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A B S T R A C T   

The Aurora-A kinase (AurkA) and its major regulator TPX2 (Targeting Protein for Xklp2) are key mitotic players 
frequently co-overexpressed in human cancers, and the link between deregulation of the AurkA/TPX2 complex 
and tumourigenesis is actively investigated. Chromosomal instability, one of the hallmarks of cancer related to 
the development of intra-tumour heterogeneity, metastasis and chemo-resistance, has been frequently associated 
with TPX2-overexpressing tumours. In this study we aimed to investigate the actual contribution to chromosomal 
instability of deregulating the AurkA/TPX2 complex, by overexpressing it in nontransformed hTERT RPE-1 cells. 
Our results show that overexpression of both AurkA and TPX2 results in increased AurkA activation and severe 
mitotic defects, compared to AurkA overexpression alone. We also show that AurkA/TPX2 co-overexpression 
yields increased aneuploidy in daughter cells and the generation of micronucleated cells. Interestingly, the 
p53/p21 axis response is impaired in AurkA/TPX2 overexpressing cells subjected to different stimuli; consis-
tently, cells acquire increased ability to proliferate after independent induction of mitotic errors, i.e. following 
nocodazole treatment. Based on our observation that increased levels of the AurkA/TPX2 complex affect chro-
mosome segregation fidelity and interfere with the activation of a pivotal surveillance mechanism in response to 
altered cell division, we propose that co-overexpression of AurkA and TPX2 per se represents a condition pro-
moting the generation of a genetically unstable context in nontransformed human cells.   

1. Introduction 

Chromosomal instability (CIN) is a cancer-driver condition strictly 
linked with tumour aggressiveness, metastatisation, relapses and 
chemo-resistance [1,2]. CIN can originate from multiple routes [3] and 
is strongly associated with the occurrence of mitotic errors [4], that also 
represent a typical feature of cancer cells [5]. Indeed, a strong correla-
tion between alteration of mitotic genes and CIN has been highlighted in 
cancer [6,7]. Two of these genes, AURKA and TPX2 encode for the 

subunits of a hetero-complex involved in spindle assembly and mitotic 
execution [8]. Aurora Kinase A (AurkA) is a serine-threonine kinase with 
well characterised functions in centrosomes maturation, mitotic entry 
and progression [9]. TPX2 (Targeting Protein for Xklp2), a microtubule 
(MT) binding protein, plays a pivotal role in spindle assembly and 
mitosis execution and is the best characterised regulator of AurkA 
[8,10]. With its N-terminal region, TPX2 binds AurkA, thereby recruit-
ing the kinase on spindle microtubules [11,12], stabilising its protein 
levels [13] and its active conformation [14,15]. AurkA and TPX2 are 
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frequently co-overexpressed in several tumour types, in some cases due 
to gain of chromosome 20q, where the coding genes are located 
[16–21]. This has suggested a possible involvement of the AurkA/TPX2 
complex as an oncogenic unit in cancer [22], with a potential interest as 
therapeutic target [23–25]. Of note, TPX2 increased expression displays 
the highest association score with CIN tumours, ranking first in the 
identified CIN70 signature [6]. Despite this link, overexpressing TPX2 in 
nontransformed cells mainly affects mitotic progression and nuclear 
reconstitution at mitotic exit with no apparent effect on chromosome 
segregation or micronuclei induction [26]. On the other hand, co- 
overexpression of other tumour-promoting factors, as proposed for 
MYC [27], may modify the outcome of high TPX2 expression, thereby 
promoting CIN. Interestingly, a CIN4 chromosomal instability signature 
of overexpressed genes, derived from the previously mentioned CIN70, 
includes both TPX2 and AurkA and defines tumour aneuploidy, with 
prognostic value in breast cancer patients [28]. Significance of the 
whole AurkA/TPX2 signalling axis for the survival of chromosomal 
unstable cancer cells was also recently proposed, with viability of 
BRCA2-deficient cancer cells being reduced by depletion of either 
component [29]. On these bases, in this work we explored the possibility 
that AurkA/TPX2 co-overexpression is particularly relevant for the 
generation and propagation of CIN in nontransformed cells, compared 
with overexpression of the single components. To this aim, we chose the 
near-diploid nontransformed, genetically stable, hTERT RPE-1 cell line 
previously used for the investigation of TPX2 overexpression effects 
[26], and induced overexpression of the whole complex, or AurkA alone. 
We show that excess AurkA requires TPX2 co-overexpression to achieve 
increased and aberrantly distributed kinase activity in mitotic cells, 
which interferes with the chromosome segregation process, yielding 
generation of micronucleated cells. Interestingly, AurkA overexpression 
also interferes with p53 stabilisation and impairs its response to cellular 
stresses including mitotic delay or nocodazole-induced chromosomal 
instability. Together these data suggest the possibility that genomically 
unbalanced cells generated by high levels of the AurkA/TPX2 complex 
also harbour tolerance to stress that enables their proliferation, thus 
contributing to the establishment of a protumourigenic genetically un-
stable context. 

2. Materials and methods 

2.1. Cell cultures, synchronisation protocols and treatments 

The human hTERT RPE-1 - epithelial cell line immortalised with 
hTERT- (kind gift of Prof. Jonathon Pines) and the derived stable cell 
lines for inducible overexpression of AurkA and/or TPX2 [21,26,30], 
were grown at 37 ◦C and 5 % CO2 in complete DMEM/F12 (Dulbecco's 
Modified Eagle Medium F-12) supplemented with 10 % tetracycline-free 
foetal bovine serum (FBS). Stable hTERT-immortalised dermal fibro-
blasts (HF) [31] overexpressing AurkA alone or in combination with 
FLAG-TPX2 in an inducible manner were generated using the previously 
described plasmids and procedure [26,30]. Culture conditions were as 
above, in complete DMEM medium. 

Expression of exogenous proteins was induced by administration of 
1 μg/ml doxycycline hyclate (tetracycline analogue; Santa Cruz 
Biotechnology) for 24 h, unless otherwise indicated. Stable transgenic 
hTERT RPE-1 cell lines for constitutive expression of AurkA and TPX2 
were generated by infection with the lentiviral vectors pLV[Exp]-Puro- 
CMV > hAURKA (VB900000-1420ztx, VectorBuilder) and pLV[Exp]- 
Bsd-EF1A > hTPX2 (VB900120-6505ssf, VectorBuilder). Cells infected 
with empty pLV vector were used as control. Culture conditions were as 
above with 10 % FBS. 

