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ABSTRACT

The presence of supernumerary centrosomes is prevalent in cancer, where they
promote the formation of transient multipolar mitotic spindles. Active clustering of
supernumerary centrosomes enables the formation of a functional bipolar spindle
that is competent to complete a bipolar division. Disruption of spindle pole clustering
in cancer cells promotes multipolar division and generation of non-proliferative
daughter cells with compromised viability. Hence molecular pathways required for
spindle pole clustering in cells with supernumerary centrosomes, but dispensable in
normal cells, are promising therapeutic targets. Here we demonstrate that Aurora A
kinase activity is required for spindle pole clustering in cells with extra centrosomes.
While cells with two centrosomes are ultimately able to build a bipolar spindle and
proceed through a normal cell division in the presence of Aurora A inhibition, cells
with supernumerary centrosomes form multipolar and disorganized spindles that are
not competent for chromosome segregation. Instead, following a prolonged mitosis,
these cells experience catastrophic divisions that result in grossly aneuploid, and
non-proliferative daughter cells. Aurora A inhibition in a panel of Acute Myeloid
Leukemia cancer cells has a similarly disparate impact on cells with supernumerary
centrosomes, suggesting that centrosome number and spindle polarity may serve as
predictive biomarkers for response to therapeutic approaches that target Aurora A
kinase function.

INTRODUCTION

The formation of a mitotic spindle with two spindle
poles is integral to proper chromosome segregation.
During mitosis a pair of centrosomes, the microtubule
nucleating and organizing centers of the cell, serve as focal
points at which molecular motors and crosslinker proteins
cluster microtubules (reviewed in [1] and [2]). In cancer,
centrosome amplification is common, where it contributes
to aneuploidy, and is correlated with high tumor grade
and poor patient prognosis [3—7]. A direct consequence
of having more than two centrosomes is the capacity to
form a mitotic spindle with more than two spindle poles
[8]. Multipolar divisions that can result from such spindle

geometry, lead to daughter cells with dramatic changes in
chromosome number, and decreased viability [5, 9]. To
limit multipolar divisions, cells with excess centrosomes
actively cluster them into two functional spindle poles
[7, 10-13]. Cells with clustered centrosomes complete
bipolar anaphases with only moderate chromosome
segregation errors, and remain viable [8, 14]. In this way,
the molecular players involved in centrosome clustering
have an important role in determining the fate of cancer
cells with supernumerary centrosomes and are therefore
attractive candidates for therapeutic approaches [11, 15].
Aurora A (AurA) is a serine/threonine kinase that is
important for proper bipolar spindle formation. Localized
to the centrosome during interphase and to spindle poles
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during mitosis, AurA phosphorylates protein targets to
regulate centrosome maturation and spindle assembly
such that loss of AurA kinase—dependent phosphorylation
of key mitotic targets disrupts spindle formation [16, 17].
Some targets of AurA kinase, including Eg5, contribute to
spindle formation by promoting anti-poleward forces that
push centrosomes apart [18, 19]. Other direct and indirect
targets of AurA kinase, including TACC, PLK1, and
NEKS®6, have roles in stabilizing microtubule dynamics and
promoting spindle pole organization [20-23]. Inhibition
of AurA kinase activity is known to impair spindle pole
organization in cells with two centrosomes [24-29].
Because of its important mitotic role, AurA inhibitors are
being explored as therapeutics to target rapidly growing
cancer cells [30-32]. However, clinical response to
Aurora A inhibitors have been variable and it remains
unclear which cancers may be most responsive to AurA
inhibition.

Here we show that the response to AurA kinase
inhibition is influenced by centrosome number and the
capacity to form multipolar spindles during mitosis. As
described previously, inhibition of AurA kinase activity
in cells with normal centrosome content transiently
disrupts mitotic spindle formation [24-29]. However,
these cells ultimately achieve spindle bipolarity to
enable a bipolar division and sustained proliferation. In
contrast, we show that AurA kinase activity is essential
in cells with supernumerary centrosomes such that AurA
inhibition compromises centrosome clustering, permits
abortive cell division, and results in multinucleated,
highly aneuploid daughter cells with reduced
proliferative capacity. Together, these findings suggest
that therapeutic approaches that exploit AurA inhibition
will be most advantageous in cancers with supernumerary
centrosomes.

RESULTS

AurA promotes clustering of supernumerary
centrosomes

To explore the relationship between spindle
polarity and response to AurA inhibition we utilized two
experimental systems to manipulate centrosome number.
First, we induced supernumerary centrosomes using
a previously well-characterized human epithelial cell
line carrying a doxycycline-regulated PLK4 expression
construct (indPLK4) [8]. PLK4 is a regulator of
centrosome biogenesis that, when overexpressed, leads to a
cell-cycle dependent over-duplication of centrioles (Figure
1A and 1B). In the absence of PLK4 induction, the hTERT-
immortalized human retinal pigment epithelial (RPE-1)
cell line is diploid and contains a single pair of centrioles
(one centrosome) during interphase. This centrosome
is duplicated in preparation for mitosis, facilitating the
formation of a bipolar mitotic spindle (Figure 1C and

