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A cytokinesis furrow is positioned by two

consecutive signals

Henrik Bringmann' & Anthony A Hyman'

The position of the cytokinesis furrow in a cell determines the
relative sizes of its two daughter cells as well as the distribution of
their contents. In animal cells, the position of the cytokinesis
furrow is specified by the position of the mitotic spindle’. The
cytokinesis furrow bisects the spindle midway between the micro-
tubule asters, at the site of the microtubule-based midzone,
producing two daughter cells. Experiments in some cell types
have suggested that the midzone positions the furrow>?, but
experiments in other cells have suggested that the asters position
the furrow*’. One possibility is that different organisms and cell
types use different mechanisms to position the cytokinesis furrow.
An alternative possibility is that both asters and the midzone
contribute to furrow positioning®’. Recent work in C. elegans has
suggested that centrosome separation and the midzone are impli-
cated in cytokinesis®. Here we examine the relative contributions
of different parts of the mitotic spindle to positioning of the
cytokinesis furrow in the C. elegans zygote. By spatially separating
the spindle midzone from one of the asters using an ultraviolet
laser, we show that the cytokinesis furrow is first positioned by a
signal determined by microtubule asters, and then by a second
signal that is derived from the spindle midzone. Thus, the position
of the cytokinesis furrow is specified by two consecutive furrowing
activities.

A mitotic spindle contains two structures implicated in cytokinesis
furrow positioning: asters, which are radial arrays of centrosome-
nucleated microtubules, and the midzone, which forms between the
separating chromatin at anaphase and consists of non-kinetochore
spindle microtubules. A mitotic spindle is an inherently symmetric
structure. A furrow-positioning cue from the asters would position
the furrow midway between them. A midzone cue would position a
furrow at the same place. In order to separate the contributions of the
midzone and the asters to cytokinesis, the two structures must be
spatially separated. In one-cell C. elegans embryos, the spindle forms
in the middle of the cell at metaphase. At anaphase, cortical pulling
forces pull on the microtubule asters, separating the two spindle
poles’.

We took advantage of these pulling forces to design an experiment
in which the position midway between the two asters was different
from the position of the spindle midzone. An embryo was observed
until the onset of anaphase (the time at which the midzone forms'?).
One aster was then separated from its associated chromatin using an
ultraviolet laser, creating a cell with one isolated aster and the other
aster still attached to the midzone. Cortical pulling forces moved the
asters to opposite poles of the cell, positioning the spindle ‘midzone’
roughly one-third of the way along the aster-to-aster-distance
(Fig. la—d and Supplementary Videos 1, 2). Thus, the position of
the midzone was different from the position midway between the two
asters. We call this procedure asymmetric spindle severing (ASS).
Following ASS, cytokinesis furrow ingression started midway
between the asters. However, the furrow did not complete midway

between the asters: a second furrow formed at the cell cortex closest
to the midzone (Fig. le—g and Supplementary Videos 3-5). The two
distinct furrows then met and cytokinesis completed. Thus, two
furrows are observed after ASS, one between the asters and one
directed towards the midzone. Both furrows contribute to the final
position of the cleavage plane.

Using cylindrical cells, it has been shown that the mitotic appa-
ratus can induce multiple furrows if it is successively displaced along
the long axis of the cell'’. A furrow can even be produced after
removing the mitotic apparatus by aspiration before the onset of
furrowing'?. It could be that the spindle midzone specifies both
furrows, one before and one after its displacement. Alternatively, the
asters might specify the first furrow. To resolve this problem, we
compared the effects of separating either the anterior or the posterior
aster. The isolated aster moves further towards the poles of the cell
compared with the aster that is still attached to the midzone. Thus,
the position midway between the asters is different after anterior and
posterior ASS. This difference is reflected in the difference of
the position of the first furrow (see Fig. 2, the position of the first
furrow is 53.7 £ 0.9% along the embryo length after anterior ASS
and 56.5 * 0.6% along the embryo length after posterior ASS;
mean * s.e.m.; P = 0.041). After ASS, the position of the first furrow
is thus dependent on the position of the asters.