When indicated, cells were treated as follows (a) 100 μM monastrol 
(Tocris) for 12 h to arrest cells in prometaphase; (b) 2 mM thymidine 
(Sigma-Aldrich) for 24 h followed by 10 h release in thymidine-free 
medium and mechanical shake-off, to collect and re-plate mitotic cells; 
(c) for Fig. 4F, 8 h after thymidine wash out monastrol was added for 12 

h; cells were subsequently collected by mechanical shake-off, replated in 
drug-free medium and harvested after 10 h; (d) 1 nM MLN8237 (Selleck 
Chemical) for 24 h to partially inhibit the kinase activity of AurkA; (e) 
100 ng/ml nocodazole (Sigma-Aldrich) for 12 h, to arrest cells in 
prometaphase, followed by wash-out in drug free-medium and har-
vesting after 24 h. To perform the BrdU incorporation assay, mitotic 
nocodazole-treated cells were collected through mechanical shake-off, 
re-plated in a BrdU-containing medium (Sigma-Aldrich, 5 μM), and 
fixed at the indicated time points; (f) 0.5 μM Camptothecin (CPT, Sigma 
Aldrich) for 20 h to induce DNA damage; (g) 20 μM Nutlin-3 (Cayman 
Chemical) was used for 20 h to induce p53 stabilisation. 

2.2. Real-time PCR 

Total RNA was extracted and reverse-transcribed as described in 
[32]. Primers were designed as follows: 

p21-FW: 5′-TGGAGACTCTCAGGGTCGAAA-3′; 
p21-REV: 5′-GGCGTTTGGAGTGGTAGAAATC-3′. 
p53-FW: 5′-GTCTGGGCTTCTTGCATTCT-3′; 
p53-REV: 5′-AATCAACCCACAGCTGCA-3′. 
TBP-FW: 5′-TGCCCGAAACGCCGAATATAATC-3′; 
TBP-REV: 5′-TGGTTCGTGGCTCTCTTATCCTC-3′. 
Relative quantification was performed by the comparative cycle 

threshold method [33]. The mRNA expression values were normalised 
to those of the TBP (TATA-box–binding protein) gene used as an 
endogenous control. One control mRNA derived from control cells 
treated with DMSO, was randomly chosen as control calibrator. 

2.3. Immunofluorescence 

Cells grown on coverslips were fixed by (i) -20 ◦C methanol, 6 min or 
(ii) 3.7 % formaldehyde/30 mM sucrose in PBS, 10 min at room tem-
perature, followed by permeabilisation in PBS containing 0.1 % TritonX- 
100, 5 min at room temperature. Blocking and incubations with primary 
and fluorescently-labelled secondary antibodies were performed at 
room temperature in PBS containing 0.05 % Tween and 3 % BSA. Cells 
were counterstained with 4,6-diamidino-2-phenylindole (DAPI, 0.1 μg/ 
ml; Sigma-Aldrich) and mounted using Vectashield (Vector Labora-
tories). Primary antibody incubations were carried out for 1 h, except for 
γH2AX, p53 and p21 detection (overnight incubation at +4 ◦C) and 
centrin detection (2 h at RT). Primary antibodies and used concentra-
tions/dilutions are listed in Table 1. Samples were analysed using (i) a 
Nikon Eclipse 90i microscope equipped with 20× (N.A. 0.5), 40× (N.A. 
0.75) and 100× (oil immersion; N.A. 1.3) objectives and a Qicam Fast 
1394 CCD camera (QImaging) or (ii) with an inverted microscope 
(Eclipse Ti, Nikon) using a 60× (oil immersion, N.A. 1.4) objective and a 
DS-Qi1Mc camera (Nikon) or (iii) with a confocal spinning disk micro-
scope (Crest X-Light V3) equipped with the Kinetix sCMOS camera 
(Teledyne Photometrics), a 60× (oil immersion, N.A. 1.4) objective and 
CELESTA lasers (Lumencor). Images were acquired using Nis-Elements 
AR (Nikon); elaboration and processing were performed using Nis- 
Elements HC (Nikon), using the 2D deconvolution module, and Adobe 
Photoshop CS 8.0. 

2.4. In situ proximity ligation assay (isPLA) 

In situ proximity ligation assay (isPLA) was performed on cells grown 
on coverslips and fixed with formaldehyde (see previous section) using 
the Duolink PLA kit (DUO92007, Sigma-Aldrich) according to manu-
facturer's instructions. The amplification time was 45 min and the pri-
mary antibodies pair to detect the interaction was mouse anti-Aurora-A/ 
rabbit anti-TPX2. In the same reactions, IF staining of the spindle was 
performed using a chicken anti-α-tubulin antibody. Used primary anti-
bodies concentrations/dilutions are listed in Table 1. DNA was stained 
with DAPI as above. For quantification of isPLA fluorescence signals, 
images of mitotic cells were acquired using a 60× objective (oil 
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immersion; N.A. 1.4), along the z-axis every 0.4 μm for a range of 8 μm. 
The “general analysis” module of NIS-Elements H.C. 5.11 was used for 
automatic recognition and counting of interaction dots inside the whole 
cell in the Maximum Intensity Projection images. 

2.5. Metaphase spread 

Cells were treated with 0.2 μg/ml colchicine (Sigma-Aldrich) for 4 h, 
trypsinized and harvested by centrifugation at 400g for 10 min. Cells 
were swollen by adding 75 mM KCl dropwise and incubated at 37 ◦C for 
10 min, then centrifuged at 250g for 10 min. Cell pellet was resuspended 
adding dropwise 5 ml of cold Carnoy's fixative [methanol/acetic acid 
(3:1 v/v)] and incubated for 10 min on ice. After repeating the last step 
twice, cells were dropped onto iced slides. After the slides have dried, 
chromosomes were stained with 3 % Giemsa solution (VHR Chemicals). 

2.6. Fluorescence in situ hybridization (FISH) 

Cells grown on slides were swollen by adding 75 mM KCl dropwise 
and incubated at 37 ◦C for 10 min, then fixed by adding cold Carnoy's 
fixative [methanol/acetic acid (3:1 v/v)] dropwise and incubating slides 
for 10 min on ice. After repeating the last step twice, the slides were air 
dried and stored at − 20 ◦C for a week. The slide-mounted cells were 
treated with RNaseA [100 μg/ml in 2× saline‑sodium citrate (SSC) 
buffer] at 37 ◦C for 30 min, dehydrated in a 70 %/80 %/100 % ethanol 

series, treated with proteinase K (0.6 μg/ml in 2× SSC) for 5 min at 37 ◦C 
and dehydrated again in a 70 %/80 %/100 % ethanol series. The DNA 
was denatured by slides immersion in 70 % formamide for 5 min at 
70 ◦C. Denatured slides were dehydrated in ice-cold 70 %/90 %/100 % 
ethanol series and then air dried. The probe mixture (XCE 7/8 DNA 
probe, Metasystems) was applied to dried slides, before a coverslip was 
added and sealed with rubber cement. Slides were heated on a hotplate 
at 75 ◦C (±1 ◦C) for 2 min and incubated at 37 ◦C. Following overnight 
incubation at 37 ◦C, the slides were incubated in 0.4× SSC at 72 ◦C for 2 
min and washed in 2× SSC/0.5 % Tween-20 at room temperature for 30 
s, then rinsed briefly in distilled water. After the slides have dried, cells 
were counterstained with 4,6-diamidino-2-phenylindole (DAPI, 0.1 μg/ 
ml; Sigma-Aldrich). Images were acquired using a confocal spinning disk 
microscope (Crest X-Light V3) equipped with the Kinetix sCMOS camera 
(Teledyne Photometrics), a 60× (oil immersion, N.A. 1.4) objective and 
CELESTA lasers (Lumencor). 

