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Mitosis, Not Just Open or Closed"
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During cell division, eukaryotic cells must faithfully pass on
their genetic material to the next generation during mitosis. It
has long been known that lower eukaryotes and higher eu-
karyotes achieve this in strikingly different ways. Higher eu-
karyotes undergo an open mitosis in which the nuclear enve-
lope is completely disassembled at the G,/M transition and is
not reassembled until after DNA segregation in telophase/G;.
In contrast, many lower eukaryotes undergo a closed mitosis in
which the nuclear envelope remains intact and mitosis occurs
within the nucleus. However, classifying mitosis as being either
open or closed has its limitations. Many early studies using
phase and electron microscopy indicated that fungi have
evolved variations in how the mitotic segregation of the DNA
and the nuclear envelope is achieved (1, 2, 16, 38). For exam-
ple, even in organisms which break down their nuclear enve-
lope during mitosis, the phase during mitosis when the nuclear
envelope breaks down can vary between organisms (16). Many
of these early studies are described in an extensive and excel-
lent review by Heath (16), which summarized the different
morphological characteristics of many fungi and other lower
eukaryotes during mitosis. More recently, the availability of
fungal genome sequences combined with molecular genetics
and live cell imaging has shed light on the mechanisms regu-
lating such variant mitoses. Here we review recent advances in
our understanding of fungal mitosis and discuss how the biol-
ogy of different organisms and cell types may have necessitated
variant mitoses.

The physical process of segregating duplicated chromo-
somes occurs on one of the most striking and dynamic of all
subcellular structures, the mitotic spindle. Simplistically, the
mitotic spindle is composed of microtubules which extend from
each spindle pole and connect to the kinetochore region of
chromosomes. Microtubules are composed of « and B tubulin
subunits, and microtubule lengthening and shortening are im-
portant to segregate chromosomal DNA. One problem facing
cells undergoing a closed mitosis is the need to relocalize
tubulin and mitotic regulators from the cytoplasm to the nu-
cleus in order to form a spindle within the nucleus. If the
nuclear envelope is intact, the only way in and out of the
nucleus is through nuclear pore complexes (NPCs) (17, 51).
Therefore, in organisms undergoing a closed mitosis, tubulin
must gain access to the nucleus through the NPC in order to
form a spindle. NPCs are embedded in the nuclear envelope
and act as molecular sieves, selectively facilitating the transport
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of proteins and nucleic acids in and out of the nucleus. Each
nucleus contains many NPCs, which are composed of ~30
different proteins called nucleoporins, or Nups (17). The basic
overall structure of the NPC is conserved between lower and
higher eukaryotes, and many of the individual Nups can be
identified in highly divergent species based on sequence ho-
mology (17). Not surprisingly, some Nups contain transmem-
brane domains and likely anchor the NPC in the nuclear en-
velope. Other Nups are part of a core ring structure which
transits the nuclear envelope. The center of this ring structure
is termed the central channel and acts as the gateway between
the nucleus and cytoplasm (52, 53). The central channel of the
NPC is occupied by a class of Nups which contain phenylala-
nine-glycine (FG) repeats and are termed FG-repeat Nups (39,
51, 52). In addition, other Nups form cytoplasmic fibrils and a
nuclear basket (51). The FG-repeat Nups restrict the diffusion
of macromolecules through the NPC central channel and also
have the ability to bind transport factors carrying their cargo
(11, 23, 39, 52). The binding of FG-repeat Nups to cargo-
ladened transport factors helps facilitate active transport
through the NPC in a Ran-dependent manner (5, 39, 45, 52).

