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Assembly of Caenorhabditis elegans acentrosomal

spindles occurs without evident microtubule-
organizing centers and requires microtubule
sorting by KLP-18/kinesin-12 and MESP-1
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ABSTRACT Although centrosomes contribute to spindle formation in most cell types, oocytes
of many species are acentrosomal and must organize spindles in their absence. Here we
investigate this process in Caenorhabditis elegans, detailing how acentrosomal spindles form
and revealing mechanisms required to establish bipolarity. Using high-resolution imaging, we
find that in meiosis |, microtubules initially form a “cage-like” structure inside the disassem-
bling nuclear envelope. This structure reorganizes so that minus ends are sorted to the
periphery of the array, forming multiple nascent poles that then coalesce until bipolarity is
achieved. In meiosis I, microtubules nucleate in the vicinity of chromosomes but then un-
dergo similar sorting and pole formation events. We further show that KLP-18/kinesin-12 and
MESP-1, previously shown to be required for spindle bipolarity, likely contribute to bipolarity
by sorting microtubules. After their depletion, minus ends are not sorted outward at the
early stages of spindle assembly and instead converge. These proteins colocalize on microtu-
bules, are interdependent for localization, and can interact, suggesting that they work
together. We propose that KLP-18/kinesin-12 and MESP-1 form a complex that functions to
sort microtubules of mixed polarity into a configuration in which minus ends are away from
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the chromosomes, enabling formation of nascent poles.

INTRODUCTION

During mitosis and male meiosis, duplicated centrosomes nucleate
microtubules and then separate to opposite sides of the cell, forming
the poles of a spindle capable of aligning and segregating chromo-
somes (Walczak and Heald, 2008). However, in female reproductive
cells (oocytes) of many species, centriole-containing centrosomes
are degraded before the meiotic divisions (Dumont and Desai,
2012). We are interested in understanding the mechanisms by which
microtubules are organized into a bipolar spindle in their absence.
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In mouse oocytes, spindle assembly involves multiple acentriolar
microtubule-organizing centers (MTOCs), which are believed to
functionally replace centrosomes. These MTOCs are small asters of
microtubules that contain pericentriolar material (PCM) components
at their center, including pericentrin and y-tubulin (Gueth-Hallonet
et al., 1993; Palacios et al., 1993; Carabatsos et al., 2000), and they
have been proposed to serve as major sites of microtubule nucle-
ation. Live imaging studies have shown that >80 of these MTOCs
form in the cytoplasm, coalesce to the outside of the nucleus, and
then are incorporated into the meiotic spindle, leading to the model
that self-organization of these structures drives acentrosomal spindle
assembly in mammalian oocytes (Schuh and Ellenberg, 2007; Clift
and Schuh, 2015). Similar asters have also been observed in
Drosophila oocytes (Skold et al., 2005), raising the possibility that this
feature of acentrosomal spindle assembly is conserved. However,
several lines of evidence support the view that acentrosomal spindle
assembly does not absolutely require participation from MTOCs.
First, a number of studies in Drosophila have not reported the forma-
tion of MTOCs and instead demonstrate that microtubules are nucle-
ated in the vicinity of chromosomes (Theurkauf and Hawley, 1992;
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Colombie et al., 2008). Moreover, MTOC asters have not been ob-
served during acentrosomal spindle formation in either Xenopus
egg extracts or human oocytes, strengthening the idea that alterna-
tive strategies exist. In Xenopus extracts, spindle assembly involves
microtubule nucleation in the vicinity of chromatin followed by mo-
tor-driven reorganization of these microtubules into a bipolar struc-
ture (Heald et al., 1996; Walczak et al., 1998). However, because this
is an in vitro system, it is possible that additional mechanisms may
also contribute in vivo. In humans, microtubules also appear to nu-
cleate in the vicinity of chromosomes (Holubcova et al., 2015), but
the molecular mechanisms driving spindle assembly in these cells are
poorly understood due to difficulties in obtaining and experimentally
manipulating human oocytes.

Caenorhabditis elegans represents an ideal in vivo model in
which to study acentrosomal spindle assembly since it is an experi-
mentally tractable system that is amenable to live imaging of the
meiotic divisions. To understand more about the molecular mecha-
nisms driving spindle assembly in C. elegans oocytes, we previously
performed an RNA interference (RNAI) screen and identified KLP-18
(kinesin-12) and the novel protein meiotic spindle 1 (MESP-1) as es-
sential for acentrosomal spindle bipolarity. When either of these
proteins was depleted, monopolar instead of bipolar spindles
formed (Wignall and Villeneuve, 2009). However, when and how
these proteins act to promote bipolarity during acentrosomal spin-
dle assembly are not understood.

In this study, we gain insight into these questions by first defining
how acentrosomal spindles form in C. elegans oocytes and then
investigating the roles of KLP-18/kinesin-12 and MESP-1 in this
process. We find that in contrast to a recently proposed model
(Connolly et al., 2015; Severson et al., 2016), C. elegans oocyte
spindles do not assemble via the nucleation and coalescence of
MTOC asters, bolstering the idea that acentrosomal spindle forma-
tion does not universally require these structures. Instead, our find-
ings are consistent with a model in which KLP-18 and MESP-1 sort
microtubules of mixed polarity into a configuration in which their
minus ends can be gathered into two oppositely oriented poles. We
find that MESP-1 and KLP-18 are interdependent for localization
and can interact, suggesting that they work together to perform this
function. This work therefore sheds light on mechanisms by which
acentrosomal spindles achieve bipolarity in C. elegans. Moreover,
our findings establish C. elegans as a model for in vivo investigation
of pathways of acentrosomal spindle assembly that do not involve
MTOC asters, which may provide future insight into mechanisms
used by human oocytes.