We also shifted the first furrow using monopolar spindles, as it has
been shown that either an isolated aster or a monopolar spindle
is sufficient to specify a cleavage plane®'’. To generate mono-
polar spindles, we repeated ASS and subsequently disintegrated
the separated aster using the ultraviolet laser (Fig. 2 and Supplemen-
tary Videos 6, 7). Under these conditions, the first furrow was
established further away from the remaining aster (ASS with intact
aster, 12.8 = 0.2 um; ASS followed by aster disintegration,
18.0 £ 0.7 pm), at a position that was not related to the midzone
position before ASS. The cleavage plane then corrected towards the
midzone. The spatial shift of the first furrow away from the intact
aster demonstrates that the furrow position is not defined before
spindle severing, and is thus determined by microtubule asters.
Taken together, these experiments show that the cytokinesis cleavage
plane is specified by two consecutive signals derived from distinct
components of the mitotic spindle: the microtubule asters and the
spindle midzone.

Cleavage furrow formation is driven by actomyosin contraction,
but little is known about the molecular mechanisms specifying where
and when contraction will occur. To learn about the molecular
control of redundant cleavage plane positioning, we assayed genes
with known and potential roles in cytokinesis for their effects on the
two furrows. Genes leading to defects in cytokinesis were chosen
from the literature and genome-wide screens (see Supplementary
Table 1). The gene products were depleted either by RNA interference
(RNAi) or using established mutants, subjected to the ASS pro-
cedure, and analysed for the specification of the aster-positioned
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furrow (the first furrow), the specification of the midzone-positioned
furrow (the second furrow), the ability to correct the aster-positioned
furrow, and the extent of ingression of both furrows.

Here we describe four categories of cleavage furrow defects (Fig. 3
and Supplementary Videos 8—13). Supplementary Table 1 contains
details of the genes tested. The first class consisted of rho-1, nmy-2,
cyk-1, mlc-4, let-21, pfn-1 and act-4. In this class, neither furrow
formed. Genes in this class were required for general aspects of
actomyosin activity, and have previously been shown to prevent
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Figure 1| Asymmetric spindle severing spatially separates the spindle
midzone and the region midway between the asters, leading to the
generation of two furrows. a-d, Alteration of spindle geometry. Spinning-
disk microscopy images after ASS performed in a yellow fluorescent protein
(YFP)—a-tubulin background (a, b) or a zen-4-GFP background (c, d) to
reveal the microtubule cytoskeleton and the spindle midzone, respectively.
Unsevered control cells are shown in a and ¢, severed spindles in b and d.
e-g, Generation of two furrows after ASS shown in DIC microscopy image
series (compare Supplementary Videos 1-5). Time shown in minutes
following ASS procedure. e, Wild-type embryo. f, Separation of the anterior
aster. g, Separation of the posterior aster. The irradiated region is indicated
by a black bar. The posterior nucleus lies outside the focal plane in one image
(position indicated by a black circle). Furrows often were unilateral after
ASS. The asters seem to be attached to the ingressing furrow, which may
cause the midzone to move off axis (see f). First furrows are indicated in
green, second furrows in red. The difference in furrowing after posterior and
anterior ASS is probably due to the geometry of the cell. After anterior ASS,
the midzone moves closer to the cortex compared with posterior ASS. In
general, cytokinesis takes longer after ASS (roughly double the time
compared to control). Posterior is to the right in a—g. Scale bars, 10 pm.
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furrow formation'*'%. We did not further analyse these genes. The

second class consisted of air-2, zen-4 and cyk-4 (Fig. 3b). These genes
have known roles in spindle midzone formation and completion of
cytokinesis'”™'?. After ASS the aster-positioned furrow ingressed
weakly compared with wild-type embryos. A midzone-positioned
furrow did not form. The aster-positioned furrow regressed and
cytokinesis failed. The weak ingression of the aster-positioned furrow
indicates that these genes have general roles in furrow ingression.
The third class of genes leading to cleavage furrow defects
consisted of spd-1 and klp-7 (Fig. 3c). Both of these genes are
known to be required for midzone formation, but cytokinesis
completes in one-cell embryos*. After ASS, embryos in this class
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Figure 2 | Microtubule asters position the first cytokinesis furrow. The
spindle midzone positions the second cytokinesis furrow. a—c, Spinning-disk
microscopy images after posterior ASS (P-ASS) with (¢) and without (b)
subsequent aster ablation, observed by YFP—«-tubulin fluorescence.

