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contrast, disrupting a central spindle component pre-Cytokinesis: Closing in
vents formation of the midzone and results in regressionon the Central Spindle of the cleavage furrow after extensive ingression. Chro-
mosome segregation appears normal in many central
spindle mutants, suggesting that the midzone is re-
quired specifically for cytokinesis. Two central spindle

The central spindle is important for the completion cytokinesis genes, called zen-4 and cyk-4, encode an
of cytokinesis. Genetic and biochemical approaches MKLP and a RhoGAP that are interdependent for local-
have identified a tetrameric complex, made up of a ization to the central spindle (Jantsch-Plunger et al.,
mitotic kinesin-like protein and a Rho-GTPase activat- 2000; Powers et al., 1998; Raich et al., 1998). A vertebrate
ing protein, that mediates central spindle assembly. relative of ZEN-4, called MKLP-1, can crosslink antipar-

allel MTs in vitro (Nislow et al., 1992), suggesting that this
The mitotic spindle is a bipolar assembly of microtubules kinesin subfamily is directly involved in central spindle
(MTs) that performs multiple functions during cell divi- assembly.
sion. Most notably, kinetochore MTs capture and segre- Mishima et al. now show that ZEN-4 and CYK-4 form
gate to daughter cells the duplicated parental chromo- a tetrameric complex that they call centralspindlin. In-
somes. The spindle also performs a less obvious but triguingly, the N terminus of CYK-4 binds to the neck
well-documented role in the assembly or activation of linker and coiled-coil region of ZEN-4. Because the neck

linker is important for force production in other kinesins,a cortical microfilament-based contractile ring that di-
CYK-4 may regulate the motor activity of ZEN-4. Alterna-vides the parent cell during cytokinesis. More recent
tively, CYK-4 may influence the orientation of the ZEN-4studies have demonstrated that the central region of
neck and head regions to facilitate crosslinking of anti-the mitotic spindle is required for the completion of
parallel MTs.cytokinesis. The central spindle, or midzone, consists

Genetic data strongly support the functional signifi-of bundles of antiparallel, overlapping MTs that form
cance of the CYK-4/ZEN-4 interaction. An allele thatduring anaphase and persist after division as the mid-
introduces a single amino acid substitution in thebody. In this issue of Developmental Cell, Glotzer and
N-terminal region of CYK-4 eliminates binding to ZEN-4,colleagues focus on two key components of the central
disrupts central spindle assembly, and results in a latespindle, a mitotic kinesin-like protein (MKLP) and a Rho-
cytokinesis defect. Morever, Mishima et al. found sevenGTPase activating protein (RhoGAP) (Mishima et al.,
extragenic suppressors of this allele that introduce sub-2002). They use a compelling combination of biochemi-
stitutions in the CYK-4 binding region of ZEN-4 and

cal and genetic approaches to identify and dissect a
rescue central spindle assembly and cytokinesis. Bring-

tetrameric complex composed of these two proteins. ing the analysis full circle, one such suppressor mutation
This complex likely mediates central spindle assembly restores binding of ZEN-4 to the mutant form of CYK-4
by crosslinking antiparallel, nonkinetochore MTs. The in vitro. Finally, the authors show that CYK-4 and ZEN-4
stage is now set for a mechanistic understanding of the can each self-associate. Based on the associative prop-
role that the central spindle plays in the final act of erties of the two proteins, and on their stoichiometry in
cytokinesis. purified native complexes, the authors conclude that

Genetic studies in the nematode Caenorhabditis ele- two copies of each protein interact to form a tetrameric
gans have identified two distinct classes of proteins complex. This complex promotes the bundling of MTs in
required for cytokinesis: a contractile ring group and vitro—while ZEN-4 alone does not. Thus, centralspindlin
a central spindle group. Reducing or eliminating the likely mediates the assembly of the central spindle.
function of a contractile ring component results in an MKLP-1 and MgcRacGAP, human orthologs of ZEN-4
early cytokinesis defect: no membrane ingression oc- and CYK-4, form a similar complex. Depleting MgcRac-

GAP in a human cell line by RNA interference disruptscurs, and mitosis produces a single binucleate cell. In
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midbody. Consistent with this possibility, ZEN-4 is re-
quired to stabilize furrows well after the apparent com-
pletion of cytokinesis (Severson et al., 2000). Finally, it
is also possible that the central spindle mediates the
delivery of new membrane vesicles to the cleavage fur-
row to promote the final membrane fusion events that
presumably ultimately partition daughter cells (Bow-
erman and Severson, 1999).

