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SUMMARY

All eukaryotic cells prepare for cell division by forming a “mitotic spindle”—a bipolar ma-
chine made from microtubules (MTs) and many associated proteins. This device organizes the
already duplicated DNA so one copy of each chromosome attaches to each end of the spindle.
Both formation and function of the spindle require controlled MT dynamics, as well as the
actions of multiple motor enzymes. Spindle-driven motions separate the duplicated chromo-
somes into two distinct sets that are then moved toward opposite ends of the cell. The two cells
that subsequently form by cytokinesis, therefore, contain all the genes needed to grow and
divide again.
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1 INTRODUCTION

All cellular cycles of growth and division include a time of
synthesis called “interphase” during which DNA is repli-
cated, and all other cellular constituents are made in suffi-
cient quantities to supply the needs of two cells. During
mitosis, these materials are rearranged, so after “cytokine-
sis” each daughter cell will be fully endowed to grow and
divide again (Fig. 1A,B).

Accurate segregation of the cell’s already duplicated
DNA is the largest task faced by a dividing cell because
the DNA of any complete genome is considerably longer
than the diameter of the cell. For example, human DNA
sums to almost 2 m, whereas most of our cells are only less
than 1/100,000th of that size. Segregating these long
strands with high fidelity is the job of the mitotic spindle.
Success in this task is essential for the success of any
organism.

During its replication, each DNA duplex becomes tied
to its sister by “cohesins” (Peters et al. 2008). For mitosis,
these linked DNA duplexes, called “chromatids,” become
compacted into objects that are small relative to the diam-
eter of the cell. The result is the compacted chromosomes
that were initially described in the 19th century, and they
are familiar from classic pictures of cell division. Chromo-
some condensation occurs during the mitotic period called
“prophase” (Fig. 1B,C); its events are essential for success-
ful cell division. When the spindle forms during prometa-
phase (Fig. 1D), it attaches to the chromosomes and
organizes them into the twofold-symmetric structure of
“metaphase” (Fig. 1E). The successful segregation of chro-
mosomes during “anaphase” (Fig. 1F) is enhanced by the
twofold symmetry achieved at metaphase. Once the meta-
phase chromatids have separated far enough, two fully
functional nuclei can form in distant parts of the cell dur-
ing “telophase.” Cytokinesis will then produce two cells
that can repeat these events at the end of the next interphase
(see Glotzer 2016).

An important attribute of mitosis is the accuracy with
which chromosome segregation is accomplished. Budding
yeasts make only one mistake in about 100,000 divisions
(Hartwell and Smith 1985), although cultured mammalian
cells are considerably less accurate (Bakhoum et al. 2014).
Accurate chromosome segregation is obviously important
for biological success, but mitosis is impressive in a less
obvious way. The mechanical tools of a cell are nanoma-
chines: the subunits of cytoskeletal fibers and the proteins
that interact with them as controllers, links, and motors.
Most chromosomes are three orders of magnitude bigger
than a typical cellular motor, and the extents of mitotic
movement are approximately 10-fold larger still. Thus,
the spindle must use minute components to accomplish

a huge and important job with stringent fidelity. On top of
that, the spindle is responsible for guiding the segregation
of some nonchromosomal cell parts: centrosomes, which
include the centrioles that can serve as basal bodies for
growing flagella, the Golgi complex, and, in cells in which
mitochondria or chloroplasts are few in number, these large
organelles as well. Thus, the spindle is an important ma-
chine that is well worth our best efforts to understand.

Cell division is requisite for all forms of life, but its
importance is emphasized by the distress caused by its
failure. Chromosome loss in unicellular organisms com-
monly leads to death, a significant negative selection! In
multicellular organisms, inaccurate mitosis leads to an-
euploidy, an aspect of cancerous progression. Excess cell
division is an obvious component of cancer, and insuffi-
cient division can promote conditions such as anemia.
It is no wonder that many scientists have pursued this
subject over many years. The resulting knowledge is im-
pressive but certainly not complete, as the text below will
show. The following focuses on eukaryotic cells, but even
with this limitation there is sufficient variation that many
interesting specifics will be glossed. For more detailed de-
scriptions, see Dumont and Mitchison (2012) and McIn-
tosh et al. (2012). Moreover, chromosome segregation in
prokaryotes is now understood well enough to show in-
triguing similarities and informative differences from mi-
tosis (Erickson et al. 2010).

2 THE EVENTS AND MECHANISMS OF MITOSIS

2.1 During Prophase, Cells Get Ready for Division

2.1.1 Prophase in the Nucleus

The onset of visible chromosome condensation defines the
beginning of prophase. This compaction acts on strands of
“chromatin”—that is, the fibers that DNA forms as it wraps
around histone octamers. Prophase compaction decreases
the length and increases the thickness of each chromosome,
individualizing the strands of DNA into visible units (Figs.
1B,C and 2A,B). As compaction occurs, transcription shuts
down, in part because transcription factors become dis-
placed (Martinez-Balbas et al. 1995). The mechanisms
for prophase compaction have been debated for years,
but progress has been confounded by our limited under-
standing of chromosome structure. Chromatin is made
from charged polymers whose organization changes with
conditions; what you see depends on how you look, a sit-
uation that has led to controversy. Electron tomography of
frozen-hydrated chromatin, a reliable approach, shows a
matrix of crisscrossed strands interlinked by fibers (Konig
et al. 2007), at least some of which include “condensins,” a
family of proteins able to encircle one or more pieces of
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Figure 1. The cellular growth and division cycle. (A) Cartoon of the main segments of the cell cycle. During
interphase (G1, S, G2), the cell accomplishes sufficient biosynthesis to become two. In mitosis (M), cell parts are
reorganized so the mitotic spindle can achieve the equipartition of the chromosomes and centrosomes, leaving the
distribution of more numerous components, such as ribosomes, to the laws relating to large numbers and the process
of cytokinesis (C), in which the cell itself divides into two daughters. In tissues, cells can continue further rounds of
division or can exit the cell cycle. (B) Chromosome behavior during the cell cycle. During the first gap phase, G1, cells
have only the chromosome they were given at the previous cell division; each decondensed chromosome is a single
DNA duplex. This phase is followed by a period of chromosome replication in S phase, and then a further gap phase,
G2, in which the newly replicated sister chromatids are held together by cohesins. During mitosis, the condensed
sister chromatids are separated in a process highly dependent on interactions between microtubules (MTs) and
chromosomal kinetochores. (C–F) Immunofluorescence images of mitotic cells, sourced from the mammalian rat
kangaroo PtK1 strain. In prophase (C), the chromosomes (blue) condense inside a still-patent nucleus while MTs
(green) organize in the cytoplasm. In prometaphase (D), the spindle MTs (red) gain access to the chromosomes
(blue) and attach to the kinetochores (yellow) that will subsequently govern most chromosome motions. By
metaphase (E), the chromosomes are quite accurately aligned on the spindle midplane. During anaphase (F),
they segregate, moving toward opposite poles of the spindle, and the spindle itself elongates. Scale bars, 2 mm.
(A,B, Reprinted, with permission, from McIntosh et al. 2012; C–F, previously unpublished micrographs, kindly
provided by Jennifer DeLuca, Department of Biochemistry and Molecular Biology, Colorado State University.)
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double-stranded DNA and affect its folding (Thadani et al.
2012). Previous models for chromosome structure posited
roles for supercoiling and scaffolds, but the existence of
these structures has not been supported by the recent evi-
dence (Uhlmann 2014). Posttranslational modifications
of chromatin, such as phosphorylation and acetylation of
histones and other chromatin proteins, are very likely to be
involved in compaction, given the need to balance charges
as this polyelectrolyte condenses. However, the data now

