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Abstract

The three mitotic protein kinases Aurora-A, B and C are complementary enzymes that 
regulate multiple mitotic events. To do so, the different kinases must be locally activated, 
and the control of their activity is tightly regulated in time and space during mitosis. For 
instance, Aurora-A is first active at the centrosomes, then on microtubules at the spindle 
pole, Aurora-B is active in the nucleus, then at chromosome kinetochores and later one 
at the midbody. Aurora kinase activity is regulated in space and time by locally binding 
to regulators. Aurora kinases must bind to protein partners to be activated. Aurora-A for 
instance binds to targeting protein for Xenopus kinesin-like protein 2 (TPX2) and is activated 
at the spindle pole, Aurora-B and Aurora-C to INner CENtromer Protein (INCENP) and is 
activated on the chromosomes. These activations go through an autophosphorylation of 
a threonine residue in the T-loop of the kinase. Other protein partners are using different 
mechanisms to activate Auroras. These allow activation of the kinase at different time and 
location in the cell. This review is an up-to-date list of regulators of Aurora kinases. The sub-
cellular localization of these regulators explains the presence of an active Aurora kinase. It 
also explains the changes in the localizations of the Aurora kinases activity observed during 
cell cycle progression in mitosis. Aurora kinases have been recently reported to be involved 
in nonmitotic events, and the identity of their activators in these events must be searched.

Keywords: Aurora kinase, regulation, posttranslational modification

1. Introduction

During the process of division, the cell goes through two main phases such as interphase and 

mitosis that is followed by the physical separation of the two daughter cells. During interphase, 

the cell duplicates its contents that will be segregated during mitosis to generate two daughter 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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cells. The whole process lasts about 24 h in the case of human cells during which mitosis takes 

only 1 h. This short phase is highly regulated by phosphorylation and dephosphorylation reac-

tions [1]. Among the key protein kinases involved, there are cyclin-dependent kinase 1 (CDK1), 

polo-like kinase 1 (Plk1), NIMA-related kinase 2 (Nek2) and the Aurora kinases (Aurora-A, B 

and C) [2]. The three mitotic protein kinases Aurora-A, B and C are complementary enzymes 

that regulate multiple mitotic events [3].

During mitosis, the cell segregates its two centrosomes that migrate around the nucleus to 

reach opposite position. The nuclear membrane breaks down, and the chromatin starts to 

condense to form chromosomes. Microtubules nucleate from both the centrosomes and the 

chromosomes to form a bipolar spindle [4]. The force exerted by the spindle microtubules 

contributes to the alignment of chromosomes on the metaphase plate. This event is immedi-

ately followed by the separation of each pair of sister chromatids and the beginning of their 

migration to the two opposite poles of the cell. The last part of the migration is driven by the 

central spindle, assembled at the future site of cell division. A constriction ring is assembled 

around the cell at the exact same location that will contribute to the separation of two volumes 

corresponding to the two daughter cells [5]. The physical separation of the two cells, abscis-

sion, will occur later on during the following interphase.

Aurora-A localizes at both the centrosomes and the spindle poles. The kinase activity is 

required for microtubule nucleation during bipolar spindle assembly and during central spin-

dle formation [6]. Aurora-B is part of the Chromosome Passenger Complex (CPC), it localizes 

at chromosome kinetochores from prophase to metaphase and at the midbody from anaphase 

to telophase [7]. Its kinase activity is responsible for the massive phosphorylation of the Ser10 

of histone H3 in mitosis. Aurora-B corrects the wrong attachments of microtubules to kineto-

chores during prometaphase [8]. During exit from mitosis, Aurora-B is required for cytoki-

nesis. Aurora-C that is mainly involved in meiosis can replace Aurora-B during mitosis [9].

In vitro, the three kinases share the same substrates, such as histone H3. In vivo, to fulfill their 

function, the three kinases are differentially localized and also locally activated, and the con-

trol of their activity is then tightly regulated in time and space during mitosis. For instance, 

Aurora-A is initially active in the cytoplasm and at the centrosomes in the end of G2, then on 

microtubules at the spindle pole during prometaphase. Aurora-B is active in the nucleus by 

the end of G2, then at chromosome kinetochores in prometaphase and later at the midbody 

during anaphase and telophase. To achieve such regulation in space and time Aurora kinases 

are locally activated by binding to activators.

2. Bipolar spindle assembly

2.1. Aurora-A and TPX2

Targeting protein for Xenopus kinesin-like protein 2 (TPX2) is the best-characterized Aurora-A 

activator. It is a 100-kDa protein expressed from G1/S transition to cytokinesis and then rap-

idly degraded [10, 11]. TPX2 was first identified as a binding partner of the plus end-directed 
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Xenopus kinesin-like protein 2 (Xklp2) [12]. TPX2 helps localizing Xklp2 to the spindle pole in 

prometaphase and metaphase [13, 14].

In interphase, from S to G2, TPX2 localizes to the nucleus where it is sequestered by importin 

alpha. In mitosis, TPX2 is released from the importin by RanGTP in the vicinity of the spindle. 

RanGTP produced by the chromosome protein RCC1 (RanGEF) is localized as a gradient 

around the chromosomes. It is only when the nuclear membrane breaks down that TPX2 can 

reach the centrosome to bind Aurora-A, to activate and re-localize Aurora-A protein on micro-

tubules at the spindle pole [15–17].

The binding of TPX2 to Aurora-A induces a conformational change in the kinase in a way that 

the phosphorylated threonine of the activation loop (T288 in human) is better protected from 

phosphatase activity (PP1 in particular) [18]. Phosphorylation of T288 or binding to TPX2 

triggers activation of Aurora-A activity independently, but both the events are synergistic 

[19]. Most importantly, because binding of TPX2 to Aurora-A changes the conformation of the 

kinase, it modifies the affinity of the substrates for the kinase as well as the affinity of kinase 

inhibitors [20].

2.2. Aurora-A and CEP192

Centrosomal protein of 192 kDa (Cep192 ) was named after a proteomic analysis of the centro-

some composition [21]. Cep192 is a protein involved in centrosome maturation and bipolar 

spindle assembly [22]. These functions correspond to those described for Aurora-A [23, 24], 

and indeed, Cep192 activates Aurora-A at the centrosome to control mitotic spindle assembly 

[25]. The mechanism by which Cep192 activates Aurora-A is different from TPX2. Cep192 is 

a scaffold protein that brings together two molecules of Aurora-A. Within the dimer, each 

Aurora-A molecule phosphorylates its neighbor on T288, leading to the complete activation 

of the kinase. This activation takes place at the centrosome early in mitosis. Aurora-A is then 

presumably released from Cep192 to bind to TPX2 and to move on the spindle poles [25].

2.3. Aurora-A and Maskin/TACC3

Maskin is a Xenopus laevis protein that got its name by the fact that it regulates RNA transla-

tion. Maskin links the 5′cap and the 3′UTR of the mRNA, creating a closed structure that can-

not be translated [26]. During Xenopus laevis oocyte maturation, phosphorylation of Maskin 

by Aurora-A is required for the control of sequential mRNA translation [27]. Maskin is not 

only a substrate of Aurora-A, but it is also an activator of its kinase activity as binding of 

Maskin to Aurora-A induces a sevenfold stimulation of its kinase activity [27]. Whether 

Maskin affects the phosphorylation of threonine in the activation loop of the kinase has not 

been investigated yet.

The human homologue of Maskin is transforming acidic coiled-coil containing protein 3 

(TACC3) and D-TACC in Drosophila melanogaster. Phosphorylation of D-TACC or TACC3 by 

Aurora-A is required for its centrosome localization [28], microtubule nucleation during bipo-

lar spindle assembly [29–31] and during central spindle assembly [32]. Conversely, the activa-

tion of Aurora-A by TACC3 or D-TACC has not been demonstrated yet.

Regulation of Aurora Kinases and Their Activity

http://dx.doi.org/10.5772/intechopen.70595

51

35 



2.4. Aurora-B and INCENP

INner CENtromer Protein (INCENP) participates to the chromosome passenger complex 

(CPC) together with Aurora-B, Survivin and Borealin [33]. The complex controls multiple 

events during mitosis: from chromosome condensation and segregation to cytokinesis [34]. 