1D). In the first cell cycle following induction of PLK4
overexpression cells generate excessive centrioles that
remain associated as “rosettes”. In the second cell cycle
following PLK4 induction, centriole disengagement and
maturation results in supernumerary centrosomes. By
36 h post- PLK4 induction, more than 90% of interphase
RPE-1 cells, and all observed mitotic cells have >4
centrioles, as indicated by centrin-2 staining (Figure 1A
and 1B). Consistent with this increase in centriole number,
following PLK4 induction, ~60% of mitotic cells exhibit a
multipolar spindle (Figure 1A—1D, Supplementary Figure
1A and 1B). Nevertheless, by the time they proceed to
anaphase, the vast majority (>80%) of indPLK4 cells have
clustered excess centrosomes to form bipolar spindles
(Figure 1D—1F). A complementary approach to generate
cells with extra centrosomes via cytokinesis failure was
used to assess how centrosome number, independent of
PLK4 over-expression, impacts spindle pole clustering.
For this approach, the near-diploid HCT116 colon cancer
cell line, which contains 2 centrosomes, was treated with
Cytochalasin B (CytoB) to induce cytokinesis failure
(Supplementary Figure 2). The resulting cells have double
the DNA content, and double the centrosome number.
Similar to the RPE-1 system described above, these cells
also exhibit an increased incidence of multipolar spindles
that resolve to cluster excess centrosomes for bipolar
anaphases (Supplementary Figure 2B-2F).

Alisertib (MLN8237) is an orally bioavailable
inhibitor of AurA kinase that is ~200 fold more selective
for AurA than the closely related Aurora B [33].
Pharmacological inhibition of AurA kinase activity can be
monitored through loss of AurA auto-phosphorylation of
threonine residue 288 in its activation loop [34]. Within
2 hours, 100 nM alisertib is sufficient to inhibit AurA
kinase activity and prevent threonine 288 phosphorylation
(p-AurA) in mitotic cells, irrespective of centrosome
number (Figure 1G).

To assess how mitotic cells with excess
centrosomes respond to AurA inhibition, both control
and indPLK4 RPE-1 cells, and HCT116 cells = Cyto
B were treated with inhibitor for 16 hours, followed by
immunofluorescence imaging. This duration of treatment
was sufficient to limit each cell to one mitotic event in
the presence of AurA inhibition. Consistent with previous
reports, we find that cells with two centrosomes exhibit
an increase in acentrosomal and disorganized mitotic
spindle poles following exposure to any one of four
specific inhibitors of AurA kinase activity: alisertib,
MLN8054 (MLN), Aurora A inhibitor 1 (AA1), and MK-
5108 (MK/VX-689) (Supplementary Figure 1B) [22].
Nevertheless, nearly all anaphase and telophase cells
in these populations were bipolar (Figure 1D and IF,
Supplementary Figure 2C—-2F), indicating that even in
the context of AurA inhibition acentrosomal spindle poles
are eventually focused and spindle bipolarity is achieved
prior to anaphase onset.
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Following Aurora A inhibition, cells with Cell fate in the presence of AurA inhibition is

supernumerary centrosomes form multipolar and influenced by centrosome number

disorganized spindles similarly to control cells. In

these cells centrosomes are present at the majority of Cells that are unable to form a bipolar spindle
excess spindle poles (Figure 1C and 1D) and there is a are expected to accumulate in mitosis. However, FACs
significant decrease in the proportion of anaphase cells analysis of cellular DNA content, together with imaging-
with bipolar spindles (Figure 1D and 1F, Supplementary based assessment of mitotic enrichment indicate that
Figure 2C-2F). Together, this data suggests that cells the 4N (G2/M) population of cells is not significantly
with extra centrosomes are unable to achieve sustained changed and mitotic cells do not surpass ~10% of the
centrosome clustering. cell population following short term (16-24 h) AurA
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Figure 1: Aurora A kinase promotes clustering of supernumerary centrosomes. (A and B) RPE-1 cells induced to overexpress
PLK4 (indPLK4) have excess centrosomes. Insets show 4x enlargements of individual centrioles (centrin-2 in red) within a single cell.
(C—F) Following inhibition of Aurora A kinase activity with 100 nM alisertib, cells with two or excess centrosomes similarly exhibit
disorganized mitotic spindles. Cells with extra centrosomes are efficiently clustered into bipolar spindles prior to anaphase onset while
those with supernumerary centrosomes undergo multipolar mitoses. Centrin-2, a marker of centrioles is shown in red (panel A) or green
(panel D), tubulin in red, and chromatin in blue. (G) Aurora A kinase activity is similarly inhibited in control and indPLK4 cells following
treatment with alisertib. The scale bars are 10 uM. Error bars are SEM, “p < 0.05, “p < 0.01, *"p < 0.001.
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inhibition (Supplementary Figure 1C and 1D). Together,
this suggests that mitotic defects imposed by AurA
inhibition are either transient, or lethal for cells with
excess centrosomes. To differentiate between these two
possibilities, we performed live cell imaging of control
cells, and those with supernumerary centrosomes in the
presence or absence of AurA inhibition.

