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Introduction

The alignment of chromosomes at metaphase is a well-con-
served feature of mitosis in higher eukaryotes. This feature of 
mitosis promotes the equal distribution of sister chromatids into 
the two daughter cells at anaphase. Stepwise mitotic progres-
sion requires proteolytic degradation of key mitotic substrates 
that fosters chromatid separation followed by cytokinesis and 
mitotic exit (Musacchio and Salmon, 2007). The force-pro-
ducing machines, including microtubule dynamics, microtu-
bule-associated proteins, and microtubule motors, are under 
intense investigation, but we still lack complete understanding 
of how bipolar metaphase alignment is achieved and maintained 
(Walczak et al., 2010). Therefore, it is essential to unveil novel 
mitotic regulators and understand how they interact with and 
influence known pathways that drive and maintain metaphase.

Factors important in chromosome movement and spindle 
assembly are microtubule-binding proteins, microtubule-de-
pendent motors, and microtubule depolymerases (Rieder and 
Salmon, 1994; Kosco et al., 2001; Kapoor and Compton, 2002; 
Kline-Smith et al., 2004; Schneider et al., 2007; Bakhoum et 
al., 2009a; Verhey and Hammond, 2009; Fu et al., 2010; Barisic 
et al., 2014). Balance between poleward forces primarily acting 
at kinetochores and polar ejection forces acting upon chromo-

some arms is likely driven by regulated microtubule assembly 
and disassembly and by microtubule-dependent motor pro-
teins, which play important roles in mediating chromosome 
alignment and spindle stability during mitosis. In early mitosis, 
dynein, a minus end–directed motor protein found on kineto-
chores, moves chromosomes toward the spindle poles (Li et 
al., 2007; Yang et al., 2007; Vorozhko et al., 2008). The plus 
end–directed motor protein CENP-E (kinesin 7) at kineto-
chores functions to transport chromosomes trapped near spin-
dle poles along microtubules toward the cell equator (Kapoor 
et al., 2006; Cai et al., 2009; Kim et al., 2010). Additionally, 
the activities of the plus end–directed chromokinesins Kid (ki-
nesin 10) and Kif4A (kinesin 4) found on chromosome arms 
generate ejection forces pushing the arms away from the poles 
(Rieder et al., 1986; Antonio et al., 2000; Funabiki and Murray, 
2000; Brouhard and Hunt, 2005; Stumpff et al., 2012; Wandke 
et al., 2012). Although much has been revealed regarding the 
regulation of kinetochores in moving chromosomes, the roles 
of arm-based ejection force pathways remain relatively unex-
plored and controversial.

G2- and S phase–expressed protein 1 (GTSE1) is a micro-
tubule-associated protein originally identified as a p53-inducible 
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gene that was previously described to function in controlling 
DNA damage–induced apoptosis by down-regulating p53 func-
tion during interphase (Utrera et al., 1998; Collavin et al., 2000; 
Monte et al., 2000, 2003, 2004). Additionally, GTSE1 has been 
shown to function as an EB1-dependent plus end–tracking pro-
tein that is required for cell migration during interphase (Scolz 
et al., 2012). After nuclear envelope breakdown (NEB) in mito-
sis, GTSE1 microtubule plus end tip tracking is inhibited until 
anaphase onset, and instead, the protein decorates the micro-
tubule lattice. Additionally, GTSE1 becomes hyperphosphory-
lated upon entry into mitosis (Collavin et al., 2000; Scolz et al., 
2012). Most recently, GTSE1 was reported to inhibit mitotic 
centromere-associated kinesin (MCAK) microtubule depoly-
merase activity during mitosis and thereby promote microtu-
bule stability in mitosis (Bendre et al., 2016). In this study, in 
contrast, we provide evidence that GTSE1 fosters turnover of 
the most stable microtubules within the mitotic spindle from 
prometaphase to anaphase onset. At anaphase onset, GTSE1 
redistributes to the astral microtubules, concomitant with its 
return to tip tracking. We speculate that this redistribution aids 
in stabilizing midzone microtubules during anaphase and telo-
phase. Cells depleted of GTSE1 display hyperstabilized spindle 
microtubules, which in turn affects the activity of the mitotic 
kinase Aurora B—specifically on chromosome arms. The loss 
of Aurora B activity on chromosome arms diminishes accumu-
lation of the chromokinesin Kif4A. Depletion of Kif4A induces 
multipolar spindles. In sum, we have identified a novel path-
way in which GTSE1 is an upstream regulator of microtubule 
stability, chromosome alignment, spindle pole integrity, and 
timely mitotic progression.

Results

Bioinformatic identification of a novel 
mitotic effector, GTSE1
A bioinformatic algorithm called global microarray meta-anal-
ysis (GAM​MA) was used to identify potential novel mitotic 
regulators among gene products with little or no previously 
established function in mitosis (see the Bioinformatic charac-
terization of GTSE1 section of Materials and methods; Wren, 
2009; Dozmorov et al., 2011). GAM​MA uses a “guilt by as-
sociation” approach to infer the function of genes based on 

what is known about their most correlated transcripts, and it 
can be used to predict functions even if no literature exists on 
the gene being analyzed. Among the candidate mitotic regula-
tors, we selected GTSE1 for further analysis because previous 
work had shown GTSE1 to interact with microtubules (Utrera 
et al., 1998; Monte et al., 2003, 2004; Bublik et al., 2010; Liu 
et al., 2010; Scolz et al., 2012). GAM​MA was then used to pre-
dict specific functions and interactions of GTSE1. The relevant 
associations confirmed in this study as well as those found in 
previous work are summarized in Table 1. The complete list of 
GAM​MA-predicted functional, phenotypic, and genetic associ-
ations is provided in Table S1.

Endogenous GTSE1 protein expression is 
highly restricted to M phase and localizes 
to spindle microtubules during mitosis
To map the expression and distribution of endogenous GTSE1, 
we generated a polyclonal antibody targeting the N terminus of 
the protein. In agreement with previous work (Collavin et al., 
2000), we found that GTSE1 protein levels became detectable 
in an enriched G2 phase population, peaked during mitosis (N 
lane), and fell to very low levels in G1 (Fig. 1 A, top), consis-
tent with its identification as a target for the mitotic ubiquitin 
ligase, the anaphase-promoting complex/cyclosome (APC/C; 
Pfleger and Kirschner, 2000). GTSE1 protein levels remained 
very low during G1 and S phase until ∼20 h after release from 
nocodazole, consistent with reentry into the G2 phase of the 
cell cycle (Fig. 1 A, bottom). Importantly, the GTSE1 protein 
expression profile mimicked that of the known mitotic regulator 
cyclin B. GTSE1 also undergoes posttranslational modification 
during mitosis, as demonstrated by the increase in its electro-
phoretic mobility during exit from mitosis (Fig. 1 A, top). This 
mitotic shift had been shown previously to be a result of M 
phase–specific phosphorylation (Collavin et al., 2000; Scolz et 
al., 2012). Of note, GTSE1 protein levels accumulated in cells 
arrested in S phase by thymidine treatment (Thy lane; Fig. 1 A, 
bottom). This finding provides a plausible explanation for past 
work describing high levels of GTSE1 expression in S phase 
because thymidine was used in synchronization (Liu et al., 
2010). Upon tracking endogenous GTSE1 by immunofluores-
cence, we found that GTSE1 was largely undetectable in most 
interphase cells. However, GTSE1 was readily detectable in 
mitotic cells and found to decorate the mitotic spindle through-

Table 1.  Summary of highest-scoring new and previously confirmed associations of GTSE1 as predicted by GAM​MA analysis.

Predicted Association GAM​MA Score References

Kif4A 405 This study
Cyclin B2 358 Wang and Adjaye, 2011; Barlin et al., 2015; Gridley et al., 2015
Spindle assembly 341 This study
Aurora B 336 This study
Spindle microtubules 304 This study
Mitotic spindle 281 This study
Chromosome congression 209 This study
Misaligned chromosomes 164 This study
Chromosome biorientation 152 This study
Nek2 142 Pfleger and Kirschner, 2000
PLK1 131 Liu et al., 2010; Wang and Adjaye, 2011
Cyclin B1 121 Taylor and Stark, 2001
APC/C 120 Pfleger and Kirschner, 2000

A higher GAM​MA score indicates a stronger predicted association. A complete table of predictions is shown in Table S1.
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out mitosis (Fig.  1 B). The localization of GTSE1 to spindle 
microtubules during mitosis is consistent with it being a known 
microtubule-binding protein (Scolz et al., 2012). Interestingly, 
GTSE1 appears to predominantly decorate astral microtubules 
in anaphase and telophase cells. Collectively, these data indi-
cate that GTSE1 protein expression is strongly cell cycle–regu-
lated, with protein levels peaking during mitosis. GTSE1 binds 
mitotic spindle microtubules from prometaphase to anaphase 
onset, where it then concentrates on astral microtubules.