The general significance of the late step in cytokinesis
identified in C. elegans, and the extent to which the
central spindle and the contractile ring function indepen-
dently during cytokinesis in other cell types, remain to
be determined. In contrast to C. elegans ZEN-4, the
Drosophila MKLP Pavarotti is required not only for cen-
tral spindle assembly but also for assembly of the con-
tractile ring early in cytokinesis (Adams et al., 1998).
Intriguingly, the central spindle in some Drosophila cells
is a large disc that extends nearly to the cell cortex, while
the central spindle during the first embryonic mitosis in
C. elegans is only a few microns in diameter, embedded
within a cell that is roughly 20 microns wide. Perhaps
centralspindlin acts late in cytokinesis in all animal cells
and also early in cytokinesis in cell types where the
large central spindle is essential for specification of the
cleavage plane. It will be interesting to learn whether
the cytokinesis defect observed after depletion of cen-
tralspindlin in human cells results in an early or late
cytokinesis defect, an issue not addressed by Mishima
et al.

Finally, other factors may regulate centralspindlin,
since CYK-4 and ZEN-4 likely associate throughout the
cell cycle (Mishima et al., 2002). Both Polo kinase and
an Aurora B-type kinase can bind to MKLPs, and both
proteins accumulate at the central spindle and are re-Figure 1. The First Mitotic Spindle in the Caenorhabditis elegans
quired for midzone assembly and cytokinesis (SeversonEmbryo

et al., 2000; Adams et al., 1998; Carmena et al., 1998;(A) An embryo in anaphase of the first cell cycle, stained to show
microtubules (green), DNA (blue), and the mitotic kinesin-like protein Lee et al., 1995). Moreover, Mishima et al. have shown
ZEN-4, which accumulates at the central spindle. that some MKLP-1 migrates through a gel with reduced
(B) A schematic of the first mitotic spindle, showing three popula- mobility, suggesting that MKLP-1 may be phosphory-
tions of microtubules. ZEN-4 and CYK-4 associate in a complex,

lated at some point in the cell cycle. Undoubtedly, futurecalled centralspindlin, which bundles antiparallel, nonkinetochore
research will lead to rapid progress in understandingmicrotubules to form the central spindle.
the regulation of centralspindlin and its role in the com-
pletion of cytokinesis.

central spindle assembly and cytokinesis, suggesting
Aaron F. Severson and Bruce Bowermanthat this complex has been functionally conserved.
Institute of Molecular BiologyAlthough the results of Mishima et al. move the field
University of Oregontoward an understanding of the molecular mechanisms
1370 Franklin Boulevardunderlying this process, several questions remain. Im-
Eugene, Oregon 97403portantly, it is not known if either CYK-4 or ZEN-4 is

directly involved in the completion of cytokinesis. The
Selected Readingparticipation of a RhoGAP in centralspindlin function

suggests that regulation of Rho-family small GTPases
Adams, R.R., Tavares, A.A., Salzberg, A., Bellen, H.J., and Glover,

might be essential for the completion of cytokinesis. In D.M. (1998). Genes Dev. 12, 1483–1494.
C. elegans embryos, one of three small G proteins, RhoA,

Bowerman, B., and Severson, A.F. (1999). Curr. Biol. 9, R658–R660.
is known to be required for furrow ingression early in

Carmena, M., Riparbelli, M.G., Minestrini, G., Tavares, A.M., Adams,
cytokinesis. Because GAP activity antagonizes Rho R., Callaini, G., and Glover, D.M. (1998). J. Cell Biol. 143, 659–671.
function, perhaps CYK-4 promotes disassembly or de-

Jantsch-Plunger, V., Gonczy, P., Romano, A., Schnabel, H., Hamill,
activation of the contractile ring as it contacts the spin- D., Schnabel, R., Hyman, A.A., and Glotzer, M. (2000). J. Cell Biol.
dle midzone late in cytokinesis. Alternatively, the central 149, 1391–1404.
spindle may provide a scaffold for anchoring the con- Lee, K.S., Yuan, Y.L., Kuriyama, R., and Erikson, R.L. (1995). Mol.
tractile ring during the completion of cytokinesis. Per- Cell. Biol. 15, 7143–7151.
haps MKLPs stabilize cleavage furrows directly by teth- Mishima, M., Kaitna, S., and Glotzer, M. (2002). Dev. Cell 2, this

issue, 41–54.ering the contractile ring to the central spindle or



Developmental Cell
6

Nislow, C., Lombillo, V.A., Kuriyama, R., and McIntosh, J.R. (1992). Raich, W.B., Moran, A.N., Rothman, J.H., and Hardin, J. (1998). Mol.
Biol. Cell 9, 2037–2049.Nature 359, 543–547.