RESULTS AND DISCUSSION

Acentrosomal spindle assembly proceeds by microtubule
nucleation followed by formation and coalescence of
multiple poles

We set out to investigate the stages of acentrosomal spindle
assembly in vivo using a strain expressing green fluorescent protein
(GFP)—tubulin and GFP-histone to visualize microtubules and chro-
mosomes, respectively (Figure 1A). Although meiotic spindle as-
sembly was visualized in live worms in many previous studies (Yang
et al., 2003, 2005; McNally et al., 2006; Connolly et al., 2014, 2015;
Sumiyoshi et al, 2015), those experiments used conditions
optimized to allow long-term filming, which limited the number of
images that could be obtained at each time point without affecting
viability, thereby limiting the number of z-stacks and the resolution
of spindle structures. Therefore we took the complementary ap-
proach of acquiring high-resolution in vivo images representing
each of the different stages of spindle assembly. We then ordered
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images into a spindle assembly pathway using three temporal mark-
ers: 1) the position of the oocyte within the gonad (since this position
correlates with progression through meiosis), 2) the position of the
chromosomes within the oocyte (since the chromosomes start in the
center of the cell and move to the cortex as the spindle forms), and
3) the shape of the cell (since the morphology changes upon ovula-
tion and again as the eggshell forms). We also quantified the types
of microtubule structures we observed at specific locations in the
gonad (Supplemental Figure S1) and compared our images to our
(Figure 1B and Supplemental Movie S1) and published (Yang et al.,
2003, 2005; McNally et al., 2006; Connolly et al., 2014, 2015; Sum-
iyoshi et al., 2015) lower-resolution time-lapse movies for additional
confirmation. Our imaging has more precisely documented how
microtubules form and reorganize during the process of acentro-
somal spindle assembly in vivo.

First, we observed the early stages of spindle formation, begin-
ning with nuclear envelope breakdown (NEBD). Oocytes progress
through the C. elegans gonad in a production line manner, ap-
proaching the spermatheca, where sperm entry triggers NEBD and
initiation of the meiotic divisions (McCarter et al., 1999). Oocytes
with intact nuclear envelopes could be distinguished by hazy GFP-
histone fluorescence confined within that area (Figure 1A). Whereas
most oocytes adjacent to the spermatheca had intact nuclear enve-
lopes (Supplemental Figure S1A), oocytes that had initiated NEBD
were discernible due to dispersal of the hazy GFP signal and the
presence of a microtubule array. This array was similar to the size
and shape of the previously intact nuclear envelope, forming a “mi-
crotubule cage” comprising bundles of microtubules with the chro-
mosomes contained inside (Figure 1, A and B, and Supplemental
Movies S2, S4, and S5). Imaging of nuclear lamin (LMN-1) and the
integral nuclear membrane protein emerin (EMR-1) revealed that a
significant amount of nuclear envelope material was still present at
this stage, suggesting that this structure may be analogous to the
array that forms in mouse oocytes, where microtubules concentrate
on the outside of the nuclear envelope before NEBD (Schuh and
Ellenberg, 2007). However, we instead found that the majority of the
prominent microtubule bundles forming the cage were on the in-
side of the LMN-1/EMR-1 signal (Figure 1C and Supplemental
Movie S2), with microtubules both concentrated near the nuclear
envelope remnants and also projecting inward toward the chromo-
somes. These results suggest that after nucleation, microtubules are
constrained into the cage-like array by the presence of the disas-
sembling envelope, which likely accounts for the “spherical”
appearance of microtubules during spindle assembly previously
documented in these cells (Sumiyoshi et al., 2015). Consistent with
this idea, we did not observe formation of a microtubule cage dur-
ing meiosis Il (which is not preceded by NEBD, as the NE does not
reform between the meiotic divisions), and microtubules instead
appeared to nucleate in a smaller array in the vicinity of the chromo-
somes (Figure 1D and Supplemental Movie S3).