available are not sufficient to know how chromosome
structure changes during compaction.

As chromatin condenses, many additional events help
the cell to prepare for division. The nucleolus disperses,
sometimes as fragments but generally by releasing many
nucleoprotein particles into the nucleoplasm, where they
look like ribosomes. This event is probably the result of
condensing the DNA that had served as the nucleolar or-
ganizer. Components of both the nuclear pore complexes
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Figure 2. Electron micrographs of cells as they form a mitotic spindle. Rat kangaroo PtK1 cells were cultured on gold
grids coated with a thin layer of plastic and carbon, lysed with 0.2% Triton X100 and 1 mM MgCl2, in a PIPES-HEPES
buffer, pH 7.2, and then fixed with 2% paraformaldehyde and 0.1% glutaraldehyde. These samples were quenched in
0.2 mg/mL NaBH4 in 1:1 ethanol:phosphate-buffered saline, then stained with a monoclonal antibody against
tubulin, followed by a rabbit antimouse IgG bound to 10-nm colloidal gold, followed by fixation in osmium
tetroxide, and then by drying with the critical-point method. Microtubules (MTs) in the interphase and mitotic
cells are nicely contrasted, and the chromosomes are stained by osmium. (A) Interphase: The nucleus (N) contains
decondensed chromatin. Intermediate filaments (IFs) surround the nucleus. (B) Early prometaphase: CHRs, chro-
mosomes; C, centrosome. (C) Late prometaphase: AMTs, astral microtubules. (D) Metaphase: KMTs, kinetochore
microtubules. Scale bars, 1 mm. (Images kindly provided by Mary Morphew, University of Colorado, Boulder.)
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and the lamin fibers that line the inner surface of the nu-
clear envelope in many eukaryotic cells become hyperphos-
phorylated, probably by the serine/threonine-specific
cyclin-dependent kinase 1 (CDK1). These fibers disperse
as soluble proteins, although lamin-B remains associated
with the nuclear envelope membranes. Disappearance of
the lamin network weakens the envelope, so other factors
can now disrupt it in the cells of most animals and all higher
plants, where nucleoplasm and cytoplasm mix for mitosis.

The dispersal of the envelope is a controlled event. Mi-
crotubules (MTs) of the growing spindle have been seen to
push on the envelope, but these jabs are not essential for
envelope dispersal because the process will occur in the
presence of drugs that block MT polymerization. Transient
increases in cytoplasmic Ca2+ concentration and associat-
ed increases in the activity of protein kinase C have been
linked with envelope dispersal (Steinhardt and Alderton
1988), but the impact of this activity is not yet understood.
As it disperses, the envelope forms vesicles and cisternae
that mingle with the endoplasmic reticulum (ER), and so
integral envelope proteins, too, become dispersed (Yang
et al. 1997).

In many microscopic eukaryotes, the nuclear envelope
does not break down at mitosis—the spindle forms inside
the nucleus, leading to a “closed mitosis.” This strategy
requires that the proteins of the mitotic spindle enter the
nucleoplasm, presumably using cell cycle–regulated nu-
clear localization signals. A closed mitosis is found in Giar-
dia, an organism from near the root of the eukaryotic tree,
but it is also found in ciliates, amoebae, and some fungi,
which are our much closer relatives. Between completely
closed and fully open mitoses, there are many gradations,
as in the green alga, Chlamydomonas, or in the nuclei of
Drosophila embryos at syncytial blastoderm, in which mi-
totic envelopes appear intact except at their polar regions,
where centrosomes are localized in the cytoplasm. MTs
pass through these “windows” to enter the nucleoplasm
and interact with the chromosomes (O’Toole et al. 2003).
The reasons for a given spindle organization in a particu-
lar cell type are still matters for speculation, but some
interesting hypotheses have been advanced (Sazer et al.
2014).

Many prophase events in addition to lamin dispersal
are controlled by the protein kinase CDK1, but additional
mitotic kinases have been identified. Polo kinase and its
relatives localize to the centrosomes and are essential for
the increase in size and activity of this organelle at mitosis
(Lane and Nigg 1996). The serine/threonine kinase Aurora
A is essential for the prophase maturation of centrosomes
in nematodes (Hannak et al. 2001) and fruit flies (Giet et al.
2002). Modifications by these enzymes enable the accumu-
lation of g-tubulin ring complexes, which initiates more

centrosome-associated MTs. Other kinases accumulate on
chromosomes, particularly at the chromosomal primary
constriction called the “centromere,” where they become
involved in mitotic quality control. Identifying the sub-
strates and interactions for each of these regulatory factors
is a major theme in current mitosis research.

