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Polarized Myosin Produces
Unequal-Size Daughters During
Asymmetric Cell Division
Guangshuo Ou,*† Nico Stuurman, Michael D’Ambrosio, Ronald D. Vale†
Asymmetric positioning of the mitotic spindle before cytokinesis can produce different-sized daughter
cells that have distinct fates. Here, we found an asymmetric division in the Caenorhabditis elegans Q
neuroblast lineage that began with a centered spindle but generated different-sized daughters, the
smaller (anterior) of which underwent apoptosis. During this division, more myosin II accumulated
anteriorly, suggesting that asymmetric contractile forces might produce different-sized daughters. Indeed,
partial inactivation of anterior myosin by chromophore-assisted laser inactivation created a more
symmetric division and allowed the survival and differentiation of the anterior daughter. Thus, the
balance of myosin activity on the two sides of a dividing cell can govern the size and fate of the daughters.
ost somatic cell divisions equally partition the cytoplasm and produce equivalent daughters. Asymmetric cell divisions
are used to generate distinct daughter cells that have

M

different fates in development and in adult stem cell
lineages (1, 2). Asymmetric cell division has been
best studied in the first embryonic cell division in
Caenorhabditis elegans (3). Here, unequal dynein-

Fig. 1. C. elegans Q neuroblast lineage and spindle positioning
in asymmetric cell division. (A) Three rounds of asymmetric cell
divisions make three different neurons (QL generates PQR, PVM,
and SDQL, whereas QR generates AQR, AVM and SDQR) and two
apoptotic cells (in black). (B) Spindle positioning in the secondround division with centrosomes (g-tubulin, TBG-1::GFP) in green
and plasma membrane [mCherry with a myristoylation signal
(12)] and histone (his-24::mCherry) in red. The cell anterior is
toward the left. Bar, 2.5 mm. Upper right corners show a
schematic summary of the results: QR.p spindle is displaced
posteriorly but QR.a spindle is centered. (C) Centrosome–to–
cell center distance ratio (anterior centrosome distance divided
by posterior centrosome distance); data are shown as the mean T
SD (n = 12). Cell center is defined as the midpoint between the
two cell poles. (D) QR.a (left) and QR.p (right) spindles during
anaphase and cytokinesis. (E) The distance of the centrosome to
the cleavage furrow (Ca, anterior; Cp, posterior) or to the cell
pole (Pa, Pp). The distance is quantified from 10 movies and is
normalized compared to the initial distances for each centrosome
at the start of anaphase. Raw data are shown in fig. S1.
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mediated pulling forces in the anterior-posterior
axis displace the spindle toward the posterior pole
(3–5). The cleavage furrow then forms in the middle of the elongating anaphase spindle, but because the spindle is displaced, the cell is divided
into unequal-size daughters (3, 5). However, in
Drosophila neuroblasts, asymmetric cell division
begins with the spindle aligned in the middle of
the cell (6–8). As anaphase progresses, the spindle
elongates asymmetrically and the cytokinetic furrow shifts toward one side of the cell. However,
the cellular mechanism responsible for this type of
asymmetric cytokinesis is unknown.
We developed fluorescence markers and live
imaging methodologies to study asymmetric diThe Howard Hughes Medical Institute and the Department of
Cellular and Molecular Pharmacology, University of California,
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inward, resulting in a gradual decrease of the anterior pole–to–centrosome distance and also the
size of the anterior daughter (Fig. 1, D and E, figs.
S1 and S5, and movies S2 and S7). Furthermore,
the membrane in the posterior pole expanded outward during anaphase, resulting in an increase in
the posterior pole–to–centrosome distance and the
overall size of the posterior daughter (Fig. 2C, figs.
S1 and S5, and movie S7). Thus, higher levels of
cortical tension and contractile forces may drive
the membrane toward the centrosome in the anterior half and lower cortical tension may allow the
expansion of the membrane away from the centrosome in the posterior half of the QR.a cell.
To further explore whether myosin II asymmetry
is involved in generating the QR.a daughter cell
size asymmetry, we examined GFP–myosin II in
the pig-1 (gm344) mutant [PIG-1, a MELK-like
kinase, is needed for asymmetric cell division in Q
neuroblasts but not in the early embryo (11)]. In
the pig-1 mutant, GFP–myosin II was distributed
symmetrically on the anterior and posterior sides
of the furrow during QR.a division (Fig. 2, A and
B, fig. S4, and movie S8), consistent with a role
for myosin in the asymmetric cell division of the
QR.a cell. However, because the pig-1 mutant
also affects the asymmetric division of the QR.p
cell, which occurs by spindle displacement rather