GTSE1 is required for chromosome 
alignment and a timely progression 
through mitosis
The localization data were consistent with a potential role for 
GTSE1 as a novel mitotic regulator. To test this idea, we per-
formed RNAi knockdown combined with time-lapse micros-
copy experiments in HeLa cells stably expressing H2B-RFP 
and GFP-tubulin (Fig. 2 A and Videos 1, 2, and 3). siRNA trans-
fection resulted in a reduction of ≥97% of the respective protein 
levels as determined by immunoblotting after 48 h (Fig. S4 B; 

GTSE1 [GT] lane). 36 h after depletion of GTSE1, the number 
of cells undergoing a successful mitosis (see Fig. 2 legend) was 
dramatically reduced from 87% in control siRNA–transfected 
cells to 2% in GTSE1 siRNA–transfected cells (Fig. 2 B). The 
majority of GTSE1-depleted cells displayed both defects in 
chromosome alignment and formed multipolar spindles that 
prevented cells from achieving a bipolar metaphase (Fig. 2 A, 
middle; and Fig. 2 B). In some instances, GTSE1-depleted cells 
showed chromosome alignment defects without becoming mul-
tipolar (Fig.  2 A, bottom; and Fig.  2 B). When mitotic dura-
tion was monitored, i.e., the time from NEB to anaphase onset, 
we found that the mean duration of mitosis in cells depleted 
of GTSE1 was 285 min compared with 92 min in control cells 
(Fig. S1 A). This increase in mitotic duration was caused by dif-
ficulty achieving metaphase after NEB (43 min in control cells 
and 215 min in GTSE1-depleted cells; Fig. S1 B). The duration 
of metaphase was also slightly longer in GTSE1-depleted cells 
(70 min in GTSE1-depleted cells vs. 49 min in control cells; 
Fig. S1 C). Similar results were obtained when GTSE1 deple-
tion combined with time-lapse microscopy experiments were 

Figure 1.  GTSE1 protein expression peaks during G2 and M 
phase and localizes to mitotic spindle microtubules. (A) West-
ern blot showing GTSE1 protein expression from HeLa cells 
after release from nocodazole for the indicated times. The 
N lane indicates cells in nocodazole and the 0 time point. 
The G2 lane indicates the adherent cell population that was 
collected after mitotic shakeoff from the 0 time point (N lane). 
The Thy lane indicates cells that were released from noco-
dazole after 16 h directly into thymidine for 24 h. Cyclin B 
protein levels were also probed to show cell cycle specificity. 
Actin is shown as a control for loading levels. Cells exit mi-
tosis by ∼4 h after release from nocodazole as denoted by 
cyclin B degradation. GTSE1 levels remained very low after 
exit from mitosis until ∼20 h after release from nocodazole, 
which is a time consistent with reentry into G2 phase. During 
thymidine-induced S phase arrest (Thy lane), GTSE1 protein 
accumulated. (B) Immunofluorescence images of endogenous 
GTSE1 in unsynchronized HeLa cells during interphase and 
different stages of mitosis. GTSE1 was largely undetectable in 
most interphase cells. During late G2/prophase, it began to 
accumulate near centrosomes and became concentrated on 
mitotic spindle microtubules during mitosis. Cells were coim-
munostained for DNA (DAPI) and α-tubulin. Images represent 
maximum-intensity projections. GTSE1 images are scaled 
equivalently. Bar, 10 µm.
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performed in U2OS cells (Fig. S1, D–G; Bendre et al., 2016). 
Thus, GTSE1 is a critical regulator of normal chromosome 
movement and spindle integrity during mitosis.

GTSE1 regulates microtubule dynamics 
during mitosis
Our immunolabeling results and a previous study of exog-
enously expressed GFP-tagged GTSE1 (Scolz et al., 2012) 
showed that GTSE1 bound the walls of spindle microtubules 
from prometaphase to anaphase onset. This localization sug-
gested a role for GTSE1 in regulating spindle microtubule dy-
namics. To test this, we measured fluorescence dissipation after 

photoactivation of microtubules in U2OS cells stably express-
ing photoactivatable GFP (PAG​FP)-tubulin. Cells transfected 
with either control or GTSE1 siRNA were analyzed. Only cells 
entering mitosis during the time frame of imaging were pho-
toactivated to ensure tubulin turnover was not affected by pro-
longed mitotic arrest. A bar-shaped region within the spindle 
was photoactivated perpendicular to the long axis of the mi-
totic spindle and adjacent to the mass of chromosomes as deter-
mined by phase-contrast microscopy. Time-lapse images were 
acquired before and after photoactivation by spinning-disk con-
focal microscopy. Representative images depict fluorescence in 
prephotoactivated and postphotoactivated cells (Fig. 3 A, top). 

Figure 2.  GTSE1 depletion causes defects 
in mitotic progression. (A) Select frames from 
live-cell imaging of HeLa cells stably express-
ing H2B-RFP and GFP-tubulin after transfection 
of either control or GTSE1 siRNA (see Videos 
1, 2, and 3). For cells transfected with GTSE1 
siRNA, examples of both chromosome align-
ment defects and multipolar spindles (middle) 
and chromosome alignment defects alone 
(bottom) are shown. Bars, 10 µm. (B) Quantifi-
cation of mitotic phenotypes as assessed from 
live-cell imaging in A.  Note that in GTSE1- 
depleted cells, only a small population (2%) 
underwent normal mitosis, whereas the major-
ity of cells displayed both chromosome align-
ment defects and multipolar spindles (58% of 
cells) or chromosome alignment defects alone 
(40% of cells). As shown in the middle, most 
cells exhibited multipolar spindles after pro-
longed prometaphase arrest. Cells complet-
ing a bipolar anaphase within 3  h of NEB 
were classified as undergoing normal mitosis. 
Chromosome alignment defects and multi-
polar spindles were scored using DNA and 
microtubule morphology. Control n = 140 
cells, and GTSE1 n = 100 cells, from two 
independent experiments.
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In cells depleted of GTSE1, the photoactivated population of 
tubulin persisted longer as compared with control cells. Mea-
surements of fluorescence intensity minus background were 
collected after photoactivation at each time interval and were 
corrected for photobleaching using measurements of photoac-
tivated spindles in cells treated with 10 µM taxol. Plots were 
generated for control cells and GTSE1-depleted cells by aver-
aging corrected data at each time point and fit with a double 
exponential curve F = A1 × exp(−k1 × t) + A2 × exp(−k2 × 
t), where A1 and A2 represent the percent total fluorescence 
contribution of the fast turnover (less stable) and slow turnover 
(more stable) microtubule populations, and k1 and k2 represent 
the respective decay rate constants (Fig. 3 A, bottom). Although 
the total fluorescence contribution of the fast and slow micro-
tubule populations in control cells was measured to be 56.29% 
(53.32 and 59.26%; 95% CI) and 43.98% (41.77 and 46.19%; 
95% CI), respectively, cells depleted of GTSE1 had both a re-
duction in the fast microtubule population to 41.53% (38.33 and 
44.73%; 95% CI) and an increase in the slow microtubule pop-
ulation to 58.61% (56.21 and 61.02%; 95% CI) when compared 
with controls. This suggests that in the absence of GTSE1, the 
stability of microtubule populations is altered, favoring an in-
crease in the slow microtubule population. When microtubule 
half-lives were examined, little change was observed between 
control and GTSE1-depleted cells in the fast microtubule pop-
ulation (control t1/2 = 10 s; GTSE1 t1/2 = 12 s). In contrast, the 
half-life of the slow population significantly increased after 
GTSE1 depletion (t1/2 = 587 s) when compared with controls 
(t1/2 = 289 s). A modeling approach was used to elucidate the ef-
fects GTSE1 depletion has on the turnover rate, the amount, or 
both the turnover rate and amount of the slow microtubule pop-
ulation. The GTSE1 fluorescence after dissipation curve was 
plotted along with control curves varying either the rate (k2), 
the amount (A2), or both the rate and amount (k2 and A2 from 
the double exponential curve above; Fig. S2, A–C). Varying the 
rate of turnover (k2) alone of the slow microtubule population 
in the control curve (Fig. S2 A) did not provide close model-
ing for the data obtained after GTSE1 depletion. Varying the 
amount (A2) alone of the slow microtubule population (Fig. S2 
B) generated a better fit. However, varying both the turnover 
rate and amount (k2 and A2) of the slow population of micro-
tubules (Fig. S2 C) provided the best fit to the GTSE1 fluores-
cence after dissipation data. These findings are consistent with 
GTSE1 depletion affecting the amount and, to a lesser extent, 
the rate of the slow population.