Aurora A is known to function in both centrosome
maturation and spindle assembly pathways and long term
inhibition or RNAi-based depletion strategies compromise
both processes. Therefore, to assess the role of AurA
specifically in spindle bipolarity in cells with excess
centrosomes, while limiting confounding effects of AurA
inhibition on centrosome maturation, we performed live
cell imaging on cells that entered mitosis within the first
30 minutes of drug-induced AurA inhibition (ie after
centrosome maturation). These cells were then followed
though mitotic exit and for the next 36 hours to assess
cell fate. Images of RPE-1 cells expressing an RFP-tagged
histone (RFP-H2B) to enable monitoring of chromosome
movement and cell cycle progression were captured every
5 minutes for the duration of the experiment. Untreated
RPE-1 cells progressed from nuclear envelope breakdown
(NEB) to anaphase onset in ~20 minutes. Consistent
with our fixed cell analysis, following a prolonged
mitosis ~85% of cells with extra centrosomes (indPLK4)
ultimately exit mitosis with a bipolar division (Figure
2C), while the remainder complete a multipolar division
(Figure 2A-2C: indPLK4).

Consistent with a high incidence of bipolar
anaphases seen in fixed cell imaging (Figure 1C—1F),
following AurA inhibition control cells persist through
a prolonged mitosis to achieve full alignment of
chromosomes along the cell equator and complete a
bipolar division (Figure 2A—2C). indPLK4 cells similarly
exhibit a mitotic delay, but live cell imaging revealed that
only half are competent to complete a bipolar division
in the presence of AurA inhibition. For the cells that are
unable to complete a bipolar division in the presence of
AurA inhibition, mitotic exit is catastrophic. In agreement
with the high incidence of multipolar spindles seen in
fixed cell analysis of anaphase (Figure 1), ~20% of cells
with supernumerary centrosomes achieve chromosome
alignment and exit mitosis via a multipolar or abortive
division. The remaining 20% of cells attempt cytokinesis
in the absence of metaphase alignment or obvious
anaphase segregation (Figure 2A-2C).

Following completion of mitosis, each cell was
tracked to monitor cell cycle re-entry. indPLK4 cells that
were able to achieve a bipolar division were just as likely
as their counterparts with normal centrosome content to
proceed through a subsequent cell cycle and enter into a
second mitosis (Figure 2D and 2E: ~90% enter a second
mitosis, with an average cell cycle ~19 hours). Consistent
with previous reports [8, 14], we find the progeny of
multipolar divisions exhibit decreased proliferative

capacity and decreased viability such that none of the
cells that experienced multipolar or abortive mitotic
divisions were competent to re-enter the cell cycle within
the duration of our movies. This failure to re-enter the
cell cycle contributes to a 40% decrease in proliferation
of cells with supernumerary centrosomes following AurA
inhibition (Figure 2D).

Consistent with the high incidence of abnormal
and abortive anaphases, following a single cell cycle in
the presence of AurA inhibition, immunofluorescence
analysis demonstrates that nearly 25% of indPLK4 cells
are multinucleated, a significant increase over that seen in
either indPLK4 cells alone, or in control cells following
AurA inhibition (Figure 3A and 3B). Fluorescence in situ
hybridization (FISH)- based approaches using centromere-
targeted enumeration probes for individual chromosomes
similarly demonstrate that while short term induction of
PLK4 (<2 cell cycles) results in a 2-fold increase in aneuploid
cells, indPLK4 cell populations exhibit a 4-fold increase in
aneuploid cells and a >6-fold increase in tetraploid cells
following AurA inhibition (Figure 3C and 3D).

Centrosome number corresponds with response
to Aurora A inhibition

To determine if centrosome number similarly
corresponds with response to AurA inhibition in cancer
cells we utilized a panel of Acute Myeloid Leukemia
(AML) cell lines. AML is a cancer context where AurA
kinase is often amplified, and where its inhibition is
actively being exploited in preclinical and clinical
approaches [35-37]. Western blot and qPCR analyses
demonstrate that AurA expression in these cell lines,
independent of cell cycle distribution, range from levels
comparable to that of the non-transformed RPE-1 cell line
(ie HL60), to levels over 8-fold higher than that seen in
RPE-1 cells (ie K562) (Figure 4A and 4B). Importantly,
irrespective of AurA protein level, exposure to 100
nM alisertib was sufficient to completely inhibit AurA
kinase activity in each cell line, as judged by AurA auto-
phosphorylation (Figure 4B), and resulted in enrichment of
G2/M cells (Supplementary Figure 3).

While FISH-based analysis of chromosome copy
number indicates that all 4 AML cell lines have a modal
chromosome copy number near 4 (Supplementary
Figure 4), immunofluorescence analysis of centrin-2
in these cell lines indicated that only the K562 cell
line contains a significant portion of cells with >2
centrosomes (2 centrioles/centrosome) (Figure 4C and
4D). Nevertheless, mitotic spindles in each cell line are
predominantly bipolar, indicating that K562 cells can
efficiently cluster supernumerary centrosomes (Figure
4E and 4F). As seen with the RPE-1 and HCT116 cells,
inhibition of AurA initially disrupts spindle bipolarity
in all AML cell lines, regardless of centrosome number
(Figure 4E and 4F). However, FACs and FISH-based
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analysis demonstrate cellular ploidy remains largely
unchanged in AML cells with two centrosomes when AurA
is inhibited, suggesting these cells are ultimately able to
achieve spindle bipolarity and complete a bipolar division.
In contrast, K562 cells, which have supernumerary
centrosomes, experience mitotic failure in the presence of
AurA inhibition, resulting in an increase in DNA content
(Figure 4G).

