
www.landesbioscience.com Cell Cycle 3841

Cell Cycle 10:22, 3841-3848; November 15, 2011; © 2011 Landes Bioscience

 extra view extra view

Key words: centrosome, centriole,  
mitosis, spindle, cell cycle, meiosis,  
plant cell, microsurgery

Submitted: 09/27/11

Revised: 09/28/11

Accepted: 10/03/11

http://dx.doi.org/10.4161/cc.10.22.18293 

Correspondence to: Edward H. Hinchcliffe; 
Email: ehinchcliffe@hi.umn.edu

In vertebrate somatic cells, the centro-
some functions as the major microtu-

bule-organizing center (MTOC), which 
splits and separates to form the poles of 
the mitotic spindle. However, the role of 
the centriole-containing centrosome in 
the formation of bipolar mitotic spindles 
continues to be controversial. Cells nor-
mally containing centrosomes are still 
able to build bipolar spindles after their 
centrioles have been removed or ablated. 
In naturally occurring cellular systems 
that lack centrioles, such as plant cells 
and many oocytes, bipolar spindles form 
in the complete absence of canonical cen-
trosomes. These observations have led to 
the notion that centrosomes play no role 
during mitosis. However, recent work 
has re-examined spindle assembly in the 
absence of centrosomes, both in cells 
that naturally lack them and those that 
have had them experimentally removed. 
The results of these studies suggest that 
an appreciation of microtubule network 
organization, both before and after 
nuclear envelope breakdown (NEB), is 
the key to understanding the mecha-
nisms that regulate spindle assembly and 
the generation of bipolarity.

Introduction

An ongoing question in cell biology is the 
role played by the centriole-containing 
centrosome in establishing the polarity 
of the mitotic spindle.1-3 In dividing ver-
tebrate somatic cells, the major microtu-
bule-organizing center (MTOC) is the 
centrosome, an organelle consisting of a 
pair of centrioles surrounded by a matrix 
of pericentriolar material (PCM).4 The 
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MTOC generates a polarized array of 
microtubules (MTs) with their slow-grow-
ing minus ends concentrated at the cell 
center and their dynamic plus ends facing 
the cell periphery.5 Centrosomes undergo 
a duplication process during interphase, 
where the centrioles replicate in a semi-
conservative fashion, resulting in two 
closely associated centriole pairs (called 
diplosomes) surrounded by a common 
PCM.4,6-8 The two pairs of diplosomes 
then disjoin, split apart and are separated 
prior to the onset of mitosis.6 As these 
daughter centrosomes move apart, they 
drive the separation of the single inter-
phase MT focus into a pair of distinct MT 
arrays called asters (“stars”) in preparation 
for mitotic spindle assembly.3,9,10 As a unit, 
the pair of separated astral MT arrays has 
been referred to as the amphiaster (a “star 
on both sides”),11,12 though this term has 
also been linked to a distinct stage in the 
cell cycle of marine invertebrates, most 
notably, sea urchin zygotes.13 The extent 
of aster separation prior to nuclear enve-
lope breakdown (NEB) varies (Fig. 1), 
but even modest aster separation does not 
affect the ability of cells to form a bipolar 
spindle.14

Coordinate with NEB, the asters use 
dynein to recruit microtubule-cross-link-
ing proteins, such as NuMA released from 
the nucleus, to the focused MT minus 
ends at the spindle poles.15 Meanwhile 
the dynamic plus ends of the MTs inter-
act with and cross-link interpolar MTs 
emanating from the opposite pole.16-18 As 
the asters separate, the forces of opposing 
motor proteins dynein and kinesin 5 drive 
the spindle poles apart and stabilize the 
anti-parallel MTs as the bipolar mitotic 
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adult animals, albeit ones lacking the cilia 
and flagella that are dependant on centri-
oles for their basal bodies.52,53

Further evidence supporting the case 
that centrosomes are not required for 
spindle assembly comes from observations 
in cell types that naturally lack canoni-
cal centrosomes, such as certain oocytes 
and all of the cells in higher plants.54-56 
The assumption has been that these 
cells assemble bipolar spindles via the 
chromatin-mediated pathway, and that 
this mechanism is masked in centriole-
containing cells. The chromatin-mediated 
pathway appears to be able to compensate 
for the loss of the centrosome.

