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CDK-1 inhibits meiotic spindle shortening and
dynein-dependent spindle rotation in C. elegans

Marina L. Ellefson and Francis J. McNally

Department of Molecular and Cellular Biology, University of California, Davis, Davis, CA 95616

n animals, the female meiotic spindle is positioned at

the egg corfex in a perpendicular orientation fo facili-

tate the disposal of half of the chromosomes into
polar body. In Caenorhabditis elegans, the metaphase
spindle lies parallel to the cortex, dynein is dispersed on
the spindle, and the dynein activators ASPM-1 and LIN-5
are concentrated at spindle poles. Anaphase-promoting
complex (APC) activation results in dynein accumulation
at spindle poles and dynein-dependent rotation of one
spindle pole to the cortex, resulting in perpendicular ori-
entation. To test whether the APC initiates spindle rotation

Introduction

Female meiotic spindles are attached to the egg cortex by one
pole during anaphase (Fabritius et al., 2011) to allow efficient
expulsion of chromosomes into polar bodies. In Xenopus laevis
(Gard, 1992), Drosophila melanogaster (Endow and Komma,
1997), leech (Fernandez et al., 1990), Caenorhabditis elegans
(Yang et al., 2003), and mouse meiosis-II (Maro et al., 1984),
the spindle is initially associated with the cortex in a parallel
orientation and then rotates 90° to a perpendicular orientation.
In C. elegans, spindle rotation is one of a series of precisely
timed events that require the anaphase-promoting complex
(APC; Yang et al., 2005; Ellefson and McNally, 2009). In wild-
type embryos, the spindle is initially positioned parallel to the
cortex in a kinesin-1-dependent but APC-independent man-
ner (Yang et al., 2005). The metaphase spindle maintains an
~8-um-long steady-state length for 6 min before undergoing
APC-dependent shortening in the pole-to-pole axis to a 4.8-um
spindle length. 1.7 min after initiating spindle shortening, one
spindle pole moves toward the cortex in a cytoplasmic dynein—
dependent manner, after which homologous chromosomes begin
to separate (Yang et al., 2003; McNally and McNally, 2005).
After rotation and during chromosome segregation, the spindle
undergoes further changes that include further shortening, changes
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through cyclin B-CDK-1 inactivation, separase activation,
or degradation of an unknown dynein inhibitor, CDK-1
was inhibited with purvalanol A in metaphase-l-arrested,
APC-depleted embryos. CDK-1 inhibition resulted in the
accumulation of dynein at spindle poles and dynein-
dependent spindle rotation without chromosome separa-
tion. These results suggest that CDK-1 blocks rotation by
inhibiting dynein association with microtubules and with
LIN-5-ASPM-1 at meiotic spindle poles and that the APC
promotes spindle rotation by inhibiting CDK-1.

in shape, reduction in the density of microtubules (McNally et al.,
2006), and finally, elongation of the spindle (Yang et al., 2003;
Dumont et al., 2010) and polar body extrusion.

Spindle shortening and all subsequent changes require the
APC, raising the question of which APC substrates must be de-
graded to drive these highly ordered events. During mitosis in
budding yeast (Thornton and Toczyski, 2003) and Drosophila
embryos (Oliveira et al., 2010), cyclin B and securin are the
only essential substrates of the APC that must be degraded to
allow accurate chromosome segregation. Ubiquitination and
degradation of cyclin B leads to inactivation of CDK-1 (Murray,
2004), whereas degradation of securin activates separase, which
mediates sister chromatid separation through proteolytic cleav-
age of one cohesin subunit (Nasmyth, 2002). However, additional
essential APC substrates have been identified in other species.
For example, anaphase chromosome separation in Xenopus re-
quires APC-dependent degradation of the chromokinesin, xKid
(Funabiki and Murray, 2000).

Because meiotic spindle rotation in C. elegans requires cyto-
plasmic dynein and cytoplasmic dynein concentrates on meiotic
spindle poles just before rotation (Ellefson and McNally, 2009), we
postulated that the APC targets an inhibitor of dynein activity.
© 2011 Ellefson and McNally  This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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Cyclin B-CDK-1 might inhibit dynein activity through direct
inhibitory phosphorylation of a dynein subunit or inhibitory
phosphorylation of a regulator of dynein. Separase has poorly
characterized activities in addition to its function as a cohesin-
cleaving protease (Kudo et al., 2006; Bembenek et al., 2007);
thus, the APC might induce rotation by activating separase.
Finally, the APC might target a dynein-specific inhibitor protein
analogous to Shel in budding yeast, which inhibits dynein
during metaphase (Woodruff et al., 2009).

Results

Inhibition of CDK-1 in APC mutant
embryos results in meiotic spindie
shortening and rotation

To understand how the APC activates dynein-dependent meiotic
spindle rotation, we chose to address the role of a known APC
target, cyclin B, whose destruction leads to inactivation of
CDK-1 (Murray, 2004; Pesin and Orr-Weaver, 2008). If cyclin B
is the APC target that must be degraded to allow spindle rota-
tion, depletion of cyclin B by RNAi should bypass the require-
ment forthe APC. In C. elegans, there are four cyclin Bhomologues,
which have overlapping and redundant roles in germinal vesicle
breakdown and metaphase spindle assembly (van der Voet et al.,
2009b; Deyter et al., 2010); therefore, it would be difficult to
consistently knock down cyclin B activity and assay spindle
rotation. The C. elegans CDK-1 homologue, NCC-1, is also
required for normal germinal vesicle breakdown and meta-
phase spindle assembly (Boxem et al., 1999; Chase et al., 2000;
van der Voet et al., 2009b). In cdk-1(RNAi) embryos, no discern-
ible bipolar meiotic spindle formed (Fig. S1, A and B); therefore,
spindle rotation could not be assayed after RNAi depletion of
CDK-1. To circumvent this problem, we injected the CDK-1
inhibitor purvalanol A (PA; Villerbu et al., 2002; Goga et al.,
2007) into the uterus of adult worms and tracked the progress
of meiotic embryos in utero. In PA-injected wild-type worms,
three out of seven embryos failed to undergo germinal vesicle
breakdown. In the four out of seven PA-treated embryos that
did undergo germinal vesicle breakdown, no discernable bipolar
meiotic spindles formed, and the embryos failed to ovulate
(Fig. S1 C); therefore, we were unable to assay meiotic spin-
dle rotation.