Aurora-B is carrying the kinase catalytic activity of the CPC, while INCENP is the activator 

of the kinase.

Binding of INCENP to Aurora-B is essential to the function of the kinase such as chromosome 

segregation and cytokinesis [35, 36]. Just like binding to TPX2 triggers activation of Aurora-A 

through autophosphorylation of T288 in its activation loop, binding to INCENP triggers acti-

vation of Aurora-B through autophosphorylation of T232 in its activation loop [37, 38]. Both 

the kinases and the modes of activation are so closed that a single amino acid change (G198 to 

N) transforms the activator of Aurora-A from TPX2 to INCENP. The demonstration has been 

made in Xenopus [39] and human [40].

In term of evolution, it is striking to note that Drosophila melanogaster genome do not con-

tain any gene coding for a TPX2. Ssp1/Mei-38 would be the closest TPX2-related protein 

in Drosophila. Ssp1/Mei-38 possesses a microtubule-binding domain but lacks the Aurora- 

A-binding domain, indicating that it cannot activate Aurora-A [41].

3. G2/M transition

3.1. Aurora-A and Ajuba

Ajuba means curiosity in Urdu, an Indian dialect. Ajuba is a LIM domain-containing protein 

that serves as a scaffold to build numerous protein complexes. The LIM domain is a Zinc fin-

ger structure [42]. Ajuba was first reported to bind to Aurora-A at the centrosome in late G2 

and to trigger the kinase activation through autophosphorylation of T288. Ajuba would then 

participate to the activation of Aurora-A and the commitment to mitosis (Figure 1) [43] . It 

was also suggested that Ajuba interacts with the N-terminal domain of Aurora-A to release its 

inhibitory binding to the C-terminal catalytic domain of the kinase [43]. Aurora-A activation 

by Ajuba would be a two-step mechanism, binding to the N-terminal domain of the kinase 

and triggering autophosphorylation of T288 [44]. The activation of Aurora-A by Ajuba has 

not been observed In Xenopus laevis [45]. In Drosophila melanogaster, although Ajuba does not 

activate Aurora-A, the protein is necessary to maintain Aurora-A at the centrosome [46].

3.2. Aurora-A and Nucleophosmin

Nucleophosmin (NPM) is a nucleolar protein involved in multiple functions: histone chaper-

oning, ribosome biogenesis, mitotic spindle assembly, genome stability, apoptosis and cancer 

[47]. Like Aurora-A, NPM localizes to the centrosome where it is required for centrosome 

duplication [48]. Depletion of NPM leads to the formation of disorganized spindles, a pheno-

type observed after Aurora-A depletion [49]. NPM is also a strong interactor of Aurora-A, and 
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both proteins interact at the centrosome late in G2. Binding of NPM triggers a phosphoryla-

tion event on the kinase. The active Aurora-A, already phosphorylated on T288, undergoes 

a second autophosphorylation on serine 89 which induces a very strong stimulation of its 

kinase activity [50]. This stimulation is required at the centrosome in particular for the phos-

phorylation of S353 on the phosphatase CDC25B involved in the activation of CDK1/cylin B 

for G2/M transition. Surprisingly, the stimulation of Aurora-A by NPM is not required for the 

phosphorylation of T210 that activates PLK1 in the end of G2 [50] (Figure 1).

3.3. Aurora-A and Bora

Bora was identified in a genetic screen setup to search for mutations affecting the develop-

ment of Drosophila melanogaster external sensory (ES) organs [51]. The gene was named Bora 

for Aurora-A Borealis because the phenotypes of Bora and Aurora-A mutants were similar. 

Bora binds to Aurora-A in vitro, is phosphorylated but also activates the kinase in Drosophila 

(S353P) 

G2 M 

NPM 

Plk1 

Aurora A
Ubi

Ubi

Cul3 KLHL18 

Aurora A
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Figure 1. The three kinases CDK1/cyclinB, Plk1 and Aurora-A phosphorylate substrates required the G2/M transition. 

This scheme shows the pathways used by Aurora-A to activate Plk1 and CDK1/cyclinB.
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and human. In vitro, Bora can activate Aurora-A in the presence of PP1 (seven- to eightfold), 

suggesting that the mechanism used by Bora might be identical to TPX2 although it was not 

demonstrated that Bora triggers autophosphorylation of Aurora-A on threonine in the kinase 

activation loop [51]. However, when expressed at physiological levels, Bora does not co-

immunoprecipitate with Aurora-A, and on the contrary, it immunoprecipitates with PLK1. 

Furthermore, depletion of Bora does not affect phosphorylation of T288 [52]. Eventually, it was 

demonstrated that Bora binds to the Polo-Box Domain of Plk1 (PBD) to relieve the auto-inhibi-

tion of PBD and to expose the T210 of the activation loop to Plk1-activating kinase. Aurora-A 

then binds to Bora, gets activated and activates Plk1 by phosphorylating T210 (Figure 1) [52, 53]. 

This activation of Plk1 by Aurora-A through the interaction with Bora occurs in G2.

3.4. Aurora-A and AlBp1

AIBp1 (AIK binding protein, AIK stands for Aurora/Ipl1-related kinase) is thus an Aurora-A 

binding protein but also a hNinein binding protein. Depletion of AIBp1 gives phenotypes typ-

ical of Aurora-A: bipolar mitotic spindle defects [54]. Binding of AIBp1 to Aurora-A increases 

its kinase activity in vitro [54]. In vivo expression of AIBp1 increases T288 phosphorylation on 

Aurora-A, whereas its depletion decreases T210 phosphorylation on Plk1 [55]. These data are 

reminiscent of the effect of Bora on both Aurora-A and Plk1 [52, 53]. It was then proposed that 

AIBp1 plays the same role as Bora but in a hNinein signaling pathway.

4. Actin network

4.1. Aurora-A and HEF-1/NEDD9/Cas-L

Human enhancer of filamentation 1 (HEF1) or neural precursor cell expressed, developmen-

tally down-regulated 9 (NEDD9) or Crk-associated substrate related, lymphocyte-type (Cas-L) 

is a scaffolding protein that localizes to focal adhesions in interphase cells and to the mitotic 

spindle in M-phase. It participates in integrin-dependent signaling processes, such as cell 

attachments, cell migration and cell survival [56]. Cells depleted with HEF-1 show a decrease in 

T288 phosphorylation of Aurora-A, indicating that HEF-1 is required for activation of Aurora-A 

kinase in vivo. In vitro both proteins directly interact, and when increasing levels of HEF-1 are 

added to Aurora-A, an increase of T288 phosphorylation and its kinase activity are observed 

[57]. Interaction of HEF-1 with Aurora-A occurs in G2, during which the activation of Aurora-A 

by HEF-1 induces phosphorylation of HEF-1 and inhibition of the interaction. Interaction of 

HEF-1 with Aurora-A plays a critical role in primary cilia disassembly upon reentry in the cell 

cycle after Go arrest. In this particular case, HEF-1-activated Aurora-A phosphorylates and acti-

vates HDAC6, which in turn deacetylates the tubulin that is sufficient to provoke cilia resorp-

tion [58]. The activation of Aurora-A in the process of cilia disassembly is also dependent on 

Ca2+ and calmodulin (CaM) that are required for Aurora-A to bind to its activators [59].

4.2. Aurora-A and PAK-1

p21-Activated protein kinase-1 (PAK-1) regulates cell motility and morphology [60, 61] and 

is involved in focal adhesion disassembly through the PAK-PIX-GIT complex, PIX is a Rac 
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GTP exchange factor and GIT is a G-protein-coupled receptor kinase-interacting protein [62]. 

This complex is also active at the centrosome, and when Pak1 is activated it dissociâtes from 

the PIX-GIT to phosphorylate and activate Aurora-A [63]. The activation goes through phos-

phorylation of the T288 in the activation loop, but there was also a phosphorylation of S342 

in the C terminal end of the kinase. Although T288 is known to be an activation site, S342 is 

rather known to inhibit Aurora-A kinase activity when phosphorylated. This has been shown 

in Xenopus laevis where the phosphorylation of S349 (human S342) downregulates Aurora-A 

in vitro [64] and in vivo during oocyte maturation between Metaphase I and Metaphase II of 

meiosis [65]. The same data have been reported in human where phosphorylation of S342 was 

observed in G2 upon DNA damage to inhibit Aurora-A, avoiding mitosis entry in the pres-

ence of lesions [66]. This discrepancy has not been solved yet.

