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PtK, cells containing two independent mitotic spindles can cleave between neighboring
centrosomes, in the absence of an intervening spindle, as well as at the spindle equators.
We used same-cell video, immunofluorescence, and electron microscopy to compare the
structure and composition of normal equatorial furrows with that of ectopic furrows
formed between spindles. As in controls, ectopic furrows contained midbodies composed
of microtubule bundles and an electron-opaque matrix. Despite the absence of an
intervening spindle and chromosomes, the midbodies associated with ectopic furrows
also contained the microtubule-bundling protein CHO1 and the chromosomal passenger
protein INCENP. However, CENP-E, another passenger protein, was not found in
ectopic furrows but was always present in controls. We also examined cells in which the
ectopic furrow initiated but relaxed. Although relaxing furrows contained overlapping
microtubules from opposing centrosomes, they lacked microtubule bundles as well as
INCENP and CHO1. Together these data suggest that the mechanism defining the site
of furrow formation during mitosis in vertebrates does not depend on the presence
of underlying microtubule bundles and chromosomes or on the stable association of
INCENP or CHOL1. The data also suggest that the completion of cytokinesis requires the
presence of microtubule bundles and specific proteins (e.g., INCENP, CHOI, etc.) that do

not include CENP-E.

INTRODUCTION

Accurate cell division requires the coordinated segre-
gation of the chromosomes (karyokinesis) as well as
division of the cytoplasm (cytokinesis). The latter is
achieved in animal cells by the formation of an actin
and/or myosin contractile ring (reviewed in Satter-
white and Pollard, 1992; Fishkind and Wang, 1995).
Despite much study, the signals that determine the
position of the contractile machinery and the under-

§ Corresponding author. E-mail address: Rieder@Wadsworth.org.

© 1999 by The American Society for Cell Biology

lying molecular mechanism responsible for complet-
ing cytokinesis remain ambiguous.

Normally cytokinesis is coordinated with the posi-
tion of the mitotic spindle so that it occurs along the
spindle equator, between the groups of separated
chromosomes. Currently there are two hypotheses for
how this coordination is achieved. In a now classic
experiment, Rappaport (1961) found that sea urchin
and starfish zygotes cleave between two independent
spindles when they are manipulated so that the asters
of opposing spindles can interact. The formation of a
furrow between two radial or “astral” arrays of mi-
crotubules (Mts), in the absence of an intervening
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spindle and chromosomes, led to the idea that the
asters release a factor responsible for determining the
site of cleavage (reviewed in Oegema and Mitchison,
1997), either by causing the cortex to relax at the polar
regions (White and Borisy, 1983) or by inducing con-
traction at the spindle equator (Devore et al., 1989).
Alternatively, observations on cytokinesis in tissue
culture cells have led to the hypothesis that the sig-
nal(s) determining furrow position come from the
chromosomes and/or the spindle midzone (reviewed
in Oegema and Mitchison, 1997; Glotzer, 1997). For
example, tripolar spindles with a V-shaped metaphase
plate undergo cytokinesis along each arm of the “V”
but rarely between the arms (Wheatley and Wang,
1996; Eckley et al., 1997). This suggests that the chro-
mosomes and/or something associated with the
spindle midzone dictate the position of the cleavage
furrow. In this regard it has been proposed that “chro-
mosomal passenger proteins”, including INCENP
(Cooke et al., 1987), TD-60 (Andreassen et al., 1991),
CENP-E (Yen et al., 1991), and others (reviewed in
Earnshaw and Bernat, 1991; Rattner, 1992), are in-
volved in defining the site of cytokinesis. These pro-
teins are associated with the centromeric region of the
chromosome during spindle formation and redistrib-
ute to the forming cleavage furrow during anaphase.
Other spindle proteins that end up in the midbody
during cytokinesis, including several kinesin-like pro-
teins (CHO1/MKLP1/ZEN-4, KLP3A), have also been
proposed to be involved in furrow formation and
function (Sellitto and Kuriyama, 1988; Nislow et al.,
1992; Williams et al., 1995; Raich et al., 1998).

Despite the correlation between chromosome po-
sition and cytokinesis, the role of chromatin and its
passenger proteins in this process remains unclear.
The recent observations that cytokinesis fails in cells
overexpressing an INCENP:CENP-B chimera that is
tethered at centromeres (Eckley et al., 1997), or a
truncated nonmicrotubule binding form of IN-
CENP, provides experimental support for the idea
that at least one passenger protein is involved in this
process (Mackay ef al., 1998). However, Zhang and
Nicklas (1996) observed normal cytokinesis in grass-
hopper spermatocytes after all chromosomes were
removed by micromanipulation. This implies that
the signal(s) controlling furrow positioning is intrin-
sic to the spindle but not the chromosomes. That
even the spindle itself is not needed for furrow
positioning is evident from the report of Rieder et al.
(1997). These workers found, as noted previously by
Rappaport (1961) for echinoderm zygotes, that ver-
tebrate (PtK;) cells containing two independent
spindles can also form functional furrows between
two centrosomes that lack an intervening spindle
and chromosomes. This observation raises the ques-
tion of whether chromosome and spindle-associated
proteins are required for cytokinesis in vertebrates.