2.7. Time lapse video-recording microscopy 

Cells seeded in 4-well micro-slides (Ibitreat, 80426, Ibidi) were 
observed with an inverted microscope (Eclipse Ti, Nikon) using a 40×
(Plan Fluor, N.A. 0.60, DIC) objective (Nikon). During the whole regis-
tration cells were kept in a microscope incubator (Basic WJ, Okolab) at 
37 ◦C in 5 % CO2. DIC images were acquired every 5 min over 48 h using 
a Clara camera (ANDOR technology), and the NIS-Elements AR 3.22 
software (Nikon). Movie processing and analysis were performed with 
Nis-Elements HC 5.02 (Nikon). 

2.8. Western blotting 

Cells were lysed in RIPA buffer (50 mM Tris–HCl pH 8.0, 150 mM 
NaCl, 1 % NP40, 1 mM EGTA system, 0.25 % sodium deoxycholate) 
supplemented with protease and phosphatase inhibitors (Roche Diag-
nostic). Proteins were resolved by 10 or 12 % SDS PAGE and transferred 
on a nitrocellulose membrane (Protran BA83, GE Healthcare) using a 
semi-dry system (Bio-Rad). Blocking and antibody incubations were 
performed at room temperature in Tris-buffered saline (TBS) containing 
0.1 % Tween and 5 % low fat milk, except for p-Thr288 AurkA (Tris- 
buffered saline (TBS) containing 0.1 % Tween and 5 % BSA). Primary 
antibody incubations were carried out for 1 h, except for p53 and p21 
detection (overnight incubation at +4 ◦C). Primary antibodies and used 
concentrations/dilutions are listed in Table 1. HRP-conjugated second-
ary antibodies (Santa Cruz Biotechnology, Bio-Rad) were revealed using 
the Clarity Western ECL Substrate (Bio-Rad, 1705061). Adobe Photo-
shop CS 8.0 software was used for the analysis. For each band within the 
same filter, the same selection area was used. The signal intensity was 
measured and background was subtracted. Signals were normalised on 
the GAPDH (loading control) signal. 

2.9. FACS analysis 

Preparation and analysis of propidium iodide-stained samples was 
performed as described in [21]. 

2.10. Statistical analyses 

Data were statistically analysed using the InStat3 Graphpad 7 by: (i) 
unpaired t-tests and ordinary one-way ANOVA multiple comparison 
tests for measurements of continuous variables; when samples were not 
normally distributed, the Mann–Whitney and Kruskal–Wallis tests, 
respectively, were used instead; (ii) χ2 (Fisher's exact) tests, in the 
contingency tables analyses for measurements of categorical variables. 
The number of replicates and sample size are indicated in the corre-
sponding figure legends. The criterion for statistical significance (*) was 
set at p < 0.01. 

Statistical analysis of Western blot data was performed using the 

Table 1 
Primary antibodies list.  

Antibody Company Application Dilution Identifier 

Mouse anti- 
Aurora-A 

BD Bioscience IF/isPLA 0.5 μg/ 
ml 

Cat#610939; 
RRID: AB_398251 

WB 0.2 μg/ 
ml 

Rabbit anti- 
phospho- 
Aurora-A 
(Thr288) 

Cell Signalling 
Technology 

IF 1:100 Cat#3079 clone 
C39D8; 
RRID: 
AB_2061481 

WB 1:500 

Anti-BrdU Dako IF 1:50 Cat# M0744; 
RRID: AB 
_10013660 

Mouse anti- 
centrin 

Millipore IF 1 μg/ml Cat#04-1624; 
RRID: AB 
_10563501 

Human anti- 
centromere 

Antibodies 
Incorporated 

IF 1:20 Cat#15234; 
RRID: 
AB_2687472 

Mouse anti- 
cyclin B1 

BD Biosciences WB 1:200 Cat# GNS1, 
554177; RRID: 
AB_395288 

Mouse anti- 
γH2AX 

Millipore IF 1:300 Cat#05636; 
RRID: AB_309864 

Mouse anti- 
GAPDH 

Santa Cruz 
Biotechnology 

WB 1:1000 Cat#Sc32233; 
RRID: AB_627679 

Rabbit anti- 
lamin B1 

Abcam IF 1 μg/ml Cat#ab16048; 
RRID: AB_443298 

Rabbit anti- 
p21 

Cell Signalling 
Technology 

IF and WB 1:1000 Cat#2947; RRID: 
AB_823586 

Mouse anti- 
p53 

Cell Signalling 
Technology 

IF 1:300 Cat#48818; 
RRID: 
AB_2713958 

WB 1:1000 

Rabbit anti- 
pericentrin 

Abcam IF 1 μg/ml Cat#Ab4448; 
RRID: AB_304461 

Rabbit anti- 
TPX2 

Novus 
Biologicals 

IF/isPLA 1:1500 Cat#NB500-179; 
RRID: AB_527246 WB 1:500 

Mouse anti- 
α-tubulin 

Sigma-Aldrich IF 2 μg/ml Cat#T5168; 
RRID: AB_477579 

Mouse anti- 
α-tubulin- 
FITC 

Sigma-Aldrich IF 20 μg/ 
ml 

Cat#F2168; 
RRID: AB_476967 

Chicken anti- 
α-tubulin 

Abcam IF 1:100 Cat#Ab89984; 
RRID: AB 
_10672056  
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InStat3 Graphpad 7, with unpaired t-test and ordinary one-way ANOVA 
multiple comparison test, with a criterion for statistical significance (*) 
set at p < 0.05. 

3. Results 

3.1. Overexpression of AurkA or AurkA/TPX2 differentially affects 
spindle assembly and chromosome segregation 

AurkA and TPX2 increased levels are observed in human cancers and 
tumour cells, with frequent occurrence of co-overexpression 
[16–18,22,24]. In order to address the consequences of AurkA and 
TPX2 co-overexpression on the mitotic process and chromosome 
segregation fidelity in a nontransformed background, we generated 
near-diploid hTERT RPE-1 cell lines genetically engineered to obtain 
increased levels of AurkA alone or in combination with TPX2 (AurkA/ 
TPX2) after doxycycline (dox) administration [21,30]. As a control we 
used the same cells cultured without dox (referred to as CTR) while the 
TPX2 alone expressing RPE-1 cells have been previously described [26]. 