This then begs the question: “Are cen-
trosomes actually necessary for bipolar 
mitotic spindle assembly at all?” The afore-
mentioned experiments would conclude 
that they are not. Fully functional spin-
dles can form in their absence, although 
there can be other mitotic and cytokinetic 
defects in spindles lacking functional cen-
trosomes.57-59 Taken together, the results 
of experimental manipulation, which rid 
cells of their resident centrosomes, as well 
as observations in cells that never had 
centrosomes in the first place has sup-
ported the notion that centrosomes do not 
actually play a role in building a normal 
mitotic spindle. Rather, a contemporary 
view suggests these organelles are merely 
passengers “brought along for the ride,” 
with their major role being to template 

the onset of mitosis results in the release 
of the MTs into the mitotic cytoplasm.39 
Initially, these free MTs are randomly ori-
ented, but they rapidly become bundled 
and polarized by interactions with the 
mitotic chromosomes, forming a func-
tional bipolar mitotic spindle.

Acentrosomal spindle formation in 
vertebrate cells takes place via a mecha-
nism that is consistent with that used dur-
ing spindle assembly in centrosome-free 
Xenopus egg cytoplasmic extracts.40,41 In 
both cases, chromosome-mediated orga-
nization of random MTs occurs via the 
Ran-GTP pathway,42-45 which activates 
spindle assembly factors, like TPX2, 
which bundle free MTs in the vicinity of 
the chromosomes; these become sorted 
into a bipolar spindle.46,47 The chromatin-
mediated spindles form essentially inside 
out, from the center to the poles. The 
acentrosomal poles lack extensive astral 
arrays but otherwise assemble properly 
into a bipolar configuration and with 
astonishingly high fidelity.39,40

Acentrosomal spindles have also been 
shown to form in experimentally manipu-
lated crane fly spermatocytes,48 Drosophila 
embryos,49 cultured fly cells,50 and arti-
ficially activated sea urchin zygotes.51 A 
most notable case for experimentally-
derived acentrosomal mitosis is found in 
mutant Drosophilia that completely lack 
centrioles or distinct centrosomes, yet 
can develop into morphologically normal 

spindle begins to form.19-24 Forces intrinsic 
to each aster can also drive the poles apart 
through interactions between astral MTs 
and the actin, myosin II and dynein at the 
cell cortex.25-27 After NEB, MTs are also 
nucleated on or around mitotic chromo-
somes, producing extra-centrosomal poly-
mers that must be captured and organized 
into the developing bipolar spindle.10,28-30 
Finally, kinetochore MTs may also serve 
to drive apart the centrosomes and help 
finalize the establishment of spindle 
bipolarity.31

While the centrosome in vertebrate 
somatic cells has historically been viewed 
as necessary for both the organization 
of the interphase MT array and for the 
assembly of the bipolar mitotic spindle,32 
it has been shown experimentally to be 
dispensable for both of these processes. 
First, microsurgery can generate centro-
some-free cell fragments or “microcells,” 
which reorganize their random MTs into 
a central radial array with conventional 
± MT polarity.33,34 It is important to 
note that this acentrosomal organization 
of interphase MTs may be mediated by 
the trans-Golgi network, which serves to 
organize non-centrosomal MTs, even in 
centrosome-containing cells.35-37 Other 
factors implicated in aMTOC organiza-
tion include cytoplasmic dynein, dynactin 
and pericentrin.38

Second, laser ablation of centrosomes 
in mammalian somatic cells just prior to 

Figure 1. amphiastral spindle assembly in control BSC-1 cells. (a) the separation of the centrosomes is limited prior to NeB. the duplicated interphase 
centrosomes (part a, arrows) split apart but do not separate extensively (b–d, arrows). as the nuclear envelope breaks down (e and f), the bipolar 
spindle assembles. (B) the duplicated interphase centrosomes (part a, arrows) split and separate further apart (b–d, arrows). as the nuclear envelope 
breaks down (e and f), the bipolar spindle assembles. (C) the duplicated centrosomes (arrows) have migrated to opposite poles prior to nuclear enve-
lope. GFP-α tubulin, fluorescence optics. Bar = 5 μm.
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focus their MT minus ends into compact 
spindle poles.66 However, while cells in 
higher plants lack centrosomes, emerging 
evidence suggests that they do generate 
distinct centers of MT organization coor-
dinate with mitotic onset.65 The most 
widely recognized mitotic MT structure 
in plants is the preprophase band (PPB). 
The PPB is formed from cortical MTs67 
that usually encircle the nuclear region 
and predict the division plane.65 In addi-
tion to the PPB, in many plant cells, there 
is another class of mitotic MTs that form 
prior to NEB. These are the polar cap 
microtubules (PCMTs), and they arise 
from the nuclear surface at opposite poles 
of the cell. Some PCMTs extend from 
the nuclear envelope to the cell cortex, 
and others enclose the nuclear surface.65 
That these PCMTs form prior to NEB 
further suggests that bipolarization with-
out interactions with mitotic chromatin 
is a mechanism conserved between ani-
mals and plants. Though plants re-order 
their MT network in a fashion distinct 
from vertebrate somatic cells, they do not 
appear to use chromatin-mediated MT 
nucleation/bundling as a primary source 
of spindle bipolarity, at least in somatic 
cells.65 Plant cells are still constrained 
by the requirement of building a spindle 
from polarized MTs, albeit those polym-
erized de novo.

