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The chromokinesin Klp3a and microtubules facilitate
acentric chromosome segregation
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Although poleward segregation of acentric chromosomes is well documented, the underlying mechanisms remain poorly
understood. Here, we demonstrate that microtubules play a key role in poleward movement of acentric chromosome
fragments generated in Drosophila melanogaster neuroblasts. Acentrics segregate with either telomeres leading or lag-
ging in equal frequency and are preferentially associated with peripheral bundled microtubules. In addition, laser abla-
tion studies demonstrate that segregating acentrics are mechanically associated with microtubules. Finally, we show that
successful acentric segregation requires the chromokinesin Klp3a. Reduced Klp3a function results in disorganized inter-
polar microtubules and shortened spindles. Normally, acentric poleward segregation occurs at the periphery of the
spindle in association with interpolar microtubules. In klp3a mutants, acentrics fail to localize and segregate along the
peripheral interpolar microtubules and are abnormally positioned in the spindle interior. These studies demonstrate an

unsuspected role for interpolar microtubules in driving acentric segregation.

Introduction

Eukaryotic cells possess robust mechanisms that safeguard
against genomic damage. In the event of damage, cells activate
checkpoint pathways that inhibit cell cycle progression, provid-
ing time for repair or elimination of the genetically compromised
cells through apoptosis (Ermolaeva and Schumacher, 2014). Al-
though we have learned a great deal regarding the function of
checkpoint and DNA repair pathways during interphase (G1,
S, and G2), little is known concerning the cellular response to
genetic damage as cells progress through metaphase. Studies
show that entry into metaphase with damaged DNA elicits ei-
ther the spindle assembly or DNA damage checkpoint depend-
ing on the cell type (Mikhailov et al., 2002; Royou et al., 2005).

In spite of these safeguards, cells occasionally exit meta-
phase with unrepaired double-strand breaks (DSBs). The pres-
ence of DSBs at metaphase is particularly troublesome, because
they can result in the formation of chromosome fragments lack-
ing a centromere. Known as acentrics, these fragments are inca-
pable of forming the microtubule—kinetochore attachments that
drive poleward chromosome segregation. Consequently, acen-
trics are expected to lag on the cell equator and exhibit severe
segregation defects. However, several recent studies demon-
strate poleward migration of acentric chromosomes. In budding
yeast and Drosophila melanogaster, acentrics are transmitted
through many generations (Sandell and Zakian, 1993; Malkova
et al., 1996; Ahmad and Golic, 1998; Galgoczy and Toczyski,
2001; Titen and Golic, 2008). Segregation of acentrics has been
observed in Drosophila polyploid cells, Caenorhabditis elegans
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meiosis, Scadoxus multiflorus, and mammalian cells (Bajer,
1958; Liang et al., 1993; Khodjakov et al., 1996; Kanda et al.,
1998; Kanda and Wahl, 2000; Muscat et al., 2015; Bretscher
and Fox, 2016). Poleward directed movements of acentrics
during mitosis have been previously reported in several differ-
ent species (Bajer, 1958; Khodjakov et al., 1996; Kanda et al.,
1998; Platero et al., 1999; Kanda and Wahl, 2000; Ishii et al.,
2008; Titen and Golic, 2008). Proposed mechanisms of acentric
segregation include neo-centromere formation and direct asso-
ciation of the acentrics with a kinetochore-bearing chromosome
(Platero et al., 1999; Kanda et al., 2001; Ishii et al., 2008; Ohno
et al., 2016). Despite these studies of poleward-directed move-
ments of acentrics, the forces that power acentric segregation
during mitosis remain poorly understood.

Recent studies have also demonstrated the presence of a
DNA tether that connects acentrics to the main chromosome
mass, suggesting that the tether is required for acentric segrega-
tion. The DNA tether consists primarily of DNA along with his-
tones and is coated with Polo, Bub3, and BubR1 kinases and the
chromosomal passenger proteins Aurora B and INCENP and
Cdc20 (Royou et al., 2010; Derive et al., 2015). During meta-
phase, the acentric sisters are held together and are positioned
toward the outer edge of the metaphase plate. At the onset of
anaphase, through an unknown mechanism, acentric sisters
remain held together on the spindle equator while the rest of
the chromosome mass travels toward the pole. Eventually, the
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Figure 1. Acentric separation and segregation is delayed relative to intact chromosomes. (A) Still images from a time-lapse movie of a mitotic neuroblast without
I-Crel. Chromosomes are labeled with H2Av-RFP. (B) Images from a time-lapse movie of a mitotic neuroblast with -Crel-induced acentrics (Video 1). Acentrics (arrow-
heads) are pushed to edge of plate at 0 s. Acentrics lag on the spindle equator (0-190 s) but eventually move poleward (230-400 s). Bars, 2 pm. Time in seconds.

acentric sisters separate, migrate toward opposite spindle poles
and rejoin the rest of the chromosome mass. The movement of
acentrics toward the pole has been proposed to occur by the
action of the DNA tether. Support for this hypothesis comes
from experiments showing that disruptions in either BubR1 or
Polo kinases, which decorate DNA tethers, result in defects in
acentric segregation (Royou et al., 2010).