298

The observation that functional cleavage furrows
can form in vertebrate cells between two centrosomes,
which are not connected by an intervening spindle or
chromosomes, supports the hypothesis (discussed
above) that the site of cytokinesis is dictated by where
the radial “astral” arrays of Mts growing from each
opposing centrosome overlap. However the centro-
somes contribute not only the Mts that form the aster
and spindle but also those interpolar Mts that ulti-
mately form the interzone and midbody between the
separating chromosomes during late anaphase and
telophase (see Mastronarde et al., 1993). In this respect
there is a growing body of evidence that bundles of
interpolar Mts play an important role not only in
establishing where cytokinesis will occur (e.g., Wil-
liams et al., 1995; Cao and Wang, 1996; Giansanti et al.,
1998) but also in stabilizing the furrow after it forms
(Wheatley and Wang, 1996, Wheatley et al., 1998;
Raich et al., 1998). Although the mechanism by which
these microtubule bundles form remains to be re-
solved, it clearly involves one or more kinesin-like
proteins (e.g., Nislow ef al., 1992; Williams et al., 1995;
Raich et al., 1998) and perhaps INCENP (Earnshaw
and Cooke, 1991).

To evaluate the hypothesis that the positioning of a
cytokinetic furrow involves Mt bundles, CHOI,
CENP-E, and/or INCENP, we have thoroughly ana-
lyzed the structure and composition of ectopic fur-
rows that form during mitosis between two indepen-
dent spindles in PtK; cells. Because these furrows can
produce two daughter cells (Rieder et al., 1997), they
contain all of the machinery required for initiating and
completing cytokinesis. The fact that they form be-
tween centrosomes that lack an intervening spindle
and chromosomes provides a unique opportunity to
identify spindle and chromosomal proteins that are
normally found in the cleavage furrow but that are not
required for cytokinesis in vertebrates.

MATERIALS AND METHODS
Cell Culture and Electrofusion

PtK; cells were grown on coverslips and electrofused with a Pro-
Genetor 1II electroporator (Hoeffer, San Francisco, CA) as described
previously (Rieder et al., 1997). Briefly, coverslip cultures that were
60—-80% confluent were placed in fusion buffer (280 mM sucrose, 2
mM HEPES, 1 mM MgCl,, pH 6.9) between two platinum electrodes
separated by ~10 mm. They were then exposed to a 350 V pulse for
2 ms. Exposed cultures were then returned to conditioned medium
for 1 h at 37°C. Coverslip cultures containing fused cells were then
mounted in Rose chambers in fresh complete L-15 media and
scanned 2 or more hours later for cells containing two independent
mitotic spindles. For cytochalasin D experiments, coverslip cultures
were incubated overnight in conditioned media containing 1 ug/ml
cytochalasin D. On the following day they were mounted in Rose
chambers containing the same medium and followed by video
phase-contrast microscopy.
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Video Microscopy

Cells containing two spatially separated mitotic spindles were fol-
lowed by time-lapse video microscopy on an inverted Nikon Dia-
phot microscope, equipped with a Dage MTI VE-1000 video camera,
using either a 40X (numerical aperture [N.A.] of 0.70) or a 20X (N.A.
of 0.75) phase-contrast objective. The cells were maintained on the
microscope stage at 37°C using a custom-built Rose chamber heater
(Rieder and Cole, 1998) and were illuminated with heat-filtered
546-nm (green) light that was shuttered between exposures. Record-
ings were made at 4-15 s intervals onto either super VHS tape or
optical memory disks, and background subtraction and averaging
were conducted using either an ARGUS-10 or a Hamamatsu C2400
image processor. Selected frames were digitized using Scion Image
(Scion, Frederick, MD) frame-grabbing software and were pro-
cessed with Adobe Photoshop (Adobe Systems, Mountain View,
CA).

Immunofluorescence Microscopy

PtK, cells followed in vivo were fixed at the desired time in —20°C
methanol for 10 min. They were then rinsed three times in phos-
phate-buffered saline containing 0.05% Tween 20 (PBST). The cov-
erslips were then incubated for 1 h at 37°C in primary antibodies
against either INCENP (pab1186 [see Eckley et al., 1997]), CHO1
(Kuriyama et al., 1994) (courtesy of Dr. R. Kuriyama, University of
Minnesota, Minneapolis, MN), or CENP-E (HX-1 [Schaar et al.,
1997]) (courtesy of Dr. T. Yen, Fox Chase Cancer Center, Philadel-
phia, PA) diluted in PBST to 1:500, 1:500, and 1:250, respectively.
After primary antibody staining, coverslips were rinsed three times
at 5 min each in PBST. They were then incubated at 37°C for 1 h in
TRITC-labeled goat anti-rabbit secondary antibodies diluted 1:50 in
PBST.