Increased levels of AurkA and TPX2 in the overexpressing cells after 24 h 
of induction were verified by Western blot (WB) in extracts from in-
terphases, or mitotic –monastrol arrested– cells, collected by mechanical 
shake-off (Fig. 1A and Fig. S1). This corresponded to a strong increase in 
AurkA/TPX2 complex formation on the mitotic spindle, as assessed by in 
situ Proximity Ligation Assay (isPLA), with respect not only to CTR mi-
toses but also to prometa-metaphases (PM/Ms) overexpressing AurkA 
alone (Fig. 1B). Interestingly, the mitotic localisation of AurkA, when 
overexpressed with TPX2, was not restricted to the spindle poles, but 
extended along MTs, following TPX2 localisation at the mitotic spindle 
(Fig. 1C). Since the interaction with TPX2 is required for the stabilisation 
and complete activation of AurkA, we verified whether the increased 
amount of the complex yielded an up-regulation of its kinase activity. 
Indeed, while AurkA levels were increased both upon AurkA and AurkA/ 
TPX2 overexpression, a strong increase of AurkA-Thr288 auto-phos-
phorylation is observed only in AurkA/TPX2 mitotic extracts (Fig. S1B); 
furthermore, this robust increase in auto-phosphorylation is not 
observed when AurkA is overexpressed with TPX2Δ43 (Fig. S1B), 
defective for AurkA interaction [14,21]. By immunofluorescence (IF) we 

Fig. 1. AurkA/TPX2 co-overexpression determines mis-localisation and enhanced activity of AurkA in mitosis. (A) WB shows increased levels of AurkA and TPX2 in 
mitotic cells in the indicated cell lines (CTR are non-induced cultures). GAPDH was used as loading control. (B) Panels show representative examples of AurkA/TPX2 
isPLA signals in mitotic cells from indicated cell lines, quantified (interaction spots per cell) in the dot plot below. (C) IF panels show representative images of the 
localisation of AurkA (magenta) and TPX2 (green) in mitotic cells in the indicated cell lines. (D) Histograms represent the different localisation patterns (exemplified 
in the IF panels) of p-Thr288 AurkA signal in prometa/metaphases (PM/Ms) in the indicated cell lines. Ext. poles: extended poles. At least 50 (B) and 150 (D) PM/Ms 
per condition, from 3 independent experiments, were analysed. Standard deviations are shown. ***p < 0.0001, Kruskal-Wallis (B) or χ2 (Fisher's exact) (D) test. Scale 
bars: 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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revealed that in the AurkA/TPX2 cells the phosphoThr288-AurkA (p- 
Thr288) signal was not restricted to centrosomes, as in CTR mitoses, but 
displayed a clear staining at MTs (Fig. 1D). These results indicate that 
co-overexpression of AurkA and TPX2 in nontransformed cells yields 
increased formation of the complex, resulting in mis-localisation and 
enhanced activity of AurkA with respect to overexpression of AurkA 
alone. Interestingly, a similar condition was described following inac-
tivation of the PP6 phosphatase that targets AurkA within the AurkA/ 
TPX2 complex, and was associated with chromosome mis-segregation, 
micronucleation and DNA damage [34,35], suggesting that unsched-
uled AurkA/TPX2 activity contributes to chromosomal instability. 

In order to assess whether the differences observed in AurkA local-
isation and auto-phosphorylation state in AurkA- vs AurkA/TPX2 over-
expressing mitoses resulted in distinct mitotic phenotypes, we analysed 
spindle structure and mitotic progression in the two cell lines. By 
staining MTs in IF experiments, we observed that following AurkA 
overexpression alone cells displayed a bipolar spindle structure com-
parable to control cells, while the majority of AurkA/TPX2 over-
expressing mitoses had disorganised spindles (Fig. 2A), to a higher 
extent compared to what previously observed in the TPX2-only over-
expressing cultures [26]. Concomitant analysis of the centrosomes, by 
visualising the pericentriolar material (PCM) component pericentrin, 
indicated that despite bipolar, mitotic spindles in about 23 % of AurkA 
overexpressing PM/Ms showed splayed poles containing fragmented 
PCM. Fragmentation of the PCM, also with foci scattered in the cell, was 
more frequently represented (about 70 % of PM/Ms) in the AurkA/TPX2 
overexpressing cells (Fig. 2B). To investigate if multiple PCM spots re-
flected centriole abnormalities, we performed a pericentrin and centrin- 
1 costaining. In the large majority of PM/Ms. in both AurkA and AurkA/ 
TPX2 overexpression conditions, 2 centriole pairs were present regard-
less of PCM fragmentation. Only upon AurkA/TPX2 co-overexpression a 
fraction of PM/Ms (15 %) displayed splitted centrioles in PCM frag-
mented spots (Fig. 2B), likely reflecting a strong loss of integrity of the 
centrosomes under this condition. To analyse whether this altered 
centrosome/spindle structure affected mitotic progression, we per-
formed time-lapse video recording experiments. Consistent with the 
absence of strong spindle abnormalities, the cell line overexpressing 
AurkA alone underwent an apparently normal mitosis, with a small 
fraction of cells undergoing a slight delay in prometaphase (Fig. 2C-D). 
About 56 % of mitotic cells overexpressing AurkA/TPX2 instead un-
derwent a strongly delayed prometaphase (average time from mitotic 
cell round up to chromosome segregation: 114′, compared to 17′ in 
control mitoses), similarly to what was observed in TPX2-only over-
expressing mitoses [26]. Parallel analyses of fixed samples highlighted 
an accumulation of PM/M cells compared to control cultures (Fig. 2E), 
confirming a delayed progression through these mitotic substages. 
Nonetheless, only 8 % of the delayed mitoses resulted in mitotic failure 
while the large majority completed cell division (Fig. 2D), suggesting 
that these cells were eventually able to organise a pseudo-bipolar spin-
dle, an ability often observed in cancer cells [5,36]. PM delay frequently 
results from defective MT-kinetochore attachments. Consistently, we 
found a significant increase in mis-aligned chromosomes in metaphase 
in AurkA/TPX2 overexpressing cells (Fig. 2F). In order to investigate the 
consequences of the PM/M defects observed upon AurkA/TPX2 co- 
overexpression on chromosome segregation fidelity, we analysed ana- 
telophases. About 15 % of AurkA/TPX2 overexpressing ana-telophases 
displayed lagging chromosomes, compared to about 6 % in AurkA 
overexpressing mitoses (Fig. 2G). Interestingly, in AurkA alone over-
expressing cells, we observed chromosome bridges in about 15 % ana- 
telophases, a defect that was not significantly represented in cells 
overexpressing the whole AurkA/TPX2 complex (Fig. 2G). Neither 
chromosome bridges nor lagging chromosomes had been previously 
detected in TPX2-only overexpressing ana-telophases [26]. To rule out 
the possibility that the observed phenotypes were specific of hTERT 
RPE-1 cells, we generated a parallel set of AurkA or AurkA/TPX2 
overexpressing cell lines in immortalised HFs (Fig. S2). Similar to what 

had been observed in RPE-1 cells, AurkA/TPX2 overexpressing mitoses, 
but not those overexpressing AurkA alone, accumulated in PM/M, dis-
played mis-aligned chromosomes in metaphase and lagging chromo-
somes in ana-telophase. Overexpression in HFs also confirmed the 
appearance of chromosome bridges in a fraction of anaphases over-
expressing AurkA. 