Several studies also suggest that interactions with micro-
tubules can drive poleward segregation of acentrics. Acentric
fragments generated in some plant cells (S. multiflorus) are
transported from the spindle equator to the spindle poles during
anaphase while associated with microtubules (Bajer, 1958;
Khodjakov et al., 1996). Experiments in crane fly spermato-
cytes have shown that acentrics generated by laser microsur-
gery during metaphase can move poleward in association with
microtubule flux, suggesting that the fluxing microtubule lattice
can exert a force on acentrics (LaFountain et al., 2001). More
recent work in C. elegans has demonstrated that chromosomes
can move poleward during meiosis by a kinetochore-indepen-
dent mechanism (Wignall and Villeneuve, 2009; Dumont et al.,
2010; Muscat et al., 2015). In these studies, chromosomes lack-
ing kinetochores were laterally associated with microtubules
and relied on plus-end—directed kinesin motors to congress on
the metaphase plate, whereas poleward-directed motion relied
on dynein-based minus-end—directed forces (Wignall and Ville-
neuve, 2009; Muscat et al., 2015).

Here, we use a combination of genetic and laser abla-
tion approaches to examine the role of microtubules and motor
proteins in driving acentric segregation in Drosophila neuro-
blasts. Acentrics are efficiently produced in Drosophila neu-
roblasts by expressing the I-Crel endonuclease, which makes
double-stranded DNA breaks in the ribosomal DNA repeats in
the centric heterochromatin of the X chromosome (Rong et al.,
2002; Royou et al., 2010). Our analysis reveals that acentric
segregation relies on the chromokinesin Klp3a and microtu-
bules. We refer to the population of microtubules that associate
with acentrics as interpolar microtubules, because these micro-
tubules extend from the centrosome toward the metaphase plate
but do not bind to a kinetochore (Dumont and Mitchison, 2009).
In these studies, we reveal an unsuspected role of interpolar
microtubules and Klp3a in segregating acentric chromosome
fragments during anaphase and telophase.

A dividing non-I-Crel-expressing neuroblast (control) with
the chromosomes labeled with a red fluorescent protein (RFP)—
tagged histone H2 variant (H2Av) is shown in Fig. 1 A. As
previously reported by Royou et al. (2010) and shown again
here in Fig. 1 B (Video 1), I-Crel expression produces sister
acentrics positioned on the outer edge of the metaphase plate
(Fig. 1 B, arrowheads, O s). These acentrics lag on the spindle
equator well after the intact sister chromosomes have sepa-
rated and moved poleward (70-230 s). Sister acentric separa-
tion occurs 230 s after the separation of intact chromosomes.
In spite of the delayed segregation, the acentric chromosomes
are successfully incorporated into the newly formed daughter
nuclei (400-730 s). Although not visible in this image, a thin
DNA tether (Fig. 1 B, arrow) connects the lagging acentrics
to the main chromosome mass (Royou et al., 2010). The DNA
tether has been proposed to facilitate the poleward movement
of acentric chromosomes (Royou et al., 2010; Derive et al.,
2015). By mid to late anaphase, the tether is thought to act
like a rope facilitating the pulling of the acentric into daughter
nuclei. An important prediction of this tether-based model for
acentric segregation is that acentrics segregate poleward with
their tether-associated broken end leading and their single telo-
mere oriented toward the spindle equator.

To investigate whether acentrics preferentially segregate pole-
ward with their telomeres lagging, we performed live imaging
taking advantage of GFP-tagged HOAP, a telomere-specific pro-
tein (Cenci et al., 2003). Time-lapse images of a control neuro-
blast expressing HOAP-GFP are shown in Fig. 2 A. No lagging
chromosomes (red) are observed, and HOAP-GFP (green) marks
the ends of chromosomes as expected. In I-Crel-expressing
neuroblasts (Fig. 2 B and Video 2), acentrics travel poleward
either with their telomeres lagging (facing the spindle equator
as expected for intact chromosomes; arrowhead) or with their
telomere leading (facing the spindle pole; arrow). Quantifica-
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Figure 2. Acentrics migrate toward the spindle pole during anaphase with their telomeres leading or lagging. Chromosomes labeled with H2Av-RFP (red)
and the telomere protein HOAP labeled with GFP (green). (A) Images from a time-lapse movie of a control mitotic neuroblast. (B) Still images from a time-
lapse movie of a mitotic neuroblast with -Crel-induced acentrics (Video 2). Acentrics lag on the spindle equator (0-106 s) but eventually separate (211 s)
and move poleward with their telomere either facing the spindle equator (arrowhead) or spindle pole (arrow). Bars, 2 pm. Time in seconds. (C) Percentages

of acentrics that migrate with telomeres leading (n = 62) or lagging (n = 82).

tion of acentric telomere orientation reveals that acentric orien-
tation is random, with approximately half the telomeres facing
the pole (telomere leading, 43%, n = 62) and the other half of
acentrics facing the spindle equator (telomere lagging, 57% n =
82; Fig. 2 C). y? analysis shows no statistical difference between
the two telomere orientations (P = 0.096). The fact that nearly
half of acentrics segregate poleward with their single telomere
leading toward the pole suggests that forces other than or in
addition to the tether propel acentrics poleward.

To determine whether microtubules provide a role in acentric
segregation, we simultaneously imaged acentric chromosome
segregation and microtubule dynamics in dividing neuroblasts.
Microtubules were visualized by expressing a GFP-tagged
microtubule-associated protein called Jupiter (Karpova et al.,
2006). Time-lapse images from a control neuroblast (not ex-
pressing I-Crel) are shown in Fig. 3 A. In these control images,
the intact sisters (red) are attached to the mitotic spindle (green)
at metaphase (0 s). By anaphase (82-267 s), the central spindle
forms while the separating sisters reach the poles.