To further examine the changes in microtubule stability 
after GTSE1 depletion, we measured the microtubule density 
within the inner spindle by quantitative immunofluorescence 
(Fig. 3 B). Consistent with the increase of slow turnover micro-
tubules observed in Fig. 3 A, cells depleted of GTSE1 showed 
an increase in α-tubulin fluorescence intensity in the inner spin-
dle when compared with control cells. We next sought to de-
termine whether GTSE1 preferentially localized to a subset of 
microtubules in the mitotic spindle. To test this, we examined 
GTSE1 localization in cells that had been cold-treated to re-
move highly dynamic microtubules. We compared these with 
cells depleted of the essential microtubule-binding component 
of kinetochores Hec1/Ndc80 that were preventing formation 
of stable kinetochore–microtubule interactions and depleting 
the more stable spindle microtubules (Fig. 3 C). Interestingly, 
although GTSE1 remained strongly distributed on the cold- 
resistant microtubules, little GTSE1 remained associated with 

the less stable spindle microtubules in cells depleted of Hec1/
Ndc80 that lacked kinetochore-attached microtubules (see 
Discussion). Collectively with the photoactivation data, these 
findings suggest that GTSE1 preferentially localizes to and pro-
motes the turnover of more stable spindle microtubules.

Aurora B kinase activity is sensitive to 
microtubule dynamics
Aurora B kinase is among the strongest mitotic regulators pre-
dicted by GAM​MA to interact with GTSE1. Roles for Aurora 
B in regulating chromosome alignment during mitosis are well 
established (Adams et al., 2001; Kallio et al., 2002; Ditchfield 
et al., 2003; Jelluma et al., 2008). Previous work has also shown 
that Aurora B kinase activity is promoted by microtubules both 
in vitro and in vivo (Rosasco-Nitcher et al., 2008; Tseng et al., 
2010; Banerjee et al., 2014). We examined the ability of Aurora 
B to phosphorylate one of its major mitotic targets on chroma-
tin, serine 10 on histone H3 in mitotic HeLa cells in control 
cells, or in cells treated with nocodazole or taxol (Fig. 4). Al-
though little change in histone H3 S10 phosphorylation was 
observed when comparing prometaphase and metaphase cells, 
a significant reduction in phosphorylation was observed in cells 
treated with either spindle poison (Fig. 4, bottom). These results 
indicate that full endogenous Aurora B kinase activity requires 
intact microtubules with normal dynamics.

Aurora B kinase activity is regulated by 
GTSE1 during mitosis
The data obtained in Figs. 3 and 4 implicate GTSE1 as a novel 
regulator of Aurora B activity via its ability to accelerate mi-
crotubule dynamicity during mitosis. To assess the potential 
link between GTSE1 and Aurora B activity, mitotic HeLa cells 
were transfected with control or GTSE1 siRNA, and the lev-
els of two Aurora B phosphorylation events, histone H3 pS10 
found along chromosome arms and CENP-A pS7 found at the 
centromere, along with the levels of kinetochore-localized 
Aurora B, were examined (Figs. 5 A and S3 A). The levels of 
histone H3 pS10 localized on chromosome arms were greatly 
reduced (Fig. 5 A, top). In contrast, although the amount of Au-
rora B detected at centromeres was slightly reduced (Fig. 5 A, 
bottom), phosphorylation of CENP-A on S7 was modestly in-
creased. Similarly, strong reduction in histone H3 pS10 and 
slight increase in CENP-A pS7 were detected in prometaphase 
cells, although the change in CENP-A pS7 did not reach sta-
tistical significance (Fig. S3 A). The strong disparity of the 
Aurora B target on chromosome arms versus centromeres sug-
gests that these activities are subject to differential regulation. 
To test these results with another method of analysis, cytosolic 
and chromosome fractions were isolated from mitotic HeLa 
cells transfected with either control or GTSE1 siRNA and an-
alyzed by Western blot (Fig. S3 B). HeLa cells were arrested 
with nocodazole for 16 h to accumulate mitotic cells and then 
released for 25 min into drug-free medium to allow spindles 
to form. Quantification of the normalized protein levels re-
vealed that although the reduction of histone H3 pS10 levels 
in chromosome fractions were similar to the results obtained 
by immunofluorescence in Fig.  5  A, there was a significant 
reduction, ∼51%, in the total amount of Aurora B found in 
the chromosome fraction from cells depleted of GTSE1 
(Fig.  5 B). Collectively, this suggests that GTSE1 depletion 
results in loss of approximately half of the Aurora B from 
chromosomes. Blotting of chromosome fractions of GTSE1- 
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Figure 3.  Spindle microtubule stability is enhanced by depletion of GTSE1. (A, top) Select frames from live-cell imaging of tubulin photoactivation in meta-
phase U2OS cells stably expressing PAG​FP-tubulin after transfection with either control or GTSE1 siRNA. Only cells entering mitosis during imaging were pho-
toactivated to ensure tubulin turnover was not affected by prolonged mitotic arrest. Time is in s. (Bottom) Fluorescence dissipation after photoactivation. The 
filled and unfilled circles represent the mean values recorded at each time point after photoactivation. The bars represent SEM. Control n = 22 cells; GTSE1  
n = 18 cells from four independent experiments. Lines indicate fitted curves (control R2 = 0.998; GTSE1 R2 = 0.995). F = A1 × exp(−k1 × t) + A2 × exp(−k2 × t)  
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depleted cells with an anti-phosphoepitope antibody recogniz-
ing the activating phosphorylation of Aurora B at T232 also 
showed ∼39% reduction in labeling compared to chromo-
some fractions from control cells. This reduction in Aurora 
B autophosphorylation after GTSE1 depletion and subsequent 
increased microtubule stability is consistent with the obser-
vations that full Aurora B kinase activity requires both intact 
and dynamic microtubules (Fig.  4; Rosasco-Nitcher et al., 
2008; Tseng et al., 2010; Banerjee et al., 2014). Altogether, 
these observations suggest that GTSE1 promotes binding of 
Aurora B to chromosome arms. In contrast, GTSE1 depletion 
has more limited effects on Aurora B accumulation and ac-
tivity at centromeres. However, it is currently unclear mech-
anistically how GTSE1 mediation of microtubule dynamics 
promotes the localization and activity of Aurora B preferen-
tially on chromosome arms.

Aurora B kinase activity regulates  
Kif4A localization
Although the roles of Aurora B at centromeres and kinetochores 
have been well characterized (Adams et al., 2001; Kallio et al., 
2002; Ditchfield et al., 2003; DeLuca et al., 2006, 2011; Jelluma 
et al., 2008; Liu et al., 2009; van der Horst and Lens, 2014), 
it remains unclear whether and how Aurora B on chromosome 
arms might impact chromosome movement and spindle main-
tenance. The chromokinesins Kif4A and Kid localize to chro-
mosome arms, and past studies implicate them in chromosome 
alignment during mitosis (Wandke et al., 2012; Barisic et al., 
2014). GAM​MA predicted a very high association of GTSE1 
for Kif4A but not Kid (Tables 1 and S1). Kif4A was identi-
fied by proteomic and phosphoproteomic analysis to be specif-
ically phosphorylated during mitosis, requiring the activity of 
both CDK1 and Aurora B (Ohta et al., 2016; Takahashi et al., 
2016). In anaphase cells, it has been shown that maximal mi-
crotubule-dependent ATPase activity of Kif4A and its localiza-
tion to the central spindle was dependent on its phosphorylation 
by Aurora B (Nunes Bastos et al., 2013). We examined both 
Kif4A and Kid localization during early mitosis in the presence 
or absence of ZM447439, a chemical inhibitor of Aurora B ki-
nase. These experiments were performed in the presence of the 
proteasome inhibitor MG132 to prevent mitotic exit induced by 
global Aurora B inhibition. Although the levels of Kid remained 
relatively unaffected after inhibition of Aurora B kinase activ-
ity, the levels of Kif4A were reduced both on chromosomes 
and microtubules (Fig. 6, top and middle). Because Aurora B 
kinase activity requires both intact and dynamic microtubules, 
we examined Kif4A localization in mitotic HeLa cells treated 
with nocodazole or taxol (Fig. S3 C). A significant reduction 
in Kif4A was observed in cells treated with either spindle poi-
son (Fig. S3 C, right). Collectively, these results indicate that 
Aurora B functions in the recruitment of Kif4A to chromo-
some arms in prometaphase.