MODIFYING NUCLEAR TRANSPORT DURING
CLOSED MITOSIS

In organisms undergoing an open mitosis, the NPC is disas-
sembled along with the nuclear envelope, and therefore nu-
clear transport does not occur during open mitoses. However,
in organisms undergoing a closed mitosis, the NPC must still
function as a conduit between the nucleus and the cytoplasm.
Extensive studies of the model budding yeast Saccharomyces
cerevisiae indicate that the NPC remains intact throughout
mitosis in this organism (4, 18, 20, 28). Therefore, tubulin and
proteins which need to get into nuclei to regulate mitotic entry
must do so by mitosis-specific active transport through the
NPC. It is worth noting, however, that S. cerevisiae differs from
many other organisms undergoing closed mitosis in that spin-
dle formation begins during DNA replication in S phase.
Therefore, a large influx of tubulin immediately prior to mito-
sis may not be necessary in this organism. In S. cerevisiae, the
mechanisms regulating changes in nuclear transport between
interphase and mitosis are at least in part controlled by mitotic
inhibition of the Kap121 nuclear transport pathway (27). In-
terestingly, inhibition of the Kapl21-mediated nuclear trans-
port is regulated by the binding of Kap121 to a phosphorylated
form of Nup53 (27), suggesting that mitotic changes in nuclear
transport may be regulated at the level of the NPC. During
interphase, Nup53 is bound to Nup170, and Kap121-mediated
nuclear transport is active. In contrast, during mitosis, phos-
phorylated Nup53 binds to Kap121, which is thought to cause
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inhibition of Kap121-mediated nuclear transport and thus help
regulate mitosis (27).

OPENING THE NUCLEAR PORE COMPLEX TO ALLOW
MITOTIC ENTRY

Partial disassembly of the nuclear pore complex. Until re-
cently, modification of nuclear transport pathways was pre-
sumed to be the mechanism that regulates the nuclear entry of
tubulin and mitotic regulators in fungi undergoing closed mi-
tosis. However, studies of the Aspergillus nidulans mitosis-spe-
cific never-in-mitosis (NIMA) kinase have uncovered another
mechanism by which proteins can gain access through the NPC
during mitotic entry. This essential kinase was first identified
by Ron Morris in a genetic screen aimed at identifying genes
with cell cycle functions or with roles in nuclear migration (30).
NIMA kinase activity is absolutely required for mitotic entry,
and its inactivation causes cells to arrest in late G,, even
though the Cdk1/cyclin B kinase is fully activated (34). Studies
to determine how NIMA regulates mitotic entry indicate that
its primary target is likely the NPC (6, 7, 55). These studies
aimed to identify mutations in other genes which allowed
nimAl mutants arrested in G, to enter mitosis. Mutations in
only two supressor of nimAl (son) genes, sonA and sonB, were
isolated in this screen, although the isolation of son4 muta-
tions multiple times suggests that this screen was near satura-
tion (6, 55). Initial studies indicated that these genes encoded
two physically interacting Nups, SONBn™"P*® and SONA®'**
(Nup98 and Rael in humans) (6). The question then arose,
how could these Nups be involved in NIMA-activated mitotic
entry? The localization of SONBn™"P?® and SONA'*? during
the cell cycle gave significant insight into this question. During
interphase, SONBn™"P?® and SONA'*? Jocalized to the nu-
clear periphery, as expected for Nups. However, during mito-
sis, both SONBn™"P*® and SONA“'*? dramatically dispersed
from the NPC and relocated throughout the cell (7). Clearly
the NPC does not remain intact during A. nidulans closed
mitosis, but to what extent does it disassemble? Using a sys-
tematic approach, 24 Nups were identified in the A. nidulans
genome, based on sequence homology with known Nups in S.
cerevisiae and humans. These were endogenously tagged with
the green fluorescent protein (GFP) moiety and analyzed for
cell cycle-dependent changes in their localization. Remarkably,
14 of these Nups dispersed from the NPC during mitosis while
the others remained located at the nuclear periphery (7, 33).
Thus, a massive reorganization of the NPC occurs specifically
during mitosis. An example of the differential mitotic locations
of A. nidulans Nups can be seen in the time-lapse images
shown in Fig. 1A. Nup96 remains at the nuclear periphery
throughout mitosis, while in contrast, Nup49 disperses from
the nuclear periphery during mitosis but returns during mitotic
exit.