After cage formation in meiosis | oocytes, we found that microtu-
bule ends began to appear focused at multiple sites on the periph-
ery of a large array, forming nascent poles (Figure 1A, asterisks).
Quantification of spindle morphologies observed at various loca-
tions in the gonad supports the view that this multipolar stage pre-
cedes the bipolar stage (Supplemental Figure S1A), suggesting that
the nascent poles then coalesce until bipolarity is achieved. Lower-
resolution time-lapse imaging also supported this ordering of events
(Figure 1B and Supplemental Movie S1; Yang et al., 2003, 2005;
McNally et al., 2006; Connolly et al., 2014, 2015; Sumiyoshi et al.,
2015). After microtubule nucleation around the chromosomes in
meiosis Il, we observed a similar progression of events (Figure 1D
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FIGURE 1: Acentrosomal spindle assembly in meiosis | proceeds through a cage and multipolar stage. (A) In vivo
imaging of oocytes expressing GFP-tubulin and GFP-histone. After NEBD, a microtubule cage forms before
microtubules are sorted into multiple nascent poles (asterisks) that coalesce until bipolarity is achieved. (B, D) Stills from
movies capturing meiosis | (B) and meiosis Il (D) spindle assembly in oocytes expressing GFP-tubulin and mCherry-
histone. A microtubule cage does not form in meiosis Il. (C) Fixed oocytes stained for tubulin (green), DNA (blue), and a
nuclear envelope (NE) marker (red); top, LMN-1; bottom, GFP::EMR-1. Zooms show cage microtubule bundles adjacent
to and within the nuclear envelope. Scale bars, 5 pm (full images), 1.25 pm (zoom).

and Supplemental Movie S3). Together our observations indicate
that acentrosomal spindle assembly in C. elegans proceeds by mi-
crotubule nucleation followed by the formation and subsequent
coalescence of multiple poles, as has been proposed previously
(Connolly et al., 2015).

Microtubules of mixed polarity are nucleated and then
sorted during acentrosomal spindle assembly
As previously mentioned, spindle assembly in mouse oocytes in-
volves the nucleation and coalescence of many small MTOC asters
containing PCM components at their centers (Skold et al., 2005;
Schuh and Ellenberg, 2007; Clift and Schuh, 2015). In C. elegans
oocytes, live imaging of the spindle pole protein ASPM-1, which is
presumed to mark microtubule minus ends, revealed that this pro-
tein forms foci during spindle assembly, leading to a model in which
acentrosomal spindle assembly in this system might also be driven
by the nucleation and coalescence of MTOC-like structures (Connolly
et al., 2015; Severson et al., 2016). However, previous work demon-
strated that C. elegans oocyte spindles do not have the PCM com-
ponents y-tubulin, SPD-2, or SPD-5 at their poles (Bobinnec et al.,
2000; Pelletier et al., 2004). Moreover, we did not detect MTOC-like
asters in either our high-resolution live or fixed imaging (Figure 1
and Supplemental Movies S1 and S2). Thus we set out to examine
what these previously observed ASPM-1 foci represent.

To address this question, we performed fixed imaging of ASPM-1
throughout the process of spindle assembly (Figure 2A, Supplemental
Figure S2, and Supplemental Movies S4 and S5), achieving a higher
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level of resolution than the published live imaging. Consistent with
our other images (Figure 1 and Supplemental Movie S2), we did not
find evidence for MTOC-like microtubule asters, indicating that such
structures do not form or are very transient and/or unstable. Instead,
in early spindle assembly, we observed small foci of ASPM-1
dispersed throughout the cage structure that often appeared to
localize at the tips of individual microtubule bundles (Figure 2A, Sup-
plemental Figure S2, asterisks, and Supplemental Movies S4 and S5),
suggesting that these foci mark minus ends. Many ASPM-1 foci were
in the vicinity of the disassembling envelope, but some were also
near the chromosomes, suggesting that these minus ends are dis-
tributed throughout the cage structure. Further, some foci appeared
to colocalize with microtubule bundles but were not at the ends
(Figure 2A, Supplemental Figure S2, arrows, and Supplemental
Movies S4 and S5), suggesting that the bundles themselves likely are
composed of multiple microtubules and that the ends are not all
focused together at this stage.

At later stages, ASPM-1 foci continued to decorate the ends of
microtubules. In the multipolar stage, these foci were enriched on
the periphery of the microtubule array, away from the chromosomes
(Figure 2A and Supplemental Figure S2, arrowheads), and then
began to form larger stretches connecting multiple microtubule
bundles and forming the nascent poles (Figure 2A and Supplemental
Figure S2). Taken together, our data suggest that MTOC asters
(which are undetectable in either of our imaging conditions) do not
play a major role in acentrosomal spindle assembly in C. elegans
oocytes. Instead, we propose that spindle assembly proceeds
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tubulin (green), DNA (blue), and microtubule minus end marker ASPM-1 (red). AII images are projections encompassing
the entire spindle structure, except for the cage zoom images, which are a single z-plane to better show direct ASPM-1
and MT colocalization. ASPM-1 forms puncta at the ends of microtubule bundles at the cage and multipolar stages
(asterisks and arrowheads, respectively) and sometimes within or along the side of a bundle (arrows), and then ASPM-1
marks larger stretches associated with spindle poles as spindle assembly proceeds. Minus ends are distributed
throughout the microtubule cage and then are sorted away from the chromosomes as spindle assembly proceeds. (B) In
vivo imaging of klp-18(RNAI) and mesp-1(RNAi) worms expressing GFP-tubulin and GFP-histone. Microtubules form a
cage, but then minus ends collapse into a single aster. Scale bars, 5 pm (full images), 1.25 um (zoom).

through 1) formation of a disordered array of microtubules within
the remnants of the nuclear envelope, 2) sorting of microtubule mi-
nus ends away from the chromosomes to the periphery of the array,
3) organization of these ends into nascent poles, and 4) progressive
coalescence of these poles until bipolarity is achieved.

