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Abstract

Cortical pulling forces on astral microtubules are essential to posi-
tion the spindle. These forces are generated by cortical dynein, a
minus-end directed motor. Previously, another dynein regulator
termed Spindly was proposed to regulate dynein-dependent
spindle positioning. However, the mechanism of how Spindly regu-
lates spindle positioning has remained elusive. Here, we find that
the misalignment of chromosomes caused by Spindly depletion is
directly provoking spindle misorientation. Chromosome misalign-
ments induced by CLIP-170 or CENP-E depletion or by noscapine
treatment are similarly accompanied by severe spindle-positioning
defects. We find that cortical LGN is actively displaced from the
cortex when misaligned chromosomes are in close proximity.
Preventing the KT recruitment of PIkl by the depletion of PBIP1
rescues cortical LGN enrichment near misaligned chromosomes
and re-establishes proper spindle orientation. Hence, KT-enriched
PIk1 is responsible for the negative regulation of cortical LGN
localization. In summary, we uncovered a compelling molecular
link between chromosome alignment and spindle orientation
defects, both of which are implicated in tumorigenesis.
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Introduction

The bipolar spindle serves as the core structure mediating proper align-
ment and segregation of chromosomes [1]. In addition, the spindle
plays an important role in defining the position of the future cleavage
plane, thus controlling daughter cell size and the positioning of the
daughter cells in a polarized tissue context [2,3]. Proper positioning of
the spindle is an important feature in many cell types and is essential
for the maintenance of tissue organization and stem cell renewal.
Studies in various eukaryotic systems have revealed a highly
conserved pathway for spindle positioning [4-10]. This pathway

involves a cortically localized protein complex consisting of Gai,
LGN, and NuMA, which ultimately recruits the microtubule (MT)
minus-end directed multi-subunit motor, the dynein—dynactin
complex [5,10,11]. Cortically anchored dynein exerts forces on the
astral microtubules emanating from the spindle poles [12], thereby
moving the spindle toward the site with most dynein molecules.
Multiple lines of evidence suggest that cell extrinsic and intrinsic
cues contribute to spatiotemporal regulation of cortical dynein. The
presence of cell extrinsic cues is illustrated by the fact that the
retraction fibers, actin filaments that connect the mitotic cell body
to the substratum, dictate spindle orientation in cells grown on
adhesive micropatterns [13]. Laser cutting of retraction fibers leads
to repositioning of the spindle along the cell axis where most force
is exerted on the mitotic cell body, indicating a defined relation
between external forces and internal regulation of spindle orienta-
tion cues [14]. Concomitantly, a number of cell intrinsic signals
control cortical dynein behavior. The guanine-exchange factor
(GEF) RCCl-mediated generation of the Ran-GTP gradient around
mitotic chromatin was proposed to inhibit LGN-NuMA localization
to the cortex, thereby indirectly causing the polarized distribution of
cortical dynein [11]. In addition, the spindle pole-enriched Plk1
negatively regulates dynein localization by disrupting its interaction
with NuMA [11]. Concurrently, astral MTs facilitate re-depositing of
dynein to the cortex facing the opposite spindle pole, resulting in a
dynamic asymmetric dynein enrichment and spindle oscillations
until the spindle is positioned in the center of the cell [11,15].
Regulation of dynein throughout mitosis requires multiple adap-
tor proteins, some of which have been linked to the process of
spindle orientation [16-18]. Spindly is a coiled-coil domain-
containing protein that recruits dynein to unattached kinetochores
(KTs) in prometaphase [17,19,20], and was previously proposed to
regulate dynein-dependent spindle positioning [19]. Spindly is
required for efficient chromosome alignment [21], a function that is
separate from its role in KT—-dynein recruitment [22]. Since cortical
dynein recruitment is unaffected in the absence of Spindly [19], the
mechanism of how Spindly regulates spindle positioning has
remained elusive. Here, we showed that the spindle-positioning
defect seen after Spindly depletion is caused by chromosome
misalignments. We showed that chromosome misalignments
induced by several other means, including depletion of CLIP-170,
depletion and inhibition of CENP-E, and treatment with the mild
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microtubule poison noscapine, all result in severe defects in spindle
orientation. This establishes a direct causal link between chromo-
some misalignment and spindle misorientation, emphasizing how
distinct mitotic defects can directly cause a spindle misorientation
phenotype due to a spatial imbalance in the intracellular signals
derived from the spindle poles and chromosomes.