DISCUSSION

Our data support a model whereby the presence of
extra centrosomes, acquired either through over-duplication
or a previous failed cytokinesis, can alter the response
of cells to inhibitors of mitotic spindle assembly and
subsequently impact the efficacy of such drugs. We find
that following AurA inhibition, cells with supernumerary

A Mitotic Duration
g g cov IR -
- o o
g e 2 indPLK4
HE g ————— & :
8 % Anaphase E% Cr jns
2 onset ¥ € indPLK4
[11]
0 10 20 30 40 50 60 70 80 90
time (minutes)
<|%
X |z
|8
s|Q Anaphase
£z onset
2

O

Continued
Proliferation

Mitotic Fate
100%

2 80%

60%

Aurora A inhib
Bipolar (94%)

40%

= Aborted

™ Multipolar
20% = Bipolar

Fraction of Mitotic Cells

Fraction of cells that re-enter
mitosis within 20h
o © o o
(=} [N S o © -
|
E——1
3
i

=
5 o = = Ex E =
: 5383 53|82
S O|%|0|%5 = 3
3 Anaphase T = g g
3 onset ,g _g . s
= - -
no +AurA no +AurA
drug  inhib drug  inhib

-~ N
m

Cell Cycle Duration
cti I
ﬁns

indPLK4

inhib  no drug

Multipolar (23%)
+AurA

0 5 10 15 20 25
time (hours)

_nnnnn 70 min 120 min L

Figure 2: Centrosome number influences mitotic outcome following Aurora A kinase inhibition. (A) Representative still
frames from live cell phase contrast and fluorescence imaging of RFP-labeled Histone 2B (in red)-expressing cells. Nuclear envelope
breakdown (NEB) to anaphase onset and cytokinesis are shown. Note that 10 minute increments are represented for cells treated with
Aurora A inhibition, 5 min increments for those not treated. Scale bars are 10 uM. (B) The presence of supernumerary centrosomes
promotes an increase in the time from NEB to anaphase onset following Aurora A kinase inhibition. (C) Both control cells and those
with PLK4 induction alone divide to form two daughter cells following metaphase alignment of chromosomes. In the presence of Aurora
A kinase inhibition, the majority of control cells also complete metaphase alignment and divide into two daughter cells. However, cells
with PLK4 induction often attempt cytokinesis in the absence of chromosome alignment. (D) In the presence of Aurora A inhibition, cells
with PLK4 induction are less likely than cells without Aurora A inhibition and/or without PLK4 induction to proceed to a second mitotic
division within 20 hours of a first division. (E) Cells in all conditions that do complete a bipolar division continue to a second division with
comparable cell cycle timing. Error bars are SEM, “p < 0.05, “p <0.01, ""p < 0.001.

= = 5
3 3 3
3 3 - E
E E e
B P

indPLK4 + Aurora A inhib

Aborted (20%)

o

www.oncotarget.com 1653 Oncotarget


www.oncotarget.com
www.oncotarget.com

centrosomes exhibit multipolar and disorganized spindles
that cannot be resolved prior to mitotic exit. Instead, such
cells are subject to abortive mitoses where cytokinesis
is attempted in the absence of metaphase alignment,
and anaphase chromosome segregation is lacking.
Daughter cells that result from such catastrophic mitoses
are multinucleated and exhibit dramatic changes in

A no drug

AurA inhib

Control

indPLK4

AurA inhib

chromosome content. Importantly, such progeny are not
competent for continued proliferation. In contrast, following
AurA inhibition, cells with normal centrosome number
ultimately overcome a transient disruption of spindle
geometry to form bipolar spindles and complete near-
normal cell division. Progeny from these divisions remain
proliferative and proceed through the cell cycle to enter a
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second mitosis with frequency and timing comparable to
control cells. In this way, we propose that a differential
response to AurA inhibition in cancer cells may stem not
from a change in the initial impact on spindle assembly, but
instead from an essential and cancer-specific dependence on
AurA-driven dynamics of spindle-pole clustering activity in
cells with supernumerary centrosomes.

Proteins that are required for centrosome clustering
are often overexpressed in human cancers with extra
centrosomes (reviewed in: [38]). Indeed, supernumerary
centrosomes, and the need to cluster them to achieve
proper cell division, has been proposed to be a driving
force in the selective overexpression of proteins with pole-
clustering functions. Consistent with this model, we find
that AurA expression scales with centrosome number in our
panel of AML cell lines (Figure 4A and 4E). Furthermore,
AurA has been reported to be amplified or overexpressed
in a number of cancer contexts, including colon, breast,
and hematological cancers [39—43], where its expression
corresponds with centrosome amplification [44—47].