To consistently test the effect of CDK-1 inhibition on mei-
otic spindle rotation, we modified our assay and injected PA
into the uterus of worms depleted of the APC subunit MAT-1
(Golden et al., 2000) or MAT-2 (Davis et al., 2002), where
metaphase-I—-arrested embryos with fully formed bipolar mei-
otic spindles accumulate. In these embryos, the APC cannot tar-
get cyclin B or other substrates such as IFY-1/securin (Golden
et al., 2000) for degradation. Embryos were imaged 5 min after
injection of PA, and only the youngest embryo adjacent to the
spermatheca was imaged and scored, as embryos arrested for
longer periods of time exhibit structural defects (Sonneville and
Gonczy, 2004). Because oocytes mature and ovulate every 23 min
(McCarter et al., 1999), the embryos in this experiment were on
average arrested in metaphase-I for 12 min before exposure to
PA for 5 min.
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In meiotic embryos in which CDK-1 was inhibited by
injection of PA, the metaphase-I-arrested meiotic spindles
adopted a perpendicular position with respect to the embryo cortex
(Fig. 1 B). This perpendicular position of the spindle resembled
the rotated position that a wild-type meiotic spindle adopts after
APC activation in meiosis-I and -II (Yang et al., 2003, 2005;
Ellefson and McNally, 2009). In control mat-1(RNAi) meiotic
embryos exposed to DMSO as a solvent control, the metaphase-
I-arrested meiotic spindle was oriented with its pole-to-pole axis
parallel to the embryo cortex (Fig. 1 A). This parallel position is
similar to that observed for metaphase-I-arrested meiotic spin-
dles in noninjected worms and wild-type metaphase-I and -II
meiotic spindles (Yang et al., 2005). To quantify the position of
the meiotic spindle, we devised a parameter termed rotation
index (R). The rotation index is defined as the ratio of the dis-
tances measured between each spindle pole and the closest point
of the embryo cortex (Fig. S1, D and E). A parallel spindle,
where the distances between each pole and the cortex are simi-
lar, would result in a ratio with 0.76 < R < 1.0. Conversely,
arotated spindle that is perpendicular to the cortex would result
in a ratio with 0.0 < R < 0.25. In control mat-1(RNAi) worms in-
jected with DMSO, most meiotic spindles measured were parallel
to the cortex (Fig. 1 C). Conversely, in embryos exposed to PA,
most meiotic spindles were rotated (Fig. 1 C).

Inhibition of CDK-1 not only resulted in a change in spin-
dle orientation but also caused a change in spindle length. Con-
trol metaphase-I-arrested meiotic embryos exposed to DMSO
only had a mean pole-to-pole spindle length of 7.3 + 0.2 um
(Fig. 1 D). This was similar to the wild-type metaphase-I mei-
otic spindle length of 8.0 um (Yang et al., 2003). In contrast,
metaphase-I-arrested meiotic spindles exposed to PA had a mean
pole-to-pole length of 5.6 + 0.2 um (Fig. 1 D). This shorter
spindle length resembled the 4.8-um length of wild-type mei-
otic spindles during rotation (Yang et al., 2003). The changes
that occurred after CDK-1 inhibition by PA in otherwise
metaphase-I-arrested meiotic embryos suggested that CDK-1
inhibits both the early phase of meiotic spindle shortening
(McNally et al., 2006) and spindle rotation during metaphase.

PA-induced spindle rotation mimics wild-
type rotation, requiring the cytoplasmic
dynein heavy chain, DHC-1, and the dynein
regulator, LIN-5/nuclear mitotic apparatus,
but not UNC-116/Kinesin-1

Kinesin-1 is required for parallel meiotic spindle positioning be-
fore APC activation but not for meiotic spindle rotation (Yang
et al., 2005). In the absence of the C. elegans kinesin-1 heavy
chain, UNC-116, the meiotic spindle remains several micrometers
away from the cortex during metaphase, but after activation of the
APC, the spindle undergoes a dynein-dependent pole-leading late
translocation that positions the spindle perpendicular to
the cortex. In mat-2(ts);unc-116 meiotic embryos (Yang et al.,
2005) and dhc-1(RNAi);unc-116 meiotic embryos (Ellefson and
McNally, 2009), the spindles are positioned away from the cortex
and do not undergo directed movement to the cortex. Thus, the
late translocation event that occurs in the absence of UNC-116 is
mechanistically identical to that of wild-type rotation.
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Figure 1. CDK-1 inhibition by PA results in short and rotated meiotic spindles in metaphase-l-arrested APC-depleted meiotic embryos. (A and B) Live
images of mat-1(RNAi) meiotic embryos expressing mCherry::histone and GFP::tubulin in utero after treatment with DMSO (A) or PA (B). The bottom panels
are magnified images of the top panels. Asterisks mark the +1 embryo. DIC, differential interference contrast. Bars, 5 pm. (C) Quantification of rotation
index in mat-T(RNAi) meiotic embryos after treatment with DMSO (left; n = 15) or PA (right; n = 20). The y axis is the number of meiotic embryos. The data
shown include measurements from over seven independent injections for each treatment. (D) Quantification of meiotic spindle length in mat-1(RNAi) meiotic
embryos after treatment with DMSO (closed circles; n = 15) or PA (open circles; n = 24). Each data point represents an individual meiotic spindle length

measurement. The +SEM is rounded to the nearest tenth. ***, P < 0.0005.

If PA-induced meiotic spindle rotation is mechanistically
identical to wild-type rotation, it should also be sufficient to po-
sition the meiotic spindle at the cortex in a perpendicular orienta-
tion in metaphase-I-arrested embryos depleted of kinesin-1.
To test this hypothesis, PA was injected into the uterus of
unc-116(f130);mat-1(RNAi) worms. Because the meiotic spindles

were more centrally located within control unc-116(f130);
mat-1(RNAi) embryos, comparing measurements of the rotation
index was not informative. Therefore, we measured the distance
between the spindle and cortex to determine whether inhibition
of CDK-1 resulted in metaphase-I-arrested meiotic spindles
juxtaposed to the cortex. In control unc-116(f130);mat-1(RNAi)
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Figure 2. DHC-1 is required for purvalanol-induced meiotic spindle rotation but not spindle shortening. (A and B) Live images of dhc-1(RNAi);mat-2(ts)
embryos expressing GFP::tubulin in utero after treatment with DMSO (A) or PA (B). The bottom panels are magnified images of the top panels. Asterisks mark
the +1 embryo. DIC, differential interference contrast. Bars, 5 pm. (C) Quantification of meiotic spindle length in dhc-1(RNAi);mat-2(ts) meiotic embryos after
treatment with DMSO (closed squares; n = 10) or PA (open squares; n = 12) compared with mat-1(RNAi) embryos. Data for mat-1(RNAI) are from Fig. 1.
Each data point represents an individual meiotic spindle. The +SEM is rounded to the nearest tenth. **, P < 0.005; ***, P < 0.0005. (D) Quantification
of rotation index in dhc-1 (RNAi);mat-2(ts) meiotic embryos after treatment with DMSO (n = 10) or PA (n = 12) compared with mat-1(RNAi) embryos. The
y axis is the number of meiotic embryos. The graph represents the rotation indices calculated for all of the spindles imaged in multiple experiments.

embryos exposed to DMSO only, the metaphase-I-arrested
meiotic spindle remained a mean of 4.7 + 2.6 um away from the
cortex (Fig. S2, A and C). This distance is similar to the reported
5.3-um distance between the metaphase meiotic spindle and the
cortex in embryos depleted of kinesin-1 only (Yang et al., 2005).
However, in unc-116(f130);mat-1(RNAi) embryos exposed to
PA, the metaphase-I-arrested meiotic spindle was within 1.4 +
1.1 um of the cortex (Fig. S2, B and C). These results suggest
that PA-induced meiotic spindle positioning in APC-depleted,
metaphase-I-arrested embryos is mechanistically similar to
wild-type meiotic spindle rotation and late translocation in
kinesin-1-depleted embryos.

Wild-type meiotic spindle rotation in C. elegans requires
a complex of proteins including cytoplasmic dynein (DHC-1),
nuclear mitotic apparatus—related LIN-5, ASPM-1 (abnormal
spindlelike and microcephaly associated), and CMD-1 (calmod-
ulin; Ellefson and McNally, 2009; van der Voet et al., 2009a).
RNAI of any of these proteins blocks meiotic spindle rotation in
wild-type embryos. To determine whether PA-induced meiotic
spindle rotation in metaphase-I-arrested embryos requires the
same complex of proteins as wild-type meiotic spindle rotation,

JCB « VOLUME 193 « NUMBER 7 « 2011

we used RNAI to deplete DHC-1 in APC mutant metaphase-I—
arrested embryos and treated the embryos with PA via in utero
injections. Because a complete loss of dynein results in dis-
organized meiotic spindles and leads to adult sterility (Gonczy
et al., 1999a; Yang et al., 2005), a partial depletion of dynein
was used in this experiment, as previously described (Ellefson
and McNally, 2009), to circumvent the requirement for dynein
in spindle assembly.