KLP-18/kinesin-12 and MESP-1 are required to sort
microtubule minus ends away from the chromosomes

Next we sought to investigate how bipolarity is established, given
this pathway of spindle assembly. To address this question, we initi-
ated analysis of KLP-18 (kinesin-12 family) and MESP-1, two proteins
that we previously found to be required for spindle bipolarity in an
RNAI screen (Wignall and Villeneuve, 2009). Using high-resolution in
vivo imaging, we found that the microtubule cage forms normally
after depletion of either KLP-18 or MESP-1 (Figure 2B). However,
after cage formation (at the stage at which multipolar spindles form
in wild-type oocytes), microtubule ends converge into one central
point, forming a microtubule aster with the chromosomes located
close to the center; chromosomes then move outward, away from
the pole (Figure 2B, Supplemental Figure S2B, and Supplemental
Movie S6). ASPM-1 localizes to the center of these asters, confirm-
ing that they represent monopolar spindles (Wignall and Villeneuve,
2009; McNally and McNally, 2011; Connolly et al., 2014). Therefore
KLP-18 and MESP-1 are not required for the earliest steps in the as-
sembly pathway but are required to establish acentrosomal spindle
bipolarity. Our observations are consistent with the idea that in the
absence of these proteins, microtubule minus ends fail to be sorted
away from the chromosomes after cage formation; consequently,
factors that focus minus ends organize all of these ends into a single
pole, bypassing the multipolar stage. These data therefore suggest
that KLP-18 and MESP-1 are required to provide an outward force to
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sort microtubule minus ends away from the chromosomes, enabling
bipolar spindle formation.

KLP-18/kinesin-12 and MESP-1 are interdependent for
localization and can interact

Because both KLP-18 and MESP-1 are required for acentrosomal
spindle bipolarity, we investigated the relationship between the two
proteins. First, we assessed the localization of each during wild-type
spindle assembly. KLP-18 was shown previously to localize to the
poles of the bipolar spindle (Segbert et al., 2003). Using high-
resolution microscopy, we confirmed this localization and also
determined that KLP-18 and MESP-1 colocalize at all stages of
acentrosomal spindle assembly (Figure 3A). Before NEBD and dur-
ing early stages of spindle assembly, both proteins are broadly dis-
tributed in areas of high microtubule density (i.e., on microtubules
adjacent to the nuclear envelope and also on the cage structure). As
microtubules are further bundled and organized during spindle for-
mation, KLP-18 and MESP-1 become enriched at the nascent poles
of multipolar spindles and at the poles of the bipolar spindle,
although they are also present at lower levels in the middle region of
the spindle.

Given their colocalization, we next sought to investigate whether
MESP-1 and KLP-18 are dependent on one another for spindle tar-
geting. For this analysis, we took advantage of two klp-18 mutants,
0k2519 and tm2841. 0k2519 is an in-frame deletion that results in
the production of a truncated protein missing part of the motor do-
main (Figure 3B), and tm2841 is a deletion that results in a predicted
early stop. Because our antibody recognizes only the C-terminus
of KLP-18 (amino acids 508-932; Segbert et al., 2003), we cannot
determine whether a truncated form of KLP-18 is made or targeted
to the spindle in this second mutant. As expected from the
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FIGURE 3: KLP-18 and MESP-1 colocalize and are interdependent for localization. (A) Images
of fixed wild-type oocytes stained for DNA (blue), tubulin (green), MESP-1 (red in merge),
and KLP-18 (not shown in merge). KLP-18 and MESP-1 colocalize along microtubules during
the early cage and become enriched at poles during multipolar and bipolar stages. Pearson’s
correlation coefficient for MESP-1/KLP-18 colocalization at cage, multipolar, and bipolar
stages was 0.74, 0.78, and 0.92 respectively. (B) Schematic of full-length KLP-18 (top) and
analyzed mutants (bottom). klp-18(0k2519) contains an in-frame 510-base pair deletion that
removes 170 residues from the motor domain, and klp-18(tm2841) contains a 162-base pair
deletion that results in a predicted early stop. Western blotting with a KLP-18 antibody
shows that 0k2519 results in a truncated protein with ~25 kDa removed, but KLP-18 is not
detected in tm2841, indicating that either it is not expressed or lacks the C-terminal domain.
(C) 0k2519 and tm2841 oocytes in meiosis | (MI) and meiosis Il (MIl) stained for DNA (blue),
tubulin (green), KLP-18 (not shown in merge), and MESP-1 (red in merge). MESP-1 does not
localize to the spindle in either mutant. (D) mesp-1(RNAI) oocytes stained for DNA (blue),
tubulin (green), MESP-1 (not shown in merge), and KLP-18 (red in merge). KLP-18 does not
localize after MESP-1 depletion. (E) GST pull down demonstrating interaction between
KLP-18 and MESP-1. GST-MESP-1 or GST-alone was incubated with wild-type (WT) worm
extract and then retrieved. Bait proteins are shown before incubation on the left, and the
eluate after incubation is shown on the right. A KLP-18 antibody was used to visualize
KLP-18, and a GST antibody was used to visualize both GST and GST-MESP-1. KLP-18 is
present in eluate from the GST-MESP-1 pull down but not from GST-alone. Scale bars, 5 pm.
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klp-18(RNAI) phenotype, both klp-18(ck2519)
and klp-18(tm2841) homozygotes have monopo-
lar oocyte spindles and 100% embryonic lethality.
Moreover, in 0k2519, we did not observe KLP-18
localization to microtubules (Figure 3C). There-
fore the deleted portion of the motor domain is
required for proper spindle localization. Of im-
portance, we found that MESP-1 did not target
properly to spindle microtubules in either mutant
(Figure 3C). This represents defective localization
and not decreased protein abundance, since
MESP-1 is present at similar levels in both klp-18
mutants (Figure 3B). In the converse experiment,
KLP-18 failed to target to microtubules after
mesp-1 RNAI (Figure 3D). Therefore KLP-18 and
MESP-1 are interdependent for localization.