Results and Discussion
Chromosome misalignments cause spindle misorientation

To study the role of Spindly in spindle positioning, we filmed cells
grown on rectangular-shaped micropatterns and measured the angle
of the metaphase plate relative to the short cell axis (Fig 1A). Since
Spindly depletion leads to chromosome alignment defects associated
with a profound delay in mitosis ([20] and Fig EV1A), we first deter-
mined the optimal time point for the analysis of spindle positioning.
To this end, we filmed cells depleted of the APC/C co-activator
CDC20 to induce a mitotic delay without perturbing the processes
involved in chromosome alignment (Fig EV2A). Cells depleted of
CDC20 displayed correct spindle orientation at early time points
comparable to GAPDH-depleted cells, as determined by measuring
the angle of the metaphase plate 32 min post-nuclear envelope
breakdown (NEB) (Figs 1B, EV2B and C and Video EV1). After a
prolonged mitotic delay, CDC20-depleted cells displayed spindle tilt-
ing and a more randomized spindle orientation as determined by
measuring the spindle angle one frame before anaphase onset
(Fig EV2C and Video EV2). Therefore, we decided to determine the
spindle angle in all subsequent analyses at 32 min post-NEB, unless
indicated otherwise.

In line with previous results, we could confirm a critical role for
Spindly in spindle positioning (Fig 1B and C, and [19]). Functional
inactivation of Spindly after siRNA-mediated knockdown was
confirmed by an increase in mitotic timing (Fig EV1A), a defect in
chromosome alignment (Fig EV1B), and the loss of dynein from
KTs (Fig EV1C). Consistent with previous data, we observed normal
recruitment of GFP-tagged dynein heavy chain (DHC) to the cortex
after Spindly depletion (Fig EV1C and [19]).

So how can loss of Spindly, a KT protein, affect spindle orienta-
tion? The most striking phenotype of a Spindly-depleted cell is a
defect in chromosome alignment (Fig EV1B). Since chromosome-
derived signals have been shown to perturb the localization of
cortical factors involved in spindle positioning [11], we asked
whether misaligned chromosomes can promote misorientation of the
mitotic spindle. Therefore, we depleted CLIP-170 and CENP-E, which
both have important functions in chromosome alignment [23-26].
Depletion of either factor leads to relatively mild chromosome
misalignment phenotypes without disrupting normal bipolar spindle
assembly (Fig EV1D). Furthermore, depletion of CLIP-170 or CENP-E
did not lead to a defect in dynein localization to the KTs and, more
importantly, both factors were found to be dispensable for cortical
dynein recruitment (Fig EV1E). The phenotype in CLIP-170-depleted
cells was not very penetrant with only 33 % of cells presenting a clear
phenotype in chromosome alignment, marked by an increase in
mitotic timing (Fig EV1A). We therefore separated the CLIP-170-
depleted cells into two categories, “misaligned” and “aligned”. The
“aligned” cells displayed no defect in spindle orientation, whereas
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the “misaligned” cells did not position their spindles correctly
(Fig 1D). Loss of CENP-E also produced chromosome alignment
defects accompanied by an increase in mitotic timing (Fig EV1A and
D and [24,27]). Consistently, CENP-E-depleted cells displayed an
almost completely random distribution of spindle angle (Fig 1E).
Finally, we generated chromosome misalignments with a low dose
of noscapine, an opium alkaloid that interferes with microtubule
dynamics, resulting in a relatively mild chromosome misalignment
phenotype (Fig EV1A and D and [28,29]). This drug treatment also
resulted in random spindle orientation, while dynein recruitment to
the cell cortex was unaffected (Figs 1F and EVI1E).