An asymmetric distribution of myosin in the
QR.a cells might create a “tense” anterior cortex
that resists deformation and a “relaxed” posterior
cortex that can deform and expand. To explore
this idea, we examined the shape of the plasma
membrane (using an mCherry-tagged plasma membrane marker) in the anterior and posterior halves
of the dividing cell. For the QR.p cell, its anterior
pole is the leading edge of cell migration before
and after cell division (QR.pa cell). The anterior
membrane of the QR.p cell was more dynamic
and more ruffled than the posterior portion from
metaphase and throughout cytokinesis (Fig. 2C,
movie S6, and fig. S6B). As the spindle elongated
in anaphase, the centrosome–to–cell pole distances decreased equally in the anterior and posterior (Fig. 1, D and E, and movie S1), and the size
of the anterior half was constantly ~2.2 times as
large as that of the posterior throughout cytokinesis (fig. S5). However, a very different behavior was observed for the QR.a cell. Like that of the
QR.p cell, the anterior half of the QR.a cell was the
leading edge of migration before division, and was
more dynamic and formed more protrusions than
the posterior portion through metaphase (Fig. 2C,
movie S7, and fig. S6A). However, unlike that of
the QR.p cell, the anterior membrane became less
dynamic and protrusive at anaphase and shrunk
QR.a

A

QR.a (pig-1)

QR.p

B

0 sec

Myosin II Ratio (Anterior/Posterior)