Given this finding, we predicted that KLP-18
and MESP-1 might associate in vivo. Therefore,
we used pull-down experiments to determine
whether they are present in the same protein
complex. Specifically, we incubated recombinant
glutathione S-transferase (GST)-MESP-1 with
wild-type worm extract, retrieved GST-MESP-1
with glutathione Sepharose beads, and eluted
associated proteins. Endogenous KLP-18 was
detected in the eluate by Western blot (Figure
3E), indicating that MESP-1 and KLP-18 can form
a complex and suggesting that they work to-
gether in vivo.

MESP-1 is a rapidly evolving protein that
may be performing the kinesin-12
targeting role of TPX2

Intriguingly, our findings regarding MESP-1 are
reminiscent of a well-studied protein in verte-
brates, TPX2, which performs many important
functions during mitosis and meiosis (Gruss and
Vernos, 2004; Neumayer et al., 2014). Significant
to this study, TPX2 is required for kinesin-12 tar-
geting to the spindle (Wittmann et al., 1998,
2000; Heidebrecht et al., 2003; Tanenbaum
et al., 2009; Vanneste et al., 2009). A putative
C. elegans TPX2 homologue, TPXL-1, was pre-
viously shown to perform some of the known
functions of TPX2 (Ozlu et al., 2005). However,
limited sequence homology and some func-
tional differences between the two proteins has
raised questions about whether TPXL-1 is a true
TPX2 orthologue (Karsenti, 2005). Of interest,
we found that TPXL-1 depletion by RNAi did
not cause defects in oocyte spindle morphology
(as shown in Ozlu et al., 2005) and also did not
affect KLP-18 targeting to the spindle (Figure
4A) under conditions in which we recapitulated
the published mitotic phenotype (Figure 4B).
Therefore C. elegans TPXL-1 does not appear
to facilitate kinesin-12 targeting, and we pro-
pose that instead MESP-1 has taken on this role.
Our findings support the idea that TPX2 has
multiple functional counterparts in C. elegans,
with TPXL-1 and MESP-1 providing different es-
sential functions of this important protein.
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(C) Divergence tree of MESP-1 paralogues from five Caenorhabditis species (C. elegans,

C. species 9, C. briggsae, C. remanei, and C. brenneri) based on a ClustalW alignment
(generated using the TimeLogic DeCypher server at Stanford University) of the regions
corresponding to the C-terminal 65 amino acids from C. elegans MESP-1. The tree structure
indicates that paralogues arose both via gene duplication events occurring specifically in the
C. briggsae, C. remanei, and C. brenneri lineages and via earlier gene duplication events that
occurred before divergence of C. briggsae and C. species 9 (aka C. nigoni). (D) ClustalW
alignment of the C-terminal domains of the MESP-1 paralogues from C. elegans, C. briggsae,
C. remanei, and C. brenneri. Red indicates identity among all paralogues, blue indicates
conservative substitutions, and green indicates semiconservative substitutions.

conserved regions, lacks several key do-
mains present in vertebrate TPX2, suggest-
ing that TPX2 function may commonly be
compartmentalized to multiple proteins
and that these functional counterparts may
not share strong sequence homology
(Goshima, 2011).

Independent of the question of homol-
ogy to known proteins, our MESP-1 se-
quence analysis revealed two notable fea-
tures. First, MESP-1 is a member of a
rapidly evolving protein family. Homo-
logues are detected only within the genus
Caenorhabditis, and the number of para-
logues varies among species (Figure 4C).
Diversification of this family appears to be
an ongoing process, as gene duplications
occurring both before and after speciation
events have been detected. Second, the
MESP-1 protein sequence is enriched for
prolines, with proline residues accounting
for 12% of its 193 amino acid residues. Be-
cause conservation among all family mem-
bers is concentrated predominantly in the
C-terminal 70-80 amino acids, we used a
ClustalW alignment of this portion of the
homologues to deduce an ancestral pro-
tein motif (Figure 4D); 9 of the 31 amino
acid residues in this motif are prolines, sug-
gesting that this proline-rich character may
be important for MESP-1 function.