GTSE1 regulates Kif4A localization and 
polar ejection forces
We reasoned that GTSE1-affecting microtubule dynamics may 
be functioning upstream of a pathway involving chromosome 
arm Aurora B–mediated recruitment of Kif4A to mitotic chro-
mosomes. We examined both Kif4A and Kid levels in control 
and GTSE1-depleted cells by immunofluorescence. Although 
Kid bound to chromatin remained relatively unaffected, Kif4A 
bound to chromatin and microtubules was reduced after GTSE1 
depletion (Figs. 7 A and S3 D). The result was further con-
firmed by Western blotting of cytosolic and chromosome-bound 
fractions from mitotic HeLa cells transfected with either con-
trol or GTSE1 siRNA. Although the cytosolic levels of Kif4A 
remained similar, the chromosome-bound fraction of Kif4A 
was reduced (Figs. 7 C and S3 B). To determine whether global 
Kif4A levels are affected by GTSE1 depletion, whole-cell ex-
tracts from mitotic HeLa cells were examined by Western blot 
for Kif4A. Consistent with these data, cells depleted of GTSE1 
showed lower global levels of Kif4A when compared with con-
trols (Fig. S5, A and B).

A customary test of polar ejection forces is measuring the 
distributions of chromosomes around monopolar spindles in-
duced by treatment of cells with the Eg5 inhibitor monastrol 
(Stumpff et al., 2012; Wandke et al., 2012; Barisic et al., 2014). 
We found that depletion of GTSE1 diminished the distance be-
tween the spindle poles and kinetochores, suggesting that polar 
ejection forces were compromised in the GTSE1-depleted cells. 
A similar decrease was induced by depletion of Kif4A (Figs. 7 B 
and S4 C), which is consistent with certain previously published 
studies (Wandke et al., 2012; Barisic et al., 2014) but is in con-
trast with another study (Stumpff et al., 2012). To further verify 
the roles of both GTSE1 and Kif4A in polar ejection forces, an 
additional pool of four siRNAs to GTSE1 and six other siRNA 
sequences targeting Kif4A taken from previously published 
studies (Stumpff et al., 2012; Voets et al., 2015) were tested for 
knockdown efficiency by Western blotting (Fig. S4, A and B) 
and then examined for differences in polar ejection forces in 
the monastrol assay described in this section (Fig. S4 C). All 
siRNAs tested achieved >93% reduction in GTSE1 or Kif4A 
levels except for one Kif4A siRNA that reduced levels by only 
20%. Consistent with the data described above, the additional 
siRNAs tested resulted in diminished distances between spindle 
poles and kinetochores in the monastrol assay, with the siRNA 
that reduced Kif4A by only 20% having the most modest effect. 
These data indicate that depletion of GTSE1 or Kif4A reduces 
polar ejection forces and that GTSE1 functions upstream of 
Kif4A localization to chromosome arms.

Additionally, we analyzed the phenotypes of RNAi 
knockdown of Kif4A using time-lapse microscopy experi-
ments in HeLa cells stably expressing H2B-RFP and GFP- 
tubulin (Fig. S5, C and D; and Videos 4 and 5). The percentage 
of the respective protein levels after siRNA transfection was  

where A1 and A2 represent the percent total fluorescence, and k1 and k2 represent the respective decay rate constants. (B, left) Immunofluorescence of 
α-tubulin levels in methanol-fixed HeLa cells transfected with either control or GTSE1 siRNA. Images represent maximum-intensity projections. α-Tubulin levels 
are scaled equivalently. (Right) Inner spindle microtubule (MT) fluorescence intensity quantification of α-tubulin after control or GTSE1 siRNA transfection. 
The fluorescence intensity from a region encompassing only inner spindle microtubules was analyzed (the dashed circle in the top left image marks region 
of interest). GTSE1 depletion enhanced the levels of α-tubulin found in the inner spindle when compared with control cells. SD is plotted for the mean from 
each condition. n = 24 cells from two independent experiments for each condition. **, P < 0.01. (C) Immunofluorescence of GTSE1 in HeLa cells that 
were untreated or cold treated to examine localization to the more stable microtubule population, or transfected with Hec1 siRNA to examine localization 
in cells unable to make kinetochore–microtubule interactions. GTSE1 labeling of spindle microtubules was largely unaffected by cold treatment, but it failed 
to accumulate on microtubules after depletion of Hec1. Images represent maximum-intensity projections. Bars, 10 µm.
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determined in Fig. S4 A.  40  h after depletion of Kif4A, the 
number of cells undergoing a successful mitosis was dramat-
ically reduced from 92% in control siRNA–transfected cells to 
29% in Kif4A siRNA (1), 41% in Kif4A siRNA (2), and 62% 
in Kif4A siRNA (SP) transfected cells (Fig. S5 C). The ma-
jority of Kif4A-depleted cells formed multipolar spindles that 
resulted in erroneous chromosome segregation (Videos 4 and 
5). This observation is consistent with Mazumdar et al. (2004). 
When mitotic duration was monitored, i.e., the time from NEB 
to anaphase onset, we found that no significant difference be-
tween control and Kif4A-depleted cells existed when com-
paring cells undergoing a normal mitosis (Fig. S5 D). When 
comparing Kif4A depletion phenotypes with GTSE1 depletion 
phenotypes, chromosome alignment defects were not apparent 
after the loss of Kif4A. However, the increase in multipolar 
spindle formation after the loss of Kif4A was consistent with 
GTSE1 depletion. In GTSE1-depleted cells, we only detected 
multipolar spindle formation after chromosome alignment de-
fects. The differences in phenotypes observed may reflect the 
fact that GTSE1 depletion only diminishes, but does not elimi-
nate, Kif4A on chromosome arms (Figs. 7 A and S3, B and D). 

Alternatively, depletion of GTSE1 and its consequences for Au-
rora B on chromosome arms may affect other mitotic pathways 
beyond Kif4A depletion.

Discussion

Although research of yeast and other model systems has been in-
strumental in identifying key basic components of cell division, 
vertebrates have elaborated additional regulatory mechanisms, 
at least some of which remain to be identified and characterized. 
In this study, we used bioinformatics to identify GTSE1 as a 
novel mitotic regulator. Depletion of GTSE1 from cells greatly 
enhances the incidence of chromosome alignment defects and 
formation of multipolar spindles. One molecular consequence 
of GTSE1 depletion is reduced recruitment of the chromoki-
nesin Kif4A to chromosomes. Previous studies have reported 
that depletion of Kif4A results in chromosome alignment de-
fects (Mazumdar et al., 2004; Wandke et al., 2012; Barisic et 
al., 2014), and a previous study revealed regulation of Kif4A by 
Aurora B phosphorylation in the spindle midzone of anaphase 
cells (Nunes Bastos et al., 2013). However, we found the stron-
gest effect of Kif4A depletion on spindle pole integrity, con-
sistent with Mazumdar et al. (2004). Mechanistically, GTSE1 
depletion increases the stability of the slow turnover population 
of microtubules in the mitotic spindle, and this in turn reduces 
Aurora B recruitment and activity on chromosome arms. Paren-
thetically, we note that many mitosis researchers using tubulin 
photoactivation to study microtubule dynamics equate the slow 
turnover population with kinetochore microtubules and the fast 
population with nonkinetochore microtubules. However, in our 
opinion, this categorization has never been rigorously tested, is 
most likely simplistic, and more likely reflects the limitations 
of our analysis. We believe it possible and in fact likely that 
spindle microtubules exhibit a broad range of dynamics and 
that our current methods are too crude to detect all. For this 
reason, we prefer to discuss the range of mitotic microtubule 
turnover rates from slow to fast, the two patterns distinguish-
able by photoactivation.