Analysis of the predicted location of each of the mitotically
dispersed Nups within the NPC structure shed light on what
was occurring. All of the FG-repeat Nups predicted to locate
to the NPC central channel disperse from the NPC during
mitosis, while Nups predicted to be part of the core ring struc-
ture and/or to anchor the NPC in the nuclear envelope remain
(7, 33). The model predicted by these studies suggests that the
central channel of the NPC is open during mitosis in A. nidu-
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FIG. 1. Partial NPC disassembly during mitosis in A. nidulans.
(A) Time-lapse images of Nup96 labeled with GFP and Nup49 labeled
with the mCherry variant of red fluorescent protein (chRFP) in the same
cell (43). During G,, both Nups locate to NPCs at the nuclear periphery.
However, as the cell enters mitosis, Nup49 disperses throughout the cell,
while Nup96 remains at the nuclear periphery. As cells exit mitosis, Nup49
reassociates with the nuclear periphery of the G, nuclei (see movie S1 in
the supplemental material). Bar, ~4 pm. (B) Schematic model of an A.
nidulans NPC during late G, and mitosis. In late G,, FG-repeat Nups
(red) occupy the central channel of the NPC, restricting passive diffusion
and helping to facilitate active transport. Accumulation and activation of
the NIMA kinase during G, trigger the dispersal of central channel Nups,
while core Nups (green) remain associated with the nuclear envelope.
Putative phosphorylation of Nups by NIMA is indicated. Opening of the
NPC central channel compromises active transport and also allows pas-
sive diffusion through the NPC. This allows equilibration between the
cytoplasm and the nucleus and thus tubulin to gain access to nuclei
specifically during mitosis.
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lans, allowing passive diffusion in and out of nuclei (Fig. 1B). In
addition, because the FG-repeat Nups help facilitate active
nucleocytoplasmic transport, this model predicts that active
transport is not occurring during mitosis in A. nidulans. This
model is further supported by the mitosis-specific loss of the
cytoplasmic localization of Ran-GAP, which is required to
establish a gradient of Ran-GTP across the nuclear envelope
that is critical for active transport (7).

These data indicate that A. nidulans undergoes an evolution-
ary intermediate form of mitosis, which is neither completely
closed, because the nuclear envelope is permeable, nor com-
pletely open, because the nuclear envelope is intact. The model
in which an open NPC central channel makes the nuclear
envelope permeable during A. nidulans mitosis helps to explain
several previous observations. The early work of Robinow and
Caten with A. nidulans, using phase-contrast microscopy, de-
scribed the loss of demarcation between the cytoplasm and the
nuclei as cells entered mitosis, suggesting an equilibration
across the nuclear envelope (38). Other work has demon-
strated that fluorescent constructs targeted to either the nu-
cleus or the cytoplasm during interphase disperse throughout
the cell specifically during mitosis (48; C. P. C. De Souza and
S. A. Osmani, unpublished data). Perhaps more functionally
significant is the work of Ovechkina and colleagues demon-
strating that depolymerized tubulin is excluded from nuclei
during interphase but enters nuclei specifically during mitosis
in A. nidulans (35).

Regulating nuclear pore complex disassembly. The genetic
interaction between the NIMA kinase and the SONBn™"P%8
and SONAS'? Nups strongly suggests that NIMA has a func-
tion at the NPC during the G,/M transition (6, 55). This is
further supported by the dynamic cell cycle-dependent local-
ization of the NIMA kinase. NIMA accumulates in the cyto-
plasm in G, and translocates to nuclei upon mitotic entry,
during which time it becomes hyperphosphorylated, further
increasing its activity (56). Notably, NIMA is conspicuous at
the nuclear periphery during this translocation (7), a feature
not shared with other proteins, such as tubulin (35), which
enter the nucleus during this window of the cell cycle. There-
fore, NIMA is in the right place at the right time to be a Nup
kinase, and the localization of dominant negative NIMA con-
structs strengthens this argument. It has been known for some
time that dominant negative NIMA constructs cause a delay in
the G,/M transition when expressed either in A. nidulans (25)
or in human cells (24). More recent work demonstrates that
these dominant negative constructs colocalize with the NPC
during this G, delay, suggesting that they are interfering with
endogenous NIMA function at this locale (7).