In control mat-2(ts);dhc-1(RNAi) meiotic embryos exposed
to DMSO only, the meiotic spindles were parallel to the cortex
with a mean pole-to-pole spindle length of 10.3 + 0.9 um (Fig. 2,
A, C, and D). mat-2(ts);dhc-1(RNAi) meiotic spindles treated
with PA failed to rotate (Fig. 2, B and D), but the spindles were
shorter in the pole-to-pole axis than mat-2(ts),;dhc-1(RNAi) con-
trol spindles (Fig. 2 C). These results demonstrate that dynein is
required for PA-induced meiotic spindle rotation just as it is re-
quired for wild-type rotation.

To further test whether the requirements for PA-induced
meiotic spindle rotation are identical to wild-type spindle rota-
tion, we repeated PA injections in metaphase-I-arrested embryos
depleted of LIN-5 function using the [lin-5(ev571ts) mutant
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(Lorson et al., 2000). Loss of LIN-5 reduced the extent of
PA-induced meiotic spindle rotation in metaphase-I-arrested
embryos (Fig. S3 D). This reduction is not as strong as that
caused by dhc-1(RNAi), possibly as a result of residual LIN-5
function in the #s mutant. PA did cause spindle shortening in
lin-5(ev571);mat-1(RNAi) embryos (Fig. S3 C). The require-
ment for LIN-5 in PA-induced meiotic spindle rotation provides
further support that PA-induced meiotic spindle rotation is mecha-
nistically identical to wild-type meiotic spindle rotation.

Inhibition of CDK-1 does not cause
anaphase chromosome segregation

The conclusion that cyclin B is the specific APC target whose
destruction leads to spindle rotation relies on the assump-
tion that other APC substrates remain intact in APC mutant
metaphase-I-arrested embryos treated with PA. To test whether
IFY-1/securin was targeted for destruction in APC mutant PA-
treated embryos, we assayed chromosome behavior in wild-type,
mat-1(RNAi), and mat-1(RNAi) + PA embryos expressing
mCherry::histone and GFP::tubulin. Degradation of securin would
be expected to activate separase and drive homologue separa-
tion in APC mutant embryos (Nasmyth et al., 2000; Kitagawa
etal., 2002; Oliveira et al., 2010). Kymographs of live time-lapse
images show that in wild-type embryos, homologous chromo-
somes begin to separate after APC activation, which is indi-
cated by spindle shortening (GFP::tubulin) and spindle rotation
(Fig. 3 A). In contrast, in both mat-1(RNAi) and mat-1(RNAi)
+ PA embryos, homologous chromosomes failed to separate
(Fig. 3, B and C). To further quantitate homologue separation,
the change in distance between homologous chromosomes
over time was measured. The measurements confirmed that
homologue separation does not occur after treatment with PA
(Fig. 3 D). These results demonstrate that inhibition of CDK-1
in APC mutant embryos does not result in activation of separase.
The result that CDK-1 inhibition uncouples spindle rotation and
separase activation suggests that separase is not required for
meiotic spindle rotation. Indeed, sep-1(RNAi) meiotic embryos
exhibited spindle rotation (Fig. 3 E) within 7.9 + 1.8 min of exit
from the spermatheca (n = 5), which is similar to the timing
of wild-type meiotic spindle rotation (Ellefson and McNally,
2009). All sep-1(RNAi) embryos had incomplete chromo-
some segregation and failed polar body extrusion as previously
reported (Siomos et al., 2001; Bembenek et al., 2007). These
results strongly suggest that during wild-type metaphase, active
CDK-1—cyclin B inhibits dynein-dependent meiotic spindle rota-
tion and spindle shortening.

Inhibition of CDK-1 causes redistribution

of DHC-1 in metaphase-l-arrested embryos

CDK-1 might inhibit spindle rotation by inhibiting dynein
function. One way to examine the effect of CDK-1 on dynein
is to determine whether inhibition of CDK-1 results in a change
in localization of DHC-1 in metaphase-I-arrested embryos. In
wild-type embryos, DHC-1 is dispersed throughout the meta-
phase meiotic spindle. Upon activation of the APC, DHC-1 con-
centrates on meiotic spindle poles just before rotation (Ellefson
and McNally, 2009). To determine whether inhibition of CDK-1

alters DHC-1 localization, we repeated microinjections with
either DMSO alone or PA in mat-1(RNAi) worms expressing
GFP::DHC-1 and mCherry::histone (Gassmann et al., 2008).
In live metaphase-I-arrested embryos exposed to DMSO,
DHC-1::GFP was not readily detected on the meiotic spindle,
and the spindles were in a parallel orientation with the cortex
as judged by the orientation of the metaphase plate (n = 13/13;
Fig. 4 A). However, in metaphase-I-arrested meiotic embryos
treated with PA, DHC-1::GFP was concentrated on the meiotic
spindle (Fig. 4 B). 24/33 embryos exposed to PA displayed
DHC-1::GFP localization at meiotic spindles, and 21 of those
24 appeared to be rotated as judged by the orientation of the
metaphase plate. Of the embryos exposed to PA where DHC-1::
GFP was not detected at the meiotic spindle, eight out of nine
appeared to be parallel to the cortex, suggesting that the PA
treatment was not fully penetrant. These results suggest that
CDK-1 inhibits meiotic spindle rotation through inhibition of
dynein localization to meiotic spindles.

Recruitment of DHC-1 to meiotic spindles
brings it into proximity with its activators
LIN-5 and ASPM-1

A complex of LIN-5-ASPM-1-CMD-1 is required for local-
ization of DHC-1 to anaphase spindle poles and is required for
meiotic spindle rotation (van der Voet et al., 2009a). We were
interested in determining when these complexes colocalize with
DHC-1 and whether CDK-1 inhibits dynein-dependent spindle
rotation by preventing the interactions between CMD-1, ASPM-1,
LIN-5, and DHC-1. Immunofluorescence of fixed wild-type
meiotic embryos revealed that both ASPM-1 and LIN-5 localize
to meiotic spindle poles during metaphase-I (Fig. 5 A), in con-
trast with the diffuse localization of DHC-1. The p150 glued
subunit of dynactin (DNC-1) was not detected on the metaphase
meiotic spindle (Fig. 5 A; Ellefson and McNally, 2009). After
APC activation, ASPM-1 and LIN-5 remained at spindle poles,
whereas localization of DHC-1 and DNC-1 changed such that
both concentrated at the spindle poles as well (Fig. 5 A; Ellefson
and McNally, 2009). The observation that the wild-type meta-
phase-I localization of ASPM-1-LIN-5 differs from that of
DHC-1-DNC-1 raised the possibility that CDK-1 may inhibit
spindle rotation by blocking the interaction of CMD-1-ASPM-1—
LIN-5 with DHC-1-DNC-1. If this were true, we would expect
PA treatment to result in colocalization of DHC-1 with ASPM-1-
LIN-5 at the spindle poles.