During mid-mitosis, GTSE1 stops tip tracking and asso-
ciates with the lattice of spindle microtubules, specifically with 
those undergoing slow turnover (Fig. 3 C). Depletion of GTSE1 
increases the proportion of slow turnover microtubules and also 
decreases their rate of turnover (Figs. 3 A and S2). The differ-
ences in half-life observed in the more stable microtubules after 
GTSE1 depletion may be in part a consequence of higher sta-
bility, leading to a decrease in tubulin dimer availability. Over-
all, our data indicate that GTSE1 accumulates on and primarily 
regulates the more stable microtubules within the mitotic spin-
dle by promoting their turnover. The precise molecular mecha-
nisms by which GTSE1 regulates turnover of microtubules will 
require in vitro analysis to be pursued in future studies.

Of interest is the observation that GTSE1 plus end tip 
tracking via binding to EB1 is inhibited from NEB to anaphase 
onset during mitosis. Instead, during this time, GTSE1 is found 
to bind the lattice of the slow-turnover microtubules of the mi-
totic spindle (Fig. 3 C). This observation may provide a key link 
between GTSE1 localization throughout mitosis and regulation 
of its plus end microtubule tip tracking activity. After NEB, 
GTSE1 plus end tip tracking is suppressed, allowing GTSE1 
to bind and promote the turnover of the slow population of 
microtubules. This redistribution of GTSE1 and the increased 

Figure 4.  Full Aurora B kinase activity on chromosome arms requires in-
tact and dynamic microtubules. (Top) Immunofluorescence of histone H3 
pS10 levels in HeLa cells treated with DMSO, nocodazole (Noc), or taxol 
for 2 h. Images represent maximum-intensity projections. Histone H3 pS10 
levels are scaled equivalently. Bars, 10 µm. (Bottom) Fluorescence inten-
sity quantification of chromosome-bound histone H3 pS10 immunofluores-
cence in mitotic HeLa cells treated as above. Prometaphase (Prometa) and 
metaphase (Meta) cells were quantified separately to determine whether 
histone H3 pS10 levels change during mitosis. Treatment with either noco-
dazole or taxol for 2 h to depolymerize or stabilize microtubules, respec-
tively, greatly reduced the levels of histone H3 pS10 on chromosomes. SD 
is plotted for the mean from each condition. n = 15 cells from two indepen-
dent experiments. Asterisks indicate statistical significance of mean value 
difference when compared with prometaphase as assessed by the Kruskal- 
Wallis test. **, P < 0.01; ****, P < 0.0001. FI, fluorescence intensity.
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turnover of the slow microtubule population may enhance the 
ability of EB1 at microtubule plus ends to activate Aurora B on 
chromosome arms. Upon anaphase onset, GTSE1 resumes plus 
end tip tracking, eliminating any potential destabilizing influ-
ence of GTSE1 on midzone microtubules (Fig. 8).

It is noteworthy that both destabilization and hypersta-
bilization of spindle microtubules reduce Aurora B activity on 
chromosome arms (Fig. 4). This finding suggests that the proper 
balance of dynamic microtubules is essential to maintain opti-
mal Aurora B activity on arms. The plus end tracking protein 
EB1 interacts with Aurora B and enhances its activity by block-
ing its dephosphorylation (Sun et al., 2008). Further work has 
shown that EB1 activates Aurora B kinase at centromeres/kine-
tochores and on chromatin (Banerjee et al., 2014). We speculate 
that EB1 targeted by dynamic fast turnover microtubules may 
stimulate Aurora B kinase activity to recruit and possibly acti-
vate Kif4A on chromosome arms. We also noted that the total 
levels of both Aurora B and Kif4A are diminished in cells de-
pleted of GTSE1. Both Aurora B and Kif4A are substrates of the 
E3 ubiquitin ligase APC/C and are subject to proteasome degra-
dation (Stewart and Fang, 2005; Floyd et al., 2008; Singh et al., 
2014). Although the APC/C is restrained by the spindle check-

point before anaphase, many APC/C substrates are partially or 
fully targeted earlier in mitosis (Geley et al., 2001; Hames et al., 
2001; Brito and Rieder, 2006). We speculate that loss of normal 
association with chromosome arms may result in degradation of 
these proteins. However, we cannot rule out the possibility that 
GTSE1 depletion affects the synthesis of Aurora B and Kif4A.

Kif4A is known to be phosphorylated by Aurora B in 
anaphase (Takahashi et al., 2016). Whether Kif4A is the di-
rect target of phosphorylation by Aurora B in prometaphase or 
whether the effect of Aurora B for Kif4A association with chro-
mosome arms is indirect is a critical question for future inves-
tigation. Importantly, GTSE1 depletion allowed us to strongly 
manipulate Aurora B activity on chromosome arms. At cen-
tromeres, depletion of GTSE1 had a modest effect, revealing a 
slight decrease in the amount of Aurora B but a slight increase 
in Aurora B kinase activity. The functional consequence of 
these slight changes in Aurora B localization and activity at cen-
tromeres after GTSE1 depletion remains unknown. Aurora B is 
recruited to centromere regions by Haspin, Bub1, and Mps1 ki-
nases, which are concentrated there (Kelly et al., 2010; Wang et 
al., 2010; Yamagishi et al., 2010; van der Waal et al., 2012). The 
important roles of Aurora B in regulating kinetochore assembly, 

Figure 5.  GTSE1 modulates Aurora B ki-
nase activity during mitosis. (A, left) Immu-
nofluorescence of histone H3 pS10, CENP-A 
pS7, or Aurora B levels in metaphase HeLa 
cells transfected with either control or GTSE1 
siRNA. Cells were coimmunostained for DNA 
and kinetochores. Images represent maxi-
mum-intensity projections. Histone H3 pS10, 
CENP-A pS7, and Aurora B levels are scaled 
equivalently in each panel. Bars, 10 µm. 
(Right) Fluorescence intensity quantification 
of chromosome-bound histone H3 pS10 and  
kinetochore-localized CENP-A pS7 and Aurora 
B immunofluorescence after control or GTSE1 
siRNA transfection. Depletion of GTSE1 
greatly reduced the levels of histone H3 pS10 
on chromosome arms. In contrast, the level of 
pS7 on kinetochore-localized CENP-A was 
slightly increased, whereas the total amount of 
kinetochore-associated Aurora B was slightly 
decreased. Thus, GTSE1 depletion diminishes 
Aurora B activity on chromosome arms but 
increases Aurora B activity at kinetochores. 
SD is plotted for the mean from each condi-
tion. Histone H3 pS10 n = 20 cells, CENP-A 
pS7 n = 10 cells, and Aurora B n = 30 cells 
from two independent experiments for each 
condition. *, P < 0.05; ****, P < 0.0001. 
FI, fluorescence intensity. (B) Quantification 
of the chromosome-bound fractions from the 
immunoblot shown in Fig. S3 B. Histone H3 
pS10, total Aurora B, and Aurora B pT232 
levels were normalized to histone H3. Al-
though the reduction in histone H3 pS10 levels 
by immunoblot were comparable to data ob-
tained by immunofluorescence (A, top), in the 
absence of GTSE1, total chromosome-bound 
Aurora B levels were further reduced when 
compared with kinetochore-localized Aurora B 
(A, bottom), suggesting that in cells depleted of 
GTSE1, there is a greater loss of Aurora B from 
chromosome arms compared with Aurora B at 
kinetochores. Similarly, a fraction of Aurora 
B autophosphorylation activity was reduced 
in the absence of GTSE1.
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functions in chromosome movement, and checkpoint signaling 
are well documented (Adams et al., 2001; Kallio et al., 2002; 
Ditchfield et al., 2003; DeLuca et al., 2006, 2011; Jelluma et 
al., 2008; Liu et al., 2009; van der Horst and Lens, 2014). How-
ever, it has been difficult to study the roles of Aurora B at chro-
mosome arms because of the difficulty of separating functions 
there from those at centromeres and kinetochores. Our evidence 
indicates that GTSE1 promotion of Aurora B on chromosome 
arms functions to promote normal chromosome movement and 
spindle integrity. One target is Kif4A, but increased microtu-
bule stability caused by GTSE1 depletion may also affect other 
mitotic pathways including those that impact kinetochores.