4.3. Aurora-A and ILK

Integrin-linked kinase (ILK), like PKA-1, is a protein kinase involved in cell adhesion, and 

the kinase links the extracellular matrix to the actin cytoskeleton [67, 68]. ILK has also been 

observed in centrosome where it associates with TACC3/Ch-TOG, and its kinase activity is 

required for Aurora-A interaction with TACC3 [69]. ILK acts upstream of Aurora-A that in 

turn phosphorylates TACC3 on S558, to control microtubule nucleation [70, 71]. How ILK 

controls Aurora-A activity toward TACC3 is unknown.

4.4. Aurora-A and Arpc1b

Arpc1b is a component of the seven-subunit protein Arp2/3 complex involved in new actin 

filament nucleation and polymerization [72]. Arpc1b localizes on centrosome in G2 and 

interacts with Aurora-A only if Arpc1b has been previously phosphorylated on T21 by Pak-

1. Arpc1b is also a substrate of Aurora-A, and the kinase phosphorylates wild-type Arpc1b 

but not the T21A mutant. This phosphorylation by Aurora-A is required for the interaction 

of Arpc1b with Arpc2 [73]. On the other hand, Arpc1b is an activator of Aurora-A in vitro 

and in vivo, and binding to Arpc1b triggers T288 autophosphorylation just like TPX2 does. 

Depletion of Arpc1b leads to a decrease on T288 as well as a decrease of its activity toward 

substrates such as PLK1 or histone H3 [73].

5. Ubiquitylation

Ubiquitination corresponds to a posttranslational modification (PTM) of proteins during 

which 76 amino-acid peptides are covalently linked to a protein, usually on lysine residues. 

It requires a multistep reaction: it needs 1) an E1 enzyme that will activate the ubiquitin, then 

2) an E2 enzyme that will conjugate the ubiquitin and finally 3) an E3-ligase that will catalyze 

the transfer of ubiquitin peptide on the protein substrate [74].

5.1. Aurora-A and CUL3-KLHL18

The multiprotein complex E3 ubiquitin ligases of the cullin-RING-type ubiquitin ligase fam-

ily include eight members in human. In the case of Cul3, the broad-complex, tramtrack and 
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bric-a-brac (BTB) domain-containing proteins like KLHL18 (Kelch-like) serve to recognize the 

ubiquitin substrate [75]. There are about 200 BTB proteins in human with various functions 

not all being Cul3 adaptors [76]. Cul3 and KLHL18 localize at the centrosome in late G2, and 

the depletion of each of the protein provokes a delay in the G2/M transition that has been 

attributed to a default in Aurora-A phosphorylation on T288 and consequently a default in 

the kinase activation at the centrosome [77]. The activation of Aurora-A by Cul3-KLHL18 

involved a nonproteasomal ubiquitination of the kinase; however, the activation is not a 

direct effect of ubiquitination (Figure 2). Although the mechanism of activation is not fully 

understood, the hypothesis is that ubiquitination of Aurora-A could facilitate the interaction 

of the kinase with its activators in late G2, such as Ajuba or Cep192 for instance (Figure 1).

5.2. Aurora-B and CUL3-BTB proteins

Aurora-B unlike Aurora-A binds to three different BTB proteins KLHL9, KLHL13 and KLHL21, 

and all three substrate adaptors participate to Cul3 complexes that ubiquitinate Aurora-B 

in vivo and in vitro [78, 79]. Like for Aurora-A, the ubiquitination of Aurora-B does not lead to 

any degradation of the kinase, although depletion of Cul3, KLHL9 and KLHL13 mimics deple-

tion of the 26S proteasome [78]. On the contrary, ubiquitination by Cul3-KLHL9, −KLHL13 or 

KLHL21 regulates the kinase localization during mitosis. In the absence of KLHL9 or KLHL13, 

instead of moving to the kinetochore region, Aurora-B remains on chromosome arms during  

Figure 2. Cul3-dependent ubiquitination of Aurora kinases. Aurora-A is targeted by KLHL18, while Aurora-B by KLHL9, 

KLHL13 and KLHL21. Ubiquitination of Aurora-B localizes the protein, while ubiquitination of Aurora-A stimulates 

binding of the activators.
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prometaphase/metaphase [78]. In the absence of KLHL21 instead of moving to the midzone, 

Aurora-B remains on anaphase chromosomes (Figure 2). In this last case, it is the whole CPC com-

plex with Aurora-B, INCENP, Survivin and Borealin that remains on anaphase chromosomes [79].

Although KLHL9, KLHL13 and KLHL21 are substrate adaptors, their localizations do not 

really fit to their function. KLHL9 and KLHL13 have not been found on chromosomes for 

instance. On the other hand, KLHL21 does localize to the midzone where it could bring Cul3 

to ubiquitinate Aurora-B, but even in this case KLHL21 should be at the kinetochore to ubiqui-

tinate Aurora-B to target it to the midzone. The proposed hypothesis to explain this discrep-

ancy is the high turnover of Aurora-B on its localization.

5.3. Aurora-A, Aurora-B and FBXW7

FBXW7 is an F-box protein participating to Skp, Cul1, F-box containing complex (SCF), a mul-

tiprotein E3 ubiquitin ligase complex that ubiquitinates proteins to be degraded by the protea-

some. There are 69 F-box proteins coded by the human genome. Like KLHL proteins for Cul3, 

F-box proteins target the ubiquitin ligase complex to Cul1 substrates. FBXW7 binds to Aurora-A 

and Aurora-B and participates to their ubiquitination in vivo and in vitro [80, 81]. Depletions 

of FBXW7 stabilize both protein kinases levels in vivo, indicating that the FBXW7-dependent 

ubiquitination leads to the degradation of the kinases by the proteasome [81, 82]. F-box pro-

teins usually recognize phosphorylated proteins, and FBXW7 for instance binds to Aurora-A 

previously phosphorylated by GSK3β on S245 and S387 [81] (Figure 3). Phosphorylation sites 

involved in Aurora-B/FBXW7 have not been identified, and the kinase involved is not known.

Figure 3. Cul1-dependent ubiquitination of Aurora kinases. Both Aurora-A and Aurora-B are targeted by FBXW7 F-box 

for ubiquitination. Aurora-A must be previously phosphorylated by GSK3β, while the kinase phosphorylating Aurora-B 

is unknown. Ubiquitination triggers degradation.
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5.4. Aurora-A, Aurora-B and Cdh1

Cdc20-homologue 1 (Cdh1) is an activator and substrate adaptor of the E3 Ubiquitin ligase 

APC/C (Anaphase Promoting Complex/cyclostome). Cdh1 recognizes proteins containing a 

D-box (destruction box) (motif…RxxL…) and a KEN-box (motif …KEN…). All three Aurora 

kinases (A, B and C) contain a D-box in the carboxy end of the protein [83]. Both Aurora-A and 

B are ubiquitinated and degraded in a D-box-dependent manner [83, 84] although there are 

conflicting reports regarding Aurora-B [85]. Whether Aurora-C is degraded through its D-box 

remains also an open question. The Cdh1-dependent degradation of Aurora-A was demon-

strated in both Xenopus and human [86, 87]. A new sequence required for the Cdh1-dependent 

degradation was discovered in Aurora-A from different species that was absent in Aurora-B 

and C. This sequence in the NH2 terminal end of the protein was named simultaneously 

A-box (for only in Aurora-A) [88] and DAD-box (for D-box-activating domain) (Figure 4) [89]. 

Interestingly, the A-box of Aurora-A contains a Serine at position 51 that when phosphory-

lated stabilizes the protein by inhibiting the functionality of the A-box [86, 90].