Mts were labeled with a monoclonal a-tubulin antibody (T-5168,
Sigma, St. Louis, MO) at 1:300 dilution in PBST and were treated as
described above with the exception that a FITC-labeled goat anti-
mouse secondary antibody was used. Cells treated with cytochala-
sin D were preextracted in 1% Triton X-100 in PHEM (60 mM
piperazine-N,N’-bis[2-ethanesulfonic acid], 25 mM HEPES, 10 mM
EGTA, 2 mM MgCl,, pH 6.9) for 1 min. They were then fixed for 10
min in 1% glutaraldehyde in PHEM, reduced in NaBH, (0.1 mg/ml
in H,0), and labeled as described above.

After DNA labeling with Hoechst 33342, coverslips were
mounted in glycerol/PBS (1:1) supplemented with 1 mg/ml
p-phenylenediamine to prevent photobleaching. Selected cells were
viewed by epifluorescence using a Nikon Optiphot microscope
equipped with 60X (N.A. of 1.4) and 100X (N.A. of 1.4) objectives.
Images were captured with a cooled charge-coupled device camera
(KAF-1400, Photometrics, Tucson, AZ) and processed using Adobe
Photoshop.

Electron Microscopy

Cells followed in vivo were fixed for electron microscopy by per-
fusion with 2.5% glutaraldehyde in 0.1 M phosphate buffer (see
Khodjakov et al., 1997). They were then post-fixed in 2% OsO, for 60
min at 4°C, washed in buffer, and treated with tannic acid (0.15% in
phosphate buffer) for 1 min. Cultures were stained en bloc for 60
min at 4°C in 1% uranyl acetate, dehydrated in ethanol, and flat
embedded in Epon (see Rieder and Cassels, 1999). Serial thin (90-
nm) sections were photographed on a Zeiss 910 TEM, and the
negatives were subsequently digitized and processed in Adobe
Photoshop.

RESULTS

Midbodies Are Associated with Ectopic Furrows

We followed 432 cells containing two independent
mitotic spindles, separated on average by 35 wm
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(range of 18-75 um), throughout mitosis by time-lapse
light microscopy (LM). Ectopic furrows were initiated
in 102 cells (24%). Of these 102 ectopic furrows, 30
(29%) relaxed before reaching the midbody stage (see
below). We found no correlation between the dis-
tances that separated the closest poles of neighboring
spindles and the success of either ectopic furrow ini-
tiation and/or completion. We also found no correla-
tion between the asynchrony between the two spin-
dles in anaphase onset (which could be >30 min) and
the probability of forming an ectopic furrow. Ectopic
furrows appear to form in a manner similar to that of
control furrows (Figure 1).

An analysis of our video records revealed that ectopic
furrows that did not relax always formed, within a 10-15
min period, a thin phase-dense intercellular bridge sim-
ilar to those formed by control furrows in the same cell
(compare Figure 1F, arrows and arrowhead). Anti-tubu-
lin indirect immunofluoresence (IMF) analysis revealed
that, as in controls, these intercellular bridges always
contained an Mt bundle that varied widely in its Mt
content (n = 33; compare Figure 1, G-I). The Mt bundles
found in the intercellular bridge at the completion of
furrowing in controls displayed a prominent nonstain-
ing central gap (e.g., Figure 1, G and I) that has been
shown by others to correspond at the electron micros-
copy (EM) level to the presence of an electron-opaque
matrix material (Sellitto and Kuriyama, 1988). The Mt
bundle within the intercellular bridge formed by an ec-
topic furrow also contained a similar staining gap, but in
some cases it was barely discernable (e.g., Figure 1H; see
also Figures 7E and 9E).

We used serial-section EM to examine the ultra-
structure of the intercellular bridge produced by ec-
topic furrows (Figure 2A-D). In all cells (n = 9) this
bridge contained a variable number of tightly packed
Mts as well as an electron-opaque matrix material
(Figure 2D). Because the structure of this bridge was
indistinguishable from the bundle of “midbody” Mts
(e.g., see Buck and Tisdale, 1962) associated with the
control intercellular bridges in the same cell (Figure 2,
B and C), we conclude that midbodies are always
present in the thin intercellular bridges formed from
the activity of an ectopic furrow. Our EM analysis also
revealed that the midbodies associated with ectopic
furrows sometimes contained a large number of
10-nm filaments (our unpublished observations) that
are likely keratin filaments that are known to sur-
round the spindle during mitosis in epithelia (e.g.,
Mandeville and Rieder, 1990).

Of the 432 cells followed for this study, 330 (76%)
failed to initiate furrows between the independent
spindles. We fixed and stained 15 of these cells, after
the control furrows had formed midbodies, for an IMF
analysis of Mt distribution (e.g., Figure 3). In all cases
the region between the two spindles where an ectopic
furrow would be predicted lacked Mt bundles. How-
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Figure 1. During mitosis ectopic cleavage furrows and midbodies can form between spindles in a PtK; cell containing two independent
spindles. (A—F) Selected images from a time-lapse recording of a cell containing two independent mitotic spindles. During telophase (C and
D), cytokinesis occurs as expected between the two groups of separating chromosomes (arrows in D) but also between the two spindles
(arrowhead in D). This cell was fixed soon after the image in F when all three furrows contained phase-dense intercellular bridges. (G-I)
Immunofluorescence images of tubulin distribution in the three intercellular bridges pictured in F. The control midbodies, formed between
groups of separating chromosomes, are pictured in G (lower left-hand bridge in F) and I (upper right-hand bridge in F). The ectopic bridge
(H and arrowhead in F) also contains microtubules. Bars: A-F, 10 um; G-I, 5 um.

ever, it always contained large numbers of Mts de-
rived from the two opposing late telophase centro-
somes (Figure 3D, short arrows).