Together with cell biological evidence that inhibition
of AurA compromises mitotic progression, an increased
AurA expression profile in cancer supports that AurA
is a clinically relevant drug target [48]. Pharmaceutical
companies have begun to exploit this possibility, bringing
numerous targeted inhibitors to the market as anti-cancer
drugs, and spurring clinical trials [37, 49-55]. However,
while the efficacy and safety of inhibiting AurA have
been supported by preclinical and early stage clinical
trials, response to AurA inhibition has been limited
[37, 55-57] and it remains unclear which patients may best
benefit from AurA inhibitor treatment either alone, or in
combination with standard chemotherapeutic approaches.
We now show that cells with extra centrosomes are
susceptible to catastrophic cell divisions when AurA
activity is inhibited. Furthermore, consistent with the
documented tolerance of patients to AurA inhibitors in the
clinic [37, 56, 58], our data demonstrate that normal cells
are able to overcome spindle disruption following AurA
inhibition. Cells with two centrosomes can ultimately
focus acentrosomal spindle poles to achieve bipolarity
and exit mitosis with a bipolar anaphase. These divisions
are preceded by chromosome alignment, occur with near
normal mitotic timing, and resulting progeny remain
proliferative. Together, these findings suggest that AurA
inhibition can selectively corrupt proliferation of cancer
cells with extra centrosomes, and that clinical assessment
of mitotic structures may aid in identifying patients most
likely to benefit from their use.

MATERIALS AND METHODS

Cell culture, induction, and inhibition

Cells were grown in DMEM medium (RPE-1)
or RPMI 1640 medium (HL60, K562, KG1la, and THP1)

supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin and maintained at 37° C
with 5% CO2. For experiments where PLK4 expression
was induced, media was supplemented with 2 pg/mL
Doxycycline for 36 hours. Alternatively, cells were treated
with 30 uM Cytochalasin B for 16 h to induce cytokinesis
failure and generate tetraploid cells with double the
normal centrosome number [8]. Drug treatments to
subsequently inhibit AurA kinase (alisertib; MLN8054,
Aurora A inhibitor 1, MK-5108 (VX-689): Selleckchem)
were performed at the indicated concentrations for 16-
18 hours for immunofluorescence and FACs analysis,
or as otherwise indicated. Unless otherwise noted, all
experiments to inhibit Aurora A kinase were performed
with the highly specific Aurora A kinase inhibitor alisertib
at a concentration of 100 nM.

FACs and expression analysis

To assess cell cycle differences and response to
mitotic inhibitors, cells were treated with 100 ng/mL
Nocodazole (to induce mitotic arrest) and/or 100 nM
alisertib for 16—18 hours, fixed and stained with propidium
iodide, and processed for FACs analysis as previously
described [59]. To assess AurA expression levels, RNA
extraction was performed with Qiagen’s RNeasy kit, and
qRT PCR with Applied Biosystem’s SYBR green kit
according to the respective manufacturers’ guidelines.
Primers used for amplification of GAPDH and AurA were
5'-cectetggtggtogccectt-3' & 5'-ggegeccagacacccaatee -3’
and 5'-ttttgtaggtctettggtatgtg-3" & 5'-gctggagagcttaa
aattgcag-3' respectively. Inhibition of AurA kinase activity
was confirmed by western blot analysis of total AurA
(Cell Signaling) and phosphorylated AurA levels (Cell
Signaling), using tubulin as a loading control (dmla,
Sigma).

FISH, immunofluorescence and live cell imaging

Cells were prepared and fixed as described
previously [59] and a-satellite probes for chromosomes 6
and 8 hybridized to chromatin. Numerical Heterogeneity
(NH) was determined by scoring a minimum of 500 cells
per population for copy number of each chromosome
probe, for each of three independent experiments. Percent
variation from the modal copy number was calculated and
compared across conditions.

For immunofluorescence imaging, cells were
cultured on glass coverslips (RPE-1), or spun onto
coverslips by centrifugation at 1000 RPM for 3 minutes
(AML cell lines) prior to fixation for 10 min in ice-cold
methanol, blocked in TBS-BSA (10 mM Tris at pH 7.5,
150 mM NacCl, 1% bovine serum albumin), and stained for
a-tubulin (dmla, Sigma), and/or centrin-2 (Santa Cruz)
as indicated. DNA was detected with 0.2 pg/mL DAPI
(Sigma), and coverslips mounted with Prolong Antifade
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Gold mounting medium (Molecular Probes). Cells were
plated in 12 well imaging bottom tissue culture dishes
for live cell imaging. Images of fixed and live cells were
captured with a Zyla sCMOS camera mounted on a Nikon
Ti-E microscope with a 60x Plan Apo oil immersion
objective, or a 20x CFI Plan Fluor objective. A minimum
of 50 mitotic cells or 1000 interphase cells were analyzed
per condition for each of 3 biological replicates. Live cell
images were captured at 10 coordinates per condition
at 5 min intervals for 24 hours, for each of 3 biological
replicates. 100 individual cells were tracked through
mitosis and analyzed for each condition and replicate.
Error bars throughout represent standard error unless
otherwise indicated. Pairwise analyses were performed
using a one-way ANOVA to determine statistical
significance.