New insights into C. elegans
acentrosomal spindle assembly

In summary, we propose that in C. elegans
oocytes, acentrosomal spindle assembly
proceeds by the initial formation of a micro-
tubule array of mixed polarity, followed by
sorting of microtubule minus ends toward
the periphery of this array and then gather-
ing of minus ends into nascent poles. These
poles then progressively coalesce until bipo-
larity is achieved (Figure 5). Although the
coalescence of multiple spindle poles was
previously observed (Connolly et al., 2015),
our work sheds light on the earliest events of
spindle formation, as our studies do not fa-
vor the current idea that the nucleation and
then coalescence of small MTOC asters
drive the initial stages of spindle assembly
(Connolly et al., 2015; Severson et al., 2016),
as occurs in mouse and possibly fly oocytes
(Skold et al., 2005; Schuh and Ellenberg,
2007; Clift and Schuh, 2015). In contrast, our
model aligns well with previous studies of
acentrosomal spindle formation in Xenopus

Although the kinesin-12-targeting function of MESP-1 sug-
gests that it may serve as a functional counterpart of TPX2, se-
quence analysis of MESP-1 did not identify homology with TPX2
or any previously studied proteins. However, TPX2 is not well con-
served in invertebrates. For example, Drosophila Mei-38, identi-
fied as a putative TPX2 homologue based on only a few short

Volume 27 October 15, 2016

egg extracts, where microtubules are nucleated and then sorted by
motors and organized into poles, as we proposed (Heald et al., 1996,
1997; Walczak et al., 1998). Of note, whereas microtubules seem to
be nucleated primarily in the vicinity of the chromatin in the extract
system (Heald et al., 1996) and in C. elegans oocytes during meiosis
Il (Figure 1D), we observe a high concentration of microtubule
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bundles underlying the disassembling nuclear envelope in meiosis |,
forming a cage-like structure (Figure 1, A and B). Although this find-
ing does not rule out the possibility that chromosomes also contrib-
ute to spindle assembly in these oocytes, it raises the intriguing pos-
sibility that there may be additional regions where microtubules can
be nucleated and/or stabilized.

We also find that KLP-18/kinesin-12 and MESP-1 appear to col-
laborate to establish spindle bipolarity in this system. These proteins
localize to microtubules early during spindle assembly, are interde-
pendent for localization, and inhibition of either causes monopolar
spindle formation. Our data are consistent with a model in which
KLP-18 and MESP-1 are involved in the initial sorting of microtubules
such that the minus ends are pushed to the outside of the micro-
tubule array. Without this contribution, factors responsible for orga-
nizing minus ends dominate, and all of the minus ends collapse into
a single pole (Figure 5).

Our model fits well with work in vertebrate cell lines that has
implicated kinesin-12—family motors in spindle assembly. Al-
though kinesin-5—family motors are the dominant motors pro-
moting bipolarity in those cells, when kinesin-5 is inhibited/
depleted, bipolar spindles form using a kinesin-12-mediated
mechanism (Tanenbaum et al., 2009; Vanneste et al., 2009, 2011;
Florian and Mayer, 2011; Raaijmakers et al., 2012; Sturgill and
Ohi, 2013; Sturgill et al., 2016) that is believed to act by promot-
ing the formation of parallel microtubule bundles (Drechsler and
McAinsh, 2016). Because it has been demonstrated that kinesin-5
is not an essential motor in C. elegans (Bishop et al., 2005), KLP-
18/kinesin-12 instead appears to be the dominant motor promot-
ing spindle bipolarity in worm oocytes. In this context, MESP-1
may contribute to this process by taking on the kinesin-12-target-
ing role performed by TPX2 in other organisms, providing KLP-18
with the opportunity to sort microtubules. Future work determin-
ing the mechanisms by which KLP-18 and MESP-1 act to organize
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FIGURE 5: Model for MTOC-independent acentrosomal spindle assembly. Acentrosomal
spindle assembly in C. elegans depicting microtubules (green), chromosomes (blue), and
ASPM-1 (representing microtubule minus ends; red). After NEBD, microtubules of mixed polarity I;
are organized adjacent to the disassembling nuclear envelope into a cage structure surrounding
the chromosomes. The microtubule bundles are then sorted by KLP-18/MESP-1 such that the
minus ends are oriented at the periphery of the array and bundled into nascent poles, forming a
multipolar spindle (top). The nascent poles then coalesce to achieve bipolarity. In the absence of
KLP-18/MESP-1, outward sorting of microtubule bundles is lost, and the minus ends collapse

Bipolar microtubules and generate bipolarity will
shed light on this important but poorly un-
derstood specialized cell division, as well
as on overall kinesin-12 function during

cell division.

MATERIALS AND METHODS

Worm strains

In this work, “wild type” refers to N2
(Bristol) worms.  For RNAi experi-
ments and high-resolution in  vivo
imaging, strain EU1067 (unc-119(ed3)
ruls32[unc-119(+)  pie-1pPemoter::GFP::H2B]
IlI; ruls57[pie-1prometer::GFP::tubulin + unc-
119(+)) expressing GFP::tubulin  and
GFP::histone (gift of Bruce Bowerman, Uni-
versity of Oregon; Wignall and Villeneuve,
2009) was used. VC1915 (klp-18(0k2519)
IV/nT1[qls51]), XA3504 (unc-119(ed3)ill;
qaEx3504[pie-1 premeter::GFP::emr-1 + unc-
119(+))), and EU2876 (or1935[GFP::aspm-1]
itls37[pie-1Pemeter::mCherry::H2B::pie-1
3UTR + unc-119(+)]IlV) were obtained
from the C. elegans Genetics Center.
klp-18(tm2841) was obtained from the
National Bioresource Project of Japan and
balanced to create strain SMW9 (klp-
18(tm2841)IV/nT1[qls51]). SMW13 was cre-
ated by crossing SMW9 into EU1067 to
generate klp-18(tm2841)IV/nT1[qls51] expressing GFP::histone
and GFP::tubulin. For each klp-18 mutant strain, homozygotes
grew to adulthood but displayed 100% embryonic lethality. For
movies of wild-type spindle formation, strain OD57 expressing
GFP::tubulin and mCherry::histone (gift of Jon Audhya, University
of Wisconsin; McNally et al., 2006) was used.