Biochemical evidence supports the genetic data indicating
that NIMA targets the SONBn™"P?)/SONA'** complex dur-
ing mitotic entry. SONBn™"P?® is heavily phosphorylated dur-
ing mitosis, and both its phosphorylation and its dispersal from
the NPC are dependent upon NIMA activation (7). Further-
more, ectopic NIMA expression is sufficient to trigger inap-
propriate dispersal of SONBn""P*® from the NPC during S-
phase arrest (7). Such NIMA expression also dramatically
modifies the transport properties of the NPC as nuclear-tar-
geted constructs are released throughout the cell and depoly-
merized tubulin can enter nuclei (7). Therefore, NIMA expres-
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sion is sufficient to convert interphase NPCs to a partially
disassembled, open mitotic-like state.

Collectively, these studies provide strong evidence that NPC
disassembly at the G,/M transition is regulated by Nup phos-
phorylation carried out by the NIMA kinase (Fig. 1B). How-
ever, mitotic entry in A. nidulans requires activation of both the
NIMA and the Cdk1/cyclin B kinases (34), and inactivation of
either kinase prevents mitotic NPC disassembly, suggesting
that they cooperate to regulate disassembly of the NPC (7).
The relative contributions of NIMA, Cdk1/cyclin B, and other
mitotic kinases in regulating NPC disassembly remain an area
for further studies.

Do other organisms undergo partial NPC disassembly? At
present, it is not known how many other members of the
eukaryotic kingdom maintain a partially disassembled NPC
during mitosis. However, similarly to A. nidulans (38), an ap-
parent equilibration between the cytoplasm and nuclei during
closed mitosis also occurs in other fungi, including Ceratocystis
fagacearum, Fusarium oxysporum (1), Fusarium verticillioides,
and Magnaporthe grisea (3). This suggests that increasing the
permeability of the nuclear envelope during mitosis by partial
NPC disassembly may occur in many fungi undergoing what
were previously thought to be completely closed mitoses.

Interestingly, NPC disassembly occurs in a stepwise manner
in higher eukaryotes, and it is noteworthy that the FG-repeat
Nups disassemble prior to the core Nups (15). This means
there is a period of time in which FG-repeat Nups have dis-
persed from the central channel of the NPC but in which the
nuclear envelope is still intact. This suggests that an open
conduit through the NPC may exist during the initial stages of
entry into open mitoses. Indeed, in starfish oocytes, nuclear
envelope permeability increases in early prophase when FG-
repeat Nups disperse from NPCs which still contain other
Nups (22). This may be significant in terms of cell cycle regu-
lation, given that nuclear accumulation of the mitotic regulator
Cdkl1/cyclin B occurs prior to nuclear envelope breakdown in
many cell types, including starfish oocytes and mammalian cells
(12, 22, 37).

The onset of NPC disassembly is one of the earliest aspects
of mitosis, occurring before detectable DNA condensation or
spindle formation in A. nidulans and humans. However, little is
known about the mechanisms which regulate this process, al-
though the mitosis-specific phosphorylation of many Nups sug-
gests that kinases are involved (14, 26, 29). As mentioned
above, the NIMA kinase is a strong candidate for the regula-
tion of this event in A. nidulans. 1dentifying the targets within
the NPC that are potentially phosphorylated by NIMA will
provide insights into how the NPC is mitotically disassembled.
Interestingly, the conserved p62 Nup (Nspl) disperses from
nuclei when NIMA is expressed in vertebrate cells (24). It
remains to be seen if any of the 11 NIMA-related kinases in
the human genome (31) regulate NPC function during mi-
totic entry, but this might be a profitable avenue for future
research.