The study of GTSE1 has a relatively brief but highly var-
ied history. It has been proposed to function in several path-
ways during interphase, including control of apoptosis after 
DNA damage via regulation of p53 function, mediation of 
p21CIP1/WAF1 stability, counteracting paclitaxel-induced cyto-
toxicity, and regulation of cell migration in an EB1-dependent 
fashion (Monte et al., 2003, 2004; Bublik et al., 2010; Scolz et 
al., 2012). However, endogenous GTSE1 protein levels are very 
tightly regulated throughout the cell cycle, becoming detectable 
only in G2, peaking during mitosis, and being wholly degraded 
upon mitotic exit and entry into G1 (Fig. 1 A; Collavin et al., 
2000; Pfleger and Kirschner, 2000). Endogenous GTSE1 is 
largely undetectable in most interphase cells (Fig. 1 B). One po-
tential explanation for previous suggestions of interphase roles 
for GTSE1 is artifactual accumulation of GTSE1 during drug- 
induced S phase arrest (Fig. 1 A). A second problem has been 
the reliance on exogenous expression of GTSE1 in cells, which 
results in exaggerated expression of GTSE1 at points in the cell 
cycle when endogenous levels are extremely low (Monte et al., 
2003; Bublik et al., 2010; Liu et al., 2010; Scolz et al., 2012). 
A third potential explanation could be differences in cell cycle 
regulation in different cell types.

Recently, Bendre et al. (2016) suggested that GTSE1 
regulates microtubule stability during mitosis via inhibition 
of MCAK microtubule depolymerase activity. Their data re-
garding the interaction between GTSE1 and MCAK appear 
compelling, and consistent with our observations, they report 
chromosome alignment defects and prolonged mitosis upon 
siRNA-mediated depletion of GTSE1. However, whereas we 
report that depletion of GTSE1 increases stability of the slow 
turnover population of spindle microtubules, they report the 
opposite, namely that GTSE1 loss leads to higher turnover 
because of the reduced inhibition of MCAK microtubule de-
polymerase activity. What might underlie this discrepancy? 
Both our study and that of Bendre et al. (2016) used tubu-
lin photoactivation in the same U2OS cell line developed by 
Bakhoum et al. (2009b). However, in control cells, Bendre et 
al. (2016) reported a t1/2 of 955 s (15.9 min) for the turnover 
of the slower microtubule population. In contrast, we report 
a t1/2 of 289 s (4.8 min) for the same population. We note that 
our turnover half time for the slow population is similar to 
those previously reported for this cell line (t1/2 of ∼5–7 min; 
Bakhoum et al., 2009b; Kabeche and Compton, 2013). In-
terestingly, in the GTSE1-depleted cells, our results, t1/2 of 
587 s (9.8 min), are close to those of Bendre et al. (2016), 
t1/2 of 478 s (8 min), for the slow turnover microtubules. This 
indicates that the primary difference in observations between 
the two studies rests in the measurements of microtubule 
turnover in the controls.

The interaction of chromosome arms with mitotic 
spindle microtubules generates polar ejection forces that 
play roles in chromosome movement and spindle assembly. 
One potential mediator of this interaction is the chromoki-
nesin Kif4A, which distributes along arms in mitosis before 
anaphase onset. However, the role of Kif4A as a mediator of 
polar ejection forces is controversial, with previous studies 

Figure 6.  Aurora B inhibition reduces Kif4A levels 
on mitotic chromosomes. (Left) Immunofluorescence 
of Kif4A, Kid, or histone H3 pS10 levels in meta-
phase HeLa cells treated with MG132 (MG) alone 
or in combination with ZM447439 (ZM) for 2  h to 
inhibit Aurora B activity. MG132 was included to 
prevent mitotic exit. Cells were labeled for DNA and 
kinetochores. Images represent maximum-intensity 
projections. Kif4A, Kid, and histone H3 pS10 levels 
are scaled equivalently in each panel. Bars, 10 µm. 
(Right) Fluorescence intensity quantification of chro-
mosome-bound Kif4A, Kid, or histone H3 pS10 im-
munofluorescence after treatments. Loss of Aurora 
B kinase activity dramatically reduced Kif4A levels 
without affecting the levels of Kid. Loss of histone H3 
pS10 levels was used to demonstrate inhibition of Au-
rora B kinase activity. SD is plotted for the mean from 
each condition. n = 20 cells from two independent 
experiments for each condition. ****, P < 0.0001. 
FI, fluorescence intensity.
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concluding that it is an important component, that it plays 
only a minor role, that it antagonizes ejection forces, or that it 
promotes them (Mazumdar et al., 2004; Stumpff et al., 2012; 
Wandke et al., 2012; Barisic et al., 2014). The reasons for 
these discrepancies are unclear. A potential explanation could 
be variability among different cell types. Comparing several 
published siRNA sequences (Stumpff et al., 2012; Wandke et 

al., 2012; Barisic et al., 2014; Voets et al., 2015), we found 
that depletion of Kif4A reduced polar ejection forces in HeLa 
cells (Figs. 7 B and S4 C), consistent with results published 
by Barisic et al. (2014). Kif4A has also been shown to play a 
direct role in regulating microtubule dynamics during mitosis 
(Bringmann et al., 2004; Stumpff et al., 2012; Wandke et al., 
2012; Nunes Bastos et al., 2013; Voets et al., 2015). How-

Figure 7.  GTSE1 depletion reduces Kif4A lev-
els on mitotic chromosomes and polar ejection 
forces in monastrol-treated cells. (A, left) Immu-
nofluorescence of Kif4A or Kid levels in meta-
phase HeLa cells transfected with either control 
or GTSE1 siRNA. Cells were coimmunostained 
for DNA, tubulin, and kinetochores. Images 
represent maximum-intensity projections. Both 
Kif4A and Kid levels are scaled equivalently in 
each panel. (Right) Fluorescence intensity quan-
tification of chromosome-bound Kif4A or Kid 
after control or GTSE1 siRNA transfection. De-
pletion of GTSE1 greatly reduced the levels of 
Kif4A bound to chromatin during metaphase, 
whereas Kid levels were slightly reduced but 
not to a significant degree. n = 15 cells from 
two independent experiments for each condi-
tion. FI, fluorescence intensity. (B, top) HeLa 
cells transfected with either control, GTSE1, or 
Kif4A siRNA (Wandke et al., 2012; Barisic et 
al., 2014) were treated with monastrol for 2 h 
and immunostained for DNA, kinetochores, 
and centrosomes (γ-tubulin). Numbers indicate 
mean kinetochore-to-pole distances ± SD of 
the pooled data from four independent exper-
iments. Control n = 50 cells, GTSE1 n = 40 
cells, and Kif4A n = 38. (Bottom) Depletion of 
either GTSE1 or Kif4A resulted in a significant 
decrease in the distance between kinetochores 
and centrosomes, suggesting a reduction in 
polar ejection forces. SD is plotted for the 
mean from each condition. Asterisks indicate 
statistical significance of mean value differ-
ence when compared with control as assessed 
by Kruskal-Wallis test. Bars, 10 µm. ***, P < 
0.001; ****, P < 0.0001. (C) Quantification 
of the chromosome-bound Kif4A fraction from 
the immunoblot shown in Fig. S3 B. Kif4A lev-
els were normalized to histone H3. Note that 
the reduction in KIf4A levels by immunoblot 
was comparable to data obtained by immuno-
fluorescence (A, top) in the absence of GTSE1.

Figure 8.  GTSE1 undergoes dynamic relo-
calization during mitosis. Before NEB, GTSE1 
plus end tip tracks on microtubules (MTs) in an 
EB1-dependent fashion. After NEB, GTSE1 mi-
crotubule plus end tip tracking is suppressed, 
allowing the relocalization of GTSE1 to the lat-
tice of slow-turnover microtubules in the mitotic 
spindle. GTSE1 relocalization allows it to pro-
mote turnover of the slow-turnover microtubule 
population. Upon anaphase onset, GTSE1 
microtubule plus end tip tracking is reinstated, 
allowing GTSE1 to primarily decorate the 
fast-turnover astral microtubule population.
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ever, Kif4A depletion is reported to decrease microtubule 
stability primarily in the fast turnover or astral microtubule 
populations (Stumpff et al., 2012; Wandke et al., 2012; Voets 
et al., 2015). Additionally, cells depleted of Kif4A displayed 
defects in mitotic spindle integrity, suggesting a requirement 
for Kif4A in mitotic spindle maintenance (Mazumdar et al., 
2004). Similar to Mazumdar et al. (2004), we found that de-
pletion of Kif4A was a strong inducer of multipolar spindles, 
thus perhaps providing an explanation of one of the GTSE1 
phenotypes. But unlike GTSE1 depletion, loss of Kif4A did 
not strongly impact chromosome alignment. There are many 
potential mechanisms. Perhaps the simplest is that GTSE1 
depletion resulting in loss of arm Aurora B has consequences 
for other important mitotic regulators such as MCAK (Bendre 
et al., 2016). How Kif4A depletion and the resulting effects 
on polar ejection forces may impact pole integrity remain im-
portant questions for the future.