Mouse Oocytes Meiotic Spindles

Mouse oocytes do not use a pair of cen-
trosomes to sort their MT array28,54 and 
are a classical example of acentrosomal 
spindle assembly. However, recent work 
has shown that they do assemble multiple 
acentriolar MTOCs prior to NEB.68 On 
average, ~80 MTOCs or asters form in 
each oocytes; these form both out in the 
cytoplasm and along the nuclear surface. 
The cytoplasmic asters were observed to 
migrate toward the nuclear region, and 
both cytoplasmic and nuclear asters con-
tribute to spindle assembly. These mul-
tiple asters first assemble into a flexible 
multipolar spindle and then are sorted 
into a bi-astral array by the chromosomes 
in a RAN-GTP-dependent manner.68 
This is reminiscent of spindle formation 
in Taxol-treated somatic cells, where mul-
tiple asters bundle into spindle poles, and 

and the MT plus ends themselves increase 
their dynamic behavior, until the MT 
tips are stabilized by interactions with the 
kinetochores, the cell cortex, or they form 
into anti-parallel arrays.10,17 Any MTs 
released free into the mitotic cytoplasm 
are rapidly drawn into the nascent spindle 
poles through the action of cytoplasmic 
dynein.64

The observations that experimentally 
derived acentrosomal bipolar spindles 
form after NEB, as free MTs are bundled 
and sorted by activated SAFs in the region 
near chromosomes, has been extrapolated 
to suggest that centrosomes in vertebrate 
somatic cells do no real work at all dur-
ing the early stages of mitosis. What is 
clear is that spindle assembly, at least in 
vertebrate somatic cells, does not involve 
the reorganization of randomly oriented, 
free cytoplasmic MTs. Instead, the pro-
cess is dependant on maintaining the 
order and orientation of the preexisting 
MT network and reordering this network 
through a combination of MT sever-
ing, increased MT nucleation/dynamics, 
and the splitting of the MTOC into the 
amphiaster.

Both the splitting/separation of the 
MTOC and the increase in MT-nucleating 
capacity of the asters has been ascribed to 
the presence of the centrosome, but what 
about naturally occurring systems that do 
not have centrosomes in the first place? 
Do these acentrosomal cells organize and 
sort their MT arrays prior to NEB, or do 
they enter mitosis/meiosis with randomly 
oriented MTs that are then bundled, 
sorted and polarized by the chromatin-
mediated pathway? An examination of the 
mechanisms used by traditionally “acen-
trosomal” cells may provide the answer.

Microtubule Organization  
in Plants

Flowering plants do not have canonical 
centrosomes, and, instead, create highly 
organized MT arrays in the absence of a 
centralized MTOC.55,65 In contrast to ani-
mal cells, plant cells completely disassem-
ble their existing interphase MT network 
and assemble mitotic arrays de novo on 
either side of the nucleus at or just prior to 
NEB.65,66 Higher plants also lack obvious 
dynein and NuMA orthologs and do not 

the formation of cilia and flagella; the 
centrioles that reside at the core of the 
centrosome also serve as the basal body, 
which nucleates the microtubules of the 
axoneme.60,61 Therefore, it is reasonable to 
conclude that the reproduction, splitting 
and segregation of diplosomes during the 
cell cycle is simply a mechanism to ensure 
the proper distribution of ciliary basal 
bodies to the daughter cells at each divi-
sion (discussed in refs. 1 and 2).