Overall results shown so far indicate that co-overexpressing TPX2 
and AurkA produces significant differences in terms of AurkA local-
isation, activity and ensuing mitotic defects, compared to over-
expression of the kinase alone. 

3.2. Overexpression of the AurkA/TPX2 complex leads to kinase- 
dependent micronucleation 

We then investigated the impact of the observed mitotic defects on 
the resulting progeny by performing, after 36 h of dox induction, 
metaphase spreads and interphase fluorescent in situ hybridization 
(FISH) analyses. Metaphase spread analysis revealed the occurrence of 
whole chromosome unbalances (Fig. 3A) in AurkA overexpressing cells, 
which were induced to a higher extent upon co-overexpression with 
TPX2. Consistent with our previous observations [26], cells over-
expressing TPX2 alone did not differ from controls (Fig. S3A). For FISH 
analyses, we counted signals corresponding to chromosomes 7 and 8 in 
primary nuclei of asynchronously growing AurkA or AurkA/TPX2 
overexpressing cells. We found a significant increase in cells aneuploid 
for either chromosome 7 or 8, or for both chromosomes, with a stronger 
defect in the AurkA/TPX2 co-overexpressing cell line (Fig. 3B). Parallel 
analyses of interphase nuclei visualised by DAPI confirmed a stronger 
induction of defects in the AurkA/TPX2 overexpressing cells, compared 
to the AurkA ones (Fig. 3C, left histograms): besides doughnut-shaped 
nuclei that we previously described as a result of TPX2 overexpression 
[26], a fraction of multinucleated cells appeared, likely originating from 
the delayed PM/Ms that exited mitosis without division (see Fig. 2D). 
Importantly, a significant fraction of cells displaying micronuclei, which 
were not detected in AurkA-only (Fig. 3C) or TPX2-only [26] over-
expressing cultures, was also present (Fig. 3C), as also observed in 
AurkA/TPX2 overexpressing human fibroblasts (Fig. S2E). To directly 
link the appearance of these defects to the observed abnormal mitoses 
we repeated the analyses in a pure post-mitotic population, i.e., the 
progeny of the first division after dox induction. Briefly, cells were 
synchronised at the G1/S transition by thymidine treatment and AurkA 
or AurkA/TPX2 overexpression was induced by dox administration at 
the time of thymidine wash-out. After 10 h (roughly corresponding to 
the mitotic peak) mitotic cells were collected by mechanical shake-off 
and re-plated, and samples were fixed after 4–5 h. Binucleation, a 
possible consequence of the shake-off procedure on telophase cells, was 
represented to a low extent under all conditions (Fig. S3B). Importantly, 
almost 15 % of resulting daughter cells in the AurkA/TPX2 over-
expressing cultures displayed one or more micronuclei (Fig. 3C, right 
histograms). Data so far indicate the AurkA/TPX2 overexpressing con-
dition as highly relevant for the generation of chromosomal unstable 
cells and particularly of micronuclei. Increased kinase activity of AurkA 
on MTs, due to the depletion of PP6 kinase, has been reported to 
generate micronuclei and numerical aneuploidy, fuelling genome 
instability in HeLa and melanoma cancer cells [34,35]. Together with 
our previous observation that in hTERT RPE-1 TPX2 overexpression per 
se, despite the strong effects on mitotic spindle assembly, did not affect 
chromosome segregation [26], this suggests that induction of genome 
instability in AurkA/TPX2 overexpressing cells might be due to TPX2- 
mediated unscheduled AurkA activation at the mitotic spindle. To 
address this issue, we selectively interfered with AurkA kinase activity 
by treating cultures with MLN8237 (Fig. 3D). We chose a low concen-
tration of the inhibitor (1 nM), that did not impair physiological mitotic 
functions of AurkA in hTERT RPE-1, while restoring “near physiolog-
ical” levels and localisation of p-Thr288-AurkA in mitotic AurkA/TPX2 
overexpressing cells (Fig. S3C-F). After 24 h of dox induction and 
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Fig. 2. Differential mitotic defects induced by increasing AurkA or AurkA/TPX2 levels. Mitotic spindle (A) or centrosomes (B) defects (representative examples in IF 
panels) were scored in PM/M in the indicated cell lines. The insets in B show enlargements of the centrin staining. (C) The graph represents the time (minutes) 
required from round up to the beginning of chromosome segregation, in the indicated cell lines, from time lapse data. Each line represents a single cell. Selected 
frames in (D) show a normal mitosis (top), or a delayed prometaphase, followed by either cell division (middle) or re-adhesion without chromosome segregation 
(bottom). Minutes from round-up (t0) are indicated. Phenotype percentages are shown in the table on the right. Cells spending more than “average control time + 2 
standard deviations” in PM/M were considered as “delayed”. (E) Histograms show the percentage of dividing cells in the mitotic sub-stages (PM/M and A/T, ana- 
telophases) in fixed samples, for the indicated cell lines. The percentage of mitotic chromosome defects scored in metaphase (F) and ana-telophase (G) are shown. 
Representative examples are shown for E-G in the corresponding IF panels. A total of about 300 cells were counted per condition, from 3 independent experiments in 
A-E; for F and G, at least 130 mitotic cells, from 3 independent experiments, were scored. Standard deviations are shown. n.s., not significant; **p < 0.001; ***p <
0.0001, χ2 (Fisher's exact) test. Scale bars: 10 μm. 
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simultaneous MLN8237 treatment, we scored micronuclei, as a marker 
of mis-segregation events, in AurkA/TPX2 overexpressing cultures and 
found them significantly reduced compared to control (DMSO-treated) 
cultures (Fig. 3D). This result indicates that co-overexpression of TPX2 
impairs chromosome segregation by increasing AurkA kinase activity, 
thus representing a source of micronucleation in nontransformed cells. 
Micronuclei are considered a CIN hallmark, prone to defective segre-
gation in the subsequent mitosis [37,38], DNA damage [39] and nuclear 
envelope collapse [40], events that often result in extensive chromo-
somal rearrangements [41]. To further characterise micronuclei gener-
ated in the AurkA/TPX2 overexpressing cultures, we first analysed the 
presence of centromeric regions in these nuclear aberrations, by staining 
cells with the CREST (anti-centromere) antibody, to assess the presence 
of whole chromosomes trapped therein. As a control, we induced 
micronucleation in control cultures by nocodazole treatment/washout. 
In asynchronously growing cultures overexpressing the AurkA/TPX2 
complex, the majority of micronuclei displayed one or more CREST dots 
(Fig. 3E), indicative of centromere-positive mis-segregating chromo-
somes. We then analysed the lamin B1 status, as a read-out of the nuclear 
lamina network integrity, and γH2AX apposition, as a marker of DNA 
damage, in the micronuclei. About 50 % of micronuclei in AurkA/TPX2 
overexpressing cultures displayed a discontinuous or absent lamin B1 
rim (Fig. 3F), indicative of a compromised nuclear envelope, suggesting 
that micronuclei will undergo catastrophe [40]. Differently, only 20 % 
micronuclei displayed γH2AX foci (Fig. 3G): this result, together with 
the above evidence of whole chromosome mis-segregation events, is in 
agreement with the current idea that the transition through S phase is a 
step required for the induction of replicative stress-mediated DNA 
damage in micronuclei [39,41]. These observations taken together 
support the idea that TPX2-mediated booster of AurkA kinase activity 
increases its genomic instability potential. 