a, Unsevered control. Embryos in the top panels are shown at the point at
which the first furrow (green arrowheads) ingresses. Compared with a and b,
the furrow in c is set up further away from the remaining aster. Embryos in
the bottom panels are shown at the point at which the second furrow
ingresses. The second furrow (red arrowheads in b and c) always aims at the
spindle midzone. Posterior is on the right. Scale bar, 10 pm. Compare
Supplementary Videos 6 and 7 showing aster ablation in DIC microscopy.
d, Quantification of spindle dimensions and furrow positions in unsevered
embryos and embyros after anterior (A) and posterior (P) ASS, and P-ASS
plus aster ablation. The position of the aster centres (green squares) and the
nuclei (red dots) at the time the first furrow ingresses are indicated. The
positions of the first (green), second (red) and final (grey) furrow are shown
as histograms. Error bars are s.e.m.
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were capable of division but failed to segregate the DNA to the two
daughter cells, yielding one cell with an aster and one cell with an
aster and two nuclei. Progression of aster-positioned cleavage was
fast compared with wild type (6 = 1pms™" in wild-type embryos
and 11 = I pms ' in spd-1(0j5) embryos), and the furrow did not
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Figure 3 | Genetic control of redundant cleavage plane positioning.

a-d, Phenotypic defects after ASS. Unsevered control and severed embryos
are shown at the point at which the cytokinesis furrows are maximally
ingressed. Right panels show cleavage progression over time, with the
aster-positioned furrow in green and the midzone-positioned furrow in red.
a, In wild-type embryos, the aster-positioned furrow does not complete, but
instead pauses. The cytokinesis furrow position is then corrected by the
midzone, and part of the aster-positioned furrow regresses. b, Both
furrowing activities are affected, leading to a failure in cytokinesis. ¢, No
correction mechanism is present; the embryo divides solely using its
aster-based mechanism, resulting in one cell that contains no nucleus, and
one cell that contains two nuclei. d, Failure to correct the aster-positioned
furrow means that the aster-positioned furrow completes before the
midzone-positioned furrow starts, leading to the generation of three cells.
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pause, suggesting that the spindle midzone inhibits the aster-
positioned furrow. The absence of a midzone-positioned furrow
indicates that the defective spindle midzone in spd-1 and kip-7
mutants is not able to provide a positional cue. Additionally, the
completion of cytokinesis in spd-1 and klp-7 mutants solely on the
basis of an aster-positioned furrow demonstrates that cytokinesis can
complete without a functional midzone, confirming previous
studies'>**. Cytokinesis in spd-1 and klp-7 mutants highlights
the redundancy of the cleavage furrow specification mechanism.
This experiment further shows that the two furrow-positioning
mechanisms are genetically separable.

The fourth class consisted of one gene, mel-11, which is a myosin
light chain phosphatase that inhibits non-muscle myosin (NMY-2)
contractility (Fig. 3d). In mel-11 embryos, cytokinesis occurs twice as
fast as in wild-type embryos™. In this class, the aster-positioned
furrow ingressed and completed. However, a midzone-dependent
furrow was also specified and completed, resulting three cells: one
containing an aster, one containing a nucleus, and one containing an
aster and a nucleus. We measured the progression of aster-dependent
cleavageas 6 = 1 pms ' inwild-type embryosand 11 = 2 ums™ 'in
mel-11(it26) embryos. Thus, reduced ingression of the aster-
positioned furrow in the presence of a spindle midzone is probably
regulated through myosin activity, and facilitates a positional
correction mechanism by the spindle midzone.

By physically changing the geometry of the mitotic apparatus in a
C. elegans embryo at the one-cell stage, we have shown that the
position of the cytokinesis furrow is controlled by the consecutive
and concerted action of two signals. The first positional signal is
provided by microtubule asters. This is followed by a second signal
specified by the spindle midzone. The first, aster-derived signal alone
seems to be sufficient for cleavage. The second signal can probably
also cleave the cell alone, as the midzone can position contractile
material and induce a furrow after ASS. The second signal provides a
robust correction mechanism to ensure that the genetic material is
segregated equally to the two daughter cells. The spindle midzone is
not required for completion and abscission in our experiments.
However, the spindle midzone negatively influences the ingression
of the aster-positioned furrow, probably by regulating myosin
activity, perhaps through MEL-11. It facilitates the correction
mechanism by the spindle midzone. The dominance of the mid-
zone-positioned furrow is further highlighted by a persistent flow of
green fluorescent protein (GFP)-tagged myosin (NMY-2-GFP)
patches into the midzone-positioned furrow, while flow into the
aster-positioned furrow ceases (Supplementary Videos 14 and 15).
Redundant cytokinesis signals could be a universal mechanism to
increase the precision with which the cleavage plane is positioned.
Different cell types, however, might use the two mechanisms to
different extents.