With few exceptions (<1%) after a control furrow
became detectable by video LM, it proceeded without
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interruption to form, over a 10-15 min period, a mid-
body. In contrast, we found that 29% of the ectopic
furrows that started between two spindles ultimately
relaxed before midbody formation. As a rule in our
experimental cells, the ectopic furrow began to form at
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Figure 2. Midbodies formed in
association with ectopic cleavage
furrows are structurally similar to
control midbodies. (A) Phase-con-
trast image of a cell containing
two control midbodies (arrows)
and one ectopic midbody (arrow-
head) just before fixation for seri-
al-section EM. (B-D) Selected elec-
tron micrographs through the
midbodies pictured in A. The let-
ter by the arrow or arrowhead in
A indicates the respective micro-
graph depicting its ultrastructure.
The midbody formed in associa-
tion with the ectopic furrow (D,
also arrowhead in A) is structur-
ally similar to those of the controls
(B and C). All contain bundles of
microtubules that are embedded
in an electron-opaque matrix.
Bars: A, 10 um; B-D, 0.75 um.

approximately the same time as the control furrows.
However, at variable times thereafter (and before mid-
body formation), ectopic furrows that were destined
to relax began to increase steadily in diameter, and
5-10 min later they were no longer detectable (e.g.,
Figures 4, A-D, and 5, A-D). To determine how Mts
are distributed in the region of relaxing ectopic fur-
rows, we followed 10 cells containing two spindles
through anaphase and fixed them for IMF 5 min after
their associated ectopic furrows had begun to relax.
An analysis of these cells revealed that the region of
the relaxing ectopic furrow always contained numer-
ous Mts but lacked the distinct Mt bundles character-
istic of progressing control and ectopic furrows (see
and compare Figures 4F and 5F with 1H and 9E; see
also below).

Inhibiting Furrow Formation with Cytochalasin D
Does Not Inhibit the Bundling of Interzonal
Microtubules

To investigate whether the absence of Mt bundles in
relaxing ectopic furrows is caused by the regression of
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the furrow or by the absence of some internal activ-
ity required for bundling, we treated PtK; cells with
cytochalasin D. This drug specifically inhibits actin
polymerization and thus cytokinesis but not pro-
gression through mitosis (e.g., Aubin ef al., 1981). As
expected, PtK; cells treated with cytochalasin D at 1
pg/ml showed no evidence of furrow formation
(Figure 6, A-D). An IMF analysis of the interzonal
Mts in these cells (n = 7), which were fixed when
untreated cells contain midbodies (30-35 min after
anaphase onset), revealed that even in the absence
of a constricting activity many of the interpolar Mts
were bundled (Figure 6, E and F). As in the mid-
bodies of untreated cells, these bundles also con-
tained a central equatorial region that failed to stain
with anti-tubulin antibody. Thus the formation of
interzone Mt bundles during telophase does not
depend on furrowing activity. Because these bun-
dles have been shown to be extremely stable after
they are formed (e.g., Salmon et al., 1976; Mullins
and Biesele, 1977), the lack of Mt bundles in relaxing
ectopic furrows is caused by the absence of an in-
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Figure 3. Cells that fail to initiate an ectopic furrow between the spindles contain numerous microtubules, but not microtubule bundles,
between the opposing spindles. (A-C) Selected images from a time-lapse recording of a cell that did not initiate cleavage between separate
mitotic spindles. Arrows in B indicate furrow initiation at the location of the metaphase plates, whereas those in C indicate the resultant
midbodies. (D) Immunofluorescence image of microtubule distribution in this same cell fixed soon after the image in C. The control
midbodies (long arrows) contain characteristic microtubule bundles bisected by a nonstaining region. By contrast, the region between the two
spindles (arrowhead) contains numerous microtubules derived from the opposing centrosomes (short arrows) but no microtubule bundles.

Bars: A-C and D, 10 pm.

ternal component needed for bundling and not by
the relaxation of the furrow.

Ectopic Furrows Contain CHO1 and INCENP but
Not CENP-E

The structural data presented above demonstrate that
the midbodies associated with ectopic furrows are
similar to those of controls. We next determined
whether proteins known to be associated with control
furrows and midbodies were also present in the ec-
topic furrows that formed in the absence of an inter-
vening spindle and chromosomes. For these analyses
we chose to assay for the presence of the kinesin-like
CHO1 motor protein (e.g., Sellitto and Kuriyama,
1988; Raich et al., 1998) and two chromosomal passen-
ger proteins, INCENP (Cooke et al., 1987) and CENP-E
(e.g., Brown et al., 1996).