3.3. The p53/p21 response in AurkA/TPX2 overexpressing cells is 
affected in an AurkA-dependent manner 

Data so far indicate that AurkA/TPX2 co-overexpression results in 
perturbation of chromosome segregation in hTERT-immortalised, 
genetically stable human nontransformed cells. However, aberrant 
cells generated by an altered mitosis are generally arrested in their 
proliferation in the subsequent G1 phase [42]. Interestingly AurkA is a 
well-known negative regulator of p53, a key surveillance factor to pre-
serve genome integrity [43,44]. This evidence suggests the intriguing 
possibility that overexpression of AurkA and TPX2 on the one hand 
generates aberrant post-mitotic cells with micronuclei, prone to genome 
instability, while on the other hand affects the p53 response, enabling 
their proliferation. To explore this possibility, we first assessed whether 
overexpression of the AurkA/TPX2 complex generally affects the p53/ 
p21-mediated response, by using camptothecin (CPT) to induce DNA 
damage and p53 stabilisation. WB, IF and RT-PCR analyses indicated an 

impaired response to CPT treatment, as assessed by (i) a slight decrease 
in p53 protein levels (more evident in the single cell analyses of IF im-
ages), with no fluctuations in p53 mRNA levels under basal or CPT 
treatment conditions in all analysed cell lines (Fig. 4A and Fig. S4A-C); 
(ii) an impaired accumulation of p21, compared to CPT-treated control 
cells, at both the protein and mRNA levels, (Fig. 4A and Fig. S4A-C), 
consistent with the role of AurkA in the inhibition of p53 transcriptional 
functions. These effects were observed also in cells overexpressing 
AurkA alone (Fig. 4A and Fig. S4A-C). Since AurkA phosphorylation of 
p53 has been reported to regulate both p53 stability and transcriptional 
function [43,44], we treated cultures with Nutlin-3, an inhibitor of the 
E3 ubiquitin ligase MDM2, the main negative regulator of p53. Indeed, 
although Nutlin-3 treated cells displayed a partial restoration of p53 
levels when comparing control and AurkA or AurkA/TPX2 over-
expressing conditions, p21 levels remained low, confirming an addi-
tional effect of the kinase overexpression on p53-mediated transcription 
(Fig. 4B and Fig. S4D). 

We then analysed the stabilisation of p53, and the upregulation of 
p21 required for the cell cycle arrest, in micronucleated cells, hallmark 
of chromosomal instability scored in the AurkA/TPX2 overexpressing 
cells. Compared to the micronucleated cells in control cultures, those 
overexpressing the AurkA/TPX2 complex displayed a reduced signal 
intensity of both p53 and p21 (Fig. 4C). A similar effect on p21 levels 
was observed by WB analysis of overexpressing cultures analysed 24 h 
after nocodazole treatment/washout (Fig. 4D and Fig. S4E), when all 
cultures had exited mitosis, as indicated by the disappearance of cyclin 
B1 (Fig. S4F), which yielded comparable induction of micronuclei in 
control and AurkA/TPX2 overexpressing cultures (Fig. S4G). p53 sta-
bilisation and ensuing p21 accumulation can occur in response to DNA 
damage in micronuclei or to preceding mitotic delay [42,45,46]. We 
therefore subjected control, AurkA and AurkA/TPX2 overexpressing 
hTERT RPE-1 cultures to monastrol treatment/washout, which yields 
similar levels of p53 compared to CPT treatment (Fig. S4H), to analyse 
their ability to respond to a similar extent of mitotic delay. Upon AurkA 
and AurkA/TPX2 overexpression IF analyses indicated an impaired 
response of the p53-p21 axis (Fig. S4I). To rule out the contribution of 
interphase cells within the population which have not undergone cell 
division, we repeated the analysis in a pure post-mitotic population by 
monastrol-arrest/shake-off and re-plate (protocol in Fig. S4L). Again, we 
observed a slight decrease of p53 levels accompanied by a significant 
reduction of p21 in both AurkA and AurkA/TPX2 overexpressing cells, 
compared to control cells (Fig. 4E and Fig. S4M). To analyse whether the 
observed impairment in p53-mediated response to altered mitosis is 
relevant for subsequent progression through the cell cycle, we analysed 
the ability of hTERT RPE-1 constitutively expressing AurkA and TPX2 by 
lentiviral vectors to proceed to S phase after nocodazole-mediated 
mitotic arrest/release. To this aim, we treated cultures with nocoda-
zole for 12 h, then collected mitotic cells by shake-off, replated them in 
the presence of BrdU and analysed cultures every 24 h until 120 h [47]. 