2.1.2 Prophase Changes in the Cytoplasm

Protein synthesis slows during prophase because ribo-
somes transit messenger RNA (mRNA) more slowly, lead-
ing to an accumulation of polysomes. The mechanism for
this change is not known, but it has been suggested that
it serves both to protect mRNA during mitosis and to
allow a rapid restart of protein synthesis on the completion
of division (Sivan et al. 2007). Both MTs and microfila-
ments lose their interphase stability and largely dissolve
as their components respond to increased protein phos-
phorylation (Maller 1986; Vandre et al. 1986). Although
stress fibers disappear, some actin remains fibrous at the
cell cortex to be used for cytokinesis; additional actin as-
semblies can form and rotate about the cell in anticipation
of contractile ring formation (Mitsushima et al. 2010). As
the interphase MTs disappear, new ones form (Fig. 2A,B).
In organisms with centrosomes, these structures initiate
the MTs that will become the spindle. The resulting MTs
are more labile than their interphase counterparts, largely
as a result of phosphorylation of MT-associated fac-
tors, such as “tog” domain proteins (Ma and Poon 2011),
which catalyze tubulin polymerization, and stathmin, a
small protein that binds tubulin and blocks its assembly
(Gadea and Ruderman 2006). Intermediate filaments
made from vimentin also disperse for mitosis following
phosphorylation by CDK1 (Chou et al. 1990), but cytoker-
atins persist and collapse onto the nucleus as their associ-
ated MTs disappear. They form a cage that surrounds the
nucleoplasm even after the nuclear envelope has dispersed
(Zieve et al. 1980).

Cytoskeletons of multicellular plants display an addi-
tional prophase modification that is significant for cytoki-
nesis—they form a band of actin and MTs that girds the cell
just inside its plasma membrane. This “preprophase band”
is transient, but it marks the cell cortex and establishes the
place where cytokinesis will occur as anaphase ends (Zhang
et al. 1990; Lipka et al. 2014). The molecular mechanisms
by which these marks define the position of cytokinesis are
still under investigation.

2.1.3 Prophase Restructuring Is Important

Mitotic changes in cytoskeletal organization are significant
for four reasons. First, many of the molecules that make the
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spindle and the cytokinetic machinery are the very mole-
cules that built the interphase cytoskeleton—a nice exam-
ple of cellular economy. Second, the disappearance of the
interphase cytoskeleton leads animal cells to round up,
giving them a symmetry that encourages a uniform dis-
tribution of their contents, aiding the equipartition of
organelles at cytokinesis. Third, the solubilization of in-
terphase polymers decreases cytoplasmic viscosity, facili-
tating the diffusive randomization of medium-sized
cytoplasmic objects (e.g., multienzyme complexes, ribo-
somes, and small vesicles). Diffusive motions are also im-
portant in plant mitosis because cytoplasmic streaming
ceases at this cell cycle stage, removing the customary
engine of the plant cell for rapid cytoplasmic mixing.
When cytokinesis divides a cell in two, diffusion has al-
ready achieved the approximate equipartition of many
cellular constituents without the action of a special ma-
chine such as the spindle. This process helps to ensure the
capacity of daughter cells to grow and divide again. Finally,
a rounded cell facilitates reorientation of the spindle in
response to external cues (Fink et al. 2011)—this allows
cytokinesis to place daughter cells correctly. Spindle ori-
entation is particularly important in multicellular plants,
in which cells, once born by cytokinesis, do not move
relative to one another.

Analogous prophase dispersal occurs with some cyto-
membranes. During prophase, the Golgi complex of a
HeLa cell fragments into numerous vesicles and tubules
(Barr 2004). By metaphase, there are thousands of such
structures distributed quite evenly through the cytoplasm
(Shima et al. 1997). In some animal cells, however, Golgi
vesicles cluster around the spindle poles. In yeasts, in con-
trast, the Golgi appears to be segregated actively by the actin
cytoskeleton (Barr 2002). The ER in many cells behaves
differently—it moves to the cell periphery, lying just under

the plasma membrane (West et al. 2011). The mechanism
for this repositioning is not known, but it does not have the
properties of diffusion. Nonetheless, it accomplishes the
same goal of fostering organelle equipartition by subse-
quent cell cleavage.

Prophase is said to end when the nuclear envelope dis-
perses, but the spindle commonly begins to form before
then. In cells with centrosomes, it first appears as highly
dynamic MTs growing radially from these well-defined ob-
jects (Fig. 1C). Sometimes the two centrosomes of a cell are
still close as MT growth begins, but they separate as the
spindle forms; in other cases, they are already separated
and lie on opposite sides of the nucleus, and so MTs
form as two distinct asters (Fig. 2B). Both pathways can
be seen in the same type of cultured cell, and both lead to a
normal metaphase spindle, but segregation errors are fewer
if the centrosomes separate early (Silkworth et al. 2011). In
a closed mitosis, the end of prophase is hard to define;
spindle formation simply starts when chromosome con-
densation is sufficient. Budding yeasts are unusual, howev-
er, in forming a spindle as the chromosomes begin to
replicate; a bipolar spindle is already present in G2 (Fig.
3). Clearly, the metaphase structure can be reached by many
routes.

The early stages of spindle formation in higher plants
are intriguing because these cells lack centrosomes. In the
endosperm of the African blood lily, a sheath of MTs forms
around the prophase nucleus (De Mey et al. 1982). The axis
of this sheath “anticipates” the axis of the mitotic spindle
that will form a little later. As the sheath disperses, regions
at both ends of the sheath, lying just outside the nuclear
envelope, become the sites from which many MTs form and
enter the nucleus as the envelope disperses. Thus, although
these cells lack centrosomes, the path to metaphase seems
quite similar to that in most animal cells.