When tested in Xenopus laevis extracts Aurora-B was not found to be degraded in a Cdh1-

dependent manner, it does contain a D-box but no A-Box, and only a chimera protein Aurora-A/

Aurora-B containing Aurora-A A-box and Aurora-B D-box could be degraded in the extract 

[88, 89]. However, study in human finally revealed that Aurora-B contains also a functional 

D-box recognized by Cdh1 [84]. Interestingly, the same authors report that the KEN-box in 

APC/C 

Aurora A

degrada�on 

D-box 

A-box 
(S51 not phosphorylated) 

Aurora B

D-box 

A-box 

Ken Box 

Ubi

Ubi

Ubi

Ubi

CDH1 

Aur  ora A Auror a B

Figure 4. CDH1-dependent ubiquitination of Aurora kinases by APC/C. Both Aurora-A and Aurora-B are targeted 

by APC/C to be degraded. The ubiquitination required the presence A- and D-boxes in Aurora-A as well as the 

unphosphorylated state of S51 and the presence A- and D- and KEN-boxes in Aurora-B.
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Aurora-B is required for Cdh1-dependent degradation. The discovery of a functional A-box 

in Aurora-B was more surprising, and since the box is not only present in Aurora-A, the name 

DAD-box seems now more adequate than A-box to name it. Finally, Aurora-B needs three 

functional boxes to be degraded in a Cdh1-dependent manner from the NH2 to the COOH 

end: a KEN-Box (KEN), an A-box (QRVL) and a D-box (RxxL) [85].

6. Sumoylation

Sumoylation resembles ubiquitination, and it is a posttranslational modification correspond-

ing to a covalent attachment of a one or several SUMO proteins (100 amino acids) to a sub-

strate. SUMOs stands for small ubiquitin-related modifiers, and there are now about ten 

different ubiquitin-like modifiers including ubiquitin and SUMO [91]. Like for ubiquitination, 

the sites of sumoylation are lysine residues, and the modification occurs also in a three-step 

reaction by E1, E2 and E3 ligases.

Both Aurora-A and Aurora-B are sumoylated in vivo on a lysine residue located in the sequence 

…IHDRIKPEN… conserved in all Aurora kinases [92, 93].

Aurora-A is sumoylated on K249, and expression of the Aurora-A mutant K249R that cannot 

be sumoylated affects spindle assembly and potentiates the oncogenic property of the kinase 

[93]. Aurora-B is sumoylated on lysine 207, and expression of the Aurora-B mutant K207R 

affects chromosome segregation and cytokinesis [92]. Interestingly enough, sumoylation of 

Aurora-A or Aurora-B does not affect the kinase activity in vitro indicating that sumoylation is 

probably playing required for the localization of the protein or for protein-protein interaction. 

The exact function of Aurora sumoylation remains to be found.

7. Poly(ADP-ribosyl)ation

Poly(ADP-ribosyl)ation (PARylation) is a covalent modification of protein that can be catalyzed 

by 16 different Poly(ADP-ribose) polymerases (PARP) that attach multiple ADP-ribose units on 

substrate proteins by hydrolyzing NAD+. The reverse reaction is insured by Poly(ADP-ribose) 

glycohydrolase (PARG) (three isoforms) and several ADP ribose hydrolases [94, 95]. Only 

Aurora-B is PARylated in vivo, and interestingly enough, the modification occurs in the pres-

ence of DNA damage [96]. PARylation of Aurora-B leads to a decrease of Serine 10 histone H3 

phosphorylation, indicating a loss of Aurora-B kinase activity. The kinase directly interacts with 

PARP-1 and PARP-2, and both enzymes can PARylate Aurora-B and inhibit its activity [96].

8. Phosphorylation

Aurora kinases belong to a family of protein kinases that need to be phosphorylated on a 

threonine residue in its T-loop to be active [97]. Aurora-A must be phosphorylated on T288, 
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Aurora-B on T232 and Aurora-C on T198 and T202 [37, 98, 99]. These phosphorylations are 

autophosphorylation events that occur in the presence of an activator such as TPX2 for 

Aurora-A or INCENP for Aurora-B and C [16, 99]. Aurora-A has two other levels of regulation 

controlled by phosphorylation. The kinase activity can be upregulated by autophosphoryla-

tion of S89 in the presence of nucleophosmin, as described above [50]. Aurora-A can also be 

downregulated by phosphorylation of S342 [64]. In vivo, phosphorylation of S342 occurs in the 

presence of DNA damages during G2 and depends on the activation of the checkpoint kinase 

Chk1 [66, 100]. Is Aurora-A a direct target of Chk1 or the target of a kinase downstream of 

Chk1 remains an open question.

Since Aurora kinases are phosphorylated, they are obviously targeted by phosphatases. 

T288 in Aurora-A and T232 in Aurora-B for instance are dephosphorylated and inactivated by 

type 1 protein phosphatase [101, 102]. T288 is also dephosphorylated by PPP6 that specifically 

target Aurora-A when bound to TPX2 [103]. These dephosphorylations inactivated Aurora 

kinase activity.

As discussed above, Aurora-A degradation by APC/C-CDH1 depends on the presence of an 

A-box in the kinase and phosphorylation of S51 within the human A-box inhibits this degra-

dation process [64]. Although the kinase responsible for this phosphorylation remains to be 

identified, the phosphatase PP2A insures its dephosphorylation [104].

9. Conclusion

Since their discovery, Aurora kinases have become priority targets for the development of 

inhibitors for cancer treatments [105]. But their regulation takes multiple forms, adding dif-

ficulties in developing the efficient drugs targeting the kinases. This review tends to report 

a nonexhaustive list of posttranslational modifications (PTMs) affecting the functions of the 

kinases. These PTMs can be used as biomarkers, like the phosphorylation of T288 in Aurora-A 

frequently used to measure the kinase activity in vivo, and this test is currently questioned 

[106]. More interestingly, these PTMs can be used to design original inhibitory strategies 

different from those targeting the kinase active site. The binding of TPX2 to Aurora-A for 

instance has been targeted to search for Aurora-A inhibitor [107]. This kind of approach tar-

geting PTMs offers broad prospects for specific inhibition of Aurora kinases. Many new inhib-

itors should then be discovered in the coming years.
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Review

Aurora A Kinase Is a Priority
Pharmaceutical Target for the
Treatment of Cancers
Arun Prasath Damodaran,1,2 Lucie Vaufrey,1,2 Olivia Gavard,1,2

and Claude Prigent1,2,*

Aurora kinases control multiple events during cell cycle progression and are

essential for mitotic and meiotic bipolar spindle assembly and function. There

are three Aurora kinases in mammals, some of which have oncogenic prop-

erties and all of which are overexpressed in multiple cancers. Pharmaceutical

companies quickly made these kinases priority targets for the development of

inhibitors to be used as cancer treatments. In this review, we focus on Aurora

A, against which several inhibiting compounds have been discovered and

made available; however, even though some of these compounds underwent

clinical trials, none have yet gone beyond Phase III trials. The varying efficien-

cies and particularities of these drugs raise several questions that are

explored in this review: is Aurora A even a good target? What biomarkers

can we use to measure its activity in vivo? How can we improve the Aurora A-

inhibiting drugs?

Aurora Kinases

Ipl1 was the first known member of the Aurora kinase family, discovered in yeast as a gene
product involved in the control of ploidy (Ipl1 stands for ‘increase in ploidy #10) [1]. Aurora kinase
was then found in multicellular organisms, initially in Drosophila, where it was shown to control
centrosome separation and bipolar spindle formation [2]. Three different Aurora kinases were
then discovered in mammalian cells, and named Aurora A, B, and C [3].

Aurora kinases were initially identified as protein kinases essential for error-free chromosome
segregation during mitosis and meiosis. Aurora A appears to control premetaphase events,
such as bipolar spindle assembly [3,4], with Aurora B and C directing metaphase and post-
metaphase events, including cytokinesis [5,6]. Aurora B and C were later found to be respon-
sible for the massive mitotic phosphorylation of serine 10 in histone H3 in vivo [7,8].

All three kinases show oncogenic properties and were found to be overexpressed in many
different cancers [9–24]. Aurora A was the first member identified as one of the main protein
kinases regulating cell proliferation. As soon as a strong link between Aurora A and cancer was
found, most pharmaceutical companies started trying to develop Aurora A inhibitors to be used
in treating cancer. Thus, here we focus only on Aurora A inhibitors.

Aurora A Inhibitors

There are currently many commercially available Aurora A inhibitors, with several involved in
dozens of clinical trials. Three main Aurora A inhibitors are presented here and in Table 1.

Trends
Aurora A is a serine threonine kinase
regulating cell division and cell cycle
progression. It also has a major role
in carcinogenesis.