Fig. 3. The AurkA/TPX2 complex overexpression induces abnormal karyotypes and micronuclei in a kinase-dependent manner. (A) Histograms represent the 
percentage of cells with decreased (2N-) or increased (2N+) number of chromosomes compared to the euploid chromosome mitotic content (2N) in control (CTR), 
AurkA and AurkA/TPX2 overexpressing cells. Examples of the different classes are depicted in the left panels, and the number of chromosomes for each example is 
indicated. At least 62 metaphase spreads were analysed per condition, from at least 3 independent experiments. (B) Analysis by FISH in the indicated cell lines show 
the percentage of interphase cells aneuploid for either chromosome 7 (magenta) or 8 (green), or for both chromosomes. Primary nuclei were considered for the 
analysis (representative images of the 3 classes are shown in the panels on the left). At least 830 interphasic cells were scored from 3 independent experiments. Black 
asterisks refer to the difference from the control cells, red ones to the difference between AurkA and AurkA/TPX2 overexpressing cells. (C) Histograms show the 
percentage of nuclear defects scored in the indicated cell lines in asynchronous growing cultures (left histograms) and in post-mitotic cells (right histograms). IF 
images show the different scored defects; an enlargement of the micronucleus is shown in the inset. At least 1490 interphasic cells were analysed per condition, from 
at least 3 independent experiments. (D) The percentage of micronucleated cells in the indicated cell lines after DMSO or 1 nM MLN8237 treatment is represented. At 
least 1500 cells per condition were counted from 3 independent experiments. (E-G) Characterisation of AurkA/TPX2-generated micronuclei, compared to those 
induced in control cells upon nocodazole treatment (12 h)/washout (5 h), for the presence of kinetochores (E, CREST staining), nuclear envelope integrity (F, lamin 
B1 status) and DNA damage (G, γH2AX staining). IF images represent examples of the analysed classes. The insets show enlargements of the micronuclei. At least 760 
micronuclei per condition, from 3 independent experiments, were analysed. Standard deviations are shown. n.s., not significant; *p < 0.01; **p < 0.001; ***p <
0.0001. χ2 (Fisher's exact) test. Scale bars: 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 4. The p53/p21 response to different stimuli is weakened in AurkA or AurkA/TPX2 overexpressing cells. (A) The WB on the left and the dot plots on the right (IF 
signal intensity) show p53 and p21 levels in the indicated cell lines after camptothecin (CPT) treatment or under basal conditions (− ). At least 800 cells, from 3 
independent experiments in each condition were analysed. (B) WB shows p53 and p21 levels in the indicated cell lines after Nutlin-3 treatment. (C) Dot plots on the 
right show the signal intensity of p53 and p21 inside primary nuclei of cells with (+) or without (− ) micronuclei in the indicated cell lines. Examples are depicted on 
the left (arrowed micronuclei). At least 40 cells per condition from at least 3 independent experiments were analysed. (D) WB shows p53 and p21 levels in the 
indicated cell lines in asynchronously growing cultures (− ) or after nocodazole washout (+). (E) WB showing p53 and p21 levels in the indicated cell lines after 
monastrol shake-off/replating. For the WB in A, B, D, E, GAPDH is the loading control. (F) Histograms represent the percentage of BrdU-positive cells at the indicated 
time points after nocodazole treatment, mitotic shake-off and replate in control and AurkA/TPX2 cell lines. On the left, IF representative images of BrdU signals in the 
cell cultures after 120 h from replate are shown. At least 560 interphasic per condition from at least 3 independent experiments were scored. Asterisks indicate the 
significance respect to the control culture at each time point. (G) The dot plot shows the analysis of p21 fluorescence signal intensity after nocodazole treatment/ 
washout (time points are indicated) in control and AurkA/TPX2 overexpressing cells. At least 400 cells, per conditions from 3 independent experiments, were 
analysed. Red asterisks refer to the difference from the control cell line at each time, black ones to the difference between different time points within the same cell 
line. Standard deviations are shown. n.s., not significant; *p < 0.01; **p < 0.001; ***p < 0.0001, Kruskal-Wallis ANOVA or χ2 (Fisher's exact) (F) test. Scale bars: 10 
μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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As expected, the percentage of BrdU positive cells remained around 5 % 
at all time points in control cultures. Instead, from 72 h of replating 
AurkA/TPX2 expressing cultures increasingly displayed BrdU incorpo-
rating cells, with about 15 % positive cells detected at 120 h (Fig. 4F). 
Consistently, p21 levels were significantly lower in parallel nocodazole 
arrested/released samples (Fig. 4G). These results support the hypoth-
esis of weakened p53 control to mitotic aberrations upon AurkA/TPX2 
overexpression, permitting the proliferation of cells that originated from 
altered cell division. 

4. Discussion 

Chromosome segregation is a crucial step in cell division, and not 
surprisingly altered expression of the master genes of the mitotic process 
represents a signature of chromosome instability in tumours [6], with 
the potential of driving cancer cells evolution and adaptation. In this 
study we focused on the AurkA and TPX2 mitotic regulators and on the 
effects of their co-overexpression, frequently observed in cancer [22], on 
the impairment of mitotic fidelity and its consequences. Indeed, despite 
AurkA being considered a proto-oncogene, investigation of its role in 
cell transformation reveals multifaceted and debated functions. Previous 
studies in cancer cell lines highlighted spindle and chromosome segre-
gation defects upon AurkA overexpression, with some variability 
depending on the system [48,49], supporting the idea that additional 
deregulated genes in these cancer cell lines contribute to phenotype 
generation and that different genetic backgrounds may modulate the 
effects of AurkA overexpression on genome integrity. Similarly, despite 
TPX2 overexpression being associated with CIN and cancer [6,28,50] 
how it impacts chromosome segregation fidelity is not yet clarified. 
Recently, we reported that excess TPX2 in nontransformed cells does not 
induce lagging chromosomes or micronuclei, but rather affects nuclear 
envelope reassembly at mitotic exit [26]. Interestingly, the AurkA/TPX2 
axis has been proposed as crucial for the survival of genomically un-
stable cancer cells [29] and a CIN4 including AurkA and TPX2, together 
with FOXM1 and TOP2A, associates with aneuploidy and tumour pro-
liferation [28]. Supporting the importance of the AurkA/TPX2 complex 
in the generation of chromosomal instability in cancer, studies have 
shown that increased AurkA activity within the AurkA/TPX2 complex, 
due to PP6 depletion, induces lagging chromosomes and micronuclei 
[34], linked with the increased phosphorylation of NDC80 by AurkA 
[51]. Similar results were obtained in melanoma cells bearing PP6 
inactivating mutations [35]. In the present study we analysed the con-
sequences of overexpressing in nontransformed cells AurkA alone or 
AurkA/TPX2, both on AurkA activation and chromosome segregation 
fidelity. In our study, increased levels of AurkA lead to mild aneuploidy 
induction, consistent with results obtained in epithelial nontransformed 
MCF10A cells by transient transfection [52]. Instead, tetraploidy, re-
ported for transient overexpression in murine embryonic fibroblasts 
[48], was not observed; this could be due to species-dependent out-
comes, consistent with phenotypes observed in mouse models [53,54], 
or to different levels of overexpression yielded in transient vs stable and 
inducible expression. When TPX2 was co-overexpressed with AurkA we 
found that mis-aligned and lagging chromosomes increased compared to 
cells overexpressing AurkA alone, leading to stronger numerical aneu-
ploidy and micronuclei generation, an event that rarely occurs in hTERT 
RPE-1 cells under unperturbed condition [55]. Interestingly, in our co- 
overexpression conditions we found an extended p-Thr288 AurkA 
signal at poles and spindle MTs, similarly to that observed as a PP6 
depletion consequence in melanoma cancer cells [35]. This suggests that 
the AurkA/TPX2 co-overexpression overcomes the negative regulation 
of the complex by PP6 on spindle MTs. Consistent with the hypothesis 
that the mis-segregation events scored in our AurkA/TPX2 

overexpressing cells are linked with the increased activation of AurkA, 
restoring its physiological activity with low doses of MLN8237 reduced 
micronuclei generation, as also occurred in PP6c depleted cells in pre-
viously published research [35]. On the contrary, mitotic delay was not 
rescued, supporting the idea of a strong contribution to this defect of 
TPX2 overexpression, as also indicated by results obtained with the 
TPX2 overexpressing cell line [26]. Based on observation carried out in 
PP6CKO cells we may speculate that defects observed in our system 
upon AurkA/TPX2 overexpression are somehow linked to aberrant 
phosphorylation of the NDC80 complex [51]. Another interesting pos-
sibility is that the abnormal distribution of active AurkA along spindle 
MTs disrupts the Aurora kinases gradient required for correct chromo-
some alignment and segregation [56,57], or that unscheduled AurkA 
activity in space and time impact on phosphorylation of AurkB 
substrates. 