The simultaneous live imaging of acentrics and microtu-
bules (Fig. 3 B and Video 3) reveals several features suggesting
that acentric movements are influenced by the spindle. First,
during metaphase, sister acentrics (Fig. 3 B, arrowheads in
H2Av-RFP-alone panels) are positioned at the outer edge of
the metaphase plate away from the main mass of chromosomes
(0 s). The positioning of acentrics on the edge of metaphase
plate coincides with a gap between the acentrics and the main
chromosome mass. As seen in the merged image in Fig. 3 B

(0 s), this gap is associated with a high concentration of micro-
tubules (arrowheads) that may play a role in positioning the
acentrics. Similarly, an additional but less concentrated subset
of microtubules associates with the outermost edge of the sister
acentrics at metaphase (Fig. 3 B, dashed arrows in merge image
at 0 s). The positioning of acentrics on the edge of the plate in
Drosophila has been previously reported (Royou et al., 2010),
as well as a similar positioning of chromosome fragments lack-
ing kinetochores in human cell culture, which is purported to be
dependent on astral microtubules (O’Connell et al., 2009). The
acentrics are held together in a horizontal orientation (parallel
to the cell equator), after the intact chromosomes migrate pole-
ward (0-98 s). Concomitant with the separation and poleward
segregation of these acentrics is their rotation from a perpendic-
ular (Fig. 3 B, arrowheads in bottom panel at 98 s) to a parallel
spindle orientation (Fig. 3 B, arrowheads in bottom panels at
98-168 s). Significantly, during the entire poleward migration
of the acentrics, they are in close association and often appear
embedded within microtubules (126-441 s). This analysis sug-
gests that acentrics rely on a microtubule-based mechanism for
their segregation and incorporation into daughter nuclei.

To quantify the association of acentrics with microtubules,
we calculated the fluorescence intensities of the microtubules
(green) and acentrics (red) from a collection of images from at
least seven movies like the images shown in Fig. 3 (A and B).
A compilation of these line-scan analyses of both control and
I-Crel-expressing neuroblasts (between yellow dashed lines)
is shown in Fig. 3 (C and D, respectively). The absence of a
lagging acentric in control (non—I-Crel-expressing) neuroblasts
shows a high fluorescence intensity of midzone microtubules
(green line) without any fluorescence signal from chromosomes
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Figure 3. Acentrics fravel poleward in anaphase while highly associated with microtubules. Microtubules are in green and chromosomes in red. (A) Images
from a time-lapse movie of a control neuroblast from metaphase (O s) through telophase (569 s). (B) Still images from a timelapse movie of a mitotic
neuroblast with I-Crel-induced acentrics (Video 3). Acentrics are positioned to the edge of the metaphase plate while in contact with microtubules (arrows
and arrowheads in merge panel at O s). Sister acentrics (arrowheads in H2Av-RFP panels) are held together on the cell equator after the intact sisters have
separated (0 to 98 s). Sister acentrics eventually separate and move toward opposite poles while associated with microtubules. In all 47 cells imaged, the
acentrics were strongly associated with microtubules. (C) Line graphs from a compilation of seven control videos showing the relative fluorescence intensities
in arbitrary units (AU) of microtubules (green line) and chromosomes (red) calculated between the yellow dashed lines at the time points 82, 116, 157,
199, and 267 s after anaphase. (D) Line graphs from a compilation of seven videos of I-Crel-expressing neuroblasts showing the relative fluorescence
intensities of microtubules (green line) and chromosomes (red) calculated between the yellow dashed lines at time points 98, 126, 168, 189, and 266 s
after anaphase. Bars, 2 pm. Time in seconds. Error bars represent SDs of the fluorescent intensities at all points tested. (E) 3D rendering of a video of a
neuroblast division with I-Crel induced acentrics (Video 4). Bar, 2 pm. The 3D rendering from a 180° rotation from multiple images taken at the same time
point (500 s) show the association of acentrics with microtubules (arrowheads). Similar 3D rendering were generated from a total of seven videos.

(red line) at all time points tested (Fig. 3 C, 82, 116, 157, 199, cence intensity (green line) with the fluorescence intensity from
and 267 s). Line-scan analysis of images from neuroblasts ex- acentrics (red line) at all time points tested (Fig. 3 D; 98, 126,
pressing I-Crel shows a striking overlap of microtubule fluores- 168, 189, and 266 s). Collectively, these data demonstrate that

920z Ateniged L0 uo 3senb Aq ypd 6.0%0910Z A0l/v08.6G /265 1/9/912/pd-8jonie/qol/Bio-sseidnu//:dny woy pepeojumoq



acentrics are intimately associated with microtubules during
their poleward segregation.

To determine whether the association of microtubules
and acentrics is maintained for a significant period of time, as
would be expected if they are physically associated, we imaged
live over multiple Z-planes to generate 3D renderings of the
metaphase-to-telophase transition in acentric bearing neuro-
blasts. These 3D reconstructions of microtubules (green) and
chromosomes (red) show lagging acentrics (Fig. 3 E, arrow-
heads; and Video 4) positioned at the peripheral of the spindle
in association with the interpolar microtubules. The path of the
acentric poleward segregation follows this arc of the interpolar
microtubules. 3D renderings generated from seven different vid-
eos show similar acentric and microtubule associations as seen
in Fig. 3 E. These 3D movies reveal that the segregating acen-
trics are embedded in a distinct pool of bundled microtubules.
The images in the 3D reconstructions in Fig. 3 E are not from
the same videos used to make still frames in panels A and B.