Immunofluorescence

Immunofluorescence was performed as described previously
(Oegema et al., 2001; Monen et al., 2005), with a fixation time of
40 min in methanol at —20°C. The following primary antibodies
were used: Alexa Fluor 488-conjugated mouse anti-o-tubulin
(1:500, DM1a,; Sigma-Aldrich, St. Louis, MO), Alexa Fluor 596-con-
jugated goat anti-GFP (used for GFP:EMR-1, 1:250, ab6660;
Abcam, Cambridge, MA), monoclonal mouse anti-GFP (used for
GFP::ASPM-1, 1:200, A11120; Invitrogen, Waltham, MA), rabbit
anti-KLP-18 and rat anti-KLP-18 (1:10,000 and 1:200, respectively,
gifts of Olaf Bossinger, RWTH Aachen University; Segbert et al.,
2003), rabbit anti~ASPM-1 (1:5000; gift of Arshad Desai, Ludwig
Institute for Cancer Research; Wignall and Villeneuve, 2009), rat
anti-LMN-1 (1:500; gift of Katherine Wilson, Johns Hopkins Univer-
sity; Gruenbaum et al., 2002), and rabbit anti-MESP-1 (1:3000).
Anti-MESP-1 antibody was raised through genomic antibody tech-
nology (Strategic Diagnostics, Newark, DE) against amino acids
60-159 and then affinity purified. Secondary antibodies used were
Alexa Fluor 555-conjugated goat anti-rabbit and Alexa Fluor 647-
conjugated goat anti-rat (both at 1:500; Invitrogen).

Image acquisition and processing

All imaging was performed at the Northwestern Biological Imaging
Facility supported by the Northwestern University Office for
Research. High-resolution imaging was performed as described
previously (Wignall and Villeneuve, 2009; Muscat et al., 2015) using
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a DeltaVision Core microscope with a 100x objective (numerical ap-
erture [NA], 1.40). Image stacks were obtained at 0.2 ym z-steps for
all live and fixed high-resolution images and at 2.0 pm with a 60x
objective (NA 1.40) and 1.6x optical zoom for lower-resolution mov-
ies. All image acquisition, processing, and analysis was performed
with softWoRx software (GE Heathcare Life Sciences, Pittsburgh,
PA). All images in this study were deconvolved and displayed as full
maximum-intensity projections of data stacks encompassing the en-
tire spindle structure unless otherwise indicated.

Two-color live imaging was performed using a spinning-disk
confocal microscope with a 63x HC PL APO 1.40 NA objective
lens. A spinning-disk confocal unit (CSU-X1; Yokogawa Electric
Corporation, Sugar Land, TX) attached to an inverted microscope
(Leica DMI6000 SD; Leica, Wetzlar, Germany) and a Spectral Ap-
plied Imaging laser merge ILE3030 and a back-thinned electron-
multiplying charge-coupled device camera (Evolve 521 Delta;
Photometrics, Tucson, AZ) were used for image acquisition. The
microscope and attached devices were controlled using Meta-
Morph Image Series Environment software (Molecular Devices,
Sunnyvale, CA). Twelve z-stacks at 1 pm increments were taken
every 20-30 s at room temperature. Image deconvolution was
done using AutoQuant X3 (Media Cybernetics, Rockville, MD).
Images are shown as maximum-intensity projections of the entire
data stack. Live, intact worms were mounted on 5% agarose, M9
pads in 50% live imaging solution (modified S-basal [50 mM
KH,POy4, 10 mM K-citrate, 0.1 M NaCl, 0.025 mg/ml cholesterol, 3
mM MgSOy, 3 mM CaCl,, 20 mM serotonin-HCl, 0.1% tricaine,
0.01% levamisole]), and 50% 0.1 pm polystyrene Microspheres
(Polysciences, Warrington, PA) and covered with a coverslip.

Spindle assembly stages were quantified by scoring live worms
mounted in anesthetic (0.2% tricaine, 0.02% levamisole in M9) with
a Leica DM5500B fluorescence microscope.

RNAi

Individual RNAi clones picked from an RNAi feeding library (Fraser
et al., 2000; Kamath et al., 2003) were used to inoculate Luria
broth (LB) plus ampicillin (100 pg/ml) and grown overnight at
37°C. These cultures were used to seed nematode growth me-
dium  (NGM)/ampicillin = (100 ug/ml)/T mM isopropyl-p-b-
thiogalactoside (IPTG) plates, and the plates were then left over-
nightatroom temperature to induce RNA expression. Synchronized
L1 worms (EU1067) were plated on induced plates and grown at
15°C for 5 d until they became gravid adults. Control plates were
seeded with bacteria containing empty vector L4440 (designated
as control(RNAI) throughout the article). For tpx/-1(RNAI) (which
has multiple available clones in the library), multiple clones were
tried (and yielded identical results), but clone Y39G10A_246.k was
used for the experiments displayed.