Aurora A gain of function leads to
genomic instability and cancer in
mammals, while loss of function
affects neuroblast renewal, leading to
uncontrolled proliferation and cancer in
Drosophila.

A first threshold of Aurora A is required
for bipolar spindle assembly and chro-
mosome segregation, while a second
threshold is required for cell polarity,
spindle orientation, and cell fate during
asymmetric cell division. Aurora A is
essential for stemness.

Aurora A is both an oncogene and a
tumor suppressor; its inhibition leads
to cancer cell death, whereas it may
induce carcinogenesis in other sites of
the body.

Development of Aurora A inhibitors
started during early 2000, but none
have yet progressed beyond Phase
III trials.
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MLN8237
MLN8237 (Alisertib) was developed from MLN8054 by Millenium [25–27]. It has an IC50 of 1 nM
and is approximately 200-fold more selective for Aurora A than for Aurora B. The compound
was tested in more than 50 clinical trials [28], including Phase I trials for several solid tumors and
lymphomas. Upon treatment, mitotic abnormalities and cell death were found in tumor speci-
mens, but so were adverse effects, such as fatigue, nausea, and neutropenia. Alone or in
combination, several dozen Phase II clinical trials have been completed, and MLN8237 showed
some beneficial effect on tumor cells [28]. A Phase III trial was begun for patients with relapsed
or refractory peripheral T cell lymphoma, but the company responsible (Takeda) terminated it
due to insufficient effects on patient survivali.

MK-5108
MK-5108 from Merck (VX-689 from Vertex) has an IC50 of 0.064 nM, and is approximately 200-
fold more selective for Aurora A than for Aurora B. The results of a Phase I study of MK-5108
administrated alone or in combination for solid tumors were recently published [29]. The
compound is the least-toxic Aurora A inhibitor studied so far, making it the most promising
one for use in future trials.

ENMD-2076
ENMD-2076 is an interesting dual kinase inhibitor from EntreMed. It targets Aurora A and FMS-
related tyrosine kinase 3 (Flt3) with an IC50 of 14 nM and 1.86 nM, respectively. The inhibitor is
25-fold more selective for Aurora A than for Aurora B. Phase I trials showed minimal cytotoxic-
ity, and several Phase II trials were performed. ENMD-2076 did show some efficacy, particularly
in association with other anticancer treatment (drugs or radiation) [30,31].

Why are there so many Aurora A inhibitors available that are so inefficient at killing cancer cells?
Here, we explore a few ways in which Aurora A inhibitors could be improved.

Table 1. Chemical Structure of the Three Main Aurora A Inhibitors Currently Used in Clinical Trialsa

Name Compound Company IC50 in vitro Aurora A

MLN8237 (Alisertib) Millenium 1 nM

MK-5108/VX-689 Merck/Vertex 0.064 nM

ENMD-207 EntreMed 14 nM

aMLN8237 from Millenium, MK-5108 from Merck/Vertex, and ENMD-207 from EntreMed.
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The Role of Aurora A in Carcinogenesis

Aurora A Is An Oncogene
Aurora A acts as an oncogene. Its overexpression is sufficient to transform NIH/3T3 cells that
then induce tumor formation when implanted in nude mice [9,10]. To test whether over-
expression of Aurora A was sufficient to induce cancer in an animal, its encoding gene was
placed under the control of CRE recombinase to induce its expression in mouse mammary
glands. While the initial study indicated that increased Aurora A activity only caused mitotic
defects and hyperplasia [32], a second study clearly demonstrated that, after a long period of
genetic instability (20 months), the overexpressed kinase induced mammary tumor formation
[33]. More recently, in a new mouse model, a b-lactoglobulin promoter activated by pregnancy
and lactation was used to drive Aurora A overexpression in mammary glands. These mice then
developed mammary adenocarcinoma with deregulation of gene expression identical to breast
cancer in humans [34]. As indicated by the authors, this mouse model will be useful to better
understand the mechanisms involved in the appearance of breast cancer due to overexpres-
sion of Aurora A.

Aurora A Is A Tumor Suppressor
In addition to its behavior as an oncogene, Aurora A has been reported to act as a tumor
suppressor in cells dividing asymmetrically to self-renew. In Drosophila, for instance, Aurora A
mutants with a loss of activity showed an increase in brain size attributed to neuroblasts
overproliferation. How can Drosophila neuroblasts divide symmetrically or asymmetrically
without any Aurora A activity? The implantation of a larval brain fragment of aur37 mutants
in the abdomen of an adult wild-type fly induced the formation of an aggressive tumor that
invades the entire abdomen and eventually kills the fly [35]. In normal conditions, each neuro-
blast divides asymmetrically, giving rise to another neuroblast (self-renewal) and to a ganglion
mother cell. In the absence of Aurora A kinase activity, each neuroblast instead divides
symmetrically, producing two neuroblast-like cells (proliferation) [33,36]. This has not been
observed in the case of asymmetric cell divisions that lead to two daughter cells different from
the mother cell, as seen during the formation of external sensory organs in Drosophila [37].

Asymmetric division of neuroblasts is often compared with stem cell division because of their
self-renewal at each division. Tumor formation in the abdomen of Drosophila described above
was attributed to overproliferated neuroblasts lacking Aurora A kinase activity. However, since
implantations are performed with a piece of brain containing several cell types, it remains to be
demonstrated that tumor formation is only due to neuroblast overproliferation. In vertebrates,
mice heterozygous for Aurora A (carrying only one allele encoding active Aurora A) also show a
significant increase in tumor formation, suggesting again a tumor suppressor activity of Aurora
A [38]. However, it remains to be shown whether the tumors that appear in these heterozygous
Aurora A mice are due to the proliferation of cells that would normally divide asymmetrically.

What then could be the link between the tumor suppressor activity of Aurora A, symmetric/
asymmetric cell divisions, stem cell renewal, and uncontrolled proliferation? There are three
major mechanisms required to organize asymmetric cell division: (i) the establishment of cell
polarity; (ii) the orientation of the mitotic bipolar spindle; and (iii) the determination of the fate of
the two daughter cells. Aurora A phosphorylates the Par complex, triggering Numb phos-
phorylation by aPKCz and its asymmetric localization, thus organizing cell polarity [39] (Figure 1).
Aurora A phosphorylates Lgl, disrupting its binding to the plasma membrane to allow localiza-
tion of the Pins/LGN/Dlg complex; Aurora A also phosphorylates Pins, thus regulating mitotic
spindle orientation [40,41] (Figure 1). Aurora A phosphorylates p53, leading to its degradation
through MDM2-dependent ubiquitination, maintaining the pluripotency and self-renewal of
embryonic stem cells (ESCs) by asymmetric cell division [42] (Figure 2). ESCs with high level of
Aurora A contain a low level of p53, are pluripotent, self-renew, and divide asymmetrically; the
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induced pluripotent stem cells (iPSCs) can also be reprogrammed. By contrast, ESCs with low
level of Aurora A contain a high level of p53, differentiate, do not self-renew, and divide
symmetrically, but the iPSCs lose reprogramming capacity. However, iPSC reprogramming
can be rescued by p53 depletion (Figure 2) [42]. Numb also binds to and stabilizes p53, but the
heterodimer is disrupted through Numb phosphorylation by aPKCz [43]. A search for protein
kinases and phosphatases that maintain ESC renewal and pluripotency identified Aurora A as a
major player, according to the authors: ‘milder knockdown of Aurora A in mESCs (mouse
Embryonic Stem Cells) appears to preserve its basic proliferative and viability functions but
directly impairs pluripotency and promotes differentiation’ [42]. These results are important
since inhibition of Aurora A in this cell model appears to affect the self-renewal capacity of stem
cells without affecting their proliferation capacity. A first threshold of Aurora A activity appears to
be required for cell division, while a second threshold is necessary for asymmetric cell division.
More in-depth investigations of the effect of Aurora A inhibition on stem cell division in
mammalians are needed to measure the effect of Aurora A inhibition in patients with cancer.
However, could the use of Aurora A inhibitors provoke carcinogenesis in mammals?

Should Aurora A Inhibitors Be Developed?