Microtubule Reorganization  
during Spindle Assembly

Before the centrosome can be excluded 
from its potential role in spindle assem-
bly, a major issue must first be addressed, 
namely, the mechanics of MT reorganiza-
tion during the transition from interphase 
into mitosis and how this reorganization 
effects the establishment of spindle polar-
ity. This is a key point, because the orga-
nization of the MT network in vertebrate 
cells remains intact throughout the cell 
cycle, and though it can be extensively 
remodeled, the basic polarity of MT plus 
ends at the centers and MT minus ends at 
the periphery persists.

It is important to remember that in 
vertebrate somatic cells, the establishment 
of spindle polarity begins well before the 
onset of NEB. The splitting of the MTOC 
into a pair of astral arrays takes place prior 
to NEB, though the extent to which this 
splitting occurs varies between cell types, 
and also within a population of cells.3,14,26 
While it has been traditionally held that 
this splitting requires the disjunction 
and separation of the duplicated centro-
somes,32 it is not clear that the presence 
of centrosomes is absolutely required for 
the formation of the amphiaster. What is 
clear is that, in these cells, the polarized 
organization of the MT network is main-
tained throughout the transition from 
interphase into mitosis. The MT minus 
ends remain at each MTOC, and the MT 
plus ends extend out toward the MTs from 
the opposite aster (Fig. 1). The MT net-
work itself becomes highly reorganized 
during this transition. There is a dramatic 
increase in the MT-nucleating capacity of 
the MTOCs, coordinate with recruitment 
of γ-tubulin ring complexe.62 The long 
interphase MTs are severed by katanin,63 
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an anastral spindle. Thus, it is not merely 
sufficient for chromosomes to have MT 
nucleating and/or bundling activity. They 
must also have access to free MTs.

Mammalian Cultured Cells

Unlike higher plants or meiotic systems, 
vertebrate somatic cells have an organized 
MT arrangement with a single MTOC 
and a polarized, radial array of MTs ema-
nating from it. Much like the aforemen-
tioned experiments in sea urchins, it is not 
clear how vertebrate somatic cells lacking 
centrosomes but retaining a polarized MT 
array emanating from a single MTOC 
would behave as they progressed through 
the cell cycle into mitosis.

To address this, we recently published 
the results of a study in which the centro-
some was removed from monkey kidney 
(BSC-1) cells using microsurgery.38 These 
acentrosomal cells (termed Karyoplasts) 
were generated during early interphase, 
and they had sufficient time to re-orga-
nize an acentrosomal MTOC (aMTOC) 
before entering into mitosis, much like that 
observed in enucleate cell fragments.33,34 
By using cells constitutively expressing 
α-tubulin-GFP, we were able to use live-
cell imaging to examine the mode of spin-
dle assembly in these cells. We found that 
in a vast majority of karyoplasts (~65%), 
the aMTOC underwent splitting and sep-
aration before NEB, forming an amphias-
ter. These cells built bipolar spindles that 
almost exclusively underwent mitosis and 
cytokinesis with relatively normal tim-
ings. This revealed that the centrosomes 
are not absolutely required to organize 
an MTOC, nor to bias its splitting into 
an amphiaster, thus supporting the case 
that centrosomes are not required to form 
bipolar mitotic spindles.

However, the fate of the other karyo-
plasts reveals an important function for 
centrosomes. In ~35% of karyoplasts, the 
aMTOC never splits, and a monopolar 
spindle forms that persists throughout 
mitosis (Fig. 2). In these cells, the MTs 
remain organized, and thus, there are no 
free MTs capable of interacting with the 
chromatin and forming a second pole. So 
while vertebrate cultured cells may have 
the means to form chromatin-mediated 
spindles, if the MTs remain organized 

the second, anastral pole. Without the 
need to manage the splitting of the MT 
network, the chromatin-mediated spindle 
assembly pathway appears to be able to 
function freely during mutant Drosophila 
development, resulting in morphologi-
cally normal adult flies, albeit those that 
lack centriole-dependant structures, such 
as cilia and flagella.1

Sea Urchin Zygotes

In sea urchin zygotes the mitotic spindle 
poles are established using the paternally 
inherited centrosome.76 Following fertil-
ization the male and female pronuclei fuse 
together, and the centrosome provided 
by the sperm basal body duplicates and 
then splits apart to organize the mitotic 
spindle poles.13,76 The female centrosome 
used during oogenesis is degraded prior to 
fertilization.77

Interestingly, artificially activated sea 
urchin zygotes, which lack centrioles 
or centrosomes, assemble acentrosomal 
bipolar spindles, presumably via the 
chromosome-mediated spindle assembly 
pathway.51 These spindles are anastral and 
capable of undergoing anaphase. Thus, 
parthenogenic sea urchin zygotes are fully 
capable of chromatin-mediated spindle 
assembly when centrosomes are lacking.