MITOTIC ENTRY THROUGH LOCALIZED NUCLEAR
ENVELOPE BREAKDOWN

The most dramatic way to open mitosis is to break down the
nuclear envelope, as occurs during open mitosis. However, this
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FIG. 2. Variant forms of mitosis change nuclear envelope permeabil-
ity by different mechanisms. (A) Two A. nidulans nuclei in a common
cytoplasm. During G,, the spindle pole bodies (blue) nucleate microtu-
bules in the cytoplasm. The NPC is composed of core Nups (green) and
FG-repeat Nups (red), which occupy the NPC central channel and restrict
diffusion. Upon mitotic entry, FG-repeat Nups disperse from the central
channel, allowing nuclear entry of tubulin and thus spindle formation.
Insets show a magnification of a single NPC. Note that the nuclear enve-
lope may prevent inappropriate microtubule connections between the
spindle pole bodies and the chromosomes of the two nuclei which are in
mitosis at the same time. (B) An illustration of the predicted outcome of
an A. nidulans cell undergoing a hypothetical open mitosis. As mitosis is
no longer enclosed by the nuclear envelope, microtubules can potentially
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is not always an all-or-nothing process. For example, in Cae-
norhabditis elegans syncytial embryos, localized breakdown of
the nuclear envelope occurs near the centrosomes and likely
allows spindle formation, even though complete NPC disas-
sembly and nuclear envelope breakdown do not occur until
anaphase (21). Another striking mechanism for achieving mi-
totic entry occurs during the yeast-like phase of the dimorphic
plant pathogen Ustilago maydis (32, 47). These uninucleate
cells undergo budding to generate two cells, each with one
daughter nucleus. However, unlike the budding yeast S. cerevi-
siae, which segregates DNA on a spindle formed in the mother
cell, U. maydis chromosomes migrate into the daughter bud
where the spindle is subsequently formed (Fig. 2C) (47). More-
over, the nuclear envelope is stripped from DNA as the mitotic
spindle forms in the daughter bud, and therefore U. maydis
yeast-like cells undergo a form of open mitosis (32, 47). Stein-
berg and colleagues have begun to identify the mechanisms
regulating this process by following the localization of endog-
enously tagged proteins and manipulating mitotic progression.
Nuclear migration is mediated by microtubules nucleated from
spindle pole bodies at one end of the nucleus. Together with
the dynein molecular motor, these microtubules pull the tip of
the nucleus into the daughter bud during late G, and prophase
(Fig. 2C) (46). As the spindle forms, the nuclear envelope
breaks down locally in the vicinity of the spindle pole bodies,
leaving most of the nuclear envelope in the mother cell (Fig.
2C) (47). Straube et al. have shown that dynein-mediated nu-
clear migration is required to strip the nuclear envelope from
chromosomal DNA, helping to generate the open mitosis in U.
maydis (47). This process has similarities to mammalian mito-
sis, in which dynein facilitates microtubule-based tearing of the
nuclear envelope during mitotic entry (40).

Remarkably, experimental evidence indicates that nuclear
envelope removal may not be required for successful mitosis in
U. maydis and suggests that this organism can also undergo
closed mitosis. For instance, when cell wall synthesis is inhib-
ited, bud formation is prevented, and the nucleus enters mito-
sis within the mother cell (47). Surprisingly, these nuclei un-
dergo a form of closed mitosis as the spindle forms within a
nuclear envelope which often appears intact. Similar closed
mitoses can also be induced in budded cells if migration of the
nucleus into the daughter bud is prevented by drug treatment
to depolymerize microtubules or if dynein function is compro-
mised (47). While these experiments helped the authors de-
termine that nuclear migration is involved in nuclear envelope
removal during U. maydis open mitosis, they also indicate that
this organism can enter an apparently closed mitosis. At
present, these experiments have not addressed whether U.