METHODS

Laser setup, microscopy and image analysis. The laser ablation experiments
were performed using a highly focused ultraviolet laser beam and observed using
differential interference contrast (DIC) and spinning-disk microscopy as
described”, except that a Melles Griot Arlon Laser (488 nm, 100 mW) laser
was used for fluorescence imaging. All ablations were performed in DIC optics.
Quantification of spindle dimensions and furrow positions were made using
Scion Image. Cytokinesis furrows were tracked in DIC movies using Metamorph
software. All errors are reported as s.e.m. Figs were prepared using Photoshop
and Illustrator (Adobe).

Asymmetric spindle severing (ASS). Asymmetric spindle severing was per-
formed just after anaphase onset (identified by the disappearance of the
metaphase plate) and observed by DIC microscopy. At the time of the spindle
severing, spindle midzone components like ZEN-4 are already localized to the
spindle midzone (unpublished observations using ZEN-4-GFP). Five to ten
shots were fired at the region midway between one aster centre and the separated
chromatin (see Supplementary Videos 1 and 2). One shot consisted of 25 optical
pulses at a repetition rate of 250 Hz. If the same number of shots was fired in the
region between spindle and cortex, no severing of the spindle is observed (data
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not shown). The position of the first furrow was measured at the point at which it
had ingressed roughly two-thirds of the egg width. The position of the second
furrow was measured at the first point at which the furrow was visible. If the
furrow showed bent growth, we measured the final position to which the furrow
was aiming. The position of the final furrow was measured (n = 4) at the point at
which the two blastomeres rounded up and the furrow was perpendicular to the
anterior—posterior axis of the embryo. For furrow tracking (n = 3), we focused
such that the largest opening of the contractile ring was visible. We compared the
tracking data for an NMY-2—GFP embryo when collected by DIC or fluorescence
microscopy and obtained comparable results. For simplicity, DIC videos were
used for all quantifications. After ASS, the aster-positioned furrow is normally
unilateral in wild-type embryos but bilateral in MEL-11 and SPD-1 embryos,
which accounts for the different cytokinesis progression speeds.

Aster ablation. In order to ablate the asters, 15-20 additional shots were
delivered in the centre of the aster (the region devoid of yolk granules) after it
had been isolated from the mitotic spindle. The microscope stage was rapidly
moved in circles around the centre of the aster during shooting to prevent
spreading of the aster fragments (Supplementary Video 6). If the shots were
distributed in the astral region containing yolk granules, the aster remained
intact and the first furrow was not displaced (data not shown). Optical sections
were taken with a spinning-disk microscope. We scanned through the embryo to
verify the absence of the aster. Furrow positions were quantified (as for ASS) for
five embryos. Using DIC and spinning-disk microscopy, we observed the cell
containing the irradiated aster for a time equivalent to several additional cell
division cycles, and did not see any sign of an aster reforming.

Worm culture, strains, alleles and RNAI. C. elegans were cultured as described’.
All RNAi-mediated depletions were performed in the RNAi hypersensitive
strains NL2099 (ref. 23) or GR1373 (ref. 24). Both strains behaved like wild-
type N2 worms after ASS. RNAi was performed either by injection of double-
stranded RNA or by feeding, as described'®**. Worms were analysed 48 or 72h
after injection or feeding, respectively. For feeding experiments, worms were
mated with males to maintain egg-laying. Mutants were shifted to a restrictive
temperature 5-24 h before analysis. For a list of mutants and RNAi methods
used, see Supplementary Table 1. Genes were classified as wild type if the
embryos displayed the published phenotype and if, under those conditions, two
furrows were observed. Typically, 5-10 experiments were performed for each
gene. All DIC experiments were carried out at 23 °C, spinning-disk data were
collected at 17 °C.
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