In summary, we have identified GTSE1 as a novel regu-
lator of chromosome alignment and spindle pole integrity that 
functions by modulating microtubule dynamics during mitosis. 
The ability of GTSE1 to increase microtubule dynamics pro-
motes the localization of Aurora B specifically to chromosome 
arms, resulting in the subsequent recruitment of chromokinesin 
Kif4A and generation of polar ejection forces. This work not 
only establishes a role for GTSE1 as a novel mitotic regulator, 
but it also brings to light new pathways needed for the proper 
alignment of chromosomes to the metaphase plate and mainte-
nance of spindle pole integrity, both of which contribute to the 
prevention of chromosome missegregation events and subse-
quent aneuploidy. Up-regulation of GTSE1 expression correlates 
with aggressive malignancy in several types of cancer, and in 
some cases, knockdown of GTSE1 was found to diminish pro-
liferation, migration, and invasion in xenograft models (Bublik 
et al., 2010; Scolz et al., 2012; Subhash et al., 2015; Zekri et 
al., 2015; Guo et al., 2016; Tian et al., 2016). Thus, GTSE1 is a 
potential biomarker and putative therapeutic target for individ-
ualized cancer treatment.

Materials and methods

Bioinformatic characterization of GTSE1
An algorithm called GAM​MA (Wren, 2009; Dozmorov et al., 2011) 
was used to identify potential mitotic regulators, of which GTSE1 
was chosen for closer investigation. GAM​MA was then used to 
predict function, phenotype, and genetic associations for GTSE1. 
Full details on how GAM​MA works have been published previ-
ously (Wren, 2009; Dozmorov et al., 2011), but in brief, GAM​MA 
first identifies highly correlated transcripts using publicly available 
microarray data from NCBI’s GEO database. For each query gene, 
GAM​MA first identifies a set of the 40 most correlated transcripts. 
Then, for this transcriptionally correlated gene set, a literature-mining 
algorithm (Wren et al., 2004) identifies which commonalities (e.g., 
genes, phenotypes, diseases, chemical compounds, drugs, metabo-
lites, and Gene Ontology categories) it has within published Medline 
abstracts. This “guilt by association” approach infers the function of 
genes based upon what is known about their most correlated tran-
scripts and can be used to predict function even if no literature exists 
on the gene being analyzed. GAM​MA has been experimentally vali-
dated in several studies to date (Daum et al., 2009; Lupu et al., 2011; 
Clemmensen et al., 2012; Towner et al., 2013a,b; Fisch et al., 2015; 
Gandhapudi et al., 2015).

siRNA
The siRNA sequences 5′-GUA​CAA​AGA​AGG​UCA​CUUA-3′ and 
5′-CUA​CUA​UCU​AGA​CUC​GAAU-3′ targeted GTSE1 and siRNA 
5′-GCA​AGA​UCC​UGA​AAG​AGAU-3′ (Wandke et al., 2012; Barisic 
et al., 2014), 5′-CAA​UGU​GCU​CAG​ACG​UAA-3′ (Stumpff et al., 
2012), 5′-CCA​AAU​CAU​UUG​CCG​AG-3′ (Stumpff et al., 2012), 5′-
AGG​CGU​ACA​UUC​UCC​CUUA-3′ (Voets et al., 2015), 5′-GAA​GAG​
GCC​CAC​UGA​AGUU-3′ (Voets et al., 2015), 5′-UGA​AAG​AGA​UGU​
GCG​AUGU3′ (Voets et al., 2015), and 5′-UGA​CUC​GAC​UGC​UUC​
AAGA-3′ (Voets et al., 2015) targeting Kif4A were synthesized by 
Sigma-Aldrich. The siRNA sequence 5′-GAG​UAG​AAC​UAG​AAU​
GUGA-3′ targeting Hec1 was synthesized by QIA​GEN. ON-TAR​GET 
plus SMA​RTpool siRNAs targeting GTSE1 (5′-ACA​CGU​GGC​UGU​
AGG​AUCU-3′, 5′-GAA​CUG​AAC​CAA​CAA​GGGA-3′, 5′-UAA​AUA​
AUC​CGG​UUC​CCGA-3′, and 5′-GUA​CAA​AGA​AGC​UCA​CUUA-3′) 
and Kif4A (5′-AGG​CGU​ACA​UUC​UCC​CUUA-3′, 5′-GAA​GAG​GCC​
CAC​UGA​AGUU-3′, 5′-UGA​AAG​AGA​UGU​GCG​AUGU-3′, and 5′-
UGA​CUC​GAC​UGC​UUC​AAGA-3′) were synthesized by GE Health-
care. Nontargeting control siRNA was synthesized by Bioneer.

Cell culture, transfection, and drug treatments
Parental HeLa cells, HeLa cells stably expressing GFP-tubulin and 
H2B-RFP, and U2OS cells stably expressing PAG​FP-tubulin (gifts 
from D. Compton, Dartmouth College, Hanover, NH) were cultured in 
DMEM with 10% FBS supplemented with penicillin and streptomycin, 
20 mM Hepes, and 0.1 mM nonessential amino acids at 37°C with 5% 
CO2. To synchronize cells in mitosis, cultures were treated with 2.5 mM 
thymidine for 24  h and released into media containing 200 ng/ml 
nocodazole for 12 h. Alternatively, cultures were treated with 200 ng/
ml nocodazole for 16 h. Transient transfection was performed using 
TransIT-LT1 (Mirus) transfection reagent according to the manufactur-
er’s instructions. For siRNA transfection, cells were transfected with 
20 nM siRNA for 48 h using Lipofectamine RNAiMAX (Invitrogen) 
according to the manufacturer’s protocol. To inhibit Aurora B activity, 
cells were treated with 10 µM ZM447439 for 2 h. 20 µM MG132 was 
also added to prevent mitotic exit. Taxol was used at 10 µM. Monastrol 
was used at 100 µM for 2 h to induce monopolar spindles.

Production of GTSE1 polyclonal antibody
A fragment of GTSE1 corresponding with amino acids 1–243 was 
cloned into the pDEST15 vector (Invitrogen) and expressed in Rosetta2 
(DE3) pLysS (Novagen). The GST fusion protein was purified using 
glutathione-sepharose 4B (GE Healthcare) and used to generate rabbit 
polyclonal antiserum (Cocalico Biologicals).

Western blotting
For whole-cell lysates, cells were lysed in cell lysis buffer (PBS, 
0.5% NP-40, 1 mM tris(2-carboxyethyl)phosphine, and 10% glycerol) 
supplemented with protease inhibitor cocktail (Sigma-Aldrich) and 
phosphatase inhibitors (100 mM NaF, 1 mM Na3VO4, 60 mM β-glyc-
erophosphate, and 100 nM microcystin-LR). Alternatively, to isolate 
cytosolic and chromosome-bound fractions or to generate whole-cell 
extracts, cells were first swollen in swelling buffer (10  mM Hepes, 
40 mM KCl, 5 mM EGTA, and 4 mM MgSO4) at 37°C, and then lysed 
in extraction and lysis buffer (PHEM [60 mM Pipes, pH 6.9, 25 mM 
Hepes, 10 mM EGTA, and 4 mM MgSO4], 0.5% Triton X-100, 5 mM 
tris(2-carboxyethyl)phosphine, and 10% glycerol) containing protease 
and phosphatase inhibitors. Chromosome and cytosolic fractions were 
separated by centrifugation, and chromosome pellets were suspended 
in extraction and lysis buffer. The protein concentration of lysates was 
measured using the BCA Protein Assay kit (Thermo Fisher Scientific). 
For electrophoresis, sample loading buffer (Invitrogen) and DTT to a 
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final concentration of 50 mM were added. Proteins were separated with 
a NuPAGE gel electrophoresis system (Invitrogen) and transferred to 
a 0.45-µm PVDF membrane (Immobilon-FL; EMD Millipore). Mem-
branes were blocked in 10% SEA BLO​CK blocking buffer (Thermo 
Fisher Scientific) and 0.05% Tween-20 in PBS (PBST). The following 
primary antibodies were used: rabbit anti-GTSE1 (Cocalico Biologi-
cals), rabbit anti–α-tubulin (Abcam), mouse anti-AIM1 (BD), rabbit 
anti–histone H3 (Abcam), mouse anti-Kif4A (a gift from T. Misteli, 
National Cancer Institute, Bethesda, MD), rabbit anti–Aurora B pT232 
(Rockland), mouse anti–histone H3 pS10 (Cell Signaling Technology), 
mouse anti–cyclin B (BD), and rabbit anti-actin (Abcam). Membranes 
were washed in PBST. Secondary goat anti–mouse and goat anti–rabbit 
antibodies were conjugated to either IR700 or IR800 dyes (Azure Bio-
systems). Western blots were imaged on an Azure c600 Imaging System. 
Western blots were quantified by calculating integrated band intensities 
using MetaMorph software (Molecular Devices) and Excel (Microsoft).