connect to chromosomes from either nucleus. (C) Mitotic entry during
the yeast-like budding phase of U. maydis. During late G, and early
prophase, microtubules pull the tip of the nucleus into the daughter
bud in a dynein-dependent manner. Upon mitotic entry, the nuclear
envelope breaks down near the spindle pole bodies, and the spindle
begins to form in the daughter bud, while most of the nuclear envelope
remains in the mother cell. This localized breakdown of the nuclear
envelope may help facilitate nuclear envelope permeability. Based on the
model depicted by Straube et al. (adapted from reference 47 with per-
mission of the publisher).
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maydis cells entering such closed mitoses generate viable
daughter cells. However, Straube et al. were also able to pre-
vent nuclear envelope removal by deleting the mitotic exit
network component tem! (ras3 in U. maydis) gene (47). In this
case, nuclear migration was normal, and mitosis occurred in
the daughter bud. Notably, however, 21% of Aras3 cells with
mitotic spindles had a nuclear envelope which appeared intact.
As the ras3 deletion mutant is viable, this argues that U. maydis
can enter a successful closed mitosis. Interestingly, deletion of
other nonessential regulators of mitotic exit in U. maydis sim-
ilarly results in cells entering an apparently closed mitosis (41).
Therefore, while the default mechanism allowing mitotic entry
during the yeast-like phase of U. maydis is localized nuclear
envelope breakdown, this organism may also be able to com-
plete a closed mitosis.

The ability of U. maydis to enter a closed mitosis suggests
that mitosis-specific modifications of NPC function can occur
during mitotic entry in this organism to allow spindle forma-
tion within the nucleus. NPC function is also likely modified
during the initial stages of U. maydis open mitosis as nuclear-
targeted constructs begin to disperse from the nucleus while
the nuclear envelope is intact. However, it remains to be seen
if the U. maydis NPC undergoes mitosis-specific transport
modifications similar to those of S. cerevisiae or partially dis-
assembles, similarly to that of A. nidulans.

WHY HAVE VARIATIONS OF MITOSIS EVOLVED?

Why have organisms evolved such seemingly different mech-
anisms to accomplish mitosis? Evolution dictates that mitosis
should occur in its most efficient form. However, different
organisms and cell types have different obstacles to overcome
to accomplish successful mitosis. To gain better insight into
variant mitoses, it is necessary to consider the biology of these
different cells.

Location of the microtubule organizing center. The location
of the microtubule organizing center (MTOC) in different cell
types provides some clues as to whether the nuclear envelope
needs to be broken down during mitosis. The mitotic MTOC of
fungi is the spindle pole body, which is embedded in the nu-
clear envelopes of A. nidulans, S. cerevisiae, and many other
fungi. As spindle pole bodies can nucleate microtubules from
either their cytoplasmic or nuclear face, it is not essential to
break down the nuclear envelope in order to form a mitotic
spindle. Rather, spindle pole bodies need only to change their
site of microtubule nucleation from the cytoplasmic face dur-
ing interphase to the nuclear face during mitosis. One way to
regulate this is to restrict when tubulin can enter nuclei during
the cell cycle. For example, in A. nidulans, nuclear access of
depolymerized tubulin is restricted to mitosis (35), when nu-
clear envelope permeability increases due to partial NPC dis-
assembly (7). This would fulfill the need of A. nidulans to
rapidly form and elongate its spindle during its short period of
mitosis (~5 min). In contrast, a rapid nuclear influx of tubulin
does not occur during the S. cerevisiae cell cycle, in which the
spindle begins to form in S phase and is present throughout
most of the cell cycle. Rather, nuclear levels of tubulin increase
gradually as the spindle elongates during cell cycle progression.
Therefore, a mechanism which would fine-tune the nuclear
uptake of tubulin is required in S. cerevisiae, rather than a short
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period of rapid uptake. This may explain why S. cerevisiae does
not disassemble its NPCs but presumably fine-tunes nuclear
uptake of tubulin by modifying nuclear transport. Therefore,
different requirements for the nuclear uptake of tubulin based
upon the time the mitotic spindle is present during the cell
cycle may have resulted in the differences in mitotic NPC
regulation between A. nidulans and S. cerevisiae. It will be
interesting to see if these concepts can be extended to other
fungi which maintain their MTOC: in intact nuclear envelopes
during mitosis but which have significantly different rates of
mitotic spindle formation. In this regard, it is worth noting that
Candida albicans behaves similarly to S. cerevisiae in that it
maintains a nuclear spindle for most of its cell cycle and main-
tains an intact NPC during mitosis (10).