The prominent association of microtubules with segregat-
ing acentrics suggests that they rely on microtubules for their
poleward transport. To directly test the role of microtubules in
acentric poleward movement, we used laser ablation to sever
the bundled microtubules connecting acentrics delayed on
the spindle equator to the spindle pole. As shown in Fig. 4 A
(Video 5), acentrics (arrow) segregate toward a spindle pole.
The white line in Fig. 4 A marks the furthest distance the acen-
tric has segregated toward a pole. As shown in Fig. 4 A, laser
ablation of the microtubules positioned between the lagging
acentric and the pole (red X, O s) results in retraction toward the
spindle equator of acentrics and associated microtubules and,
on the other side, depolymerization of putative microtubule plus
ends (see Materials and methods). Importantly, we find that the
acentric (Fig. 4 A, arrow) retracts with and to the same extent
as the microtubules retracting (or possibly depolymerizing) to-
ward the spindle equator, suggesting that the acentric is physi-
cally linked to microtubules. In five out of nine ablated dividing
neuroblasts (Fig. 4 C, top five traces), we observed such a re-
traction toward the spindle equator of the acentric after ablation
(solid traces), whereas sister acentrics continued their normal
segregation (dotted traces). In each of these cases, this acen-
tric retraction was accompanied by a corresponding movement
of acentric-associated microtubules, as in Fig. 4 A. In some of
these cases (Fig. 4 C, top three traces: dark red, red, and purple),
acentric segregation stopped or stalled after retraction, whereas
in other cases (magenta and orange), the acentrics seemed to
reconnect to the pole and resumed segregation. The concurrent
retractions of the microtubules and acentrics suggest that acen-
trics are mechanically linked to microtubules as acentrics travel
from the spindle equator to the pole. Retraction of the acentrics
and microtubules toward the spindle equator suggests that be-
fore ablation, either the associated microtubule bundles or the
acentrics are under tension, which is released once they are de-
tached from the pole. Consistent with acentric tension, previous
studies show that separating acentrics remain connected by thin
stretches of DNA, potentially from DNA catenations (Royou
et al., 2010; Derive et al., 2015). According to this model, the
persistent DNA connections between acentrics may contain
elastic properties that may contribute to acentric retraction to-
ward the spindle equator and the opposing acentric sister after

ablation. Although this model may partly account for acentric
retraction, the fact that acentrics and microtubule retract in as-
sociation with each other suggest a physical linkage between
the acentric and microtubules.

Although we observe a clear mechanical association with
acentrics in five out of nine ablated acentric associated microtu-
bules, in the other four cases (Fig. 4, B and C, bottom four traces
in dark blue, green, light blue, and cyan), we did not detect a
retraction of either microtubules or acentrics after ablation. In
these cases, microtubules connecting acentrics to the pole may
not be completely severed, or their connection to the pole may
be restored more quickly than we can detect a retraction. Such
reconnection is also likely to occur in cases where we observed a
retraction that was not accompanied by an extended pause in acen-
tric segregation after ablation. For example, in Fig. 4 B, by 42 s
after ablation, microtubule ends have clearly established indirect
connections (through other microtubules) to poles, and microtu-
bules in other planes may do so even more quickly. Indeed, pre-
vious studies have found that minus ends of ablated microtubules
undergo dynein-powered poleward movement via an indirect
connection to the pole through neighboring microtubules within
~15 s of ablation (Elting et al., 2014; Sikirzhytski et al., 2014),
quickly enough to potentially prevent our detection of a pause.

As previously reported, acentric fragments remain connected
to the main mass of chromosomes by a thin stretch of DNA
that is coated with BubR1, Bub3, Polo, Aurora B, INCENP, and
Cdc20 (Royou et al., 2010; Derive et al., 2015). This thin stretch
of DNA, which is referred to as a “DNA tether,” is required for
successful acentric segregation (Royou et al., 2010; Derive et
al., 2015). To determine whether or not the force for acentric
segregation was exclusively generated by the tether or from mi-
crotubules, we used laser ablation to severe the DNA tether. The
DNA tether was identified by a stretch of BubR1 signal that ex-
tended from the acentric to the main chromosome mass (Fig. S1,
BubR1-GFP, green arrow). We ablated the tether at the location
indicated by the arrowheads in Fig. S1 (12 s). Although difficult
to fully verify complete severance, a mechanical response of the
late segregating acentric after ablation and/or a loss of BubR1
signal between the lagging acentric and the main chromosome
mass (Fig. S1, 12 s) under the same ablation conditions were
consistent with successful tether ablation. Although some
BubR1-GFP signal persisted on the lagging acentric, we did not
see evidence of reformation of the BubR1-GFP signal that ex-
tended from the acentric back to the main chromosome mass,
suggesting that the tether may not fully repair during mitosis.
In spite of ablating the tether, the acentric migrated poleward
and incorporated into the daughter telophase nucleus (Fig. S1,
32-475 s). We saw similarly correct acentric segregation after
BubR1-GFP ablation in a total of four movies. We conclude that
forces other than or in addition to the DNA tether provide the
force driving acentric segregation.

Given the aforementioned studies that provide strong evidence
for a role of microtubules in acentric segregation, we hypothe-
sized that chromokinesins may be involved as well. Chromokine-
sins are motor proteins that interact with both microtubules and
chromatin (Mazumdar and Misteli, 2005; Vanneste et al., 2011).