SPBSPB

NE

Figure 3. Formation of a closed mitotic spindle occurs within the nucleus. Slice from an electron tomogram of a
dividing budding yeast cell during prometaphase. The nuclear envelope (NE), the spindle pole bodies (SPBs), and
the microtubules are clear, but, in this cell type, chromosome condensation is not sufficient to make the chromatin
obvious. Scale bar, 1 mm. (Image kindly provided by Eileen O’Toole, University of Colorado, Boulder; reprinted,
with permission, from McIntosh et al. 2012.)
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2.2 During Prometaphase the Chromosomes Engage
with the Spindle and Become Organized

2.2.1 Chromosomes Form Specializations for
Spindle Attachment

The most important parts of a chromosome for spindle
attachment are its structures known as kinetochores, one
on each chromatid (Fig. 4A). These structures are built
from many proteins. In human cells, approximately 100
different polypeptides assemble into multiple protein com-
plexes that, in turn, assemble on specialized chromatin
(Fig. 4B) (Cheeseman 2014). Kinetochores include several
fibrous proteins that bind to MT walls—the Ndc80 com-
plex and KNL1, which are almost ubiquitous, and proteins
such as CLASP1 and CENP-F, which are found in verte-
brates and have putative analogs in additional organisms.
Kinetochores also include motor enzymes that bind MTs
and generate forces to influence both chromosome posi-
tion and MT dynamics. The identities of kinetochore mo-
tors are not conserved, but their functions are. Although

the data are incomplete, probably all kinetochores bind a
minus end–directed motor. In animal cells this motor is
dynein, whereas in yeasts it is kinesin-14. Kinetochores also
bind at least one plus end–directed motor. In almost all
cells, this includes one or more kinesin-8 proteins and, in
animal cells, a dimer of kinesin-7 (CENP-E) as well. Kinet-
ochores also bind a disassembly-promoting kinesin. In
yeasts, this is one or more kinesin-8 proteins, which can
induce MT shortening either directly or by promoting ca-
tastrophes. In animal cells, kinetochores also bind kinesin-
13, a catalyst of MT depolymerization that lacks motility. In
summary, MT-binding proteins, motors with both direc-
tionalities, and activities that regulate MT dynamics are
universal parts of the mechanisms by which kinetochores
grasp spindle MTs. It must be added, however, that recent
work on kinetochores in trypanosomes has shown a con-
siderable divergence from the norm (Akiyoshi and Gull
2014). As the study of mitosis expands to organisms with
greater phylogenetic spread, more exceptions than are cur-
rently anticipated may be identified.
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Figure 4. Structure of the kinetochore. (A) Slice from an electron tomogram of a rat kangaroo PtK1 cell in
prometaphase. A chromosome (C) and the associated microtubules (MTs) are easy to distinguish in the tomogram;
their point of connection is the kinetochore (arrow). (B) Diagram of kinetochore composition and structure. At
mitotic entry, phosphorylation (P) by activated CDK–cyclin-B promotes assembly of the outer kinetochore on a
platform of constitutive kinetochore proteins. For information about the kinetochore proteins shown here, see
Cheeseman 2014. CDK, cyclin-dependent kinase. (Reprinted, with permission, from Cheeseman 2014, # Cold
Spring Harbor Laboratory Press.)
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2.2.2 Spindles Are Well Designed to Form Useful
Attachments to Chromosomes

Spindle MTs display dynamic instability (see Goodson and
Jonasson 2016) with rates of catastrophe that exceed those
of interphase by approximately 10-fold (Belmont et al.
1990). Thus, growing MTs frequently transition to shrink-
ing. They can then either experience a rescue to start grow-
ing again or shorten to nothing, freeing their g-tubulin
ring complex to initiate another MT. Both in this way
and through diffusive rotations (Kalinina et al. 2013),
MTs probe the region in which chromosomes reside, re-
peatedly renewing their chance to encounter a kinetochore.
When they do, they are stabilized by kinetochore binding
and removed from the dynamic pool. This “search and
capture” scenario was first proposed in an insightful model
for chromosome–spindle attachment (Kirschner and
Mitchison 1986). Mathematical formulations of the con-
cept are quite successful in accounting for the ability of the
spindle to make certain that MTs attach to all kinetochores
in a timely manner (Magidson et al. 2015).

In an open mitosis, the centrosome-initiated MTs grow
into the nuclear space as soon as the nuclear envelope dis-
perses. If they emanate from already separated centrosomes,
they invade the chromosome mass from two sides, present-
ing MTs to the chromosomes in a roughly twofold-sym-
metric way. In both animals and plants, the number of MTs
that participate in this invasion is often greater than that
which the spindle poles themselves can initiate. This in-
crease in number is accomplished by “augmin,” a complex
that binds to the walls of existing MTs and initiates a new
polymer (Kamasaki et al. 2013; Petry et al. 2013), increasing
the barrage of MTs that peppers the chromosomes, and
thereby increasing the chances of their binding to the spin-
dle. In cells whose centrosomes had not separated before
envelope dispersal, the spindle grows as the centrosomes
separate. Chromosomes then attach all over this elongating
bipolar array, commonly binding to MT walls. As their ul-
timate position will be at MT plus ends, considerable rear-
rangement is then required (see below). Closed mitoses
usually begin chromosome attachment when the poles are
still close together, so they too must have mechanisms to
rearrange their initial attachments and achieve the architec-
ture characteristic of metaphase.

Because metaphase chromosomes all include two chro-
matids, each with its own kinetochore, some chromosomes
wind up by chance with their “sister” kinetochores associ-
ated with MTs that grew from each of the two spindle
poles—in which case, no subsequent rearrangement is
required. However, the chances of this scenario are not
sufficient for accurate mitosis. For example, sister kineto-
chores will sometimes attach to MTs growing from only one

pole. Spindles correct this and other mistakes with impres-
sive reliability. A myriad of details are available from several
extensive reviews on how spindles correct faulty chromo-
some attachments (Nicklas 1997; Bakhoum et al. 2014).
This article will focus on the basic principles and the mech-
anisms that underlie them.