Next, we wondered whether chromosome misalignments only
have a transient effect on spindle orientation in mitosis or whether
this defect affects the position of the cell division plane upon mitotic
exit. To this end, we treated cells with the CENP-E inhibitor
GSK923295 and subsequently forced them out of mitosis by the
addition of an inhibitor of the mitotic checkpoint kinase Mpsl
(Cpd-5) (Fig EV2D and [30]). Consistent with our previous results
with RNAi-mediated depletion of CENP-E (Fig 1E), the addition of
GSK923295 resulted in chromosome misalignments associated with
random spindle orientation (Fig EV2D-F). Addition of a high dose
of Cpd-5 caused the cells to exit within the following 8-16 min.
Importantly, cells with misaligned chromosomes entered anaphase
with misoriented spindles leading to altered division planes
(Fig EV2F and Videos EV3 and EV4).

Taken together, we found that chromosome misalignments
induced by four different methods all result in spindle-positioning
defects in mitosis.

Misaligned chromosomes negatively regulate cortical
localization of LGN

We next tested the behavior of cortically associated LGN, the
cortical docking factor for dynein, by live-cell imaging of cells
expressing GFP-LGN and H2B-RFP. Cells treated with noscapine
showed a clear negative correlation between the presence of chro-
mosomes near the cell cortex and the enrichment of LGN at these
sites (Fig 2A). The distribution of LGN was extremely dynamic in
these cells and appeared to circulate around the cortex. This
movement of LGN was accompanied by continuous rotation of
the metaphase plate (formed by alignment of the majority of
chromosomes), indicating that the spindle continuously re-orients
toward the site with highest cortical LGN concentration. Most
likely, this phenomenon is caused by the pulling forces on astral
MTs mediated by dynein and concomitant displacement of its
upstream cortical docking factor LGN by a negative signal emitted
from misaligned chromosomes in its proximity. In line with the
result we obtained with Spindly, CENP-E, and CLIP-170 depletion,
this indicates that misaligned chromosomes create a negative
feedback to cortically localized LGN, thereby preventing steady
spindle positioning.

Plk1, not Ran, is required to delocalize LGN
A prominent candidate to mediate the displacement of cortical LGN
from the proximity of chromosomes is Ran-GTP [11]. Therefore, we

depleted Ran by siRNA-mediated knockdown and confirmed
functional inactivation of Ran by staining for HURP on k-fibers

© 2016 The Authors
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Figure 1. Chromosome misalignments cause spindle misorientation.
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A Schematic showing the live single-cell patterning setup. U20S cells stably expressing H2B-GFP and mCherry-tubulin are synchronized in thymidine and released
after 16 h into fresh medium. Cells are seeded on rectangular-shaped micropatterns coated with fibronectin and incubated for additional 8 h before the start of
the imaging. Images were taken every 8 min and the angle of the spindle was determined by measuring the angle of the metaphase relative to the short length of

the rectangle at 32 min after NEB. Scale bar represents 100 um.
B, C

Histogram of spindle angles in cells transfected with GAPDH siRNA for 48 h (B) and Spindly siRNA for 48 h (C).

D Histograms showing spindle angles of CLIP-170-depleted cells. Due to low efficiency in generating a chromosome misalignment phenotype after 72 h of CLIP-170
siRNA transfection, cells are split into two categories: “aligned” and “misaligned”, relating to the observed chromosome misalignment phenotype.
E, F Spindle angle histograms of CENP-E-depleted cells (48 h) (E) and noscapine-treated cells (F).

Data information: Distributions in (C-F) were compared against (B) using non-parametric Kolmogorov-Smirnov test. Statistical difference between the distributions is

indicated by: ****P < 0.0001, ***P < 0.0003, **P < 0.003, *P < 0.05.

(Fig EV3A and [31,32]). To our surprise, rather than promoting
cortical LGN localization near chromosomes, Ran depletion led to a
global reduction in cortical LGN recruitment (Fig EV3B). Consis-
tently, the addition of importazole [33] to inhibit Ran-GTP activity
also resulted in a rapid reduction in cortical LGN localization
(Fig EV3C). In addition, transient expression of a dominant-negative

© 2016 The Authors

mCherry-RanT24N, but not of a GTP hydrolysis-defective RanQ69L,
mutant resulted in a globally reduced cortical LGN recruitment
(Fig EV3D).

Next, we treated Ran-depleted cells with noscapine to induce
chromosome misalignments in GFP-LGN-expressing cells. Although
general GFP-LGN levels at the cell cortex were reduced in the
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Figure 2. PIk1 restricts cortical LGN localization near misaligned chromosomes.