Klp3a and acentric chromosome segregation
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Figure 4. Acentrics are mechanically linked to microtubules during anaphase. (A) Still images from a time-lapse movie (Video 5) of a mitotic neuroblast
with |-Crel-induced acentrics. Acentrics (arrows) are associated with microtubules in midzone that extend to spindle pole just before ablation (-14 s).
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tubules, suggesting the two structures are physically linked. (B) Still images from a time-lapse movie of a mitotic neuroblast with I-Crel-induced acentrics.
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Two well-characterized chromokinesin genes in Drosophila are
the kinesin-10-related motor Nod (Theurkauf and Hawley, 1992)
and the kinesin-4-related motor Klp3a (Williams et al., 1995).
To genetically test this idea, we took advantage of the fact that in
a wild-type background, I-Crel-induced generation of acentrics
in the late larval stage does not induce lethality. However, in a
genetically compromised background such as under conditions
of reduced levels of the BubR1 or Polo kinases associated with
the DNA tether, I-Crel induction results in significant lethality.
Presumably, this is a result of increased aneuploidy caused by
incorrect acentric segregation (Royou et al., 2010). To determine
if a reduction in Klp3a levels also show an increase in synthetic
lethality upon I-Crel induction, we expressed I-Crel in klp3a''?*
mutant male third-instar larvae. klp3a''?* is an X-linked gene
containing missense mutation that results in a glutamic acid to
lysine exchange at residue 829 (Page and Hawley, 2005). I-Crel-
induced synthetic lethality was also tested in male third instars
bearing a loss-of-function mutation in the X-linked gene nod*
(Theurkauf and Hawley, 1992). As shown in Table 1, kip3a'>*
males produce a synthetic lethal interaction upon I-Crel induc-
tion. klp3a males in which I-Crel is expressed survive only 36%
as well as klp3a males in which I-Crel is not expressed. The same
experiment performed with nod males revealed that they survive
45% as well upon I-Crel expression (Table 1).

Because of the more pronounced synthetic lethality, we fo-
cused our efforts on cytologically examining acentric segregation
in klp3a''?* mutant neuroblasts. In klp3a''** neuroblasts, we find
several defects in acentric segregation compared with controls
(Fig. 5, A and B). First, the acentrics are often observed much
further off the metaphase plate in the klp3a mutants. We also find
an increase in the number of sister acentrics that fail to separate
from each other during anaphase (Fig. 5 B, arrowheads in merged
images; and Video 7). Instead, these sister acentrics appear to re-
main fused with each other or with the opposite daughter nucleus
(Fig. 5 B, dashed arrows in H2Av-RFP-alone panels). Compared
with acentrics generated in a wild-type background, acentrics gen-
erated in klp3a mutant males results in a statistically significant
(P < 0.05; x?) increase in sister acentric fusion rates (Fig. 5 C).
We also observed an increased percentage in sister acentrics that
unequally segregate into daughter cells compared with controls
(Fig. 5 B, arrowheads). Compared with acentrics generated in a
wild-type background, acentrics generated in klp3a mutant males
results in a statistically significant (P < 0.05; y?) increase in un-
equal segregation rates (Fig. 5 D). Collectively, these data reveal
that Klp3a is required for normal acentric segregation and loss of
Klp3a function results in an increased rate of aneuploidy.

Live analysis revealed acentrics preferentially segregate along
a peripheral arc of the mitotic spindle suggesting transport re-

lies on interpolar microtubules (Fig. 6 A). To quantify this, we
generated 3D movies of acentrics segregating in a wild-type
and a klp3a mutant background (Fig. 6, B and C; and Video 8).
For each movie, we measured the maximal distance of newly
separated acentrics from a medial line drawn between centro-
somes (Fig. 6 D). As shown in the graph in Fig. 6 E, the dis-
tance is significantly reduced from 2.1 = 1.5 um in I-Crel-alone
controls to 0.8 £ 0.7 um in a klp3a mutant background (P <
0.05, Bonferroni multiple comparison test). As previously re-
ported (Kwon et al., 2004) and shown here (Fig. S2), the or-
ganization of the interpolar microtubules is disrupted in klp3a
mutants. Given acentrics normally segregate along the arc of
interpolar spindle microtubules and this class of microtubules
is disrupted in klp3a mutants, these findings suggest a model in
which acentric chromosome segregation preferentially relies on
interpolar microtubules. That is, Klp3a is required for normal
acentric segregation primarily because of its role in organizing
interpolar microtubules.

Studies in a variety of organisms demonstrate that acentric
chromosomes are capable of efficient poleward segregation
during mitosis (Sandell and Zakian, 1993; Malkova et al., 1996;
Ahmad and Golic, 1998; Galgoczy and Toczyski, 2001; Titen
and Golic, 2008; Bretscher and Fox, 2016). Proposed mecha-
nisms include neocentromere formation and direct association
of acentric chromosomes with a kinetochore-bearing chromo-
some (Platero et al., 1999; Kanda et al., 2001; Ishii et al., 2008;
Ohno et al., 2016). In addition, X-chromosome acentrics gener-
ated through I-Crel endonuclease induction in Drosophila neu-
roblasts are connected to the main chromosome mass by DNA
tethers that are coated with Bub3, Cdc20, BubR1, Polo, INC
ENP, and Aurora B (Royou et al., 2010; Derive et al., 2015).
Disruption of these components resulted in failed acentric
segregation, suggesting that the DNA tethers may provide an
elastic pulling force that drives acentric segregation (Royou et
al., 2010; Derive et al., 2015). Here, we tested this idea using
GFP-labeled telomeres (Cenci et al., 2003) and discovered that
acentrics segregate poleward with their telomeres leading and
lagging in approximately equal frequencies (Fig. 2). Because
acentrics are connected to their centric partner via a DNA tether,
if the tether were the primary force driving acentric segregation,
one would expect segregation with telomeres lagging would be
the predominant form of segregation. These results imply that
forces in addition to the DNA tether drive acentric segregation.