visions in the C. elegans Q neuroblast lineage. Q
neuroblasts undergo three rounds of division to
make three distinct neurons and two apoptotic
cells (Fig. 1A). In the second round, asymmetric
divisions give rise to a large cell that continues to
divide and differentiate and a small cell that undergoes apoptosis (Fig. 1A) (9).
We first examined the spindle positioning of
the QR.p and QR.a cells at metaphase by measuring the distances from each centrosome [marked
by g-tubulin–green fluorescent protein (GFP)] to
the center of the cell. In QR.p, the metaphase
spindle was displaced toward the posterior; the
distance from the anterior centrosome to the cell
center was 0.4 times as long as that from the posterior centrosome to the cell center (Fig. 1, B and
C, and movie S1). At anaphase, the cleavage furrow formed equidistant between the two centrosomes. As the spindle elongated, the distances of
the anterior and posterior centrosomes to the furrow increased in a similar manner (Fig. 1, D and
E, fig. S1, and movie S1); as the spindle was displaced before anaphase, a large and a small daughter cell were produced when the cytokinetic furrow
bisected the spindle. The behavior of the QL.p
division was similar to that of QR.p (fig. S2, A
and B). Thus, this asymmetric division appears to
be similar to the first cell division in C. elegans
embryogenesis (3, 5).
The asymmetric division of the QR.a cell,
however, was more similar to that described for
Drosophila neuroblasts. In the QR.a cell, anaphase
began with the two centrosomes positioned equidistant to the center [imaged with GFP–g-tubulin
(Fig. 1, B and C, and movie S2)] or GFP–a-tubulin
(fig. S3 and movie S3). As anaphase progressed,
the distance from the anterior centrosome to the
ingressing cleavage furrow remained constant,
whereas the posterior centrosome–to–furrow distance increased (Fig. 1, D and E, fig. S1, and movie
S2). This progressively developing asymmetry that
emerges in a cell with an initially centered spindle
raises the possibility that a nonspindle factor may
be driving the asymmetry in daughter cell size.
We next examined the dynamics of GFPlabeled nonmuscle myosin II in the contractile ring
during cytokinesis. In the QR.p cell (posteriordisplaced spindle), myosin II (NMY-2 in C. elegans)
was equally distributed on the anterior and posterior sides of the ingressing furrow throughout cytokinesis (Fig. 2, A and B, fig. S4A, and movie S4).
Myosin was depleted at both the anterior and posterior poles during telophase, as in somatic cell division (10). However, in the QR.a cell, where the
cleavage furrow is initiated at the cell center, the
distribution of myosin became asymmetric during
anaphase. More cortical myosin was found at the
anterior than at the posterior side of the furrow,
particularly at early stages of anaphase, and cortical
myosin was often found at the anterior pole of the
QR.a cell, which was rarely seen in the QR.p cell
(Fig. 2, A and B, movie S5, and fig. S4). We also
observed a similar myosin II asymmetry during the
asymmetric cell division in QL.a but not in the QL.
p lineage (fig. S2, C and D).
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Fig. 2. Myosin II and membrane dynamics in Q neuroblasts during cytokinesis. (A) Still images of myosin
II–GFP dynamics during cytokineses of QR.a in wild-type (WT) or QR.a in pig-1 mutant and QR.p animals.
(B) Myosin II–GFP fluorescence intensities ratio between the anterior and posterior parts of QR.a or QR.p
cells in WT or pig-1 (gm344) mutant (*P < 0.001, n = 9 to 11); data are shown as the mean T SD. (C)
Membrane dynamics of QR.a or QR.p during cytokinesis. The plasma membrane is imaged as in Fig. 1.
Green dots are autofluorescent spots in the C. elegans body that provide fiducial marks (original image not
shown). Panels on the far right show the alignment of QR.a and QR.p cell peripheries (0 s red, 300 s green)
revealing the contraction and expansion of the two sides of the cell. Asters show neighboring Q cells. More
examples are shown in fig. S6. Anterior of the cell is toward the left. Bar, 2.5 mm.
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Fig. 3. Chromophore-assisted laser inactivation (CALI) of myosin II in Q neuroblasts during cytokinesis.
(A) CALI inactivation of myosin II in the anterior of QR.a enlarges the anterior daughter cell size. Upper
images show the chromosome and plasma membrane labeled with mCherry, and lower images show GFPtagged myosin II. Arrows indicate the region that was treated with CALI at late anaphase (12). (B) CALI
inactivation of myosin II in the posterior of QR.p does not change sizes of daughter cells. (C) and (D) are
quantifications of the above CALI experiments. (E and F) CALI of MIG-2::GFP does not change the ratio of
QR.aa and QR.ap. Anterior of the cell is toward the left. Bar, 5 mm.
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Proposed mechanism of QR.aa asymmetric division. Myosin II localizes evenly in QR.a cell at metaphase
but distributes asymmetrically during anaphase. More myosin II at the anterior than at the posterior may
generate larger cortical tension (long arrows), pushing cellular contents and resulting in a small cell in the
anterior that undergoes apoptosis and a large cell in the posterior that survives. Myosin II (green); plasma
membrane and chromosomes (red); centrosome and microtubules (blue).
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than asymmetric myosin, this correlation does
not definitively link the polarization of myosin II
with asymmetric cell division. To obtain more
direct evidence, we inactivated myosin II activity
using chromophore-assisted laser inactivation
[CALI (12)] in the anterior of the QR.a cell at
the onset of cytokinesis and determined whether
this perturbation changed the sizes of the daughters. CALI uses an intense laser irradiation of a
fluorophore, including GFP, to damage proteins
within ~4 nm by generating highly reactive hydroxyl radicals (13–15). GFP-based CALI of the
myosin II regulatory light chain has been shown to
specifically block furrow ingression during cytokinesis in Drosophila epithelial cells (16). Similarly, in the first-round division of the QR cell,
we found that CALI illumination of GFP–myosin
II applied to one side of the furrow caused the
ingression on that side to pause while the other,
nonilluminated side continued to pinch (fig. S7B,
73%, n = 11). Thus, CALI can inhibit the myosin
II activity during cytokinesis in the Q cell.
We next applied CALI to the anterior half of
QR.a cell, which had higher GFP–myosin II, and
then measured the sizes of the daughters. After
CALI, the anterior daughter cell QR.aa was enlarged [QR.aa/QR.ap size ratio of 0.83 T 0.18
(mean T SD, n = 39) compared to normal (0.52 T
0.08, n = 35) (Fig. 3, A and C)]. Furthermore, the
QR.aa cell was sometimes larger than the QR.ap
cell after CALI treatment, which was not observed in the wild type (Fig. 3C). To establish that
these results were due to inactivation of myosin
and not to nonspecific effects of illumination, we
performed a similar CALI treatment of the GFPtagged membrane protein MIG-2, a small guanosine triphosphatase involved in Q cell migration
but not in cytokinesis (17, 18). Performing CALI
of MIG-2::GFP in the anterior of the QR.a cell
at anaphase did not significantly change the
QR.aa/QR.ap cell size ratio (0.56 T 0.07, n = 21)
(Fig. 3, E and F). We also performed CALI of
GFP-myosin II in the posterior half of the QR.p
cell, whose asymmetric division appears to involve spindle displacement rather than asymmetric
myosin (Figs. 1 and 2). In this case, CALI only
marginally changed the QR.pp/QR.pa size ratio
[(0.47 T 0.06, n = 21) versus untreated (0.42 T 0.06,
n = 24); Fig. 3, B and D]. Thus, CALI of GFPtagged myosin II specifically affects the daughter
cell sizes of the QR.a division.
We next followed the fate of the QR.aa cell
after CALI by long-term time lapse imaging. Normally, the QR.aa cell becomes engulfed and digested by neighboring cells within 150 min (Fig.
4, A and B, and movie S9) (9). In contrast, the
QR.aa cell derived from the QR.a cell after CALI
treatment sometimes escaped apoptosis (21%, n =
19) and could differentiate into a neuronal-like
cell that extended a long process (11%) (Fig. 4, A
and B, and movie S10). The larger QR.aa cells
that formed after CALI were the ones that had a
higher chance of survival (fig. S7C). The differentiation into a neuronal-like cell appears to be an
outcome associated with survival rather than with
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CALI per se, because a similar differentiation phenotype was observed when QR.aa apoptosis was
blocked in a ced-4 mutant (n1162) (fig. S8).
Our results show that asymmetric cortical tension, produced by an unequal distribution of myosin and perhaps other cortical proteins, produced
two different-sized QR.a daughter cells. We propose that a stiffer and inward-contracting anterior
pole pushes cytoplasm through the furrow toward
the less contractile posterior pole, which responds
by expanding like a balloon (Fig. 4C). We also
demonstrate a direct connection between the size
of a cell and its fate in C. elegans development by
showing that increasing cell size by myosin II
CALI can result in a rescue from apoptosis and
differentiation into a neuronal-like cell.
The downstream “output” of asymmetric cortical signaling (3, 5) has been thought to be the
mitotic spindle, best exemplified by the displacement of mitotic spindle in the C. elegans embryo
(3, 5). Similarly, asymmetric divisions of Drosophila neuroblasts (which start anaphase with a
symmetric, centrally positioned spindle) have been
postulated to arise from the greater elongation of
microtubules on one side of the spindle midzone
compared with the other (6–8). We also observed
asymmetric spindle elongation in the QR.a cell
(Fig. 1, D and E), but propose that this occurs
secondarily to myosin polarization, in which the
spindle elongates preferentially toward the pole