To prepare effective Aurora A inhibitors, three things need to be taken into account: (i) increased
Aurora A activity leads to cancer; (ii) Aurora A controls mitosis; and (iii) decreased Aurora A
activity leads to cancer. In other words, Aurora A inhibitors might be efficient against some
cancers, but may have the ‘adverse effect’ of triggering cancer development in other parts of
the body if the inhibitors developed are not specific to the original cancer cells.

The first inhibitors were discovered more than 12 years ago and, although some efficiently
inhibited kinase activity in vitro, none have progressed beyond a Phase III clinical trial.
Nevertheless, there are several reasons why the development of Aurora A inhibitors should
continue. Most importantly, when used in association with certain chemotherapeutic agents,
such as taxanes (microtubule stabilizers), the results achieved have been promising [44–47].
Furthermore, a new approach based on kinome-wide small interfering (si)RNA) screening
followed by kinase inhibitors has also yielded promising results (Box 1). Briefly, this approach
takes advantage of the fact that tumor cells are not normal but instead have diverged and

aPKCζ aPKCζ Numb

P
Cell  polarity

Aurora A

PAR6

P

Lgl

P

Spindl e orienta�on

Ina c�ve Ac�ve
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Figure 1. Aurora A and Asymmetric Division. Aurora A controls asymmetric cell division through the regulation of
bipolar spindle orientation and cell polarity. Aurora A phosphorylates PAR6, which in turn activates aPKCz, which
phosphorylates Numb that then localizes asymmetrically, contributing to cell polarity. Numb is then inherited by one
of the daughter cells, in which it represses the Notch pathway defining cell fate [39]. Aurora phosphorylates Lgl and Pins,
which both participate in spindle orientation [41].
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adapted new signaling pathways to their advantage, adapting so that they can proliferate [48].
By doing so, some protein kinases become essential for the tumor, while remaining superfluous
for the normal surrounding cells. Identifying these kinases and inhibiting them with low doses of
inhibitors would be an efficient way to kill tumor cells without affecting normal ones. This
approach has been successfully used in pancreatic cancers, opening new therapeutic possi-
bilities [49,50]. Note that this approach is predicated on access to a toolbox containing specific
inhibitors for each protein kinase, inhibitors that can be used as a drug in chemotherapy
(including an Aurora A inhibitor) (Figure 3).

Improving the Search for Aurora A Inhibitors

Searching In Vitro

The classic in vitro approach is to look for kinase inhibitors using a simple enzymatic assay in
which a substrate and radioactive ATP are incubated with active recombinant Aurora A [51].
The different compounds identified as inhibitors are then tested in vivo. In the case of Aurora A,
this in vitro assay represents the first difficulty: Aurora A is a kinase that is activated by contact
with a protein partner. For instance, the best-described Aurora A activator is the microtubule-
associated protein TPX2 [52]. In vivo, TPX2 binds to Aurora A and triggers a conformational
change around the active site of the kinase, allowing autophosphorylation of T288 in the T-loop.
The binding of TPX2 also protects the phosphorylated T288 against dephosphorylation by the
phosphatase PP1 [53,54]. When Aurora A is bound to TPX2, the interaction of the kinase with
its substrates and its inhibitors appears to be altered [55,56]. Thus, we suggest that TPX2
should be included in in vitro assays to screen for Aurora A inhibitors that would target spindle
assembly. This approach was recently used successfully to isolate inhibitors that disrupt the
interaction between TPX2 and Aurora A [57].

A second complication then needs to be addressed: TPX2 is not the only Aurora A activator.
Transforming acidic coiled-coil-containing protein 3 (TACC3), and its homolog Maskin in
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Figure 2. Aurora A, p53, and Plur-
ipotency. (A) Aurora A directly phos-
phorylates p53, which becomes a
target for the ubiquitin ligase MDM2, lead-
ing to its degradation by the proteasome.
(B) Pluripotent embryonic stem cells
(ESC) capable of self-renew show high
levels of Aurora A and low levels of
p53. A loss of Aurora A activity stabilizes
p53, whose level then increases; this
causes the ESCs to differentiate and lose
their self-renewal capacity. Induced plur-
ipotent stem cells (iPSC) with high Aurora
A levels and low p53 levels can be repro-
gramed, while those with low Aurora A
levels and high p53 levels cannot. Deple-
tion of p53 in these latter cells rescues
their reprogramming ability, highlighting
the essential role of p53 and Aurora A
in the pluripotency of stem cells [42].
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Xenopus laevis, also act in a similar way to TPX2, binding to Aurora A and triggering T288
autophosphorylation [58]. Adding TACC3 rather than TPX2 to the in vitro assays might yield
different results. Furthermore, other activators use different mechanisms than those used by

Box 1. Killing Cancer Cells by Targeting Essential Kinases.

Cancer cells have modified their signaling pathways to survive. During this process, some of the protein kinases that are
not essential for normal cells have become essential for cancer cells. Inhibiting these essential kinases with low doses of
specific inhibitors has proved to be an excellent way to kill cancer cells without affecting normal cells [49,50].

In practice, normal and cancer cells from a patient must both be cultivated and used to perform differential screening
using siRNA to identify these kinases. The human genome includes more than 500 kinase genes, which must be
eliminated one by one by siRNA. The challenge here is then to have access to a library of inhibitors that would be specific
for each of the kinases. The use of low dose of inhibitors has two benefits: it avoids both adverse effects and the
appearance of drug resistance.

Normal cell Cancer cell
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siRNA s cree n

(kinome ) 

Deple�on

- Kinase #1

Death  of

cancer cell s

only 

Low  dose

Inhibitor Kinase #1
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Figure 3. Signaling Pathways in Tumor Cells Have Been Adapted to the Advantage of the Tumor. Some
protein kinases that are not essential for normal cells become essential only for tumor cells. These kinases can be identified
by differential screening (normal cells versus tumor cells from the patient) using kinase depletion by small interfering (si)
RNA. Inhibitors of each the kinase whose depletion leads to the death of tumor cells are used at low doses to design a
personalized cocktail of inhibitors for chemotherapy [49,50].
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TPX2 and TACC3. For instance, centrosomal protein of 192 kDa (CEP192) triggers T288
phosphorylation, but unlike TPX2, the molecular mechanism involved does not appear to be a
conformational change. Instead, CEP192 triggers dimerization of the kinase that allows trans

autophosphorylation on T288 [59]. Many other partners have also been identified, including
Ajuba [60], HEF1 [61], and Bora [62].

Nucleophosmin (NPM) stimulates Aurora A kinase activity in vivo at the centrosome, but only if
Aurora A is previously phosphorylated on T288. When bound to Aurora A phosphorylated on
T288, NPM triggers the autophosphorylation of Aurora A on another site: S89. The conse-
quence of this latter phosphorylation is amplification of kinase activity [63]. The mechanism
involved at the structural level is unknown but NPM is thought to act as a chaperone for Aurora
A. Adding both NPM and TPX2 to in vitro assays should help achieve high levels of kinase
activity and reveal inhibitors that would be more efficient against spindle assembly in vivo. In

vitro kinase assays should be specifically designed against a cellular mechanism; for example,
the approach used to target Aurora A for its function during G2/M transition (Aurora A/CEP192)
should be different than that used to target it during spindle assembly (Aurora A/TPX2), and so
on. Is it possible to target one and only one event controlled by Aurora-A by inhibiting the
binding of Aurora A to one of its activators?

In Silico Investigations
In recent years, high-resolution 3D protein structures and the development of an enormous
number of docking tools and algorithms have paved the way for high-throughput virtual
screening and the development of new drugs. Various docking software (used to find a
‘key’ to a ‘lock’) and criteria to be considered for reliable and accurate computer-aided drug
design are listed elsewhere [64].

To date, 112 3D structures have been deposited for human Aurora-A in the Protein Data Bank
(PDBii [65]) as cited in 48 publications. Aurora-A structures have been resolved to a high
resolution of 1.67 Å (PDB ID: 5L8L) [66], but none of the 112 structures were developed for the
full-length kinase. This makes it difficult for computer-aided drug design to target N-terminal
functions, such as the E3 ubiquitin ligase activity of the Aurora A Phe31 variant [67]. At its N
terminus, Aurora A has an autoinhibitory non-Aurora box (aa 64–128) that interacts with the C
terminus and keeps the kinase inactive [68]. The Aurora A activator Ajuba was reported to
interact with its N terminus, preventing the interaction between it and the C-terminal domain.
Ajuba then leads to Aurora A autophosphorylation and activation [60,69]. Therefore, resolving
and targeting the Aurora A N-terminal structure should yield a new class of Aurora A inhibitors.