ACKNOWLEDGMENTS AND FUNDING

The authors would like to thank Neil Ganem for
sharing cell lines, and Margaret Pruitt, Elizabeth Crowley,
and Lily Kabeche for critical reading of the manuscript.
ALM is supported by funding from NIH grant R0O
CA182731 and the Smith Family Award for Excellence in
Biomedical Research.

CONFLICTS OF INTEREST

The authors declare that they have no competing
financial interests in relation to the work described herein.

REFERENCES

1. Bettencourt-Dias M, Glover DM. Centrosome biogenesis
and function: centrosomics brings new understanding. Nat
Rev Mol Cell Biol. 2007; 8:451-63.

2. Nigg EA. Centrosome duplication: of rules and licenses.
Trends Cell Biol. 2007; 17:215-21.

3. ChanJY. A clinical overview of centrosome amplification in
human cancers. Int J Biol Sci. 2011; 7:1122-44.

4. Kramer A, Neben K, Ho AD. Centrosome aberrations
in hematological malignancies. Cell Biol Int. 2005;
29:375-83.

5. Nigg EA. Centrosome aberrations: cause or consequence of
cancer progression? Nat Rev Cancer. 2002; 2:815-25.

6.  Zyss D, Gergely F. Centrosome function in cancer: guilty or
innocent? Trends Cell Biol. 2009; 19:334-46.

7. Godinho SA, Kwon M, Pellman D. Centrosomes and
cancer: how cancer cells divide with too many centrosomes.
Cancer Metastasis Rev. 2009; 28:85-98.

8. Ganem NJ, Godinho SA, Pellman D. A mechanism linking
extra centrosomes to chromosomal instability. Nature. 2009;
460:278-82.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Brinkley BR. Managing the centrosome numbers game:
from chaos to stability in cancer cell division. Trends Cell
Biol. 2001; 11:18-21.

Quintyne NJ, Reing JE, Hoffelder DR, Gollin SM, Saunders
WS. Spindle multipolarity is prevented by centrosomal
clustering. Science. 2005; 307:127-9.

Kwon M, Godinho SA, Chandhok NS, Ganem NJ, Azioune
A, Thery M, Pellman D. Mechanisms to suppress multipolar
divisions in cancer cells with extra centrosomes. Genes
Dev. 2008; 22:2189-203.

Leber B, Maier B, Fuchs F, Chi J, Riffel P, Anderhub S,
Wagner L, Ho AD, Salisbury JL, Boutros M, Kramer A.
Proteins required for centrosome clustering in cancer cells.
Sci Transl Med. 2010; 2:33ra38.

Drosopoulos K, Tang C, Chao WC, Linardopoulos S.
APC/C is an essential regulator of centrosome clustering.
Nat Commun. 2014;5:3686.

Silkworth WT, Nardi IK, Scholl LM, Cimini D. Multipolar
spindle pole coalescence is a major source of kinetochore
mis-attachment and chromosome mis-segregation in cancer
cells. PLoS One. 2009; 4:¢6564.

Galimberti F, Thompson SL, Ravi S, Compton DA,
Dmitrovsky E. Anaphase catastrophe is a target for cancer
therapy. Clin Cancer Res. 2011; 17:1218-22.
Barr AR, Gergely F. Aurora-A: the maker and breaker of
spindle poles. J Cell Sci. 2007; 120:2987-96.

Asteriti IA, De Mattia F, Guarguaglini G. Cross-Talk
between AURKA and Plkl in Mitotic Entry and Spindle
Assembly. Front Oncol. 2015; 5:283.

Walczak CE, Vernos I, Mitchison TJ, Karsenti E, Heald R. A
model for the proposed roles of different microtubule-based
motor proteins in establishing spindle bipolarity. Curr Biol.
1998; 8:903—13.

Kollu S, Bakhoum SF, Compton DA. Interplay of
microtubule dynamics and sliding during bipolar
spindle formation in mammalian cells. Curr Biol. 2009;
19:2108-13.

Brittle AL, Ohkura H. Centrosome maturation: Aurora
lights the way to the poles. Curr Biol. 2005; 15:R880-2.

Thakur HC, Singh M, Nagel-Steger L, Prumbaum D,
Fansa EK, Gremer L, Ezzahoini H, Abts A, Schmitt L,
Raunser S, Ahmadian MR, Piekorz RP. Role of centrosomal
adaptor proteins of the TACC family in the regulation of
microtubule dynamics during mitotic cell division. Biol
Chem. 2013; 394:1411-23.

Fu J, Bian M, Jiang Q, Zhang C. Roles of Aurora kinases in
mitosis and tumorigenesis. Mol Cancer Res. 2007; 5:1-10.
Sampson J, O’Regan L, Dyer MJS, Bayliss R, Fry
AM. Hsp72 and Nek6 Cooperate to Cluster Amplified
Cancer Res. 2017;

Centrosomes in Cancer Cells.

77:4785-96.

Giet R, Uzbekov R, Cubizolles F, Le Guellec K, Prigent
C. The Xenopus laevis aurora-related protein kinase pEg2

www.oncotarget.com

1657

Oncotarget


www.oncotarget.com
www.oncotarget.com

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

associates with and phosphorylates the kinesin-related
protein XIEg5. J Biol Chem. 1999; 274:15005-13.