We tested whether inhibition of CDK-1 in metaphase-
I-arrested meiotic embryos results in colocalization of DHC-1
with ASPM-1 using immunohistochemistry. For these experi-
ments, embryos were exposed to PA by dissecting worms in
buffer containing PA. In all untreated metaphase-I-arrested
embryos (n = 11/11) and the majority of DMSO-treated meta-
phase-I-arrested embryos (n = 9/11), ASPM-1 and DHC-1
did not colocalize. ASPM-1 was found at meiotic spindle
poles, and DHC-1 was diffusely localized to the meiotic spin-
dle region between spindle poles (Fig. 5, B and C). In contrast,
ASPM-1 and DHC-1 colocalized at meiotic spindle poles in
metaphase-I-arrested embryos exposed to PA (n = 18/19;
Fig. 5 D). These results support the hypothesis that in wild-type
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Figure 3. Inhibition of CDK-1 does not result in homologous chromosome separation. (A-C) Kymographs from live time-lapse image sequences. For each
kymograph, a line was drawn along the pole-to-pole axis (x axis), and each kymograph was compiled from 52 images taken at 10-s intervals, totaling
520 s [y axis). T = O started when chromosomes aligned at the metaphase plate and the distance between homologues could be measured. Images are
from worms expressing mCherry::histone and GFP::tubulin comparing wild type (WT; A), mat-1(RNAI) (B), and mat-1(RNAi) + PA (C). The dashed line in
wild type indicates the time of rotation in which the pole-to-pole axis line had to be repositioned because of the change in spindle position. Bars, 2 pm.
(D) Quantification of distance between homologous chromosomes in wild type (n = 6), mat-1(RNAI) (n = 4), and mat-1(RNAi) + PA (n = 6). Each data
point represents the mean distance measured between homologues for each time point. Error bars represent one standard deviation greater than and less
than the mean. The y axis is the distance between homologous chromosomes. (E) Representative live time-lapse sequence of meiotic spindle rotation in
sep-1(RNAI) embryos expressing GFP::tubulin and mCherry::histone (n = 5/5). T = O starts at the exit from the spermatheca. The embryo cortex is outlined
for clarity. Bar, 5 pm.

metaphase, CDK-1 inhibits dynein-dependent meiotic spindle the relocalization of DHC-1 to meiotic spindle poles within 1 min
rotation by blocking the interaction of CMD-1-LIN-5-ASPM-1 of exposure to PA (Fig. 5 D) as compared with the 5-min gap
with DHC-1. between microinjection of PA and live imaging (Fig. 4 B).

Dissection of worms in the presence of PA, followed by This timing is critical, as dissected metaphase-I-arrested meiotic
flash freezing for immunofluorescence, allowed us to observe embryos exposed to PA for 5 min before freezing exhibited the

JCB « VOLUME 193 « NUMBER 7 « 2011
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Inhibition of CDK-1 causes redistribution of DHC-1 to the spindle poles in metaphase-I-arrested embryos. (A and B) Live images of mat-1(RNAi)

embryos expressing DHC-1::GFP and mCherry::histone in utero after treatment with DMSO (A) or PA (B). The bottom and top panels are different examples
of the DHC-1 localization observed. The arrowheads in B indicate a circular pattern of DHC-1::GFP indicative of nuclear envelope reassembly. DIC, differ-

ential interference contrast. Bars, 5 pm.

same circular DHC-1 localization observed in utero after a
5-min exposure to PA (Fig. 4 B, bottom row) in addition to pole
localization (Fig. S4). This result suggests that PA causes DHC-1
to concentrate at spindle poles in <1 min and then to concentrate
in a circular pattern that is possibly the reforming nuclear en-
velope by 5 min.

PA induces accumulation of DHC-1 and
DNC-1 on meiotic spindle microtubules,
spindle poles, and the embryo cortex

Because the localization of both DHC-1 and the dynactin
subunit DNC-1 changes after APC activation (Ellefson and
McNally, 2009), we looked closer at the colocalization of
DHC-1 with DNC-1 in wild-type meiotic embryos. In wild-
type metaphase-I embryos, DHC-1 was detected in a diffuse
pattern within the meiotic spindle area, whereas DNC-1 was
not detected (Fig. 6 A). In contrast, DHC-1 and DNC-1 colocal-
ized at meiotic spindle poles after APC activation (Fig. 6 B). In
addition, DHC-1, but not DNC-1, was detected in a linear
pattern between the poles (Fig. 6 B, arrows), presumably on
interpolar microtubules. These observations suggest that APC
activation increases the colocalization of DHC-1 with DNC-1
at meiotic spindle poles.

To determine whether inhibition of CDK-1 leads to accu-
mulation of DHC-1 and DNC-1 specifically on meiotic spindle
poles or on all meiotic spindle microtubules, we investigated the
colocalization patterns of DHC-1 and DNC-1 with tubulin in
metaphase-I-arrested embryos treated with and without PA. Simi-
lar to wild-type metaphase-I, DHC-1 localized in a faint pattern
on the spindle microtubules in metaphase-I-arrested embryos
exposed to DMSO (Fig. 6 C). The increase in the fluorescence
intensity of GFP::DHC-1 on the metaphase spindle relative to
the adjacent cytoplasm was readily apparent in pixel intensity
plots (Fig. 6 G). Upon treatment with PA, the fluorescence
intensity of GFP::DHC-1 increased on both meiotic spindle
poles and on interpolar microtubules in 14/21 metaphase-I-
arrested embryos (Fig. 6, D and H). In 4/21 PA-treated, meta-
phase-I-arrested embryos, DHC-1 remained in a diffuse pattern
on the spindle microtubules, and in 3/21 PA-treated, meta-
phase-I-arrested embryos, DHC-1 accumulated on only one of
the meiotic spindle poles. The localization of DNC-1 differed
from that of DHC-1 in two ways. First, in metaphase-I-arrested
embryos, no increase in DNC-1 on the spindle relative to the
adjacent cytoplasm was detected (Fig. 6, Eand ). Second, in 7/12
metaphase-I-arrested meiotic embryos treated with PA, DNC-1
accumulated much more specifically on spindle poles (Fig. 6 F)
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Figure 5. CDK-1 inhibits recruitment of DHC-1 to meiofic spindle poles. Immunostaining of fixed meiotic embryos. (A) Examples of localization of ASPM-T,
LIN-5, DHC-1::GFP, and DNC-1, all costained with DAPI, in wildtype (WT) metaphase (top: n = 5 for ASPM-1 and LIN-5, and n = 15 for DHC-1 and
DNC-1) and after APC activation (bottom: n = 6 for ASPM-1 and LIN-5, and n = 17 for DHC-1 and DNC-1). (B-D) Localization of ASPM-1 and DHC-1::GFP on
meiotic spindles costained with DAPI in mat-1(RNAi) embryos alone (B), mat-T(RNAI) embryos exposed to DMSO for 1 min (C), and mat-1({RNAi) embryos
exposed to PA for 1 min (D). The farthest right panel is a magnification of the dashed area showing that DHC-1 does not completely overlap with ASPM-1

at the spindle poles. Bars, 5 pm.

than DHC-1, as indicated by the pixel intensity plot in Fig. 6 J.
In 2/12 metaphase-arrested meiotic embryos treated with PA,
DNC-1 accumulated on only one spindle pole. In 2/12 em-
bryos, DNC-1 localization increased on the entire spindle, and
in 1/12 embryos, DNC-1 was not detected. These results sug-
gest that CDK-1 prevents any association of DNC-1 with the
metaphase-I spindle and that inactivation of CDK-1 results
in specific accumulation of DNC-1 on spindle poles. In con-
trast, a population of CDK-1-resistant DHC-1 resides along
the entire length of the metaphase-I spindle, and inhibition of
CDK-1 results in a dramatic increase in DHC-1 on both the
poles and the interpolar microtubules.