Most Aurora inhibitors have been developed to target the ATP-binding site, thus raising the
question of inhibitor specificity. High-throughput screening identified lead compound 8a, a
novel pyrazole that binds to the ATP-binding site of Aurora A (IC50 � 15 mM). This compound
was later used to design a new compound called 12 w (IC50 � 0.033 mM), which inhibited
Aurora A 450-fold more than the original lead compound. 12 w also showed more specificity
towards Aurora A than to Aurora B or C [70].

Binding of the kinase activators has also been targeted. For instance, docking and molecular
dynamic studies showed that Withanone, isolated from the plant ashwagandha (Withania

somnifera), disrupts the interaction between Aurora A and TPX2, the targeting protein for
Xenopus kinesin-like protein 2 (Xklp2). Withanone is a potential anticancer drug, because it
disrupts the mitotic spindle and prevents cancer cell division [71]. In another study, Kilchmann
and colleagues used the xLOS 3D shape and pharmacophore similarity algorithm to discover
‘Inhibitor 90, a highly specific Aurora A inhibitor with an IC50 of 2 nM [72]. Inhibitor 9 competes
with TPX2 by locking Aurora A in an inactive conformation.
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Many attempts have been made to develop pharmacophore models that target Aurora A [72–
78]. Recently, a new approach to the search for Aurora A inhibitors was developed based on a
general Ser/Thr kinase pharmacophore model, and identified compounds that showed little
activity against Haspin, Aurora A, or Aurora B. The general model was adjusted to only Aurora
A, and this optimization yielded hits showing higher specificity, in the 3–5 nM activity range, with
good absorption, distribution, metabolism, and excretion (ADME) properties. These com-
pounds also showed 10–30-fold selective cytotoxicity on 16 cancer cell lines relative to the
primary cells [79]. This new approach is useful, since the same general pharmacophore model
can be adjusted to target any Ser/Thr kinase. In the near future, advances in computational
tools will aid in the development of drugs that target different Aurora A domains by taking into
account their interactions with various activators.

In Vivo Explorations
Once an inhibitor has been identified in vitro, it must be validated in vivo in cell cultures. To
evaluate the specificity of an Aurora A inhibitor, the usual control is to compare the phenotype
obtained by the inhibitor with that obtained after depletion of Aurora A by RNAi or gene
knockout [80–85]. However, in the case of Aurora A, this might not be appropriate, because it
has been observed that Aurora A performs functions independently of its kinase activity. In
Caenorhabditis elegans, for instance, abnormal spindle assembly after Aurora A depletion was
rescued by an inactive kinase [86]. In another example, both active and inactive Aurora A forms
interacted with heterogeneous nuclear ribonucleoprotein K (hnRNP K) to transactivate the MYC
promoter [87].

These data suggest that cells without Aurora A protein (due to RNAi) cannot be compared with
cells with inactive Aurora A kinase (due to inhibitors) when the protein itself is present. In addition
to having enzymatic activity (as a kinase), the Aurora A protein might also serve as a platform for
complexes.

With this idea in mind, a method was developed for evaluating the specificity of Aurora A
inhibitors. An allele-sensitive (AS) Aurora A isoform was generated by mutating the kinase
gatekeeper [63] (Box 2). The AS isoform can be specifically inhibited by an ATP analog (1-Na-
PP1) that has no other target in the cells. Two stable U2OS (Human bone osteosarcoma cells)
cell lines were prepared, one expressing a wild-type (WT) isoform of Aurora A, and the other
expressing an AS isoform. Both were resistant to siRNA targeting the endogenous Aurora A
and, when treated by siRNA to deplete this resistance, both cell lines survived either with only
the WT or only the AS isoform. Due to specific inhibition of Aurora A, only the AS cell line gave a
phenotype in the presence of 1-Na-PP1. This phenotype could then be compared with any
obtained after treatment U2OS cells with potential Aurora A inhibitors [63] (Figure 4).

Some Aurora A functions might also differ depending on the cell type. Thus, exposing a whole
organism to an Aurora A inhibitor might lead to different effects, which could explain why many

Box 2. Design of Allele Sensitive Kinases.

An AS kinase has been mutated in its active site to change the amino acids in the gatekeeper of the kinase. A point
mutation is usually sufficient to achieve this. The mutation increases the size of the active site to give access to a larger
ATP molecule. The catalytic activity of the kinase should not be affected and the AS kinase should still use normal ATP
molecules as phosphate donors.

To inhibit the AS kinase, an ATP analog is modified chemically to increase its bulk so that it can enter only the AS kinase
active site. These modified ATP analogs do not affect other kinases. The AS kinase must be expressed in vivo at the
physiological level, and this is achievable via the use of the CRISPR/Cas9 gene-editing method. The use of the AS kinase
together with its ATP-analog inhibitor offers a specific way to inhibit a kinase in vivo.

694 Trends in Pharmacological Sciences, August 2017, Vol. 38, No. 8
62



clinical trials have failed. Besides its role in mitosis, the kinase is also involved in multiple cell
mechanisms, including cell polarity, asymmetric cell division (differentiation during development
or stem cell self-renewal), and epithelial-mesenchymal transition (EMT), for example in glioma
[88–90]. The specificity of an inhibitor should then be defined using at least three criteria: (i) the
kinase Aurora A; (ii) the cell type; and (iii) the mechanism.

How to Detect Aurora A Kinase Activity In Vivo

To be catalytically active, Aurora A must be phosphorylated at T288 in the activation loop, a
phosphorylation thought to be due to a trans autophosphorylation mechanism [53,54]. In this
process, a binding partner activates a reaction wherein an Aurora A kinase molecule phos-
phorylates another Aurora A molecule at T288. Consequently, any in vivo antiphosphoantibody
detection of T288 phosphorylation will indicate that Aurora A is active. However, the method
has some drawbacks. For instance, T288 phosphorylation may not be exclusively due to
autophosphorylation. In vitro, protein kinase A (PKA) can phosphorylate Aurora A at T288
located in a PKA consensus sequence: RRXTL [91]. However, it is unlikely that PKA phos-
phorylates T288 in vivo [92]. p21 protein (Cdc42/Rac)-activated kinase 1 (PAK-1) can also
phosphorylate Aurora A on T288 in vivo when localized at the centrosomes [93]. In this
particular case, the T288 phosphorylation state reflects either PKA or PAK-1 activity rather
than that of Aurora A. Aurora A has another threonine residue next to T288, and
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Figure 4. Preparation of Aurora A Kinase Inhibitors. The structure of the kinase can be used for in silico searches of
potential drugs to be tested in vitro. A compound library can be screened using a classic in vitro kinase assay. Hits are then
assayed in cell cultures. The effect of the inhibitor is compared with the effect of kinase depletion achieved by small
interfering (si)RNA (i.e., inhibition is compared with depletion). An alternative is to compare the effect of the inhibitor with the
effect of inhibition of an allele-sensitive (AS) Aurora A (i.e., inhibition is compared with inhibition). In both cases, a biomarker
has to be selected to follow in vivo Aurora A inhibition.
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phosphorylation of T287 also activates Aurora A; this epitope is not detected by antiphospho-
T288. In addition, at least in vitro, Aurora A activity is suppressed when both T288 and T287 are
phosphorylated [94]. Aurora A remains inactive if dephosphorylated on T288, indicating that
T288 phosphorylation is the first requirement for an active Aurora A kinase. However, T288
phosphorylation does not necessarily indicate that Aurora A is active, because the protein
kinase activity is modulated by several other phosphorylation events. For instance, the kinase
activity of Aurora A phosphorylated on T288 is strongly enhanced in contact with nucleo-
phosmin. This increase is due to an autophosphorylation event on Aurora A S89 [95]. By
contrast, the activity of Aurora A, previously phosphorylated at T288, can also be down-
regulated by S342 phosphorylation [92,96]. Similar to T288, this serine is in a PKA consensus
sequence, and it can also be phosphorylated by PAK-1 [93,97] (Figure 5). The S342 in human
Aurora A is conserved in X. laevis at position 349. It has been reported that S349 phosphor-
ylation in Xenopus could be triggered by priming Aurora A, phosphorylated on T295 (equivalent
of human T288), through GSK3 phosphorylation of two amino acid residues, S290 and S291,
upstream of S349 [98]. This priming event appears to trigger S342 autophosphorylation.
However, these data have only been obtained so far in X. laevis.
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Figure 5. Regulation of Aurora A Activity by Phosphorylation. Unphosphorylated Aurora A is inactive. The first step
in its activation is the phosphorylation of Threonine 288 (T288) [53,54]. Aurora A phosphorylated on T288 can be
downregulated by phosphorylation of Serine 342 [95,96]. However, Aurora A phosphorylated on T288 can also be
upregulated by phosphorylation of Serine 89 [94].
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The take-home message here is that, although Aurora A phosphorylated on T288 is the
activated isoform of Aurora A, measuring the level of phosphorylation of T288 does not reflect
Aurora A kinase activity (Figure 5).