Interestingly, the presence of chromosome bridges in AurkA over-
expressing cells suggests possible alterations occurring in S phase which 
may be linked to the newly discovered function of AurkA on replicative 
forks [58,59]. This defect may account for the aneuploidy scored in our 
AurkA overexpressing cell line. Given the complexity of the mechanisms 
through which DNA bridges can evolve in genome instability or rather 
be resolved [60–62], it will be interesting to investigate their origin, as 
well as their fate, in AurkA overexpressing conditions. On the other 
hand, the reduction of the defect when TPX2 has been co-overexpressed 
with the kinase, suggests potential protecting functions of TPX2 (or the 
AurkA/TPX2 complex) in DNA replication, as recently discovered 
[63,64]. This is a relevant observation in the light of the fact that AurkA 
and TPX2 are frequently co-overexpressed in tumours and that this is 
often due to chromosome 20q amplification [16], suggesting that the 
chromosome segregation defects and micronuclei generation observed 
in this study are a major source of genomic instability in those tumours. 

Altered/failed mitosis, aneuploidy and micronuclei generation are 
strictly linked to DNA damage, replicative stress, multiple centrosomes 
and prolonged prometaphase, as a source and/or consequences of these 
defects [47,65–68]. Importantly, all these conditions can activate in 
several ways p53, the pivotal limit to genome alteration [45,47,67–70]. 
In addition, novel roles of p53 in control of proper execution of mitosis 
are emerging, supporting the idea of direct control on cell division [71]. 
Interestingly, while multinucleation induces a p53-independent cell 
cycle arrest [72], it has been recently shown that the depletion of p53 is 
sufficient to permit the proliferation of cells displaying micronuclei and/ 
or altered nuclear shape [45,72]. Since AurkA is a well-known negative 
regulator of p53 [43], able to impair its stability and/or transcriptional 
activity, we explored the possibility that AurkA/TPX2 overexpression 
while inducing micronuclei also weakens the p53-mediated response to 
this defect. Indeed, we found reduced p53 levels in micronucleated cells 
overexpressing AurkA and TPX2. In addition, in our overexpressing 
cells, p53 stabilisation was reduced in response to several stimuli, such 
as DNA damage and mitotic delay, thus impairing p21 accumulation and 
enabling the progression of the cells to S phase after prolonged noco-
dazole arrest in prometaphase, that is normally limited. DNA damage, 
especially in micronuclei, has been linked with increased genetic alter-
ation in nontransformed and cancer cells [41,62], suggesting that in our 
system the impaired cell cycle arrest due to AurkA activity can exacer-
bate the consequence of DNA breakage on genome integrity. In addition, 
this effect may be relevant in the response to chemotherapy in p53 
proficient AurkA overexpressing tumours, supporting their survival to 
therapies despite the functional checkpoint system. The interplay be-
tween AurkA and p53-mediated pathways also deserve consideration 
and in-depth investigation in the light of the active research on the 
development of AurkA kinase inhibitors and their ongoing evaluation in 
clinical trials for cancer therapy [73]. Furthermore, these evidence 
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suggest that increased levels of AurkA can support cell transformation 
by limiting the p53 response in the presence of oncogenes that impairs 
genome integrity, as Myc family protein, well known positive regulators 
of AurkA expression [74,75]. These results are apparently in contrast 
with previous studies suggesting impaired proliferation of tetraploid 
p53 proficient cells [48] and reduced transforming ability [54] after 
human AurkA overexpression, conditions both rescued by p53 deple-
tion. Both studies are in mouse-derived models, suggesting limited ef-
fects of human AurkA on murine p53. Interestingly, recent evidence 
supports the idea that murine and human p53 are differently regulated 
in mitosis [31]. A non-mutually exclusive possibility comes from the 
observation that both mentioned studies [48,54] describe a poly-
ploidization step that we do not observe under our conditions in human 
cells; since different mechanisms regulate p53 in response to distinct 
mitotic and post-mitotic defects [71] this may indicate that AurkA 
overexpression impacts on specific p53 stabilisation pathways acting on 
upstream regulators. On note, the centrosome fragmentation phenotype 
observed in both our AurkA and AurkA/TPX2 overexpressing cell lines 
has also been observed in nontransformed human cells upon impairment 
of p53 mitotic centrosomal localisation, which is emerging as a sensor 
for the mitotic surveillance pathway [31]. This observation opens the 
possibility of more complex yet to be explored links between AurkA and 
p53 in mitosis. 

Another puzzling observation is that, despite the differential acti-
vation level, in our system the impairment of p53 response occurs to a 
similar extent in AurkA and AurkA/TPX2 overexpressing cells. This 
would suggest that even a subtle increase in AurkA activity is per se 
sufficient to unbalance the p53-mediated surveillance pathway in a 
nontransformed human background. We cannot rule out that the 
observed effect is kinase-independent, although data in the literature 
would favour the hypothesis of phosphorylation-dependent mechanisms 
[43]. Finally, we cannot exclude the possibility that recently emerging 
links of TPX2 with the DNA damage response, involving direct inter-
action and modulation of key factors such as 53BP1, PARP1, H2AX 
contribute to the effects that we observe in the AurkA/TPX2 over-
expressing cell line [63,64,76]. The involvement of AurkA in these 
newly identified functions is not clarified yet, leaving open the possi-
bility that excess AurkA and TPX2 act through multiple, not mutually 
exclusive mechanisms to modulate the cellular response to genomic 
imbalances and DNA damage. 

In conclusion, we found that AurkA overexpression alone in non-
transformed cells yields a basal induction of aneuploidy that is increased 
in presence of TPX2 excess. Consistent with other studies [35,51], this 
result supports the idea of altered AurkA kinase activity as a driver of 
genome instability. It is also in line with the intriguing hypothesis, 
proposed previously by our group [22], that TPX2 is required -and 
sufficient- to deregulate AurkA activity, when co-overexpressed, and 
that this altered function is a main route for the kinase to impair chro-
mosome segregation fidelity. On other hand, our results suggest that co- 
overexpression of AurkA may underlie chromosomal instability reported 
in TPX2-overexpressing tumours. These findings, together with our 
observation of an AurkA-dependent p53 impaired background, support 
the notion that the AurkA/TPX2 complex can drive chromosomal 
instability in situations where its expression is deregulated, e.g., chro-
mosome 20q amplification or Myc overexpression, and can represent a 
possible target to limit CIN in cancer cells. 
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