2.2.3 When Improper Attachments Form,
the Spindle Can Often Correct Them

Sometimes kinetochores interact with an MT end that by
chance grew right into them, but initial kinetochore bind-
ing is more common with an MT wall (Magidson et al.
2011). This is not surprising as there are so many more
tubulins in MT walls than at their ends. The problem a
cell must solve is how to rearrange things so each kineto-
chore binds to the ends of MTs that are coming from only
one spindle pole (Fig. 4A). Failure in this process leads to
a single kinetochore attaching to both spindle poles, known
as a “merotelic” connection, which is counterproductive
for accurate chromosome segregation. There are several
mechanisms for either avoiding such connections or cor-
recting them. The facts that each copy of the replicated
chromosome contains a kinetochore and that two spindle
poles initiate MTs that come into the nucleoplasm from
opposite directions give a good start on getting attach-
ments right. More important, though, is that kinetochores
are actively motile on the MTs to which they bind. The
minus end–directed activity of dynein is initially domi-
nant, pulling each kinetochore toward the pole from which
that MT came. This attachment is, however, not stable—it
stabilizes only when under tension, as shown by elegant
experiments with chromosome micromanipulation in liv-
ing cells (Nicklas et al. 1998). When sister kinetochores are
attached to sister poles, that chromosome is being pulled
in opposite directions, putting its centromere under the
tension that promotes attachment stability. Most other ar-
rangements of spindle attachment lack this feature and are
therefore unstable, so they tend to dissolve, whereas proper
attachments persist. This is the primary mechanism by
which proper spindle attachments are achieved, but MTs
can also grow out from the kinetochore region and interact
with pole-initiated MTs, enhancing attachment (Kitamura
et al. 2010).

Additional mechanisms for getting proper chromo-
some attachment are numerous (Khodjakov and Rieder
2009; Foley and Kapoor 2012). If kinetochore dynein pulls
a kinetochore poleward, bringing that chromosome into
the vicinity of a spindle pole, the connected kinetochore
is now peppered with MTs, providing such a density of
ingrowing MTs that any MT from the opposite pole is likely
to be competed away. Meanwhile, the sister kinetochore is
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turned to face MTs growing from the opposite pole; this
and other mechanical strategies certainly contribute to mi-
totic fidelity. In addition, however, kinetochores include
Aurora B, a protein kinase that can phosphorylate several
kinetochore components involved in binding MTs—for
example, the NDC80 complex (DeLuca et al. 2011). This
modification reduces MT affinity, promoting detachment.
Thus, MT–kinetochore interactions are subject to enzy-
matic “softening” until Aurora B is turned off. Tension at
the kinetochore achieves this goal, probably through pull-
ing the MTend away from the opposite kinetochore, out of
the region where Aurora B can interact with its substrates
and weaken the connections (Dewar et al. 2004; Lampson
and Cheeseman 2010).

2.2.4 Prometaphase Is Prolonged by Improperly
Attached Kinetochores through the Action
of the Spindle Assembly Checkpoint (SAC)

Kinetochores possess additional kinase activities (e.g.,
MPS1) whose activity controls the localization of addition-
al kinetochore components (London and Biggins 2014),
probably in response to MTattachment or forces generated
in the spindle (Joglekar and Aravamudhan 2016). These
kinases are parts of a remarkable “checkpoint” that inhibits
the onset of anaphase until all chromosomes are properly
attached to the spindle (McIntosh 1991; Roberts et al. 1994;
Hardwick and Murray 1995). This checkpoint is based on a
biochemical cascade, initiated at unattached kinetochores,
that inhibits a polyubiquitin ligase, the “cyclosome” or
anaphase-promoting complex (APC/C) (Hoyt 2001).
When the last chromosome is properly attached, this cas-
cade is shut off, probably as a result of both tension at the
kinetochore and MT binding. Now the APC/C can poly-
ubiquitinate key proteins, leading to their degradation by
the proteasome, which in turn activates a different protease
called “separase.” As explained below, this enzyme degrades
connections between sister kinetochores, allowing ana-
phase to start. Thus, kinetochores are cleverly designed to
achieve proper spindle attachment, and the routes toward
this goal are several, perhaps even more numerous than we
now recognize.

Kinetochore chemistry and physiology have become
growth industries. Thanks to modern methods for molec-
ular genetics, biochemistry, and biophysics, much has now
been learned about the stages in the assembly, maturation,
and function of kinetochores. We also know the spatial
arrangement of kinetochore proteins along the spindle
axis at metaphase (Wan et al. 2009), how kinetochores
bind MTs through multiple fibrous proteins (Cheeseman
2014), and how they can move on MTs to enhance their
chances of accurate segregation (Kapoor et al. 2006). We

even know that a kinetochore can retain a firm hold on a
spindle MTwhile the MT depolymerizes at the kinetochore
(Coue et al. 1991). For yeasts, this mechanism is now quite
well understood. It relies on a protein complex called
Dam1, comprising 10 different polypeptides, which form
a prolate protein complex that assembles into a ring around
each kinetochore-associated MT (KMT) (Westermann
et al. 2006). These rings are bound to kinetochores, prob-
ably by the NDC80 complex (Tien et al. 2010); this super-
complex provides a robust and reliable connection between
a chromosome and a spindle MT, an issue of great impor-
tance when a chromosome associates with only one or a
very few MTs (Volkov et al. 2013). The Dam1 complex is
not found outside the fungi, but comparable mechanisms
using different proteins to bind kinetochores at the ends of
dynamic MTs are now subjects of intense investigation in
other groups of organisms (Schmidt et al. 2012; Volkov
et al. 2015).

2.3 Alternative Pathways for Forming a Spindle

The pathways for spindle formation described above are
not universal. Some spindles that perform meiosis are
formed largely through MT initiation in the vicinity of
the chromosomes, thanks to a chromosome-generated gra-
dient in the concentration of the small GTPase, Ran, in its
GTP-associated form (Kalab and Heald 2008). This gradi-
ent affects several aspects of MT initiation and interaction,
leading to a thicket of MTs immediately around the chro-
mosomes. The resulting fibrous assemblage sorts out into a
bipolar array, thanks to the action of kinesin-5 and then
dynein and/or other minus end–directed motors that help
to cluster MTminus ends (Heald et al. 1996). Also involved
is the fibrous protein “nuclear mitotic apparatus protein 1”
(NUMA1), which binds dynein and interacts with MTs,
especially their ends, helping MTs to motor over their
neighbors and make the bipolar array found at metaphase
(Chakravarty et al. 2004; Elting et al. 2014; Sikirzhytski
et al. 2014). When this pathway was first discovered, it
seemed to be an alternative to the centrosome-mediated
processes described above, but further research has shown
that both paths can coexist in a single mitotic cell (Kalab
and Heald 2008). Experiments knocking down the cellular
machinery that makes the Ran–GTP gradients suggest,
however, that this mechanism is not essential in mitotic
cell division (Goshima et al. 2007). One must add, however,
that centrosomes too seem to be dispensable; certainly cen-
trioles are not needed, as mutant Drosophila that cannot
make centrioles grow to adulthood (Basto et al. 2006). In
experiments in which centrosomes are damaged by laser
irradiation, the spindles will still form (Khodjakov et al.
2000). Thus, multiple spindle-forming mechanisms coex-
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ist—it seems that cells have several strategies for spindle
formation, thereby maximizing the chances that this essen-
tial process occurs without flaws.