In addition to the dramatic accumulation of DHC-1 and
DNC-1 on meiotic spindles induced by the inhibition of CDK-1,
treatment with PA also resulted in the localization of both DHC-1
and DNC-1 to the embryo cortex. In metaphase-I—-arrested meiotic
embryos exposed to DMSO, DHC-1 did not appear enriched
at the cortex (Fig. 6 K). However, inhibition of CDK-1 in

metaphase-I-arrested meiotic embryos resulted in cortical enrich-
ment of DHC-1 around the entire embryo (Fig. 6 L). Cortical
localization of DNC-1 was also observed in metaphase-I-arrested
meiotic embryos treated with PA (Fig. 6 N) but not in metaphase-
[-arrested embryos treated with DMSO (Fig. 6 M). Because inhibi-
tion of CDK-1 did not result in noticeable cortical enrichment of
ASPM-1 (Fig. 6, K and L), it is not clear whether PA-induced
cortical enrichment of DHC-1 and DNC-1 is a result of DHC-1-
DNC-1 binding to the cortex through some unknown cortical
anchor or a result of dynein/dynactin motoring to cytoplasmic
microtubule minus ends anchored at the cortex.

From the observation that DNC-1 is not detected on meta-
phase-I meiotic spindles but localizes to meiotic spindle poles
after APC activation and because mitotic phosphorylation of



the pl150 N-terminal domain inhibits its association with
spindle microtubules in Drosophila cells (Romé et al., 2010),
we hypothesized that CDK-1 might inhibit spindle association
of DHC-1 by inhibiting the microtubule binding activity of the
N-terminal domain of the p150 dynactin subunit. To test this hy-
pothesis, we fused the N-terminal 193 aa of C. elegans DNC-1
to GFP (Fig. 7 A) and expressed this construct in Xenopus
A6 cells. This construct contains the cytoskeleton-associated pro-
tein (CAP)-Gly/microtubule-binding domain (Waterman-Storer
et al., 1995; Weisbrich et al., 2007), the basic skating domain
(Culver-Hanlon et al., 2006), and seven out of eight in vivo
phosphorylation sites (Bodenmiller et al., 2008; Zielinska
et al., 2009) but lacks any coiled coil and therefore should not
dimerize with endogenous p150, and it should not interact with
the dynein intermediate chain. DNC-1(2-193)::GFP was ob-
served on centrosomes and faintly on the mitotic spindles of
A6 cells that were arrested at metaphase with the proteasome
inhibitor MG132 and treated with DMSO (n = 15; Fig. 7 B). In
contrast, when MG132-arrested A6 cells were treated with PA
for 5 min, a strong DNC-1(2-193)::GFP signal was detected
on centrosomes, spindle microtubules, and astral microtubules
(n = 20; Fig. 7 C). To quantify DNC-1(2-193)::GFP levels
on microtubules in MG132-arrested cells with and without
CDK-1 inhibition, we measured the mean pixel intensity of
DNC-1(2-193)::GFP. To control for difference in protein ex-
pression, we compared the ratios of the mean pixel intensity of
DNC-1(2-193)::GFP on the spindle/centrosomes with the cyto-
plasmic background. PA induced nearly a twofold increase in
this ratio (Fig. 7 E), whereas similar measurements of antitubulin
staining intensity revealed no significant difference (Fig. 7 D).
A previous study revealed that the inhibition of CDK-1 with an-
other small molecule inhibitor, Flavopiridol, in MG132-arrested
Xenopus cells induces reformation of the nucleus and extension
of interphase-like microtubules (Potapova et al., 2006). Indeed,
a longer 10-min PA treatment in MG132-arrested A6 cells re-
sulted in reformation of the nucleus and extension of interphase-
like microtubules (Fig. S5), indicating that treatment with PA
is effectively inhibiting CDK-1 function in MG132-arrested
AG6 cells. These results suggest that inhibition of CDK-1 increases
the association of the GFP-tagged C. elegans DNC-1 micro-
tubule-binding domain with microtubules in A6 cells. This could
result from increased DNC-1 microtubule binding affinity in the
absence of CDK-1, or, alternatively, CDK-1 inhibition could re-
sult in the removal of an unknown protein from the spindle that
allows DNC-1 to access spindle microtubules.

If the regulation of DNC-1 microtubule binding by
CDK-1 is relevant to meiotic spindle rotation, DNC-1
should be required for meiotic spindle rotation. Knockdown
of DNC-1 through RNAi by feeding resulted in a signifi-
cant delay in meiotic spindle rotation (Fig. 8). In addition
to a timing delay, in 8/11 dnc-1(RNAi) meiotic embryos,
homologous chromosomes began to separate before rota-
tion, and anaphase chromosome segregation was already
in progress at the time when the spindle completed rotation
(Fig. 8 B). This differs from wild-type meiosis, in which ana-
phase chromosome segregation does not occur until after the
meiotic spindle completes rotation (Fig. 8 A; Yang et al., 2003;

McNally and McNally, 2005). In dnc-1(RNAi) embryos with
delayed rotation, the anaphase spindles did not remain perpendicu-
lar to the cortex in 7/11 embryos, leading to defects in polar body
extrusion (Fig. 8 B). Spindle length and timing of APC activation
in dnc-1(RNAi) embryos were similar to wild type (Fig. 8 C).

Discussion

Based on these findings, we propose a model in which active
cyclin B-CDK-1 inhibits microtubule binding by the CAP-Gly
domain of pl150 dynactin from germinal vesicle breakdown
through metaphase-1 (Fig. 9). Cytoplasmic dynein participates
in assembly of the metaphase-I meiotic spindle in a manner
that does not require microtubule binding by the CAP-Gly
domain of p150 dynactin. Both C. elegans and mammals ex-
press isoforms of p150 that lack this domain, and these isoforms
are sufficient to drive dynein-dependent membrane motility (Kim
etal.,2007; Dixitetal., 2008) and processive movement (Kardon
et al., 2009). Upon activation of the APC, cyclin B is degraded,
and CDK-1-dependent phosphorylations are reversed, leading
to microtubule binding by the CAP-Gly domain of p150 dyn-
actin. This binding leads to a dramatic increase in the amount
of dynein and dynactin associated with the spindle, where they
can associate with the dynein activators ASPM-1 and LIN-5 to
generate a complete rotation complex. A study in budding yeast
indicates that the CAP-Gly domain of p150 dynactin is specifi-
cally required for the movement against a high load (Moore et al.,
2009). In our model, spindle rotation might involve movement
against a high load, or rotation may simply require a higher
local concentration of dynein than is required for spindle as-
sembly. During metaphase, cyclin B-CDK-1 also inhibits spin-
dle shortening by targeting different proteins than those that are
phosphorylated to prevent dynein-dependent rotation.