However, the results of an interest-
ing study in sea urchins suggest that the 
interrelationship between centrosomes, 
chromosomes and MTs is more complex. 
Experimental separation of the pronuclei 
before syngamy revealed that only the 
male chromosomes (with their associated 
centrosomes) could form a spindle. The 
female chromosomes, which lack a centro-
some, could not bundle MTs nor form a 
spindle.78 The recent work of Henson and 
colleagues reveals that sea urchin zygotic 
chromosomes are fully capable of sup-
porting RAN-induced MT bundling and 
sorting necessary to generate a function, 
anastral spindle. Then why do isolated 
female chromosomes fail to do so, while 
sharing common mitotic cytoplasm with 
the male chromosomes/centrosomes? 
The answer may be that the male-derived 
centrosomes nucleate and organize essen-
tially all of the MTs within this common 
cytoplasm, depriving the female chromo-
somes of any free MTs needed to build 

the centrosomes have no connection to 
the asters.69 Again, this model for spindle 
assembly depends on organizing and sort-
ing the MT array well before the nuclear 
envelope breaks down. Mouse oocytes 
must also sort their MT network during 
the transition into mitosis, but they use an 
alternative mechanism that does not rely 
on centrosomes.

Centrosomes in Drosophilia:  
To Be or Not to Be

Drosophilia meiosis also occurs in the 
absence of centrosomes,56 and, indeed, 
bipolarity is established after NEB, which 
along with C. elegans oocytes70 are exam-
ples of true chromatin-mediated spindle 
assembly found in nature.71,72 However, 
like most other animals flies use the 
paternally-inherited centrosome to orga-
nize the poles of the mitotic spindle dur-
ing development and in the adult animal. 
Surprisingly, certain Drosophilia mutants 
can be generated that completely lack cen-
trosomes, yet these can still develop,49 even 
forming morphologically normal adults, 
though ones lacking the cilia and flagella 
dependant on the presence of basal bod-
ies.52 These studies provide the strongest 
evidence yet that a cell type that normally 
contains centrosomes can form bipolar 
spindles in their absence, suggesting that 
centrosomes are not necessary to establish 
spindle polarity.

However, recent studies have examined 
the organization of the MT network in fly 
cells as they transition into mitosis and 
have revealed that flies do not make exten-
sive use of their centrosomes to organize 
the interphase MTs.53 Instead, Drosophilia 
cells normally lack a centralized focus of 
MT minus ends,73 and at least some of 
their MTs are organized by acentriolar 
MTOCs (aMTOCs74). In the absence of 
radial MT organization during the inter-
phase-mitotic transition, persistent mono-
polar spindles would not be expected to 
form, and indeed, these are not observed.50 
In fact, Drosophilia urchin mutants can 
form a bipolar spindle with one astral 
pole and one pole that is anastral.75 This 
suggests that the centrosome has failed to 
split and forms the astral array, and free 
MTs in the cytoplasm bundle and sort via 
the chromatin-mediated pathway to build 
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between the aMTOCs that bipolarize and 
those that don’t? Is it merely a case of inef-
ficiency, with an aMTOC struggling to 
split and separate the MT network in the 
absence of a centrosome? Or is the answer 
more complicated? One intriguing possi-
bility is that the extent to which the Golgi 
reforms could influence the ability of the 
aMTOC to form, split and separate. In 
our experiments, we could not control for 
removal of the Golgi apparatus; our obser-
vations post-microsurgery revealed that 
varying amounts of Golgi remained in the 
karyoplasts. These Golgi remnants would 
reform to morphologically “normal” 
Golgi stacks, but it is not clear what “nor-
mal” means in this context. Perhaps there 
is some lower limit of Golgi organization 
that influences the size, composition or 
function of the aMTOC. In normal (i.e., 
untreated) cells, the centrosome may con-
tribute to the morphology of the Golgi 
and vice versa. The amount of Golgi 
considered normal ensures that there is a 
robust organization of the MT network, 
and this organization provides for the 
accurate splitting of the centrosomes at 

extremely rare (~1% of cases examined38). 
This suggests that centrosomes play a key 
role in ensuring spindle bipolarity, even 
after the onset of mitosis, by acting as a 
focal point for MT nucleation. Because 
there are two such focal points (duplicated 
centrosomes), correcting polarity errors is 
simply the process of driving these focal 
points apart.