A Hela cell stably expressing GFP-LGN and transiently expressing RFP-H2B was treated with noscapine to induce chromosome misalignments. Cells were imaged
every 5 min. The time is relative to NEB. The red arrows indicate cortical regions where the chromosomes are in close proximity to the cell boundaries,
accompanied by the displacement of LGN from the cortex. Scale bar represents 10 pum.

B, C Similar assay as described in Fig EV3E was carried out in the presence of a small molecule inhibitor against Aurora B (ZM447439) in combination with the
proteasome inhibitor MG-132 to keep cells arrested in mitosis (B) and with an inhibitor against PIk1 (BI2536) (C). Drugs were added at the same timing as Hoechst,
30 min prior to imaging. Scale bar represents 10 pm.

Ran-depleted cells, low levels of LGN could still be observed.
The presence or absence of cortical LGN was scored and plotted
against the distance of the most cortex-proximal misaligned

chromosome (Fig EV3E, assay described in [11]). In mock-depleted
cells, misaligned chromosomes restricted LGN from localizing to
cortical regions when positioned less than ~1.0 pm away from the
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cortex (Fig EV3F). This negative effect of misaligned chromosome
proximity on cortical LGN localization persisted when cells were
depleted of Ran (Fig EV3F). Based on these results, we conclude
that Ran is unlikely the factor that mediates the displacement of
LGN from the cortex near misaligned chromosomes.

Although Ran-GTP was previously proposed to be a negative
regulator of LGN at the cell cortex [11], we find that Ran acts as a
positive regulator using three independent methods of Ran inhibi-
tion (Fig EV3B-D). A potential explanation for this discrepancy
might lie in the timing at which the analyses were conducted. We
routinely analyze LGN recruitment in cells that have been in mitosis
for < 1 h, but can observe appearance of LGN at cortical regions in
Ran-inhibited cells that were delayed in mitosis for longer periods
(for example, see Fig EV3B lower panel). This appearance of LGN at
later time points might reflect the presence of distinct pathways of
cortical LGN recruitment and could be a consequence of lowered
Cdk1 activity, similar to what was shown for the recruitment of
NuMA in metaphase versus anaphase [34,35], and might involve
differential regulation by Ran-GTP.

We next set out to investigate the involvement of two crucial
regulators of mitotic progression, Aurora B and Plk1 [36,37], in the
cortical regulation of LGN. Aurora B localizes along entire chromo-
somes at the onset of mitosis and becomes concentrated at the inner
centromeric chromatin in prometaphase [38], whereas Plk1 localizes
to spindle poles and KTs throughout mitosis [39]. We induced chro-
mosome misalignments by noscapine treatment, and subsequently,
cells were treated with ZM447439 or BI2536, specific inhibitors of
Aurora B and PIk1, respectively [40,41]. We observed no difference
between DMSO treatment and Aurora B inhibition with regard to
LGN restriction from cortical regions in the proximity of misaligned
chromosomes (Fig 2B). In contrast, LGN localization persisted near
chromosomes that were positioned in close proximity of the cortex
(< 0.5 um) in Plkl-inhibited cells (Fig 2C). Thus, Plk1 activity on
misaligned chromosomes is required to displace LGN from the
cortex. Another centromere- and KT-localized kinase NDR1 was
recently reported to regulate spindle orientation through Plk1 [42].
To test the involvement of NDR1, we treated cells with BI2536 after
siRNA-mediated knockdown of NDR1 (Fig EV4A and B). However,
cortical LGN enrichment near misaligned chromosomes persisted in
the absence of NDR1, suggesting that Plk1-mediated displacement of
cortical LGN occurs through as yet unknown factors.