The distribution of CHO1 was examined in cells
fixed 5 or more minutes after both the control and
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ectopic furrows had formed midbodies (n = 12; e.g.,
Figure 7). In all cases we found a variable, but clearly
detectable, level of CHO1 in the ectopic midbody (Fig-
ure 7, D-F, arrowhead). As in control midbodies,
CHOI1 was restricted to the central region of the mid-
body that does not stain for tubulin by IMF (compare
Figure 7, E and F, arrowheads). This is the region that
corresponds to the location of the electron-dense ma-
trix material (Sellitto and Kuriyama, 1988).

Ectopic midbodies formed in cells containing two
spindles were also examined for the presence of the
chromosomal passenger protein INCENP (n = 12).
Because no chromosomes were present in this region,
we were surprised to detect INCENP consistently
in the ectopic midbodies (e.g., Figure 8). In controls
INCENP was found, as reported by others (reviewed
in Rattner, 1992), on opposite sides of the CHO1-
containing matrix material that excludes Mt staining
(Figure 8, B, B’, C, and C’). Although in most cells this
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Figure 4. Relaxing ectopic furrows lack prominent microtubule bundles and the CHO1 protein. (A-D) Images from a time-lapse recording
of a cell that initiated an ectopic furrow between the independent spindles (arrowhead in C). This furrow subsequently and rapidly relaxed
(arrowhead in D). The control furrows (arrows) progressed to completion without incident and formed midbodies (D). (E-G) This cell fixed
soon after the image in D for an immunofluorescence analysis of microtubules (E and F) and CHO1 (G). Note that the region of the relaxing
furrow contains a high density of microtubules (arrowhead in E) that at a higher magnification (F) do not appear to be organized into
conspicuous bundles. Although each control furrow (arrows) also contains CHO1, this protein is not found in the region of the relaxing

furrow (arrowhead in G). Bars: A-D, E and G, and F, 10 um.

was also the case for the ectopic midbodies, in some
INCENP appeared to be distributed in an uninter-
rupted linear pattern (Figure 8, D and D’).

We also attempted to look at TD-60 (reviewed in
Margolis and Andreassen, 1993) but were thwarted
because this antibody does not recognize TD-60 in
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PtK, cells, and our attempts to create cells containing
two independent spindles that stain with TD-60 (e.g.,
CV-1) were not successful. We discovered that the
independent spindles in cell types that normally
round during mitosis, which include all fibroblasts
and most epithelial cells, rapidly associated and fused
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Figure 5. Relaxing ectopic furrows lack bundled microtubules and INCENP. (A-D) Selected images from a time-lapse recording of an
ectopic furrow (arrowhead in C) that goes almost to completion (i.e., the midbody stage) before rapidly relaxing (D). (E-G) This cell fixed
soon after the image in D for an immunofluorescence analysis of microtubules (E and F) and INCENP (G). Unlike the control midbodies
(arrows), each of which contains a prominent bundle of Mts (E), the region of the relaxing ectopic furrow (arrowhead in E and shown at a
higher magnification in F) is rich in microtubules that are not bundled. Note also that the INCENP antigen is present in both control furrows
(arrows) but absent from the relaxing ectopic furrow (arrowhead in G). Bars: A-D, E and G, and F, 10 um.

to form a large common multipolar spindle. However,
with regards to INCENP, a recent study found that the
distribution of this protein and TD-60 was indistinguish-
able under a wide variety of conditions (Martineau-
Thuillier et al., 1999).
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Finally, we examined ectopic furrows for the pres-
ence of CENP-E. CENP-E is another chromosomal
passenger protein that relocates during anaphase to
the interzone Mts, and its location ultimately be-
comes restricted to the midbody. However, because
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Figure 6. Interpolar microtubules between the separating groups of anaphase chromosomes form bundles even when furrow
formation is inhibited with cytochalasin D. (A-D) Images from a time-lapse recording of a cytochalasin-treated cell as it progressed
from metaphase through telophase of mitosis. (E) This cell fixed soon after the image in D, and ~30 min after anaphase onset, for an
immunofluorescence analysis of microtubule distribution. Note that even when cytokinesis is inhibited, the interzonal microtubules
positioned between the two separated nuclei form prominent bundles and contain a nonstaining equatorial band. (F) Microtubule
distribution in another cytochalasin-treated cell that was followed by video LM until it was fixed during telophase. Again, even though
this cell did not initiate furrowing, it contains prominent bundles of interzonal microtubules, many of which are bisected by a

nonstaining region. Bars: A-D and E and F, 10 um.

it is degraded sometime after midbody formation
but before the final separation of daughter cells
(Brown et al., 1994), it is present in all young but not
older midbodies. We therefore fixed our experimen-
tal cells (n = 9) after furrowing at the ectopic site
was well underway but before midbody formation
(e.g., Figure 9). Although this protein was present in
all forming control furrows and midbodies (e.g.,
Figure 9, E and F, arrows), we never found it in
ectopic furrows or forming ectopic midbodies (Fig-
ure 9, E and F, arrowhead).

Relaxing Ectopic Furrows Lack INCENP and CHO1

As noted previously, 76% of the cells followed by
video LM failed to initiate cytokinesis between the
two spindles after anaphase. When we examined
those regions where an ectopic furrow should have
formed, we always found numerous Mts that were
derived from opposing centrosomes (see Figure 3D).
However, in these cells we never saw INCENP or
CHOL1 protein at locations other than the control mid-
bodies (our unpublished observations).

