132 f, 159
SCF-mediated proteolysis 181 f
Schizosaccharomyces pombe 45 ff, 59, 100 ff
Sea urchins 99, 172 ff, 176, 324 f
Securin 149 ff, 263
Sendai virus 384 f
Sensory hair cells 302 ff
Sensory reception 97 ff, 113 ff
Separase 149 ff
Septation initiation network (SIN) 58 f,

100 ff, 156 f
SF-assemblin 76 ff
Sfi1 45, 50, 111 ff
Shigella 390 ff
Solid tumors 338 ff
Spc42 46 f, 56
Spc97/Spc98 22, 46 ff
Spc110 46 ff
SPD-2 238
SPD-5 233 ff, 237 ff
Sperm aster 281 ff
Spermatogenesis 254
Spermatozopsis 75, 80, 86, 109, 111
Spg1: see GTPases
Spindle assembly 199 ff, 404 ff
Spindle assembly checkpoint 57, 149 f, 263 f,

288, 383 ff, 388 f
Spindle orientation: see Spindle positioning
Spindle plaque: see Spindle pole body
Spindle pole body (SPB)
– as a model for the study of centro-

somes 43 ff, 54 ff
– as a signaling platform 57 ff, 100 ff
– dimensions 44 f
– duplication 53 ff
– molecular composition 45 ff
– multilayered organization 43 ff, 47, 50
– nuclear envelope anchoring 44 ff, 49 f
– role in meiosis 60 f
Spindle positioning 60 f, 100 f, 167, 202, 243 f
Spisula 83, 112, 172, 300
Spore formation 60 f, 101
Squamous intraepithelial lesions 359
Stellate fiber arrays 73 ff
Stem cells 243, 251 ff
Stratified skin 362 f
Stu2: see XMAP215/ch-TOG
Subdistal appendages 23, 86 f, 169, see also

Appendages
Supernumerary centrosomes: see Centrosome

amplification
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SV40 365, 387
Syncytium 254 ff, 413

T
TACC (transforming acidic coiled coils)

49, 241, 260, 268 ff, 330
TAC-1: see TACC
Tax 388 f
Taxonomy 94 ff, 402
Telomerase 354 ff, 365
Tem1: see GTPases
Tether: see Linker
Tetrahymena 11, 173
Tetraploidy: see Polyploidy
Theileria 408
Therapy 338 ff, 346, see also Chemotherapy,

Radiation therapy
Time-lapse microscopy: see Live-cell imaging
Tissue morphogenesis 303
Tobacco mosaic virus (TMV) 381
Toxoplasma 403 ff, 408, 411, 419
TPX2 29, 36 f, 330
Transforming acidic coiled-coils
Transgenic mouse models: see Animal models
Transition zone 71 ff, 84, 86 f
Trichomonas 403 ff
Trypanosoma 11, 98, 401 ff, 411 ff
Tub4 45 f, 51 ff, see also g-tubulin
Tubulin
– superfamily 17 ff, 82 f, 104 ff
– distribution of isoforms among

species 17 ff, 104 ff
– localization and function of isoforms 21 f
– polyglutamylated tubulin 158
a/b-tubulin 17 ff, 27 ff
g-tubulin
– phylogeny 18 ff, 104 ff
– role in nucleation 28 ff, 82 f
– role in plants 28 f
– regulation by phosphorylation 38, 52 f
g-tubulin ring complex (g�TuRC) 29 ff,

105 ff, 211 f, 240 f, 257 f, 300
g-tubulin small complex (g�TuSC) 29 ff, 51 f,

54 f, 105 ff

d-tubulin 17, 22, 407
e-tubulin 17, 22 f, 86, 158, 306, 407
z-tubulin 17, 23
h-tubulin 17, 23, 407
Tumor suppressor genes: see p53 tumor

suppressor, Retinoblastoma protein (pRb)
Tumorigenesis: see Carcinogenesis
Typhoid bacterium (Orientia) 392

U
Ubiquitin-dependent proteolysis 149 f, 181 f,

342, 356 ff, 363 f
Unfolded protein response 213 ff
UV absorption 194

V
Vaccinia virus 375 ff
Van Beneden 4 ff, 191, 279, 323
Variant surface glycoprotein: see VSG
Viruses 353 ff, 371 ff
Vpr 385 f
VSG (variant surface glycoprotein) 417

W
Warts 354, 360
Wee1 146 f, 385 f

X
Xenopus laevis 99 f, 112, 115, 177 f, 180, 284,

342, 364
XMAP215/ch-TOG 29, 36 f, 49, 241, 260, 269,

330

Y
Yersinia 391 ff

Z

Zyg-9: see XMAP-215/ch-TOG
Zyg-12 230
Zyg-1 kinase 181, 236 ff
Zygote (zygotic centrosome) 172 f, 177 f,

228 ff, 281 ff
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