Insight into these kinetochore-independent forces comes
from studies examining nonkinetochore forces imposed on
chromosome arms. For example, plus end—directed polar ejec-
tion forces can push on chromosome arms to assist in aligning
chromosomes on the metaphase plate (Mazumdar and Misteli,

Acentrics (arrow) are associated with microtubules in midzone that extend to spindle pole just before ablation (—13 s). The ablated microtubules (red X at
0 s) show an immediate refraction, however, the ablated microtubules are reassociated with neighboring microtubules by 42 s after ablation, providing
tracks for acentrics to continue poleward segregation. Chromosomes are labeled in red (H2Av-RFP) and microtubules are labeled in green (Jupiter-GFP).
Bars, 2 pm. (C, top) Schematic showing ablation site (yellow X) of microtubules that extend from pole to acentrics during anaphase and distances from the
acentrics to the nearest chromosome mass. (bottom) The distance of example acentrics from the nearest normal (undamaged) chromosome after ablation
is plotted over time. Acentrics with ablated microtubules are shown as solid lines, and their corresponding sisters are shown as dotted lines, with each
color indicating an individual acentric pair. The first frame after ablation is set to O s, and dotted sections of the solid traces (highlighted with a gray bar)
connect the last frame before ablation and first frame after ablation. Because ablation has already occurred by the first frame after ablation, sometimes a

mechanical response starts before that first frame.
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2005; Barisic et al., 2014). Additional studies demonstrate that
kinetochore-independent lateral interactions can drive chromo-
some movements (Wignall and Villeneuve, 2009; Dumont et al.,
2010; Muscat et al., 2015). In accord with these studies, we find
I-Crel-generated acentrics maintain a close lateral association
with microtubules during their entire journey from the spindle
equator to the spindle pole (Figs. 3 and 4). These images sug-
gest that microtubules are directly involved in acentric segrega-
tion. In accord with this interpretation, our laser ablation studies
reveal a mechanical association between microtubules and
acentrics. In addition, live 3D imaging reveals a robust bundle
of microtubules encompassing the segregating acentrics. These
images are strikingly similar to images of chromosome segre-
gation in C. elegans meiosis, which involve lateral associations
between microtubules and the segregating chromosomes (Mus-
cat et al., 2015). Poleward transport of chromosome fragments
via lateral microtubule interactions has also been observed in
plant cells (Bajer, 1958; Bajer and Vantard, 1988; Khodjakov et
al., 1996). Thus, our study adds to a growing body of literature
indicating that lateral chromosome-microtubule associations
may be a common alterative mechanism for transporting chro-
mosomes poleward during anaphase. As end-on interactions be-
tween the kinetochore and k-fiber microtubules are typically the
dominant force in driving poleward chromosome segregation,
we suspect that these lateral interactions are more readily ob-
served on chromatin lacking a kinetochore. Lateral interactions
between chromosomes and microtubules are well documented
during chromosome congression (Barisic et al., 2014; Drpic
et al., 2015). It may be that the factors promoting these lateral
interactions during congression at prometaphase may also pro-
mote the observed lateral interactions between microtubules
and acentrics during anaphase.

Given these data demonstrating an intimate association
between acentrics and microtubules, we suspected chromokine-
sins may be required for their poleward segregation. Chromok-
inesins are plus end motor proteins that bind to both chromatin
and microtubules (Mazumdar and Misteli, 2005; Vanneste et al.,
2011), and exert polar ejection forces on chromosome arms to
promote metaphase congression (Vernos et al., 1995; Antonio
et al., 2000; Funabiki and Murray, 2000; Barisic et al., 2014;
Drpic et al., 2015). To determine if chromokinesins played a
role in acentric segregation in Drosophila, we assayed for syn-
thetic lethal interactions between chromokinesins and acentric
induction. In a wild-type background, the segregation of sister
acentrics to daughter nuclei is delayed but ultimately successful
and, surprisingly, no lethality is associated with acentric induc-
tion. Previous studies identified proteins required for acentric
segregation by screening for mutations that were synthetically
lethal with the induction of I-Crel (Royou et al., 2010). Con-
sequently, we tested klp3a and nod for synthetic lethality upon
I-Crel induction. These are mutants in two well-characterized

Drosophila chromokinesins that belong to the kinesin-4 family
(klp3a) and the kinesin-10 family (nod; Theurkauf and Hawley,
1992; Williams et al., 1995). We found reduced rates of sur-
vival by expressing I-Crel in male larvae with hypomorphic
mutations in klp3a and a loss-of-function mutation in nod. Live
analysis revealed several defects in acentric segregation in neu-
roblast divisions with reduced Klp3a function but no evidence
of acentric segregation defects in neuroblasts with defective
Nod function (Fig. S3 and Video 9). Consequently, we focused
on the role of Klp3a in acentric segregation.

Live analysis revealed that initial defects in klp3a''**
mutants include an increased rate of failed sister acentric sep-
aration and unequal poleward segregation of acentrics. How
the microtubule plus end—directed activity of Klp3a could be
involved with poleward segregation of acentrics was initially
mysterious. Insight into how Klp3a, a plus end—directed motor
protein, could impart acentric movement from the spindle
equator toward the minus end of microtubules at the poles
came from studies showing that loss of Klp3a results in defec-
tive mitotic spindle organization (Kwon et al., 2004). Because
Klp3a is thought to be a plus end—directed motor and thus
would oppose poleward transport of the acentric, we focused
on the role of Klp3a in organizing the anaphase spindle. Re-
duced Klp3a activity leads to reduced interpolar microtubules
of the spindle in metaphase, as well as decreased spindle elon-
gation during anaphase B (Kwon et al., 2004). In accord with
these findings, we also observe disruptions in the organization
of interpolar microtubules in klp3a mutants (Figs. 5 and S2).
In wild-type neuroblasts, we found that the acentrics segregate
along an arc of microtubules following the outer edge of mid-
zone microtubules. In contrast, in klp3a mutants, the acentrics
tend to remain much closer to interior midzone microtubules
(Fig. 6). Quantification clearly shows that acentrics are not ap-
propriately positioned at the edge of the spindle arc in klp3a
mutants suggesting that acentric segregation during anaphase
and telophase preferentially relies on interpolar microtubules.
Thus, it is likely the disruption in acentric segregation observed
in the klp3a mutants is a direct result of a failure to properly
organize interpolar microtubules. Additionally, we analyzed
for tether formation in neuroblast with reduced Klp3a function.
We found that BubR1 ectopically localized to I-Crel-induced
acentrics and the tether in neuroblast from klp3a mutant larvae,
indicating that reduced Klp3a activity does not disrupt tether
formation (Fig. S4 and Video 10).