Vol. 10, February 1999

We speculate that ectopic furrows that relax are
likely to be deficient in some component(s) required
for the final stages of cytokinesis. One prediction is
that the CHO1 protein is not present in relaxing ec-
topic furrows because these furrows lack Mt bundles
(our unpublished observation) that require CHO1
(e.g., Kuriyama et al., 1994; Raich ef al., 1998). Another
prediction is that they also lack INCENP that has
recently been implicated in the latter but not in early
stages of cytokinesis (Mackay et al., 1998). To evaluate
these predictions we examined relaxing furrows for
the presence of these proteins. In every instance
we found that, as predicted, these regions lacked de-
tectable CHO1 (n = 5; Figure 4G, arrowhead) and
INCENP (n = 5; Figure 5G, arrowhead).

DISCUSSION

PtK; cells that contain two independent mitotic spin-
dles can be produced by electrofusion. As described
by Rieder et al. (1997), these spindles remain indepen-
dent throughout mitosis unless they wander close
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Figure 7. Midbodies formed in association with ectopic furrows contain the CHO1 protein. (A-D) Images from a time-lapse recording of
a cell that formed an ectopic furrow between a tripolar spindle and a normal, bipolar spindle. Arrows in C and D indicate control furrows.
The arrowhead in C indicates the forming ectopic furrow, and that in D indicates the ectopic midbody. (E-G) Immunofluorescence images
of the same cell shown in A-D, fixed soon after the image in D. (E) Comparison of tubulin distribution between the control midbodies
(arrows) and the ectopic midbody (arrowhead). This ectopic midbody exhibits the nonstaining central region found at the controls. (F)
Distribution of the CHO1 protein. Arrowhead indicates the ectopic furrow. Although weaker in intensity, the location and localization
patterns of the signal are identical to those of the controls. Note that the tripolar spindle region in the upper portion of the panel only shows
a signal at one site, suggesting that two and not three daughter cells would have resulted upon completion of cleavage. (G) DNA distribution.
Bars: A-D and E-G, 10 um.

enough (within ~20 wm) for their Mt arrays to over-  spindles sometimes undergo cytokinesis between the
lap, at which time they then rapidly fuse to form a  spindles in a region that lacked an intervening spindle
single large multipolar spindle. In their original re-  and chromosomes. Although it was noted that many

port, Rieder et al. (1997) noted that cells containing two  of these “ectopic” furrows were fully functional in that

306 Molecular Biology of the Cell



Cytokinesis between Two Spindles

Figure 8. Midbodies formed between spindles contain INCENP. (A) The distribution of microtubules in the cell shown in Figure 1. The
arrows indicate control midbodies, whereas the arrowhead indicates the midbody formed in association with the ectopic furrow. (B-D) The
microtubule patterns in these midbodies at a higher magnification. B is from the upper control midbody shown in A, C is from the lower
control, and D is from the ectopic midbody. (B'-D’) The corresponding images depicting the distribution of INCENP. Note that all of the
midbodies, including the ectopic one, contain this protein. Bars: A, 10 um; B-D and B'-D’, 5 um.

they led to the production of two independent daugh-
ter cells, no attempt was made at the time to study
their structure or composition.

The demonstration that cytokinesis can occur in ver-
tebrate somatic cells between two centrosomes, in the
absence of an intervening spindle or chromosomes, is
similar to that reported earlier for echinoderm zygotes
(reviewed in Rappaport, 1991). The fact that both ver-
tebrate somatic cells and large invertebrate zygotes
play by the same rules implies that cytokinesis occurs
by similar mechanisms in diverse systems. Because
cytokinesis can occur in the absence of a spindle and
chromosomes, the role these structures play in this
process remains unclear.

As emphasized by Oegema and Mitchison (1997),
data concerning the structure and composition of ec-
topic furrows are potentially useful for evaluating
models of cytokinesis. We therefore used same-cell
correlative LM, IMF, and EM to characterize the struc-
ture of ectopic furrows and to determine whether they
contain some of the chromosomal passenger (INCENP
and CENP-E) and spindle (CHO1) proteins thought to
be involved in cytokinesis.

Ectopic Furrows Lead to the Formation of
Midbodies

During anaphase the interzonal region between the
groups of separating chromosomes contains two over-
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lapping interpolar Mt arrays, of opposite polarity, that
are derived from the opposing centrosomes (e.g., Mas-
tronarde et al., 1993). During late anaphase and near
the initiation of cytokinesis, adjacent Mts within this
interpolar array begin to coalesce into multiple bun-
dles, each of which contains a discrete patch of an
electron-opaque matrix material (Buck and Tisdale,
1962; reviewed in Rattner, 1992; Kuriyama et al., 1994).
As furrowing is initiated, these multiple Mt bundles
and their associated matrix coalesce into a single Mt
bundle referred to as a midbody (Buck and Tisdale,
1962; reviewed in Rattner, 1992) (Figure 2, B-D). The
midbody then bridges the two daughter cells until it is
broken and discarded (see Mullins and Biesele, 1977).