Bellanger JM, Gonczy P. TAC-1 and ZYG-9 form a
complex that promotes microtubule assembly in C. elegans
embryos. Curr Biol. 2003; 13:1488-98.

Conte N, Delaval B, Ginestier C, Ferrand A, Isnardon D,
Larroque C, Prigent C, Seraphin B, Jacquemier J,
Birnbaum D. TACC1-chTOG-Aurora A protein complex in
breast cancer. Oncogene. 2003; 22:8102-16.

Peset I, Seiler J, Sardon T, Bejarano LA, Rybina S, Vernos 1.
Function and regulation of Maskin, a TACC family protein,
in microtubule growth during mitosis. J Cell Biol. 2005;
170:1057-66.

Schumacher JM, Ashcroft N, Donovan PJ, Golden A. A
highly conserved centrosomal kinase, AIR-1, is required
for accurate cell cycle progression and segregation of
developmental factors in Caenorhabditis elegans embryos.
Development. 1998; 125:4391-402.

Asteriti [A, Giubettini M, Lavia P, Guarguaglini G.
Aurora-A spindle pole
fragmentation by unbalancing microtubule-generated
forces. Mol Cancer. 2011; 10:131.

Dos Santos EO, Carneiro-Lobo TC, Aoki MN, Levantini E,
Basseres DS. Aurora kinase targeting in lung cancer reduces
KRAS-induced transformation. Mol Cancer. 2016; 15:12.
Opyrchal M, Gil M, Salisbury JL, Goetz MP, Suman V,
Degnim A, McCubrey J, Haddad T, lankov I, Kurokawa
CB, Shumacher N, Ingle JN, Galanis E, D'Assoro AB.
Molecular targeting of the Aurora-A/SMADS oncogenic
axis restores chemosensitivity in human breast cancer cells.
Oncotarget. 2017; 8:91803—16. https://doi.org/10.18632/
oncotarget.20610.

Dar AA, Goff LW, Majid S, Berlin J, El-Rifai W. Aurora
kinase inhibitors--rising stars in cancer therapeutics? Mol
Cancer Ther. 2010; 9:268-78.

Niu H, Manfredi M, Ecsedy JA. Scientific Rationale
Supporting the Clinical Development Strategy for the

inactivation causes mitotic

Investigational Aurora A Kinase Inhibitor Alisertib in
Cancer. Front Oncol. 2015; 5:189.

Carmena M, Earnshaw WC. The cellular geography of
aurora kinases. Nat Rev Mol Cell Biol. 2003; 4:842-54.
Malumbres M, Perez de Castro I. Aurora kinase A
inhibitors: promising agents in antitumoral therapy. Expert
Opin Ther Targets. 2014; 18:1377-93.
Liewer S, Huddleston A. Alisertib:
pharmacokinetics, efficacy and toxicity in patients with
hematologic malignancies and solid tumors. Expert Opin
Investig Drugs. 2018; 27:105-12.

Tayyar Y, Jubair L, Fallaha S, McMillan NAJ. Critical risk-
benefit assessment of the novel anti-cancer aurora a kinase
inhibitor alisertib (MLN8237): A comprehensive review of
the clinical data. Crit Rev Oncol Hematol. 2017; 119:59-65.

Kramer A, Maier B, Bartek J. Centrosome clustering and

a review of

chromosomal (in)stability: a matter of life and death. Mol
Oncol. 2011; 5:324-35.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Bar-Shira A, Pinthus JH, Rozovsky U, Goldstein M, Sellers
WR, Yaron Y, Eshhar Z, Orr-Urtreger A. Multiple genes
in human 20q13 chromosomal region are involved in an
advanced prostate cancer xenograft. Cancer Res. 2002;
62:6803-7.

Tanaka T, Kimura M, Matsunaga K, Fukada D, Mori H,
Okano Y. Centrosomal kinase AIK1 is overexpressed in
invasive ductal carcinoma of the breast. Cancer Res. 1999;
59:2041-4.

Sakakura C, Hagiwara A, Yasuoka R, Fujita Y, Nakanishi M,
Masuda K, Shimomura K, Nakamura Y, Inazawa J, Abe T,
Yamagishi H. Tumour-amplified kinase BTAK is amplified
and overexpressed in gastric cancers with possible
involvement in aneuploid formation. Br J Cancer. 2001;
84:824-31.

Moreno-Bueno G, Sanchez-Estevez C, Cassia R, Rodriguez-
Perales S, Diaz-Uriarte R, Dominguez O, Hardisson D,
Andujar M, Prat J, Matias-Guiu X, Cigudosa JC, Palacios J.
Differential gene expression profile in endometrioid
and nonendometrioid endometrial carcinoma: STK15 is
frequently overexpressed and amplified in nonendometrioid
carcinomas. Cancer Res. 2003; 63:5697-702.

Goldenson B, Crispino JD. The aurora kinases in cell cycle
and leukemia. Oncogene. 2015; 34:537-45.