In many cells undergoing an open mitosis, the centrosome
acts as the MTOC during interphase and mitosis. Given that
the centrosome is cytoplasmic while the DNA is nuclear, it is
necessary to break down the nuclear envelope in order to form
a spindle which can interact with chromosomes. Notably, how-
ever, complete breakdown of the nuclear envelope is not nec-
essary for spindle formation, as illustrated by the mitoses of C.
elegans (21) and Drosophila melanogaster (36) syncytial em-
bryos. In these organisms, partial breakdown of the nuclear
envelope in the vicinity of the centrosomes is sufficient to allow
microtubules to capture chromosomes. Nonetheless, the pres-
ence of a cytoplasmic MTOC during interphase can generally
predict that an organism will undergo some form of nuclear
envelope breakdown during mitotic entry. One notable excep-
tion to this rule is the fission yeast Schizosaccharomyces pombe.
Intriguingly, the S. pombe spindle pole body is cytoplasmic
during interphase but embeds in the nuclear envelope during
mitotic entry when the spindle forms within an intact nuclear
envelope (8, 54). Therefore, relocation of the MTOC to the
cytoplasm during interphase does not always predict that a cell
will undergo complete nuclear envelope breakdown.

Nuclei in syncytia. Many organisms contain multiple nuclei
within a common cytoplasm, adding further obstacles to
achieving successful mitoses. These nuclei are often present at
a high density, yet it is vital to ensure that the spindle apparatus
attaches correctly to the kinetochores of chromosomes from
the appropriate nucleus. One way to achieve this is for nuclei
within a common cytoplasm to undergo asynchronous mitoses.
In this scenario, because only one nucleus is in mitosis at any
given time, microtubules can attach only to chromosomes from
the correct nucleus. However, many organisms with syncytial
nuclei undergo synchronous or parasynchronous mitoses, re-
sulting in multiple nuclei undergoing mitosis at the same time
in the same cytoplasm (13). Another way to prevent inappro-
priate attachment of microtubules to chromosomes of the in-
correct nucleus is to enclose each spindle within its own nu-
clear envelope. For example, mitosis in A. nidulans occurs in a
parasynchronous wave along hyphae, resulting in several nuclei
being in mitosis at the same time (Fig. 2A). However, the
presence of a nuclear envelope during mitotic entry restricts
the attachment of spindle microtubules to only chromosomes
within that nucleus (Fig. 2A). If there was no nuclear envelope
under these circumstances, microtubules could potentially at-
tach to chromosomes from the incorrect nucleus, as illustrated
in Fig. 2B. Such inappropriate microtubule attachments would
result in massive missegregation of chromosomes, not fulfilling
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the mitotic mission, and catastrophic consequences for the
organism’s survival.

During the early development of complex multicellular or-
ganisms such as Drosophila, many nuclei undergo synchronous
mitoses within a syncytial cytoplasm. The consequence of chro-
mosomal missegregation in these cells would be particularly
disastrous, given the different developmental fates of these
nuclei. It is therefore noteworthy that in these cells, complete
nuclear envelope breakdown does not occur until after meta-
phase, when spindle microtubules have attached to the appro-
priate kinetochores (36). Therefore, evolution may have dic-
tated that nuclei in syncytia either do not completely break
down their nuclear envelope until a metaphase spindle has
formed or maintain their nuclear envelope throughout mitosis.