Spindle pole-localized Plk1 restricts cortical LGN localization

Pole-localized Plkl was previously shown to negatively regulate
dynein localization at the cell cortex [11]. However, this negative
regulation was proposed to act by disrupting the interaction of
dynein/dynactin with its upstream recruitment factors LGN and
NuMA without disrupting the binding of LGN to the cell cortex. To
investigate the effect of spindle pole-localized Plk1l on LGN recruit-
ment to the cortex, we filmed HeLa cells expressing GFP-tagged
LGN and mCherry-tagged Arpl (a dynactin subunit) (Fig EV5A
and B). Spindle pole association of Arpl allowed the tracking of
spindle movements and revealed clear spindle rocking throughout
mitosis. In line with previous data, we observed switching of
cortical Arpl enrichment when the spindle pole came in close prox-
imity of the cell cortex (Fig EVSB and [11]. However, in contrast to
previous observations, live-cell imaging at high time resolution

© 2016 The Authors

EMBO reports

(5 min/frame) revealed that LGN also switches from one side of the
cell cortex to the other. These switching events coincided with those
of Arpl, and cortical LGN was displaced whenever the spindle pole
approached the cell periphery (Fig EV5A). To test whether Plkl
activity at the pole contributes to this dynamic re-localization, we
made use of the Pkl inhibitor BI2536. Plk1 inhibition causes the
cells to form monopolar spindles [41,43]. Thus, in order to establish
comparable spindle morphology in control DMSO- and BI2536-
treated cells, we first induced monopolar spindles in all cells with
the Eg5 inhibitor STLC. In control cells treated with STLC, we
observed continuous oscillating movements of the monopolar
spindle, accompanied by dynamic re-localization of cortical LGN
when spindle poles came in proximity (Fig EV5C). In contrast,
when cells were treated with a combination of STLC and BI2536,
cortical LGN switching and spindle movement were strongly
reduced (Fig EV5D). These observations indicate that Plk1 at the
spindle poles acts as a negative regulator of cortical LGN localiza-
tion. Furthermore, switching of dynein at the cell cortex during
mitosis is regulated by Plk1l upstream or at the level of LGN rather
than downstream of LGN.

Loss of KT-localized Plk1 rescues cortical LGN enrichment in the
proximity of misaligned chromosomes

Next, we investigated whether the displacement of LGN/dynein by
misaligned chromosomes was mediated by KT-bound Plkl. KT
recruitment of Plk1 can be reduced upon siRNA-mediated depletion
of PBIP1 (Fig 3A and [44]). Consistent with a role of KT-bound Plk1
in the displacement of LGN from the cortex, we could observe a
large fraction of PBIP1-depleted cells where the proximity of
misaligned chromosomes (< 1.0 um) no longer restricted LGN from
the cortex (Fig 3B).

We next wanted to investigate whether KT-localized PIk1 is
indeed responsible for the spindle misorientation provoked by
misaligned chromosomes. We induced chromosome misalignments
using the CENP-E inhibitor in cells expressing GFP-H2B (Fig 3C).
As expected, CENP-E inhibition resulted in random spindle
orientation in early mitosis (32 min after NEB). The spindles of
CENP-E-inhibited cells displayed highly dynamic behavior with a
mean spindle displacement of 180° in the first hour after NEB
(Fig 3D, Video EVS). In contrast, the combination of CENP-E inhibi-
tion and PBIP1 depletion resulted in a rescue of the spindle misori-
entation phenotype (Fig 3C and Video EV6) and the dampening of
the spindle movements as compared to CENP-E inhibition alone
(Fig 3D). Combined, our data show that PIk1 is a negative regulator
of cortical LGN localization and that the KT-bound pool of Plkl on
misaligned chromosomes is responsible for the displacement of
LGN from cortical sites, when placed in its proximity. Collectively,
our results indicate that chromosome misalignment is causally
linked to spindle misorientation due to a spatial imbalance in local
Plk1 concentration.

Plk1 was previously implicated as a regulator of spindle orienta-
tion through the displacement of cortical dynein near spindle poles
[11]. We find that Plkl-mediated regulation of cortical dynein
occurs at the level of its docking factor LGN, rather than at the level
of dynein/NuMA. Thus, it is likely that the main function of PIk1 is
the asymmetric distribution of LGN and the centering of the mitotic
spindle during unperturbed mitosis. Since Plk1 levels at KTs reduce
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Figure 3. Loss of KT-localized Plk1 rescues cortical LGN enrichment in the proximity of misaligned chromosomes and spindle misorientation.
Cells were mock- or PBIP1-depleted by two sequential rounds of siRNA transfection after 24 and 48 h and analyzed after 72 h.