Giet R, Petretti C, Prigent C. Aurora kinases, aneuploidy
and cancer, a coincidence or a real link? Trends Cell Biol.
2005; 15:241-50.

Bischoff JR, Anderson L, Zhu Y, Mossie K, Ng L, Souza B,
Schryver B, Flanagan P, Clairvoyant F, Ginther C, Chan CS,
Novotny M, Slamon DJ, et al. A homologue of Drosophila
aurora kinase is oncogenic and amplified in human
colorectal cancers. EMBO J. 1998; 17:3052-65.

Sen S, Zhou H, White RA. A putative serine/threonine
kinase encoding gene BTAK on chromosome 20ql13 is
amplified and overexpressed in human breast cancer cell
lines. Oncogene. 1997; 14:2195-200.

Zhou H, Kuang J, Zhong L, Kuo WL, Gray JW, Sahin A,
Brinkley BR, Sen S. Tumour amplified kinase STK15/
BTAK induces centrosome amplification, aneuploidy and
transformation. Nat Genet. 1998; 20:189-93.

Tang A, Gao K, Chu L, Zhang R, Yang J, Zheng J. Aurora
kinases: novel therapy targets in cancers. Oncotarget. 2017;
8:23937-54. https://doi.org/10.18632/oncotarget.14893.
Caputo E, Miceli R, Motti ML, Tate R, Fratangelo F,
Botti G, Mozzillo N, Carriero MV, Cavalcanti E, Palmieri G,
Ciliberto G, Pirozzi G, Ascierto PA. AurkA inhibitors
enhance the effects of B-RAF and MEK inhibitors in
melanoma treatment. J Transl Med. 2014; 12:216.

Foraker AB, Camus SM, Evans TM, Majeed SR, Chen CY,
Taner SB, Correa IR Jr, Doxsey SJ, Brodsky FM. Clathrin
promotes centrosome integrity in early mitosis through
stabilization of centrosomal ch-TOG. J Cell Biol. 2012;
198:591-605.

Jayanthan A, Ruan Y, Truong TH, Narendran A. Aurora
kinases as druggable targets in pediatric leukemia:

www.oncotarget.com

1658

Oncotarget


www.oncotarget.com
www.oncotarget.com
https://doi.org/10.18632/oncotarget.20610
https://doi.org/10.18632/oncotarget.20610
https://doi.org/10.18632/oncotarget.14893

52.

53.

54.

55.

56.

heterogeneity in target modulation activities and
cytotoxicity by diverse novel therapeutic agents. PLoS One.
2014; 9:¢102741.

Marxer M, Ma HT, Man WY, Poon RY. p53 deficiency
enhances mitotic arrest and slippage induced by
pharmacological inhibition of Aurora kinases. Oncogene.
2014; 33:3550-60.

Ma HT, Erdal S, Huang S, Poon RY. Synergism between
inhibitors of Aurora A and KIF11 overcomes KIF15-
dependent drug resistance. Mol Oncol. 2014; 8:1404-18.
Amin M, Minton SE, LoRusso PM, Krishnamurthi SS,
Pickett CA, Lunceford J, Hille D, Mauro D, Stein MN,
Wang-Gillam A, Trull L, Lockhart AC. A phase I study of
MK-5108, an oral aurora a kinase inhibitor, administered
both as monotherapy and in combination with docetaxel,
in patients with advanced or refractory solid tumors. Invest
New Drugs. 2016; 34:84-95.

Falchook GS, Bastida CC, Kurzrock R. Aurora Kinase
Inhibitors in Oncology Clinical Trials: Current State of the
Progress. Semin Oncol. 2015; 42:832-48.

Fathi AT, Wander SA, Blonquist TM, Brunner AM, Amrein
PC, Supko J, Hermance NM, Manning AL, Sadrzadeh H,

57.

58.

59.

Ballen KK, Attar EC, Graubert TA, Hobbs G, et al. Phase
I study of the aurora A kinase inhibitor alisertib with
induction chemotherapy in patients with acute myeloid
leukemia. Haematologica. 2017; 102:719-27.

Goldberg SL, Fenaux P, Craig MD, Gyan E, Lister J,
Kassis J, Pigneux A, Schiller GJ, Jung J, Jane Leonard
E, Fingert H, Westervelt P. An exploratory phase 2 study
of investigational Aurora A kinase inhibitor alisertib
(MLNS8237) in acute myelogenous leukemia and
myelodysplastic syndromes. Leuk Res Rep. 2014; 3:58-61.

Falchook GS, Venkatakrishnan K, Sarantopoulos J,
Kurzrock R, Mita AC, Fu S, Mita MM, Zhou X, Jung JA,
Ullmann CD, Milch C, Rosen LS. Relative bioavailability
of a prototype oral solution of the Aurora A kinase inhibitor
alisertib (MLN8237) in patients with advanced solid
tumors. Int J Clin Pharmacol Ther. 2015; 53:563-72.

Manning AL, Longworth MS, Dyson NJ. Loss of pRB
causes centromere dysfunction and chromosomal instability.
Genes Dev. 2010; 24:1364-76.

www.oncotarget.com

1659

Oncotarget


www.oncotarget.com
www.oncotarget.com