Is switching mitotic modes the best of both worlds? The
slime mold Physarum polycephalum can exist as a uninucleate
amoeba but also forms a syncytial plasmodium containing
many nuclei. During the uninucleate phase of its life cycle,
mitosis is open, but remarkably, this organism switches to
closed mitosis during the plasmodial phase of its life cycle (44,
49). As described above, undergoing closed mitosis in such
syncytia restricts microtubules to attaching to only the appro-
priate chromosomes by maintaining the spindle apparatus and
chromosomes within a nuclear envelope. This may be partic-
ularly important given the highly synchronous nature of mitosis
within the P. polycephalum syncytium (9, 49). This precedent
suggests that other organisms may utilize different forms of
mitosis at different stages of their life cycle or in different cell
types, depending on which form of mitosis is the most advan-
tageous. Perhaps the ability of U. maydis to enter mitosis with
or without an intact nuclear envelope (46) reflects its dimor-
phic nature. During pathogenic development, U. maydis forms
filamentous dikaryons, each containing two genetically distinct
nuclei in a common cytoplasm. As with other basidiomycetes
(19, 50), the nuclei in these dikaryons undergo synchronous
mitoses in close proximity (42). Therefore, we suggest that U.
maydis may undergo closed mitosis during dikaryotic filamen-
tous growth to ensure that spindle pole body-nucleated micro-
tubules attach to the kinetochores of the appropriate nucleus.
This may explain why during the yeast-like phase of its life
cycle U. maydis can undergo closed mitosis even though mitosis
is usually open in these cells (46). It will be interesting to see
how many other organisms undergo different forms of mitosis
in different cell types, but we predict this phenomenon may be
more widespread than currently realized.

CONCLUSIONS AND PERSPECTIVES

Mitosis is fundamental to all eukaryotic life, yet many vari-
ations of the way in which mitosis is accomplished have evolved
in nature. However, all of these mitotic variations allow the
organism to achieve the goal of a successful mitosis, the faith-
ful segregation of chromosomes. In this minireview, we have
considered why different organisms and cell types may have
evolved variant mitoses.

Many fungi achieve successful synchronous mitoses of mul-
tiple nuclei in a common cytoplasm by confining each spindle
within a complete nuclear envelope. In these closed mitoses,
nuclear microtubules emanate from spindle pole bodies em-
bedded within the nuclear envelope. To form a spindle, these
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organisms must relocate tubulin from the cytoplasm to the
nucleus and utilize the NPC to do so. Nuclear access of tubulin
through the NPC can occur either by increasing the perme-
ability of the NPC or by modifying active transport through the
NPC. We propose that organisms which rapidly form a spindle
inside the nuclear envelope utilize partial NPC disassembly to
achieve a rapid nuclear influx of tubulin. Other organisms that
maintain a nuclear spindle for most of the cell cycle do not
disassemble their NPCs but undergo completely closed mitosis.
These organisms likely modify nuclear transport to allow tu-
bulin into the nucleus. This may better facilitate the relatively
slow spindle elongation which occurs in these organisms by
fine-tuning nuclear levels of tubulin.

Clearly, organisms with cytoplasmic centrosomes need to
break down their nuclear envelope to allow microtubules ac-
cess to chromosomes and, therefore, undergo open mitosis.
However, if nuclear envelope breakdown occurs in a cytoplasm
containing multiple nuclei synchronously undergoing mitosis,
centrosomally nucleated microtubules could potentially inter-
act with chromosomes from several different nuclei. To help
prevent this, such organisms initially restrict nuclear envelope
breakdown to the areas adjacent to centrosomes. The remain-
ing nuclear envelope helps to shelter chromosomes, preventing
them from attaching to microtubules nucleated from the inap-
propriate centrosomes. Therefore, we propose that in syncytia,
delay of complete nuclear envelope breakdown until after
metaphase spindle formation provides a mechanism with
which to prevent microtubules from interacting with chromo-
somes of inappropriate nuclei.

While considering that the biology of different cells can
begin to explain “why” variant mitoses may have evolved, a far
greater challenge lies ahead in determining mechanistically
“how” variant mitoses are regulated. This will be particularly
interesting in the case of organisms which undergo different
forms of mitosis in different cell types. In these organisms, the
same cell cycle regulators must be able to orchestrate the
different forms of mitosis. No doubt the biology of mitosis still
has many mysteries to reveal and there are many lessons still to
be learned.
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