These studies provide strong evidence for a role of micro-
tubules and chromokinesins for driving acentric segregation,
suggesting that the associated DNA tether may have functions
other than or in addition to force production. This idea is sup-
ported by the recent finding that the tether is required to delay
completion of nuclear envelope assembly facilitating inclusion
of the late segregating acentric into daughter telophase nuclei

Table 1. Percentage of survival of third-instar to adulthood
Genotype I-Crel expression ~ Number of experiments  Total number of larvae Percentage of survival into adulthood (mean * SD)
Wild type No 4 76 929
Yes 4 85 78 + 30
klp3a'124/Y No 9 139 44 £ 17
Yes 8 89 16 £ 15
nod*/Y No 3 33 51 42
Yes 3 16 23 +20
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Figure 5. The chromokinesin Klp3a is required for segregating acentrics. (A) Still images from a time-lapse movie of a control neuroblast (I-Crel alone)
showing sister acentrics (red) separating and moving to opposite poles while in close association with microtubules (green). (B) Still images from a time-
lapse movie of a neuroblast from a female Df klp3a/klp3a'24 with |-Crel-induced acentrics (Video 7). In neuroblasts depleted of Klp3a, acentric sisters
remain fused by a thin stretch of chromatin (dashed arrow) with each other or with the opposite daughter nucleus and segregate to the same pole. Bars, 2
pm. Time in seconds. (C and D) Bar graphs showing the percentage of control and klp3a-defective neuroblasts with sister acentric fusions and the percent-
age of control and klp3a-defective neuroblasts with unequal acentric segregation.

(Karg et al., 2015). Based on the studies presented here demon- functions to stimulate microtubule nucleation (Johmura et al.,

strating that microtubules are required for acentric segregation,
it is possible that a key function of the tether components Polo
and BubR1 is to promote microtubule organization around the
acentrics. Support of this idea comes from the well-established
role Polo kinase in mitotic spindle organization (Das et al.,
2016). Polo kinase localizes to the mitotic spindle where Polo

2011). Similarly, reduced BubR1 activity has been shown to
lead to abnormal spindle morphology in Drosophila third-
instar neuroblasts, including reduced spindle length during
metaphase (Rahmani et al., 2009). Alternatively, a key function
of the tether may be to prevent drift of the acentric fragment
far from the metaphase plate, facilitating its capture by spindle
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microtubules. Support for this idea comes from live imaging
acentrics in which the tether has been compromised through
reduced BubR1 function. In these instances, the acentric is
often observed far from the metaphase plate (Royou et al.,
2010; Derive et al., 2015).

Another contributing factor to failed acentric segregation
may be diminished anaphase A and B spindle elongation in
kip3a mutants (Kwon et al., 2004). Both lagging intact chro-
mosome arms and lagging acentrics result in cell and spindle
elongation during anaphase (Kotadia et al., 2012). This was
viewed as an adaptive response facilitating complete sepa-
ration of the lagging chromatin. Thus, the reduced length of
the anaphase spindle may further inhibit proper and complete
segregation of the acentric chromosome fragments. Accord-
ingly, we find a reduction in spindle size in both metaphase
and anaphase in klp3a mutant neuroblasts with I-Crel-induced
acentrics compared with I-Crel-expressing control neuroblasts
(Fig. S5). These results suggest that the short klp3a mutant
spindles may also contribute to the observed increase in acen-
tric segregation failure.

Previous studies, and our own observations, demonstrate
that acentric segregation is greatly delayed compared with the
segregation of the main mass of undamaged chromosomes
(Royou et al., 2010; Derive et al., 2015; Karg et al., 2015). Here,
we find that the acentrics rely on Klp3a to establish a segrega-
tion path distinct from the path traveled by the main chromo-
some mass. We suspect that this temporal and spatial separation
between the potentially recombination prone acentric fragment
and the normal chromosomes decreases the likelihood of dele-
terious recombination events.
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Figure 6. Acentric segregation along peri-
pheral interpolar microtubules is disrupted
in klp3a mutants. (A) Still images from a
time-lapse movie of a mitotic neuroblast with
I-Crel induced acentrics migrating poleward
on an arch of microtubules on the periphery
of spindle. (B) Still frames from a 3D render-
ing of a control |-Crel expressing neuroblast
showing acentrics (red) positioned to the outer
edge of spindle midzone during anaphase,
while associated with an arch of pole-pole mi-
crotubules (green). (C) Still frames from a 3D
rendering (Video 8) from a female Df klp3a/
klp3a'124 neuroblast showing that acentrics
are within the middle of spindle midzone
during anaphase. Bars, 2 pm. Time in sec-
onds. (D) Schematic showing measurements
of the maximal distance of newly separated
acentrics from a medial line drawn between
centrosomes. (E) Bar graphs showing the max-
imal distance (um) of acentric from a medial
line between centrosomes to the outer edge of
the anaphase spindle midzone in control and
Klp3a-defective neuroblast. Error bars repre-
sent one SD from the mean.

Fly stocks

All stocks were raised on standard Drosophila media at room tem-
perature. The transgenic line bearing the I-Crel endonuclease with a
heat shock 70 promoter was provided by K. Golic (University of Utah,
Salt Lake City, UT). The GFP-tagged protein, Jupiter, was used to
image microtubules. klp3a'’?* was provided by M. Goldberg (Cornell
University, Ithaca, NY), and nod* was provided by the Bloomington
Stock Center (stock number 3340). HOAP-GFP lines were provided
by J. Tamkun (University of California, Santa Cruz, Santa Cruz, CA).