Understanding the essential features of mitosis is in
some ways facilitated by studies of biological diversity.
For example, the distinction between open and closed mi-
tosis becomes blurred when we look at mitosis in a group of
protozoans called hypermastigote flagellates. In Barbula-
numpha, the nuclear envelope does not break down, mak-
ing it a closed mitosis. However, the spindle forms in the
cytoplasm and interacts with the chromosomes through
the nuclear envelope. Each kinetochore attaches to the in-
ner surface of the envelope and forms an MT attachment
site on the cytoplasmic face of the envelope, allowing each
chromosome to experience forces generated in the cyto-
plasm (Ritter et al. 1978). Thus, nuclear or cytoplasmic
localizations of spindle parts are not of great significance.
The important thing is that sister kinetochores interact
with sister spindle poles. Some older studies of dinoflagel-
lates suggested that existing organisms include variations in
spindle design that might help us understand the way mi-
tosis evolved when eukaryotes first formed (Kubai 1975).
However, the cells used in these studies have not yet been
reexamined with modern methods that might give more
reliable descriptions of their conserved and divergent
features.

2.4 Following Spindle Attachment, the
Chromosomes Commonly Migrate
to the Spindle Equator to Form the
“Metaphase Plate”

Chromosome movement to the equatorial plane of the
spindle is a common, although not universal, aspect of
mitosis. Its value comes from its putting the chromosomes
on the same “starting line” before the onset of their sepa-
ration at anaphase—this arrangement (Fig. 2D) should
minimize the chances of a single chromosome being left
behind as the chromosomes segregate. The mechanisms for
“congression” to the spindle equator are still under inves-
tigation, but several experimental results illuminate the
pathways. If prometaphase chromosomes are severed by
irradiation with a microbeam, the fragment that lacks ki-
netochores is pushed away from the nearby spindle pole
(Rieder and Salmon 1994). Likewise, chromosome arms in
animal cells are pushed toward the spindle equator and
then outward from the spindle axis, as if they were being
pushed away from both poles at once. This action has been
called the “polar ejection force,” and it probably con-
tributes to the gradual motion of prometaphase chromo-
somes to the spindle equator. One model for this force is
the pressure exerted on chromosome arms as dynamically

unstable MTs grow into condensed chromatin, encounter-
ing resistance as the MTs try to elongate. Another model is
based on kinesins-4 and -10, which bind to chromatin and
interact weakly with MT walls, walking toward their plus
ends (Brouhard and Hunt 2005). Knocking down either of
these motors by RNA interference does not prevent forma-
tion of the metaphase plate, but, in HeLa cells, the double
knockdown does block it (Wandke et al. 2012), suggesting
that these motors represent an important mechanism for
chromosome motion to the spindle equator.

A different mechanism for congression is provided
by the plus end–directed kinesin CENP-E. This kineto-
chore-associated motor can interact with the walls MTs
whose ends are not bound to its kinetochore. The motor
drives toward MT plus ends and shifts that kinetochore
away from the nearby pole (Kapoor et al. 2006). Still other
mechanisms are suggested by experiments based on aber-
rant meiotic chromosomes with three kinetochores. At
metaphase, two kinetochores on these chromosomes asso-
ciate with one pole and one with the other. These chromo-
somes adopt a position off the spindle equator, positioned
so the sum of the two short kinetochore-associated fibers
equals the length of the one longer fiber (Hays et al. 1982;
Hays and Salmon 1990). This observation implies that
spindles can exert pole-directed forces on KMTs that are
proportional to their number and length—properties
that would help to assure the metaphase configuration.
The mechanism that generates this force is not yet known,
but it might depend on a motor such as kinesin-12, which
is concentrated in bundles of KMTs (Sturgill et al. 2014).
It seems probable that, as with spindle formation, there
are multiple mechanisms working to achieve congression.
Probably different cells rely more heavily on one mecha-
nism than another, but all the mechanisms can combine to
achieve the same arrangement, another example of the
willingness of cells to use multiple mechanisms to achieve
an important goal.

2.5 The Metaphase Spindle Is a Complex
Steady State

During prometaphase, and even after chromosome con-
gression is complete, spindle MTs are remarkably dynamic.
MTs not bound to kinetochores turn over with a half-
time of �30 sec (Saxton et al. 1984). The total amount
of polymer is approximately constant, as measured by
MT fluorescence, but it is not in equilibrium; the dynamic
instability of MTs requires the continuous hydrolysis of
considerable amounts of GTP to maintain a steady-state
amount of polymer. Moreover, the more stable spindle
MTs (e.g., KMTs) show a “flux” toward the spindle poles
(Mitchison 1989). This slow motion has been seen best
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with speckle imaging (Waterman-Storer and Salmon
1997); its rate is almost as fast as the subsequent motions
of chromosomes in anaphase. It requires kinesin-13 at the
spindle poles to catalyze depolymerization of MTs at their
minus ends and tubulin addition at kinetochores or other
sites of plus end localization (Zhang et al. 2007). In some
cells, this flux also requires the action of kinesin-5 to slide
interdigitating MTs away from the spindle equator (Brust-
Mascher et al. 2009), consuming additional chemical en-
ergy to maintain the apparently stable metaphase state. The
reasons for metaphase MT flux are not obvious, although
clever models have been proposed (Matos et al. 2009).
However, flux is not essential for mitosis because yeast
spindles do not do it (Maddox et al. 2000).