A Immunofluorescence images and quantifications of KT- and centrosome-localized PIk1 in U20S cells after PBIP1 depletion. Cells were treated with nocodazole for
30 min and fixed. Cells were stained with y-tubulin or the centromere marker ACA, PIk1, and DAPI. Top: siMock n = 67, siPBIP1 n = 72 and bottom: siMock n = 40,
siPBIP1 n = 40 cells from three experiments. ****P < 0.0001, and Mann-Whitney test, mean =+ SD.

B Representative images and histograms showing the effect of chromosome position on cortical LGN enrichment after 72 h of mock and PBIP1 depletion. Bar

represents 10 pm.

C Live-cell images and histograms of GFP-H2B U20S cells mock-transfected or with siPBIP1 filmed on rectangular micropatterns in the presence of a CENP-E inhibitor.

The spindle angles for both conditions were scored at 32 min after NEB.

D The total spindle angle displacement within the first hour of mitosis was determined by measuring the spindle angle at each time point and calculating the sum of
the A spindle angle between each time point. Dataset from (C) and cells exiting mitosis within 1 h were excluded. siMock n = 127 and siPBIP1 n = 187 cells from

four experiments. ****P < 0.0001, and Mann-Whitney test, mean =+ SD.

drastically upon the alignment of chromosomes [43,45], its contri-
bution in the restricting of cortical LGN near the metaphase plate is
expected to be minor. Possibly other factors are required for the
regulation of cortical LGN dissociation at these cortical regions.
Nonetheless, our results underscore the importance of the proper
spatial distribution of intracellular signaling factors in accurate
spindle positioning.

Taken together, we identify a causal link between two mitotic
defects, chromosome misalignment and spindle misorientation. This
finding may have important relevance to studies on cancer progres-
sion, in particular that of chromosomally instable (CIN) tumors. For
example, in CENP-E +/— [46] or Hecl-overexpression [47] mouse
models, where CIN is induced by interfering with chromosome
alignment, the coinciding spindle orientation defects might
potentially contribute to enhanced tumorigenesis.

Materials and Methods

Detailed descriptions of immunofluorescence and live imaging
methods used in this study can be found in the Appendix.

Cell lines and culture conditions

HeLa and U20S cells were cultured in DMEM (Gibco) with 6%
FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin. Noscapine
was dissolved in DMSO and used with a final concentration of
12.5 uM. Nocodazole was used at 250 ng/ml, importazole at
40 puM, BI2536 at 200 nM, MG132 at 5 pM, ZM447439 at 2 puM,
GSK923295 at 200 nM, STLC at 20 uM, and Cpd-5 at 100 nM.
Hoechst 33342 was used at a concentration of 50 ng/ml. Transient
expression of H2B-RFP was achieved by transducing HeLa cells
with a modified baculovirus expressing histone 2B-RFP (CellLight®
BacMam 2.0, Molecular Probes) following the manufacturer’s
guidelines.

Plasmids and siRNAs

siRNA transfections were performed using RNAiMax (Invitrogen) in
a reverse transfection protocol following the manufacturer’s guide-
lines. The following siRNAs were used: GAPDH OTP SMARTpool,
Spindly OTP SMARTpool, CLIP-170 custom based on [48], CENP-E
custom: AACACGGAUGCUGGUGACCUC, RAN OTP: CUAGGAAG
CUCAUUGGAGA, PBIP1 OTP SMARTpool. STK38 OTP SMARTpool.
siRNAs were purchased at Thermo Scientific and were used at a
final concentration of 20 nM. Constructs with mCherry-RanT24N

© 2016 The Authors

(#37396) and mCherry-RanQ69L (#30309) were purchased from
Addgene.

Antibodies

The following antibodies were used for immunofluorescence
microscopy experiments: anti-o-tubulin (1:10,000; Sigma-Aldrich),
anti-HURP (1:500 custom made [32]), anti-pH3 (1:1,000; EMD Milli-
pore), anti-centromere antibody (1:1,000; Antibodies Incorporated,
Davis, CA), anti-y-tubulin (1:300; Sigma, T5192), and anti-Plkl
(1:1,000; Santa Cruz, sc-17783). Secondary antibodies used were
Alexa Fluor 488 and Alexa Fluor 568 (Molecular Probes). Anti-
NDR1/STK38 (M04) was purchased from Abnova.

Expanded View for this article is available online.
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