Our model predicts that the CAP-Gly domain of p150
dynactin should not be associated with the metaphase-I spin-
dle, and indeed immunofluorescence with an antibody specific
for this domain (Dinkelmann et al., 2007) showed no label-
ing of metaphase spindles (Fig. 6). Our model also predicts
that p150 dynactin should be required for spindle rotation,
and we indeed observed a strong delay in spindle rotation in
dnc-1(RNAiI) embryos and instability in the perpendicular orienta-
tion of anaphase spindles. It is possible that p150 was not com-
pletely depleted in our RNAi experiments or that additional
mechanisms participate in inhibiting spindle rotation during
metaphase. For example, phosphorylation of the dynein inter-
mediate chain might inhibit binding of dynein to p150 dynac-
tin (Vaughan et al., 2001; King et al., 2003; Whyte et al., 2008).
Three in vivo phosphorylation sites (Zielinska et al., 2009)
have been identified in the p150-binding domain (Vaughan
et al., 1995) of C. elegans DYCI-1. One of these (S77) matches
the minimal CDK consensus, and another one of these (S84)
inhibits interaction with p150 dynactin when phosphorylated in
mammalian cells (Vaughan et al., 2001). Alternatively, cyclin
B-CDK-1-dependent phosphorylation might inhibit binding of
dynein/dynactin to LIN-5 or ASPM-1. We do not favor this pos-
sibility as the sole mechanism of regulation because DHC-1 only
partially colocalizes with ASPM-1-LIN-5 in purvalanol-treated
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Figure 7. Inhibition of CDK-1 leads to association of the DNC-1 CAP-Gly domain with microtubules. (A) A schematic of the C. elegans DNC-1 CAP-Gly
construct transfected into Xenopus Aé cells where DNC-1(2-193) was fused to GFP. The construct contains the CAP-Gly domain of DNC-1, the basic
skating domain, as well as seven out of eight phosphorylation sites (red). (B and C) Representative images of Xenopus Aé cells expressing DNC-1(2-193)::GFP
stained for tubulin and DAPI. (B) MG132 metaphase-arrested control cell treated with DMSO. (C) MG132 metaphase-arrested cell treated with PA.
Bars, 5 pm. (D) Quantification of tubulin ratio of the mean pixel intensity of spindle/cytoplasm in MG 132 metaphase-arrested cells treated with DMSO
(open diamonds; n = 15) and PA (closed diamonds; n = 20). (E) Quantification of DNC-1(2-193)::GFP ratio of the mean pixel intensity of spindle/
cytoplasm in MG 132 metaphase-arrested cells treated with DMSO (open circles; n = 15) and PA (closed circles; n = 20). Each data point represents an
individual cell. The +SEM is rounded to the nearest tenth. ***, P < 0.0005. MTs, microtubules.

embryos (Fig. 5 D, inset). In addition, purvalanol induces a strong domain by cyclin B-CDK-1. A global mass spectrometry—based
relocalization of dynein and dynactin to the embryo cortex, where analysis of phosphorylations that decrease upon inhibition of
there is no obvious enrichment for ASPM-1. CDK-1 in yeast revealed that over half of the sites did not match

Although the inhibition of CDK-1 resulted in increased in a minimal CDK consensus sequence (Holt et al., 2009). A more
vivo microtubule association of the DNC-1 microtubule-binding thorough analysis of 1,940 phosphopeptides enriched in HeLa
domain in metaphase-arrested cells, it is not clear whether the cell mitotic spindles revealed that 39% matched a minimal CDK
limited spindle association during normal metaphase is a result consensus, 9% matched a polo consensus, 11% matched an aurora
of direct phosphorylation of the DNC-1 microtubule-binding consensus, and 30% were distributed among kinases that are not

localization in control mat-1(RNAi) embryos treated with DMSO (n = 21/22). (D) Localization of DHC-1::GFP and tubulin in mat-1(RNAi] embryos treated
with PA (n = 14/21). (B and D) The arrows indicate DHC-1 localization on interpolar microtubules. (E) mat-1(RNAi) embryo treated with DMSO and
stained for DNC-1 and tubulin (n = 6/7). (F) mat-T1(RNAI) embryo treated with PA and stained for DNC-1 and tubulin (n = 7/12). (G-J) Graphs of pixel
intensity along a line (4-pm thick and 12-pm long) drawn down the pole-to-pole axis of the spindle in representative background-subtracted images in C-F of
mat-1(RNAI) embryos treated with DMSO (G and I) and PA (H and J). Red, tubulin pixel intensity; green, DHC-1 (G and H) and DNC-1 (I and J). The dashed
gray lines indicate the spindle boundaries. (K and L) Cortical localization of ASPM-1 and DHC-1::GFP in mat-1(RNAi) embryos exposed to DMSO for 1 min
(K; n'=18/22) and mat-1(RNAI) embryos exposed to PA for 1 min (L; n = 18/21). (M and N) Cortical localization of tubulin and DNC-1 in mat-T(RNAI)
embryos exposed to DMSO for 1 min (M; n = 7/7) and mat-1{RNAi) embryos exposed to PA for 1 min (N; n = 12/12). Bars, 5 pm.
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Figure 8. DNC-1 is partially required for wild-type meiotic spindle rotation. (A and B) Representative images from live in utero timelapse sequences
of meiotic embryos expressing GFP::tubulin and mCherry::histone. (A) Wild4ype (WT) meiotic spindle rotation. (B) Meiotic spindle movements in a dnc-
1{RNAI) embryo (n = 8/11). The white brackets indicate the distance between homologues at the start and end of rotation. Yellow dashed lines outline
the cell cortex for clarity. T = O is the exit from the spermatheca. Bars, 5 mm. (C) Quantification of meiotic spindle movements and length in dnc-1(RNAI)
embryos compared with wild type. a, Ellefson and McNally, 2009; b, Yang et al., 2003; ESp, exit from the spermatheca; **, P < 0.05. The rotation de-
fect observed in dnc-1(RNAi) was weaker than that observed in dhc-1(RNAI) embryos (Ellefson and McNally, 2009). This could be caused by incomplete
knockdown of DNC-1. In C. elegans, dynactin knockdown has been previously found to result in two female pronuclei (Génczy et al., 1999b; Terasawa

et al., 2010), which might be a result of rotation failure.

mitosis specific (Malik et al., 2009). Thus, CDK-1 drives global
phosphorylation of proteins by other kinases. In Drosophila,
aurora A kinase is responsible for the inhibitory phosphorylation
of eight serines within the basic skating domain adjacent to the
CAP-Gly domain of p150 (Romé et al., 2010); however, none of
the Drosophila phosphorylation sites are conserved across phyla.
Eight in vivo phosphorylation sites have been identified in the
same basic skating domain of C. elegans DNC-1 by mass spec-
trometry (Bodenmiller et al., 2008; Zielinska et al., 2009), but
none of the C. elegans sites match an aurora consensus, and only
two of these sites match a minimal CDK consensus. The only
things about the basic skating domain that are conserved across
animal phyla are a similar length (~200 aa), a net-positive charge
in the dephosphorylated state (+13 C. elegans, +7 Drosophila,
and +8 mouse) that might promote microtubule binding by the
adjacent CAP-Gly domain, and an abundance of serines that, if
phosphorylated, would neutralize the positive charges and might
reduce the microtubule binding affinity of the adjacent CAP-Gly
domain. If this charge neutralization model is correct, charge
neutralization could be mediated by different kinases and differ-
ent phosphorylation sites in different species.

An important unanswered question is whether dynein is
activated at one spindle pole first to allow spindle rotation
rather than isometric pulling on both spindle poles. In Drosophila,
destruction of cyclin B is spatially regulated on the mitotic spindle

(Huang and Raff, 1999). In human cells (Tugendreich et al.,
1995) and C. elegans embryos (Kitagawa et al., 2002), compo-
nents of the APC localize to the mitotic spindle, but the signi-
ficance of this localization has not yet been determined.