2.6 The Beginning of Metaphase Is Ill-Defined, but
Its Termination Is One of the Most Important
Transitions in the Whole Cell Cycle

The onset of metaphase is hard to specify because most
chromosomes do not stay at the equator—they oscillate
along the spindle axis with an amplitude that varies from
chromosome to chromosome and from cell to cell. It is
therefore hard to say when congression has really been
achieved, although some cells, such as human epithelial
cells in culture, show a “sharpening” of the metaphase plate
just before anaphase begins. The so-called “metaphase ar-
rest,” achieved by drugs that prevent MT formation, is ac-
tually a prometaphase arrest, because congression does not
occur. The end of metaphase, however, is obvious; it is the
time when sister chromatids begin to separate. The transi-
tion from metaphase to anaphase is significant because it is
a process with no return. The proper attachment of all
chromosomes initiates the silencing of the SAC, which
activates protein polyubiquitination and subsequent pro-
teolysis of numerous regulatory proteins—securin, as
mentioned above, but also cyclin B, which leads to the
inactivation of CDK1. Now phosphatases can undo the
phosphorylations that were characteristic of mitotic entry.
Thus, proper attachment of all the chromosomes to the
spindle leads to a major cell cycle transition. In cultured
mammalian cells, there is an interval of �20 min between
the last chromosome attachment and the onset of anaphase
(Rieder et al. 1995).

2.7 Anaphase Chromosome Segregation
includes Two Components, Each of Which
Is Mechanistically Complex

Each of the two chromatids in a metaphase chromosome
becomes a chromosome of anaphase, identifiable as soon as
separase has cleaved the cohesions that have held the sister

strands together (Uhlmann 2001). The ensuing motions
include a decrease in the distance of each chromosome
from the pole it faces (anaphase A) (Fig. 5) and an increase
in the separation between the spindle poles (anaphase B)
(Fig. 6). Commonly, these motions occur in the sequence A
and then B, but some cells do both at once, and others do
one or the other. Each of these motions involves changes in
the lengths of MTs and motions of MTs relative to one
another, so both polymer dynamics and motor enzymes
are involved. Exactly which mechanism contributes the
most to each process differs from one cell type to another.

To describe the motions of spindle MTs that accompany
chromosome segregation, MTs have been marked by several
methods—photobleaching or photoactivation of tubulin
fluorescence and speckle imaging with fluorescent tubulin.
All these approaches have contributed to our understand-
ing of spindle MT motions. Anaphase A commonly begins
with a shortening of KMTs by loss of tubulin subunits
at the kinetochores (Mitchison et al. 1986). In yeasts, this
is the only component of anaphase A, but in many other
cells there is also a loss of subunits at the poles (Maddox
et al. 2002). Sometimes these losses are sequential, but, in
insect spermatocytes, all the tubulin depolymerization is at
the pole; in fact, kinetochores continue to add subunits
throughout anaphase (LaFountain et al. 2004). Once again,

CHRs CHRs

KMTs

1

2

Figure 5. Rat kangaroo PtK1 cell with separating chromosomes. Cul-
tured cells were lysed and fixed as for Figure 2 and then embedded,
sectioned, and imaged on a high-voltage electron microscope. Ar-
rows labeled 1 and 2 indicate initial and secondary sites, respectively,
of kinetochore microtubule (KMT) depolymerization during ana-
phase A. CHRs, chromosomes. Scale bar, 1 mm.
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we see variation in the details of mitotic processes. Probably
this variation is due to differences in the activities or posi-
tions of specific spindle components, such as a kinase or a
motor. Although potentially informative, such differences
should not distract us from developing a sense of mitosis as
a whole.

Dynein (Sharp et al. 2000; Yang et al. 2007) or kinesin-14
(Tanaka et al. 2007) at kinetochores may play roles in pull-
ing the chromosomes poleward as KMTs depolymerize. In
cultured animal cells, dynein can also pull the minus ends of
KMTs poleward, thanks to its binding to NuMA1, which
interacts with MT ends (Elting et al. 2014). This motor-
dependent scenario has, however, been put in a different
context by the discovery that, in both fission and budding
yeasts, all minus end–directed motors are dispensable for
minus end–directed chromosome motion (Grishchuk and
McIntosh 2006; Tanaka et al. 2007). Indeed, an anaphase-A-
like motion has been reconstituted in vitro by binding
isolated chromosomes to MTs grown from a coverslip-as-
sociated polymerization initiator and then simply reduc-
ing the concentration of tubulin; soluble ATP and/or GTP
are not required for chromosome motion at physiological
speeds in vitro (Coue et al. 1991; Lombillo et al. 1995).
These observations suggest that MT dynamics contribute
to the forces acting on chromosomes. Polymer dynamics
also seem to be the mechanism for chromosome segrega-
tion in eubacteria (Moller-Jensen et al. 2003), so perhaps a
mechanism based on protein dynamics was the first ma-
chinery for chromosome segregation, even as prokaryotes

and eukaryotes evolved from a common ancestor. In eu-
karyotes, that mechanism has since been overlaid with
motor-dependent pathways that have probably added to
its reliability, providing a selective advantage (McIntosh
et al. 2010).

Studies based on the positions of MT ends (McIntosh
et al. 1979) or on speckle imaging (Maddox et al. 2002)
have shown that anaphase B is accompanied by the relative
sliding of the overlapping non-KMTs that form the inter-
polar spindle (Figs. 5 and 6). Kinesin-5 effects this sliding
in fly spindles, whereas other motors and MT cross-linkers
antagonize it (Fig. 6) (Brust-Mascher and Scholey 2011).
Interestingly, however, experiments in fungi and nematode
embryos have shown that MTsliding near the spindle mid-
plane actually acts as a brake on the rate of spindle elonga-
tion. The force for sliding elongation comes from dynein
bound to the cell cortex, which interacts with MTs that
grow from the spindle poles but project away from the
body of the spindle—so-called “astral MTs” (Figs. 1D
and 2D). These interactions drag the spindle poles toward
the cell surface and contribute to spindle elongation (Aist
et al. 1991; Fink et al. 2006; Civelekoglu-Scholey and Scho-
ley 2007). Thus, anaphase B can be the result of either a
“rear-wheel” or a “front-wheel” drive. In many cells, the
extent of anaphase B is so great that there is an obvious
elongation of the MTs involved. Direct observation with
fluorescent tubulin has shown that this polymerization is
at the MT plus ends where they overlap near the spindle
midplane. Such polymerization allows further MT sliding

A B

CHRs

CHRs

ipMTs
ipMTS

CF

CHRs

CHRs

Figure 6. Anaphase B. Rat kangaroo PtK1 cells fixed at mid (A) and late (B) stages of spindle elongation and prepared
as in Figure 2. ipMTs are the interpolar microtubules, which interdigitate at the spindle midplane. These elongate by
sliding and the addition of tubulin at the sites indicated by white arrows. CF, cleavage furrow; CHRs, chromosomes.
Scale bars, 1 mm. (Images kindly provided by Mary Morphew, University of Colorado, Boulder.)
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to extend the elongation process (Saxton and McIntosh
1987), and assures that the two sets of chromosomes get
sufficiently far apart that cytokinesis will put one set into
each daughter.