Powers, J., Bossinger, O., Rose, D., Strome, S., and Saxton, W. Severson, A.F., Hamill, D.R., Carter, J.C., Schumacher, J., and Bow-
erman, B. (2000). Curr. Biol. 10, 1162–1171.(1998). Curr. Biol. 8, 1133–1136.

molecule that can function as a novel tumor suppressorMembrane-Associated MMP
(Oh et al., 2001).Regulators: Novel Cell Adhesion RECK is a membrane-anchored glycoprotein that has
now been shown to repress MMP-9, MMP-2, and MTI-Tumor Suppressor Proteins?
MMP synthesis and secretion and to influence ECM
integrity. The physiological relevance of RECK expres-
sion and function to tissue homeostasis is elegantlyMatrix metalloproteinases are enzymes that regulate
illustrated in the recent article and also in earlier worktissue behavior by interactions with extracellular ma-
by the authors (Oh et al., 2001; Takahashi et al., 1998).trix proteins. RECK, a membrane-anchored inhibitor
In the recent work, they demonstrate that perturbedof MMPs was recently characterized for its role in
control of secretion and activation of MMPs such asdevelopment, tissue homeostasis, and for tumor angio-
MMP-9, MMP-2, and MTI-MMP and dysregulated ECMgenesis.
turnover in the absence of RECK expression is sufficient
to facilitate the execution of pathological processesStromal-epithelial interactions play a critical role during
such as tumor invasion and metastasis and malignancy-organ development and maintenance of tissue homeo-
associated angiogenesis (Oh et al., 2001). The signifi-stasis. Numerous studies both in vivo and ex vivo have
cance of identifying a cell-associated MMP modifier thatdocumented that dynamic interactions between the
is involved in regulating processing and secretion ofcells and the extracellular matrix microenvironment
MMPs emphasizes the existence of master upstream(ECM; the proteinaceous component of the tissue
modulators of ECM homeostasis that also has implica-stroma) dictate developmental processes such as
tions as a regulator of normal morphogenic develop-branching morphogenesis during glandular develop-
mental programs such as glandular morphogenesis. Inment and normal angiogenesis and facilitate tissue spe-
this regard, RECK, which is a membrane-associatedcific differentiation. At present, it is known that strictly
upstream MMP regulator, can be distinguished from theregulated cycles of ECM synthesis, deposition, and deg-
vast majority of previously described secreted TIMPs,radation are necessary in order to mediate these pro-
that function downstream to inhibit MMP activity. Whethercesses. Dynamically modulated ECM turnover events
RECK is a unique regulator of ECM turnover or if itare essential to regulate cell behavior on multiple levels
constitutes the first candidate molecule of a new classby modifying the physical scaffold upon which cells can
of regulators awaits further study.migrate, by transmitting biochemical and biophysical

Intriguingly, RECK is a GPI-linked protein. GPI-linkedcues to the cells to initiate cell proliferation, survival,
proteins, such as fyn, by virtue of their propensity toand tissue-specific gene expression, and by functioning
associate with hydrophobic lipid microdomains, charac-as a reservoir for sequestering and releasing soluble
teristically sequester into cholesterol-rich lipid rafts.factors, such as morphogens and growth factors, into
Lipid rafts have been implicated as membrane regula-the tissue microenvironment. In addition, the multicellu-
tory domains that participate in diverse cellular pro-lar composition of the tissue, cell shape, and tissue
cesses, including endocytosis, secretion, and cell sig-organization dictate how the cell responds to these
naling (Brown and London, 1998). This raises thecues. Perturbed ECM secretion and turnover and loss
interesting possibility that RECK might also participateof proper cellular responsiveness to ECM cues are asso-
in lipid raft-mediated processes. Given the dynamic andciated with pathological states such as malignancy
reciprocal link that exists between the ECM, ECM recep-(Radisky et al., 2001). Precisely how these processes
tors, ECM turnover, and tissue architecture, it is perhapsare regulated or dysregulated at the molecular level re-

mains ill defined and is currently an area of intense not surprising that RECK, presumably acting as an MMP
regulator, also appears to participate in ECM assemblyinvestigation.

Matrix metalloproteinases (MMPs) are secreted en- and secretion.
Analogous to conventional lipid raft components,zymes that process and degrade ECM and have been

shown to function as important mediators of ECM-regu- RECK itself is likely subject to spatial regulation as oc-
curs following ligand-induced receptor clustering of lipidlated tissue behavior (Vu and Werb, 2000). The activity

of MMPs are known to be regulated by secreted tissue raft components, or is induced in concert with parti-
tioning of lipid moieties to the apical membrane domaininhibitors of metalloproteinases (TIMPs). However, regu-

latory factors such as TIMPs that are secreted distal to in association with acquisition of tissue polarity. If true,
then the relevance of the dynamic polarity switches thatthe target cell and subsequent to MMP processing fail

to adequately explain how normal cells are able to direc- have been documented to occur during branching mor-
phogenesis or the sustained loss of polarity as occurstionally and tightly regulate ECM turnover to facilitate

normal controlled processes such as branching mor- during tumor progression to RECK function merits fur-
ther investigation. Indeed, whether RECK dynamicallyphogenesis. A paper by Oh and colleagues in the De-

cember 14 issue of Cell summarizes a series of experi- shuttles between basal and apical membrane domains
during branching morphogenesis would suggest thatments that define a new type of ECM MMP regulatory