The preliminary results of Rieder et al. (1997) sug-
gested that ectopic furrows in PtK; cells form in a
region between the spindles devoid of Mts and lack a
midbody. However, our extensive analyses of cells
containing two independent spindles reveal that by
telophase the region between the two spindles always
contains numerous Mts (Figures 3D, 4E, and 5F). Be-
cause these Mts are not present between the spindles
at the time of anaphase onset (Rieder et al., 1997), they
likely arise during telophase as each of the centro-
somes nucleate a new array of cytoplasmic Mts (e.g.,
see Vandre ef al., 1984).

We found that the intercellular bridge formed by an
ectopic furrow contained a midbody that was indis-
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Figure 9. CENP-E is not found in midbodies formed from ectopic furrows. (A-D) Images from a time-lapse sequence from a cell that formed
an ectopic furrow (arrowhead in C and D). (E and F) Immunofluorescence localization of microtubules (E) and CENP-E (F) in the same cell
fixed soon after the image in D. At this time the ectopic furrow (arrowhead) had progressed to a point between the two control furrows
(arrows), one of which (upper) had not yet formed a midbody (see text for details). All three furrow sites contain microtubule bundles and
a nonstaining central band (E). Although the two control furrows vary in their state of progression, both contain CENP-E (arrows in F), but
this protein is not found in the ectopic furrow (arrowhead in F). Bars: A-D and E and F, 10 um.

tinguishable from those formed by control furrows in
the same cell (compare Figure 2, B-D). In some cases
the ectopic midbody contained only a few bundled
Mts (e.g., Figures 1H and 7E) and little matrix mate-
rial, but in others it was as robust as those of control
midbodies formed between separating groups of chro-
mosomes (e.g., Figure 2D). By contrast, although over-
lapping arrays of interpolar Mts were always found in
the region between two independent telophase spin-
dles, we never saw bundles of Mts or midbodies in
this region in cells that failed to initiate an ectopic
furrow (Figure 3D) or in those cells in which the
ectopic furrow relaxed (Figures 4F and 5F). Consider-
ing the fact that after being formed, interzonal Mt
bundles are extremely stable (Salmon et al., 1976; Mul-
lins and Biesele, 1977; Mullins and McIntosh, 1982),
we conclude that ectopic furrows can be initiated in
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the absence of Mt bundling. However, Mt bundling
seems to be required for the furrow to propagate to
the midbody stage because we always found bun-
dles in the midbodies of ectopic furrows and, as
evident from our cytochalasin D-treated cells, bun-
dling is not a product of furrow constriction but an
intrinsic property of the spindle interzone (e.g., Fig-
ure 6). In this context it is noteworthy that we
always found the Mt-bundling protein CHOI1 in
both control and ectopic midbodies but never in
relaxing ectopic furrows. Our conclusion that Mt
bundling is required for furrow propagation but not
for initiation is consistent with the recent report that
furrows are initiated, but then ultimately relax, in
ZEN-4 null Caenorhabditis elegans embryonic cells
that also lack the capacity to bundle interzone Mts
(Raich et al., 1998).
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CHO1 and INCENP Are Present in Ectopic
Midbodies and Are Therefore Likely Required for
Cytokinesis, whereas CENP-E Is Not

The formation of midbodies between adjacent spin-
dles occurred < 20% of the time (i.e., in 72 of 432 or
17.6% of the cells), but when these midbodies did
form, they typically appeared to be both functionally
and structurally normal. Their formation therefore
provides a model system for analyzing the function of
specific proteins during cytokinesis. In particular, pro-
teins that are required for midbody formation must be
present in both normal (control) and ectopic furrows.

Our study reveals that the kinesin-like Mt motor
protein CENP-E, which becomes concentrated in con-
trol cleavage furrows and midbodies, is not essential
for cytokinesis. Its location within the furrow and its
association with midbody Mts have led to the sugges-
tion that this chromosomal passenger protein is in-
volved in this process (e.g., see Yen et al., 1991). How-
ever, this hypothesis has not been directly tested
because the inhibition of CENP-E function, by anti-
body injection (Yen et al., 1991) or overexpressing a
mutant (Schaar et al., 1997), inhibits the anaphase on-
set that is a prerequisite for cytokinesis. Our data
reveal that although CENP-E is always present in
control furrows and midbodies, it is never seen in
ectopic furrows or ectopic midbodies (Figure 6). Thus
we conclude that CENP-E is not required for cytoki-
nesis.

The converse of this logic is that proteins that are
always associated with both control and ectopic fur-
rows and midbodies are excellent candidates for com-
ponents that have an obligatory role in cytokinesis.
Although localization data by itself cannot demon-
strate a functional involvement, it is striking that two
of the proteins we found to be always associated with
normal and ectopic furrows have been independently
suggested to be involved in cytokinesis.