Anaphase A saw the disappearance of the KMTs as the
chromosomes approached the poles. The elongated inter-
polar spindle of anaphase B, in contrast, can persist, and in
some cells it actually grows additional MTs as the chromo-
somes segregate. Animal (Uehara and Goshima 2010) and
plant (Nakaoka et al. 2012) cells develop a concentration of
the augmin complex near the minus ends of the interpolar
MTs, especially as those ends become separated from
the poles by the reforming nuclei. The resulting concentra-
tion of g-tubulin initiates many new MTs, with their plus
ends pointing toward the cell equator. These two MT fam-
ilies interdigitate at the spindle midplane, increasing the
number of MTs in the zone between the separating chro-
mosomes to the point that the MT plus ends of the periph-
eral bundles extend to the cell cortex. It is intriguing that
similar increases in MT number are found in higher plant
and animal cells, although the mechanisms for the subse-
quent cytokinesis are completely different. In animal cells,
these MTs bind a kinesin-6, whose plus end–directed mo-
tor activity conveys the “central-spindlin complex” to the
MT tips and thus to the cell cortex, where its activation of a
Rho GTPase contributes to the regulation of cleavage (Pa-
vicic-Kaltenbrunner et al. 2007). The incoming furrow
then bundles many of these MTs to form the “midbody,”
which can persist for some time into the subsequent inter-
phase. Ultimately, the midbody is lost through a combina-
tion of proteolysis and completed cleavage, which pinches
it off from one cell or the other, sometimes even both (Byers
and Abramson 1968). As the spindle disappears, the two
spindle poles begin to function as centrosomes, initiating
new interphase MTs to help establish the normal interphase
cytoskeleton.

2.8 Telophase Is the Time for Restoring a Functional
Interphase Nucleus

While the chromosomes are segregating, important chang-
es are occurring in the kinase activities that control the cell
cycle. CDK1 activity is dropping, which alters the activity of
other kinases that had helped the cell get into mitosis—the
cell is preparing to go back into interphase. Chromosome
arms contract, perhaps as a result of renewed condensin
activity (Renshaw et al. 2010), which draws the two chro-
matin masses into smaller spaces immediately next to the
spindle poles. Proteins of the inner nuclear envelope asso-
ciate with the chromosomes, perhaps lamins as well, and
pieces of the nuclear envelope begin to rebind to the still-
condensed chromosomes (Guttinger et al. 2009). When

these membranes contact one another they fuse, building
up a new envelope that can define a nuclear compartment.
At some point, nuclear pore complexes reassemble into the
envelope, allowing the cell to establish the normal relation-
ship between the nucleoplasm and cytoplasm. At about this
time, chromatin decondensation begins. As it proceeds,
transcription can restart, and nucleoli can re-form. These
processes appear to be independent of cytoskeletal action,
but they are all under cell cycle control. To this end, there is
a mitosis exit pathway that controls the relationship be-
tween the end of mitosis and initiation of cytokinesis
(Gupta et al. 2013). This helps to keep the nuclear events
in concert with the disassembly of the spindle and the
reestablishment of an interphase cytoplasm in each of the
daughter cells.

3 CONCLUSION

During mitosis, a cell organizes its many components for
equipartition at cytokinesis. The MT cytoskeleton plays an
essential role through its assembly into the mitotic spindle,
a machine for the organization and segregation of both
chromosomes and centrosomes. The study of mitosis has
illuminated many features and subtleties of the MT cyto-
skeleton and its control by site-specific nucleation, pro-
tein–protein interactions, protein phosphorylation, and
proteolysis. Much has been learned about mitotic mecha-
nisms, providing insight into the workings of MTs and their
many associated proteins. Many details remain to be deter-
mined, but the broad outlines of how mitosis works are now
well understood. They form an elegant example of cytoplas-
mic engineering and a testimony to the skill and persistence
of the scientific community. Nonetheless, there are several
important unanswered questions about the mitotic mech-
anism. Examples include the details of the pathways for
chromosome condensation and the modes of interaction
between MT ends and both kinetochores and spindle
poles. We know that tubulin can add and dissociate from
MT plus ends at kinetochores, and it can dissociate from
MT minus ends at the poles during anaphase, even when
these connections are under the load imposed by mitotic
force generators. The pathways for these tubulin–MT ex-
changes, the roles that MT dynamics play in mitotic force
generation, and how all these processes are regulated remain
a mystery. Another example of an unsolved problem is the
spindle mechanism for error correction. Chromosomes
segregate accurately most of the time, but this is due in
part to the ability of the spindle to correct mistakes that
occur by chance in bipolar chromosome attachment during
prometaphase. How errors are recognized and corrected is
still poorly understood, although it is an important issue for
the health of all higher animals and plants. Another un-
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solved issue relates to the orientation of the spindle—this
feature of mitosis is regulated in many cells, helping to de-
fine the positions of daughter cells as they form. The mech-
anisms that sense body coordinates and orient spindles
correctly are not yet well understood. Finally, a more com-
plete description of mitosis than the one presented here
would include the variety in mitosis that has been described
in cells from a wide range of phylogeny—for example, try-
panosomes, dinoflagellates, and primitive algae. A better
understanding of this diversity would probably help us to
understand fundamental issues about the mitotic mecha-
nism and perhaps even something about the evolution of
mitosis.
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