What then is the role of the centro-
some during mitotic spindle assembly? 
We hypothesize that it serves to bias 
the splitting and separation of the MT 
network at the time of mitotic onset 
(Fig. 3). In the absence of a centrosome, 
the reformed MT can still become sepa-
rated into two distinct asters. However, 
this process is inefficient and error prone. 
There is also no opportunity for the 
spindle to bipolarize once the cell has 
progressed in mitosis, as the monopole is 
dominant unlike the case of Drosophilia, 
where an anastral pole can form along 
with an astral pole.75

The results of our study in karyo-
plasts have also left several unanswered 
questions. First, what are the differences 

by a single MTOC, then there are no 
free MTs available to assemble this pole. 
Interestingly, these monopolar cells even-
tually exit mitosis and undergo cytokine-
sis with multiple cleavage furrows, which 
eventually retract, yielding a single tetra-
ploid daughter cell.

This study clearly reveals the impor-
tance of centrosomes for bipolar spindle 
assembly. They ensure that the MT array 
is properly split into two. The consequence 
for centrosomal loss is a dramatic increase 
in the number of persistent monopolar 
spindles.

Equally important is the idea that cells 
that normally contain centrosomes can 
eventually form bipolar spindles, even if 
they enter mitosis with a monopole built 
on partially separated centrosomes. Such 
is the case for monopolar spindles assem-
bled in the presence of the Eg5 (kinesin 5) 
inhibitor monastrol. These cells form 
monopoles that will persist until cytoki-
nesis.79,80 If the inhibitor is washed out, 
then these cells eventually bipolarize.22,79 
However, in karyoplasts, the monopoles 
persist, and bipolarization after NEB was 

Figure 2. Behavior of acentrosomal cell undergoing monopolar division. (a) Mt organization following microsurgery. (a–C) Microsurgery and flat-
tening of the karyoplast-cytoplast pair (surrounded by white outline). (D) Confocal fluorescence image of interphase karyoplast (white outline). there 
are Mts throughout the karyoplast. (e–H) Monopolar spindle formation. the single Mt focus (e) is directly adjacent to the nuclear envelope. as the 
interphase Mt network disassembles, cytoplasmic Mts are being drawn into the monopole. the nuclear envelope breaks down (F) and a monopolar 
spindle forms (H). GFP-α tubulin, fluorescence optics. Bar = 10 μm.
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disrupts interphase MT organization but 
ultimately increases the risk of monopo-
lar spindles, as the acentrosomal MTOC 
reforms in vertebrate somatic cells, but 
fails to split and separate at mitotic onset. 
Given our findings, it is not surprising that 
in cells without a centralized interphase 
MT network, such as flowering plants, 
flies and mouse oocytes, the centrosome 
is either completely lacking or dispensable 
for building spindle poles. These cells have 
simply evolved mechanisms that allow 
them to do without.
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Summary

In cells that do organize a focused inter-
phase MT array, we find that centrosomes 
are necessary in order to bias the separa-
tion of the MT network during spindle 
assembly, in addition to forming cilia 
and flagella.1 Whereas additional cen-
trosomes increase the likelihood of mul-
tipolar mitotic spindles,6 it appears that 
the loss of the centrosome transiently 

the G
2
/M transition. In experimentally 

acentrosomal cells (karyoplasts), the Golgi 
reforms but may be altered in size, shape 
or composition. If this, in turn, influences 
the extent of aMTOC formation, then the 
MT network may not be able to reform 
to the degree necessary to support efficient 
splitting or separation at the onset of mito-
sis, particularly in the absence of centro-
somes, which themselves provide a strong 
bipolarizing cue.32

Figure 3. Model for spindle pole separation in centriole-containing vs. acentrosomal cells. 
(a) Centriole-containing cells. the duplicated centrosome contains a connected pair of diplo-
somes (red) surrounded by a common PCM (green). the pairs of centrioles split and separate 
along the nuclear envelope; each organizes a separate Mt array that will become the poles of 
the spindle. (B) Bipolar spindle assembly in an acentriolar karyoplast. the PCM is focused but 
lacks centrioles. the focus splits and separates as above, and a pair of spindle poles forms. (C) 
Monopolar spindle assembly in an acentriolar karyoplast. the single focus of PCM fails to split and 
separate, and the cell enters mitosis with a single Mt array; this array cannot bipolarize, because 
all of the Mt minus ends are held in place by dynein and NuMa.
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