The first of these is the CHOL1 protein that bundles
Mts in vitro (Nislow et al., 1992) and in vivo
(Kuriyama et al., 1994) and is known to have human
(MKLP1 [Nislow et al., 1992]) and C. elegans (ZEN-4
[Raich et al., 1998]) homologues. During spindle for-
mation, this protein is distributed diffusely along the
spindle fibers, but during anaphase, it redistributes
into prominent streaks within the interzone that cor-
respond to MT bundles. Finally during telophase, it
becomes restricted to the very center of the midbody
where the electron-opaque matrix associated with
overlapping Mt ends is located (Sellitto and
Kuriyama, 1988). Like CENP-E, CHOL1 is a member of
the kinesin superfamily, but unlike CENP-E, our data
reveal that CHOL is present in every ectopic midbody,
suggesting that it is required for cytokinesis in verte-
brates as its homologue (ZEN-4) is required in C.
elegans (Raich et al., 1998). How CHO1 becomes asso-
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ciated with ectopic furrows, which can form many
micrometers from a spindle and chromosomes, re-
mains to be determined. Because it is a plus-end Mt
motor, present in the centrosome and nucleus before
spindle assembly, it is possible that it moves into the
region where the ectopic furrow will form during
telophase as the centrosomes begin to renucleate ex-
tensive arrays of cytoplasmic Mts.

The chromosomal passenger protein INCENP was
originally suggested to play a role in cytokinesis
(Cooke et al., 1987) and becomes concentrated at the
site of furrow formation before myosin (Eckley et al.,
1997). Recent studies reveal that cytokinesis ultimately
fails in cells overexpressing different dominant-nega-
tive mutant forms of INCENP (Eckley et al., 1997;
Mackay et al., 1998). However, a role for this protein in
cytokinesis has been questioned because it is difficult
to envision how a chromosomal protein can become
positioned in ectopic furrows that form many mi-
crometers from the closest chromosome (Oegema and
Mitchison, 1997). Here we show that INCENP is
present in all ectopic furrows. This result reveals that
this protein does not have to be delivered by a chro-
mosome but can move freely within the cell. Because
we found INCENP in all ectopic furrows that formed
midbodies, the data also strongly support the hypoth-
esis that it plays an obligatory role in cytokinesis.

One advantage of our system is that it allows one to
compare the structure and composition of completed
furrows with those that began to form but then ulti-
mately relaxed. As in echinoderm zygotes (Rappaport,
1961), some (~30%) of the ectopic furrows formed in
PtK; cells relaxed before reaching the midbody stage
(Rieder et al., 1997) (our unpublished observations).
Because cytokinesis has long been known to be a
multistep process (reviewed in Rappaport, 1991; Ada-
chi et al., 1997), this result is not unexpected. It means
that the conditions for forming and initiating the ac-
tivity of a furrow are not the same as those for main-
taining and propagating the furrow. Therefore, an
analysis of regressing ectopic furrows may be useful
for defining which components are needed for main-
taining and stabilizing a furrow after it is formed. Our
findings that CHO1 and INCENP are always present
in ectopic midbodies, but never in regressing ectopic
furrows, suggest that they are not involved in furrow
initiation but instead stabilize the activity of the fur-
row until the midbody is formed. This hypothesis is
consistent with the recent observation that furrowing
is initiated in C. elegans zygotes lacking the CHO1
homologue (ZEN-4) but that these furrows ultimately
regress (Raich et al., 1998). It is also consistent with the
demonstration of Eckley et al. (1997) (see also Mackay
et al., 1998) that overexpressing a mutant form of
INCENP disrupts cytokinesis only after the furrow
has already formed.
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Although it is not known which molecules signal
the location of either normal or ectopic furrows, our
data permit us to conclude that the initiation of furrow
formation requires more than just overlapping antipa-
rallel arrays of Mts in a telophase cytoplasm; 70% of
our cells met this condition without exhibiting any
detectable signs of furrow formation. The bundles of
interpolar Mts that form within the interzone during
anaphase and telophase are extremely stable (see
above), and their formation requires CHO1 but not the
presence of a contractile furrow (e.g., see Figure 6).
Recent observations of mutant Drosophila spermato-
cytes that fail to undergo cytokinesis suggest that the
bundles of interpolar Mts formed in the interzone
during anaphase are involved in positioning and ini-
tiating furrow formation (e.g., Williams et al., 1995;
Giansanti et al., 1998). However, we do not find bun-
dles of interzonal Mts in regressing ectopic furrows
where, because of their extreme stability, they would
be expected if they were required for furrow forma-
tion. Indeed, when the formation of interzonal Mt
bundles is inhibited in C. elegans by knocking out the
CHO1 homologue ZEN-4, cytokinesis is still initiated
but ultimately fails (Raich et al., 1998).

In conclusion, the ability to examine the structure
and composition of ectopic furrows that complete fur-
rowing to the midbody stage and of regressing ectopic
furrows provides a novel and powerful system for
exploring the mechanism of cytokinesis. We have
used this system to evaluate the role of several pro-
teins thought to be involved in this process and have
identified one (CENP-E) that is not. Furthermore, our
data implicate the Mt-bundling CHO1 protein and
INCENP in the propagation and/or stabilization of
furrows but not in their formation. The assay de-
scribed here should be useful in the future for deter-
mining whether proteins suspected of being involved
in cytokinesis are and if so whether they are involved
in the initial or latter stages of this process.
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