Asymmetric positioning of the spindle occurs after the
metaphase/anaphase transition in the asymmetric mitotic divi-
sions of Saccharomyces cerevisiae (Sheeman et al., 2003; Grava
et al., 2006; Woodruff et al., 2009), C. elegans mitotic embryos
(McCarthy Campbell et al., 2009), and Drosophila neuroblasts
(Kaltschmidt et al., 2000), in meiosis of C. elegans (Yang et al.,
2003; Ellefson and McNally, 2009) and Drosophila (Endow and
Komma, 1997), and in meiosis-II in the mouse (Zhu et al., 2003;
Matson et al., 2006). The observation that asymmetric spindle
positioning occurs after APC activation in both mitotic and meiotic
divisions of different species suggests that it may confer some
selective advantage. Thus, the mechanisms elucidated here for
APC-dependent activation of dynein will likely be relevant to cell
divisions in a wide range of species and cell types.

C. elegans strains

Strains were cultured according to standard procedures (Brenner,
1974). In this study, wild type indicates the integrated GFP::tubulin
and mCherry::histone strain created in our laboratory and designated
FM125. FM125 (unc-119(ed3);ruls57[pAZ147 :pie-1/B-tubulin::GFP;
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unc-119(+)];itls37[unc-119(+) pie-1::mCherry::H2B]) was created by crossing
ODS57 (unc-119(ed3);ruls57[pAZ 147 :pie-1/B-tubulin::GFP;unc-119(+)];
ils37[unc-119(+) pie-1:mCherry::H2B]) (provided by K. McNally, Uni-
versity of California, Davis, Davis, CA; McNally et al., 2006) with
AZ244 (unc-119(ed3);ruls57[pAZ147:pie-1/B-tubulin::GFP;unc-119(+)]),
which is derived from N2 (Praitis et al., 2001). FM55 (unc-36(e251);
unc-116(f130);unc-119(ed3);ruls57[pAZ147 pie-1/B-tubulin::GFP;unc-
119(+)];itls37[unc-119(+) pie-1::mCherry::H2B]) carries the unc-116(f130)
temperature-sensitive maternal effect lethal mutation (McNally et al.,
2010). FM102 (lin-5(ev571ts)  unc-119(ed3);ruls57  [pAZ147:pie-1/
B-tubulin::GFP;unc-119(+)]) (a gift from L. Rose, University of California,
Davis, Davis, CA; Park and Rose, 2008) carries the lin-5(ev571) allele,
which is a recessive loss-of-function temperature-sensitive mutation (Lorson
et al., 2000). FM157 (mat2(ax102)ll; Hs24 [pAZ132; pie-1::GFP::tba-2 +
unc-119(+)]) carries the mat-2(ax102)ll temperature-sensitive mutation
(Davis et al., 2002) and was obtained from crossing DS98 (mat-2(ax102)l)
with OD73 (ts38 [pAA]; pie-1::GFP::PH(PLCT81) + unc-119(+)]; itls24
(PAZ132; pie-1::GFP::tba-2 + unc-119(+)) was provided by A. Fabritius
(University of California, Davis, Davis, CA). Both DS98 and OD73 were
obtained from the Caenorhabditis Genetics Center at the University of Min-
nesota. EUT1561 was the strain used for visualization of DHC-1. EU1561
(orls[dhc-1::GFP::DHC-1,unc-119(+)];itls37 [unc-119(+)pie-1::mCherry::H2B])
has integrated GFP::dynein (DHC-1) and mCherry::histone H2B transgenes
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Figure 9. Model for the mechanism of CDK-1 inhibition
of dynein-dependent meiotic spindle rotation. During wild-
type metaphase, cyclin B-CDK-1 reduces the association of
DNC-1 with microtubules via inhibitory phosphorylations,
which limit the accumulation of DHC-1-DNC-1 on the spin-
dle microtubules (MTs). Cyclin B-CDK-1 may also block the
protein—protein interactions between DHC-1-DNC-1 with
CMD-1-ASPM-1-LIN-T at meiotic spindle poles via inhibitory
phosphorylations. After APC activation, cyclin B is targeted
for degradation, and CDK-1 kinase activity ceases. Inhibitory
phosphorylations of DNC-1 are removed, and DHC-1-DNC-1
associates with spindle and cytoplasmic microtubules, motors
toward microtubule minus ends, and accumulates on spindle
poles and the embryo cortex. DHC-1-DNC-1 at the meiotic
spindle poles interacts with CMD-1-ASPM-1-LIN-5, thus form-
ing a functional rotation complex. DHC-1, with its cargo-
binding domain bound to spindle poles, engages cytoplas-
mic microtubules with minus ends anchored at the cortex and
motors toward the cortex, resulting in meiotic spindle rotation.

@

(a gift from B. Bowerman, University of Oregon, Eugene, OR; Gassmann et
al., 2008). FM125 and EU1561 were maintained at 20°C. All tempera-
ture-sensitive mutants (FM55, FM102, and FM157) were maintained at
16°C. All strains were shifted to 25°C for 24 h before imaging.

RNAi

All of the RNAi experiments were performed by feeding bacteria (HT115) in-
duced to express double-siranded RNA corresponding to each gene as
described by Timmons et al. (2001) and by Kamath et al. {2001).
L4 hermaphrodites were transferred to RNAI plates and were allowed to feed
on the RNAi bacterial lawn for 16-24 h. The following clones from the
genomic RNAi feeding library (Medical Research Council Gene Services,
Source BioScience; Kamath et al., 2001) were used: mat1 clone 1-2C18,
dhe-1 clone -1PO4, and dnc-1 clone IV-5D24. For live imaging and injec-
tions, a 24-h feeding was used for mat-1(RNAi) and dnc-1(RNAi) at 25°C in
the FM125, unc-116(f130), lin-5(ev571), and EU1561 strains, and a 16-h
feeding at 25°C was used for dhc-1(RNAI) in the mat-2(ax102) strain.

In utero microinjections and live imaging

Adult hermaphrodite worms were transferred to unseeded Modified Youn-
gren’s, Only Bacto-peptone plates 10 min before injection to remove bacteria.
In sefs of two, worms were immobilized by placing them into halocarbon
oil on a coverslip with a desiccated 2% agarose pad and were immediately
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transferred to the injection scope. For injections, 1 pl of 100 mM PA
(a gift from A. Goga, University of California, San Francisco, San Fran-
cisco, CA; Tocris Bioscience) in 100% DMSO was loaded into the injection
needle, or, for controls, the needle was loaded with 100% DMSO. This
high concentration of PA was used to account for rapid dilution after injec-
tion of a small volume info the uterus of the worm. We estimate that this
mimics freating the embryos with 200 pM PA directly. Injection mixtures
also contained 0.1 pl Alexa Fluor 594-labeled secondary antibody, which
revealed the extent of diffusion of the injected mixture within the uterus. To
inject, the glass microinjection needle was directly inserted into the vulva
of the adult worm, and then PA or DMSO was released directly into the
uterus without puncturing the worm. The worms were immediately recov-
ered for 15 s in M9 buffer, transferred to anesthesia with tricaine/tetrami-
sole (Kirby et al., 1990; McCarter et al., 1999) for 30 s, and gently
mounted between a coverslip and a thin 3% agarose pad on a glass
slide. The slides were quickly transferred to the imaging microscope and
imaged. The time from injection to the start of imaging was 5 min. Live
imaging was performed on an inverted microscope (IX71; Olympus)
equipped with a 60x PlanApo NA 1.42 objective and a deep-cooled
C10600-10B digital mono charge-coupled device camera (Orca R2;
Hamamatsu Photonics). Excitation light from a mercury burner power
supply (U-RFL-T TOOW; Olympus) was shuttered with a shutter (Sutter
Instrument) controlled by a Lambda 10-3 controller (Sutter Instrument)
and MetaMorph Imaging software (Universal Imaging) through a 32-mm
excitation filter wheel (Sutter Instrument). The stage temperature was
22-24°C. Single exposures of 0.15-0.3 s were captured. For time-lapse
imaging (Fig. 4), images were captured at 10-s intervals for 10 min, and
T = 0 was set at the time at which homologous chromosomes were clearly
in focus and measureable. All quantitative analysis was performed with
MetaMorph software. Only the +1 embryo was imaged and scored for
all experiments.