with lower cortical tension. In support of this
idea, increasing cortical tension at the cell poles
prevents spindle elongation and cell extension in
dividing Drosophila S2 cells (19). Consequently,
we propose that a polarization of myosin-based
contractility is the primary driver of the QR.a cell
division asymmetry, although we cannot rule out
some contribution from the spindle as well. Thus,
a simple organism like C. elegans [in which 807
out of its 949 somatic cell divisions are asymmetric
(20)] appears to use at least two physical mechanisms (one spindle-based and one cortex-based) to
generate asymmetric cell division.
Note added in proof: Cabernard et al. (21)
recently showed an asymmetric distribution of
myosin II during cytokinesis of Drosophila
neuroblasts.
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Transmission and Establishes
Phenotypic Diversity
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According to the prion hypothesis, atypical phenotypes arise when a prion protein adopts an
alternative conformation and persist when that form assembles into self-replicating aggregates.
Amyloid formation in vitro provides a model for this protein-misfolding pathway, but the mechanism
by which this process interacts with the cellular environment to produce transmissible phenotypes
is poorly understood. Using the yeast prion Sup35/[PSI+], we found that protein conformation
determined the size distribution of aggregates through its interactions with a molecular chaperone.
Shifts in this range created variations in aggregate abundance among cells because of a size
threshold for transmission, and this heterogeneity, along with aggregate growth and fragmentation,
induced age-dependent fluctuations in phenotype. Thus, prion conformations may specify
phenotypes as population averages in a dynamic system.
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vivo (1–3). These phenotypes are linked to the
assembly of the protein into aggregates that, at
different rates, template the conversion of newly
made prion proteins to a similar state and are
fragmented (4). But how do these biochemical
events translate into distinct phenotypes? One possibility is an “abundance-based” model, in which
phenotypes are linked to an equilibrium between
aggregated and soluble prion protein that determines protein activity and the number of heritable
prions (propagons) (5, 6). However, the conversion
and fragmentation reactions also create hetero-
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geneity in aggregate size, raising the possibility
of a second, “size-based” model in which a subpopulation of aggregates establishes and propagates
phenotypes (7).
To distinguish between these models, we focused on the [PSI+]Weak and [PSI+]Strong conformations of the yeast prion protein Sup35, which create
phenotypes of different stabilities in vivo (8). To
sustain these phenotypes in a dividing culture,
Sup35 protein in the prion conformation must be
inherited (7). To test whether conformational differences affect phenotypic stability by altering
protein transmissibility, we monitored Sup35–green
fluorescent protein (GFP) transfer to daughter cells.
Through use of fluorescence loss in photobleaching (FLIP), a [PSI+]Weak strain transferred half as
much Sup35-GFP (~15% versus ~30%) (Fig. 1A)
and contained ~50% fewer propagons than a
[PSI+]Strong strain (Fig. 1B). Thus, conformationbased differences in protein transmission correlate with phenotypic inheritance.
Following from the models, differences in aggregate abundance and/or size may create this
variation in prion protein transmission (5, 7), and
indeed, [PSI+]Weak strains differ from [PSI+]Strong
strains by the accumulation of fewer but larger aggregates (9–12). To distinguish between these possibilities, we simulated prion propagation via each
transmission mechanism (13). For the abundancebased model, we were unable to recapitulate the
severity and stability of [PSI+]Weak and [PSI+]Strong
phenotypes (fig. S5) (13). In contrast with a sizebased model, we recapitulated all experimentally
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