Live analysis of acentric behavior in Drosophila third-instar
neuroblasts

Acentric chromosome fragments were induced by I-Crel expression
(under heat shock 70 promoter) in third-instar larvae by a 1-h 37°C
heat shock followed by a 1 h recovery period at room temperature. The
larval brains from third-instar larvae were dissected in PBS and then
transferred to a slide with 20 ul PBS. A coverslip was dropped on PBS
solution with brain, and the excess PBS solution was wicked out from
edge of coverslip to induce squashing of brain between slide and cover-
slip. For live analysis, the edge of coverslip was sealed with halocarbon
and was imaged as described in the Microscopy and image acquisition
section. Neuroblasts divisions in Fig. 5 were from males, and all other
images were from female third instars.

Microscopy and image acquisition
Images in Figs. 1, 2, 3, 5, S1, and S2 were acquired with an inverted
Eclipse TE2000-E spinning disc (CSLI-X1) confocal microscope
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(Nikon) with a 100x 1.4 NA oil-immersion objective. Images were
captured with a EM-CCD camera (ImageE MX2; Hamamatsu
Photonics). Images were acquired with MicroManager 1.4 software.
Time-lapse fluorescent images of neuroblasts divisions were done
with 120 and 100 ms exposures for GFP (508 nm) and RFP (585 nm),
respectively, with 0.5 pm Z-steps. Time-lapse videos with both GFP
and RFP were done every 5 to 9 s, and time-lapse movies with RFP
alone were done every 5 s. Figures were assembled in Adobe Illustrator.
Selected stills (both experimental and control) were processed with
Imagel (http://rsb.info.nih.gov/ij/).

Measurements

Relative fluorescent intensities of acentrics (H2Av-RFP) overlapped
with microtubules (Jupiter-GFP) were done using the plot profile func-
tion in ImageJ with a line width of one pixel between yellow dashed lines
or yellow arrows in grayscale images in Fig. 3 (A and B) and Fig. S3 B.
3D reconstructions in Figs. 3 and 6 were done with Imaris software.
Statistical analysis (Bonferroni) in Fig. S5 and Fig. 6, y? analysis in
Figs. 2 and 5, and Grubbs outlier test for Fig. 6, were done with Prism
Version 5 (GraphPad Software).

Laser ablation and imaging

Live imaging for Fig. 4 was done on an inverted microscope
(Eclipse Ti-E; Nikon) equipped with a spinning disc confocal
(CSU-X1; Yokogawa Electric Corporation), head dichroic Semrock
Di01-T404/488/561 GFP, 488-nm (120 mW) and 561-nm (150 mW)
diode lasers, emission filters ET525/36M (Chroma Technology Corp.)
for GFP or ET630/75M for RFP, and an iXon3 camera (Andor Tech-
nology). Fluorescent imaging of neuroblasts was performed through
Metamorph 7.7.8.0 (Molecular Devices) at 75-500 ms exposures every
3to 14 s with a 100x 1.45 Ph3 oil objective through a 1.5x lens yielding
105 nm/pixel at bin = 1. Targeted laser ablation (several 3-ns pulses
at 20 Hz) using 514-nm light was performed using a galvo-controlled
MicroPoint Laser System (Photonic Instruments) operated through
Metamorph. Depolymerization toward the spindle pole, as expected
for uncapped (and unstable) microtubule plus ends, verified success-
ful ablation of microtubules. Chromosome position data in Fig. 5 C
were generated by manual tracking of acentrics and intact chromo-
somes (H2Av-RFP) in time-lapse videos using a custom MATLAB
(R2012a version 7.4) program.

Online supplemental material

Fig. S1 shows that ablation of BubR1-coated tether does not prevent
poleward migration of acentrics (Video 6). Fig. S2 shows that reduced
Klp3a activity disrupts spindle morphology. Fig. S3 shows normal seg-
regation of acentrics in neuroblasts from nod* third instars (Video 9).
Fig. S4 shows that reduced Klp3a function does not disrupt BubR1 lo-
calization to DNA tether (Video 10). Fig. S5 shows that reduced meta-
phase spindle size and diminished anaphase elongation may contribute
to acentric segregation defects in klp3a mutant neuroblast. Video 1
shows third-instar neuroblast mitotic division with I-Crel-induced
acentrics alone. Video 2 shows third-instar neuroblast mitotic division
with I-Crel-induced acentrics and GFP-tagged telomeres. Video 3
shows I-Crel-expressing third-instar neuroblast mitotic division with
I-Crel-induced acentrics and GFP-tagged microtubules. Video 4 is
a 3D rendering of acentrics from an I-Crel-expressing third-instar
neuroblast mitotic division with GFP-tagged microtubules. Video 5
shows third-instar neuroblast mitotic division with ablated (at time
00:00:45) GFP-tagged microtubules associated with I-Crel-induced
acentrics. Video 6 shows third-instar neuroblast mitotic division with
ablation (arrowhead at 00:33) of BubR 1-coated tethers. Video 7 shows
third-instar neuroblast mitotic division from klp3a''?* with poleward

acentrics. Video 8 is a 3D rendering of a third-instar neuroblast mi-
totic division from klp3a''?* with poleward acentrics. Video 9 shows
third-instar neuroblast mitotic division from nod* with I-Crel-induced
acentrics. Video 10 shows that BubR1-coated tethers form in I-Crel-
expressing third-instar neuroblast from k/p3a''?* mutants.
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