Immunofluorescence

Adult hermaphrodite worms were washed in a watch glass in 0.8x egg buffer,
and the worms were transferred in sets of 10 to a polylysinecoated glass slide
(Superfrost Plus; Thermo Fisher Scientific). Excess liquid was wicked away,
200 pM PA or 0.2% DMSO in 0.8x egg buffer was added, and embryos
were quickly dissected out of the worms using a 27G1/2 needle. Slides with
dissected embryos in PA or DMSO were incubated for 1 or 5 min in a moist
chamber, excess liquid was wicked away, a coverslip was gently applied, and
the slides were submerged into liquid nitrogen for 10 min. After removal from
liquid nitrogen, the coverslips were quickly flicked off, and the slides were sub-
merged in —20°C MeOH for 25 min. Slides were washed twice for 10 min
in 1x PBS and once for 15 min in PBS containing 0.05% Tween 20 (PBST).
Slides were preblocked in 4% BSA in PBST for 45 min at RT followed by over-
night incubation with primary antibodies at 4°C. Slides were washed twice
for 10 min in 1x PBS and once for 15 min in PBST and then incubated with
secondary antibodies for 1 h at RT. Slides were washed twice for 10 min in 1x
PBS and once for 15 min in PBST and then mounted with a coverslip and 1,4-
diazabicyclo[2.2.2]octane/Mowiol. Primary antibodies were diluted in PBST
and 4% BSA in the following ratios: 1:50 anti~ASPM-1 (a gift from S. van den
Huevel, Utrecht University, Utrecht, Netherlands; van der Voet et al., 20094q),
1:50 anti-LIN-5 (a gift from L. Rose; Park and Rose, 2008), 1:200 anti-DNC-1
(a gift from A. Skop and J. White, University of Wisconsin Madison, Madi-
son, WI; Dinkelmann et al., 2007), and 1:200 anti-DM1a (Sigma-Aldrich).
All secondary antibodies were diluted 1:200 in PBST. The secondary anti-
bodies used were Alexa Flour 594 goat anti-rabbit IgG (Invitrogen), anti-rat
{Jackson ImmunoResearch Laboratories, Inc.), and anti-mouse IgG (Invitrogen).
DAPI staining was used to visualize DNA. Stained embryos were imaged
using a 60x NA 1.4 objective on a realtime deconvolution microscope
(Delta Vision; Applied Precision) equipped with a charge-coupled device
camera (Coolsnap HQ; Roper Scientific). Images were deconvolved using
SoftWorx Explorer Suite software (Applied Precision). Z stacks of images
were taken in 0.20-pm step size. Metaphase-arrested meiotic embryos with
highly abnormal spindle or chromosome morphology were excluded from
this analysis, as our in utero analysis (Fig. 1) as well as that of Sonneville
and Gdnczy (2004) indicate that these represent embryos that have been
arrested for >1 h.

Xenopus A6 cells

DNA encoding amino acids 2-193 of DNC-1 was synthesized by GenScript
with a Hindlll site and Kozak consensus at the 5” end and an HA tag, six—
amino acid flexible linker, and Agel site at the 3’ end and was first cloned
into pUC57. The Hindlll-Agel fragment was cloned into the pEGFP-N1
vector (Takara Bio Inc.) and was confirmed by sequencing.
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Xenopus A6 cells, which were obtained from D. Furlow (University
of California, Davis, Davis, CA), were grown at 27°C on coverslips in
70% Leibovits's L15 medium supplemented with10% FBS and penicillin/
streptomycin. Cells were transfected with DNC-1(2-193)::GFP using Lipo-
fectamine 2000 (Invitrogen). 24 h after transfection, the cells were treated
with 25 yM MG 132 (EMD). After 60-90 min in MG 132, cells were treated
for 510 min with 200 pM PA or treated with DMSO as a control solvent.
The coverslips were then fixed in —20°C MeOH and stained with anti-
tubulin antibody (DM1a) and DAPI. Cells were imaged on an inverted micro-
scope. All images of Xenopus A6 cells in Fig. 7 were taken with the same
exposure fimes: 500 ms (mCherry), 2 s (GFP), and 500 ms (DAPI).

Quantification of pixel intensity was performed with iVision software
(BioVision Technologies). A projection of five planes of a Z stack for each
image was background subtracted. The mean pixel intensity was mea-
sured by drawing a segment over the spindle microtubules and centro-
somes or over the cytoplasm. The ratio of mean pixel intensity of (spindle +
centrosomes)/ (cytoplasm) was calculated for each cell.

Measurements
All measurements of spindle length, distance from cortex, and rotation index
were made from single focal plane live images of meiotic spindles in utero
using MetaMorph software. Measurements were taken only for images in
which the spindle orientation and pole-to-pole axis could be unambiguously
determined from the direction of microtubule bundles within the spindle
and in which both spindle poles were in focus. Variation between differ-
ent embryos is indicated by the spread of values presented in histograms
(Figs. 1 C and 2 D) or the SEM (Figs. 1 D, 2 C, 7 [D and E], and 8 C). All
histograms and mean values include measurements from multiple experi-
ments. The accuracy of individual length measurements was determined
from the standard deviation between 10 separate measurements for the
same spindle. This standard deviation was 0.2 pm and justifies reporting
length measurements rounded to the nearest tenth of a micrometer.
Spindle length was measured as the distance along the pole-to-pole
axis, which was determined from thick fluorescent bars of GFP::tubulin that
represent dense bundles of microtubules extending along the pole-to-pole
axis. Spindle length was measured as the longest length of the longest bar
of GFP::tubulin fluorescence. The distance between the spindle and the cor-
tex (Fig. S2 C) was measured as the shortest distance between the edge of
the spindle and the cortex. Distance between the spindle pole and the cor-
tex, which was used to determine the rotation index, was measured as the
shortest distance between the spindle pole and the cortex.

Online supplemental material

Fig. S1 shows that cdk-1(RNAi) prevents meiotic spindle assembly. Fig. $2
shows that UNC-116 is not required for purvalanol-induced spindle shorten-
ing or rotation. Fig. S3 shows that LIN-5 is required for PA-induced meiotic
spindle rotation. Fig. S4 shows that DHC-1 relocalizes to meiotic spindle
poles after 5 min of PA treatment. Fig. S5 shows that inhibition of CDK-1
leads to mitotic exitin MG 132-arrested cells. Online supplemental material is

available at http://www.jcb.org/cgi/content/full/jcb.201104008/DC1.
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