Immunofluorescence
HeLa cells were grown on glass coverslips and treated as detailed in 
Figs. 1, 3, 4, 5, 6, 7, S3, and S4. Cells were fixed in 2% paraformal-
dehyde/PHEM solution containing 0.5% Triton X-100 for 15 min. 
Coverslips were washed in MBST (10  mM MOPS, 150  mM NaCl, 
and 0.05% Tween-20), blocked in 20% boiled normal goat serum, and 
incubated overnight with primary antibodies. Samples were then incu-
bated with secondary antibodies for 1 h, stained with DNA dye DAPI, 
and mounted using Vectashield (Vector Laboratories). Alternatively, 
to measure inner spindle intensity or polar ejection forces in monas-
trol-treated cells, cells were fixed in methanol for 20 min at −20°C 
and were processed for immunofluorescence as described above. Cold-
treated cells were incubated for 10 min in 4°C in 1×PBS on ice. The 
following primary antibodies were used: human anticentromere anti-
gen (ACA)/CRE​ST (Antibody, Inc.), mouse anti–γ-tubulin (Sigma- 
Aldrich), rabbit anti–α-tubulin (AbD Serotec), rabbit anti-GTSE1 (Co-
calico Biologicals), mouse anti-Kif4A (a gift from T. Misteli), rabbit 
anti-Kif22/Kid (Bethyl Laboratories, Inc.), mouse anti-AIM1 (BD), 
mouse anti–histone H3 pS10 (Cell Signaling Technology), and rabbit 
anti–CENP-A pS7 (Upstate Biologicals). Secondary antibodies used 
were goat anti–rabbit antibodies conjugated to Cy3 or FITC (Jackson 
ImmunoResearch Laboratories, Inc.), goat anti–rat antibodies conju-
gated to Cy3 or FITC, goat anti–mouse antibodies conjugated to Cy3 
or FITC, and goat anti–human antibody conjugated to Cy3, FITC, 
or Cy5. The images were acquired using an Axioplan II microscope 
(ZEI​SS) equipped with a 100× 1.4 NA objective and an ORCA-ER 
camera (Hamamatsu Photonics) and processed using MetaMorph 
software. Distances between kinetochores and spindle poles were 
measured using MetaMorph. Quantification of immunofluorescence 
images was performed as previously described (Daum et al., 2009). 
The graphs depict mean fluorescence value with SD in each condition. 
The Mann-Whitney two-tailed test or Kruskal-Wallis test (with Dunn’s 
post hoc comparison) in Prism (GraphPad Software) was used to deter-
mine statistical significance among groups.

Live-cell imaging
Cells were grown in Nunc chambered coverslips (Thermo Fisher Scien-
tific). To maintain appropriate pH levels and avoid evaporation during 
imaging, culture media was exchanged to Leibovitz’s L-15 medium 
supplemented with 10% FBS, penicillin, and streptomycin, and the 
medium was overlaid with mineral oil. Cells were treated as detailed 
in Figs. 2 and 3. Time-lapse fluorescence images were collected using 
20× 0.5 NA or 40× 1.3 NA objectives on an Axiovert 200M inverted 
microscope (ZEI​SS) equipped with an objective heater, air curtain, 
ORCA-ER camera, and MetaMorph software. Images were captured 

every 5 min for 20 h. Time-lapse videos displaying the elapsed time 
between consecutive frames were assembled using MetaMorph soft-
ware. The first time frame after NEB, metaphase chromosome align-
ment, and anaphase onset/mitotic exit each was noted in Excel, and 
the mitotic interval from NEB to metaphase (alignment time), meta-
phase to anaphase (metaphase duration), or NEB to anaphase onset/
mitotic exit was calculated.

For photoactivation experiments, PAG​FP-tubulin expressing 
U2OS cells were cultured as described in the previous paragraph 
and imaged using a 100× 1.4 NA objective on an Axio Observer in-
verted microscope (ZEI​SS) equipped with an objective heater, air cur-
tain, spinning disk (Yokogawa Electric Corporation), Mosaic (digital 
mirror device; Photonic Instruments/Andor), an ORCA-Flash4.0LT 
camera (Hamamatsu Photonics), and Slidebook software (Intelligent 
Imaging Innovations). Photoactivation was achieved by targeting a se-
lected area with filtered light from the HBO 100 via the Mosaic, and 
confocal GFP images across z were acquired at 15-s intervals for 5 
min. Fluorescence intensity of the activated region was corrected for 
photobleaching and background using MetaMorph software. Normal-
ized measurements were fitted to a double exponential decay curve  
F = A1 × exp(−k1 × t) + A2 × exp(−k2 × t) using MatLab (Mathworks), 
where A1 and A2 represent the less stable and more stable microtubule 
populations with decay rates of k1 and k2, respectively. t is the time 
after photoactivation. The turnover half-life for each population of mi-
crotubules was calculated as ln2/k.

Photoactivation simulation
Control data were plotted using nonlinear least squares fit to a double-
exponential curve of the equation f(x) = a*exp(−b*x) + c*exp(−d*x). 
This was done in MatLab using the fit function with a custom fitType. 
This method was verified using the fit function and “exp2” fitType as 
well as with the curve-fitting toolbox in MatLab by fitting to a double 
exponential curve from which identical coefficients and goodness of fit 
values were obtained. This general model was then applied to GTSE1 
data, first by varying all parameters to best fit the data and then by vary-
ing the parameters individually to test the effect of GTSE1 loss on each 
parameter. The unvaried parameters were fixed to control values, and 
the parameter being tested was varied an order of magnitude approx-
imately surrounding the control value. When varying parameters per-
taining to the percentage of the population (a and c), both parameters 
were varied simultaneously such that the total population was always 
equal to one. When varying parameters pertaining to the percentage of 
the population (a and c) and the rate, population parameters were varied 
simultaneously as above, the fast rate (b) was fixed to control values, 
and the slow rate (d) was determined by a nonlinear least squares fit 
to find the optimal rate. Simulations were performed using 100 evenly 
spaced time points (x) within the range of experimental data.

Online supplemental material
Fig. S1 shows the mitotic timing and RNAi phenotype in HeLa and 
U2OS cells depleted of GTSE1 as assessed by time-lapse microscopy. 
Fig. S2 shows the curve fittings derived from simulation of the photo-
activation data obtained in Fig. 3 A. Fig. S3 shows Aurora B phospho-
epitopes and Kif4A levels by immunostaining and Western blotting in 
the presence and absence of GTSE1 in HeLa cells. Fig. S3 also shows 
Kif4A levels in the presence and absence of nocodazole or taxol by 
immunostaining in HeLa cells. Fig. S4 shows GTSE1 and Kif4A pro-
tein levels by Western blotting after transfection of various siRNAs as 
well as the distances between kinetochores and spindle poles in cells 
depleted of either GTSE1 or Kif4A in monastrol-treated HeLa cells. 
Fig. S5 shows Aurora B and Kif4A levels in control and GTSE1- 
depleted HeLa whole-cell extracts by Western blotting along with the 
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mitotic timing and RNAi phenotype in control and Kif4A-depleted 
HeLa cells as assessed by time-lapse microscopy. Video 1 shows the 
mitotic progression of a control siRNA-transfected cell. Videos 2 and 
3 show the mitotic progression and phenotypes of GTSE1 siRNA- 
transfected cells. Videos 4 and 5 show the mitotic progression and 
phenotypes of Kif4A siRNA-transfected cells. Table S1 shows the pre-
dicted functions, phenotypes, and genetic associations from GAM​MA’s 
analysis of the GTSE1 transcriptional network.
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