Protein expression and purification

GST-MESP-1 and GST were cloned into pGEX 6P-1 (GE) and ex-
pressed in BL21 Escherichia coli cells. Cultures were grown at 37°C
to an OD of 0.6-0.8 and then induced at 28°C for 4 h with 0.1 mM
IPTG. After harvesting, cells were lysed at room temperature for
15 min with B-PER Protein Extraction Reagent (ThermoFisher Scien-
tific, Waltham, MA) including 100 pg/ml lysozyme, 20 ul DNase |
(ThermoFisher), and EDTA-free protease inhibitor cocktail tablets
(Roche, Indianapolis, IN). The lysate was then cleared by centrifuga-
tion at 40,000 rpm for 35 min. Lysate was applied to glutathione
Sepharose resin (GE) and then washed with wash buffer (phosphate-
buffered saline, pH 7.4, 250 mM NaCl, 0.1% Tween 20, 2 mM ben-
zamidine-HCI, 1 mM dithiothreitol [DTT]). Bound protein was then
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eluted with elution buffer (50 mM Tris, pH 8.1, 75 mM KCI, 10 mM
reduced glutathione). Protein was dialyzed into BRB80 (80 mM
1,4-piperazinediethanesulfonic acid [PIPES], pH 6.8, 1 mM ethylene
glycol tetraacetic acid [EGTA], 1 mM MgCl,) overnight and stored at
-80°C. For all recombinant protein purifications, purity was con-
firmed with SDS-PAGE and concentration determined by Bradford
assay (Bio-Rad, Hercules, CA).

Large-scale worm growth and protein extraction

Large-scale worm growth was performed similarly to previous work
(Zanin et al., 2011). Briefly, wild-type (N2) young adult worms were
picked onto NGM plates seeded with OP50, and cultures were al-
lowed to starve. Between 10 and 12 of these plates were then
washed into 500 ml of S-Complete (50 mM KH,;POy4, 10 mM K-ci-
trate, 0.1 M NaCl, 0.025 mg/ml cholesterol, 3 mM MgSQy4, 3 mM
CaCly, 0.05 mM disodium EDTA, 0.025 mM FeSO,*7H,0, 0.01 mM
MnCl,*4H,0, 0.01 mM ZnSO4*7H,0, 0.001 mM CuSO4*5H,0)
seeded with OP50-1, and the culture was shaken at 16-22°C
(depending on desired growth rate) until the worms were gravid
adults. The culture was then bleached, and the resulting embryos
were hatched in 500 ml of S-Complete shaken overnight at
20°C. OP50-1 was added to the arrested L1 larvae, and the culture
was again shaken at 16-22°C until the worms were gravid adults.
The culture was harvested and washed with M9 and lysis buffer
(50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES],
pH 7.4, 1 mM EGTA, 1 mM MgCl,, 100 mM KCI, 10% glycerol).
Worm pellets were snap frozen by dropping them into liquid nitro-
gen and stored at —80°C. Protein was extracted from frozen worm
pellets as previously described (Sonneville et al., 2012). Pellets
were thawed on ice and washed in lysis buffer with protease inhibi-
tors (EDTA-free cocktail; Roche). A 0.5 ml volume of Zirconia beads
(Biospec, Bartlesville, OK) was added to resuspended worms in
750 pl of lysis buffer. The samples were vortexed six times (1 min
vortexing with 20 s rest) at 4°C, and the efficiency of lysis was con-
firmed using a dissecting microscope. Lysate was then separated
from beads, incubated on ice for 30 min, and cleared by centrifuga-
tion at 4°C (25,000 rpm for 10 min and 50,000 rpm for 20 min).
Protein concentration was measured using Bradford assay (Bio-
Rad), and worm lysate was kept on ice until use.

GST pull-down assay

GST-tagged bait protein was incubated with worm extract for 30 min
at 4°C, and then glutathione Sepharose (equilibrated with wash buf-
fer: 50 mM HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl,, 300 mM KCl,
0.05% NP-40, 10% glycerol) was added, and the mixture was incu-
bated at 4°C overnight. Beads were pelleted at 16,000 x g for 1 min
and then resuspended in wash buffer and incubated for 10 min
while being rotated. Protease inhibitors (EDTA free; Roche) and
0.5 mM DTT were added to the wash buffer. After two washes,
bound protein was eluted by mixing for 10 min with 100 pl of elution
buffer (50 mM Tris-HCI, pH 8.0, 75 mM KCI, 20 mM reduced gluta-
thione) and removed from beads after centrifugation. Eluate was
added to 100 pl 2x Laemmli Sample Buffer (Bio-Rad), boiled at 95°C
for 10 min, and used for SDS-PAGE analysis. For Western analysis,
we used the antibodies anti-KLP-18 (1:5000) and anti-GST (1:2000;
gift of Jason Brickner, Northwestern University).
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