What would be the most appropriate readout for an in vivo Aurora A kinase activity measure-
ment? Although the Aurora A substrate LATS2 phosphorylated on Ser 83 has been reported to
give good data, a comparison with an Aurora B substrate is need, and histone H3 phosphory-
lated on Ser 28 would be a suitable choice. Antiphosphoantibodies are also commercially
available for both substrates [56].

Concluding Remarks

The development of protein kinase inhibitors to be used in cancer treatments is a long,
expensive process. The cost of Phase III trial failures was recently evaluated [99] and the
authors observed that cancer trials lead to failure more frequently than those for other diseases.
Based on conference presentations at a European Center for Pharmaceutical Medicine
seminar, the authors compiled a list of ‘drivers of failure’. These included inadequate basic
science, flawed study design, suboptimal dose selection, flawed data collection and analysis,
and problems with study operation [99].

In the case of Aurora A, basic science problems may be most responsible for trial failures, since
the different functions of the kinase are not yet fully understood (see Outstanding Questions). It
has become increasingly obvious that Aurora A activity is not just restricted to centrosome
maturation and bipolar spindle assembly. How does Aurora A control cell cycle progression?
The Aurora A community must now concentrate its efforts on understanding the functions of
the kinase during different stages of interphase [100]. More importantly, how does Aurora A
deregulation trigger carcinogenesis? In a complex organism, too much Aurora A is no good, but
not enough is not good either. It should now be considered that Aurora A has cell type-specific
functions. Cells can be polarized or not; cell division can be symmetric or asymmetric, can go
from one mode of division to the other, and can lead to proliferation, differentiation, or stem cell
renewal. In all these examples, there are specific functions and substrates for Aurora A; instead
of targeting the kinase activity of Aurora-A, targeting only one of its substrates could be a way to
inhibit one of its specific functions. However, when Aurora A inhibition is used as a part of
cancer treatment, what are the consequences on the whole organism? Given its pleiotropy,
direct inhibition of the kinase activity results in multiple adverse effects; thus, the inhibition of a
specific substrate phosphorylation might lead to less-dramatic adverse effects.

What are the kinase-dependent and �independent functions of Aurora A? A systematic
comparison of these functions using gene knockdown and gene knock-in to create a gene
encoding an inactive kinase mimicking the effect of an inhibitor could be performed. The
resulting data might provide an answer to the question: which is the better way to target the
kinase: inhibition or protein elimination? All of these questions should be carefully addressed
before we can contemplate fighting cancer using Aurora A as a target; without the answers,
clinical use of Aurora A inhibitors will remain risky.

Since cancer research is and will remain a priority, financial support of basic science is crucial to
improve the chances of success and transfer to the clinic. Isaac Newton said: ‘To explain all
nature is too difficult a task for any one man or even for any one age. ‘Tis much better to do a
little with certainty, & leave the rest for others that come after you, than to explain all things by
conjecture without making sure of any thing.’ The development of effective and safe inhibitors
depends on the knowledge of the target obtained through active exploration of fundamentals:
‘In order to beat your enemy, you must first know your enemy’ (The Art of War, Sun Tzu).

Outstanding Questions
How can Drosophila neuroblasts
divide symmetrically or asymmetrically
without any Aurora A activity?

Can neuroblasts without Aurora A,
injected alone, induce cancer in the
abdomen of Drosophila?

Are the tumors that appear in hetero-
zygous Aurora A+/� mice due to the
proliferation of cells that would nor-
mally divide asymmetrically?

Could the use of Aurora A inhibitors
provoke carcinogenesis in mammals?

Is it possible to target one and only one
event controlled by Aurora A by inhib-
iting its binding to one of its activators?

What is the most appropriate readout
to measure Aurora A activity in vivo?

What are the kinase-dependent and
�independent functions of Aurora A
in mammals?
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Abstract 

During the prometaphase stage of mitosis, the cell builds a bipolar spindle of microtubules that 

mechanically segregates sister chromatids for two daughter cells in anaphase. The spindle 

assembly checkpoint (SAC) is a quality control mechanism that monitors proper attachment of 

microtubules to chromosome kinetochores during prometaphase. Segregation occurs only when 

each chromosome is bi-oriented with each kinetochore pair attached to microtubules emanating 

from opposite spindle poles. Overexpression of the protein kinase Aurora A is a feature of 

various cancers and is thought to enable tumour cells to bypass the SAC leading to aneuploidy. 

Here, we took advantage of a chemical and chemical-genetic approach to specifically inhibit 

Aurora A kinase activity in late prometaphase. We observed that a loss of Aurora A activity 

directly affects SAC function, that Aurora A is essential for maintaining the checkpoint protein 

Mad2 on unattached kinetochores, and that inhibition of Aurora A leads to SAC extinction, 

even in the presence of nocodazole or taxol. This is a new finding that should affect the way 

Aurora A inhibitors are used in cancer treatments. 
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Introduction 

Aurora kinases are key regulators of mitosis that fulfil complementary functions, as suggested 

by their localisation on mitotic structures; Aurora A localises at the centrosome and spindle 

poles, whereas Aurora-B and Aurora-C localise on chromosomes and at the midbody (Giet et 

al., 2005). Aurora-B and Aurora-C belong to the chromosome passenger complex (CPC) 

(Carmena et al., 2012b); their kinase activities are required for chromosome condensation by 

phosphorylating histones (Hsu et al., 2000; Wilkins et al., 2014), for the spindle assembly 

checkpoint (SAC) by phosphorylating and regulating Zwint-1 (Andrews et al., 2004; Kasuboski 

et al., 2011), for cytokinesis by phosphorylating the central spindlin component (Guse et al., 

2005), and for the abscission checkpoint (Mathieu et al., 2013; Norden et al., 2006). Aurora A 

is involved in G2/M transition (Dutertre et al., 2004; Seki et al., 2008), centrosome maturation 

(Hannak et al., 2001), and spindle assembly during prometaphase (Roghi et al., 1998). The SAC 

is a surveillance mechanism that monitors the attachment of kinetochores to microtubules 

during the process of bipolar spindle assembly (Rieder and Maiato, 2004). Every mitotic 

chromosome made of two sister chromatids possesses one kinetochore per chromatid. Once 

every chromosome kinetochores are attached to microtubules, the SAC is switched off, 

chromosome segregation occurs and the cell enters anaphase (Foley and Kapoor, 2013). The 

SAC components are localised at the kinetochores, a macromolecular structure organised in 

different layers of protein complexes. Starting at the level of the centromeric chromatin, the 

histone H3 variant centromere protein A (CENP-A) defines the localisation of the constitutive 

centromere-associated network (CCAN), which is composed of 16 CENPs. This complex 

provides a platform on which to build an interface between the kinetochore, the microtubules 

and the KMN network, which is made up of Knl1, Mis12, and Ndc80.  
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At the molecular level, the SAC maintains the ubiquitin ligase Anaphase Promoting 

Complex/Cyclosome (APC/C) in an inactive state through sequestration of its activator Cdc20 

by the protein Mad2 (Nilsson et al., 2008). The MCC (Mitotic Checkpoint Complex) 

responsible for the SAC signal in human cells is composed of the four proteins Mad2, BubR1, 

Bub3, Cdc20. Mad2 localises to unattached kinetochores and is released upon attachment by 

microtubules (Buffin et al., 2005; Chen et al., 1996). When all kinetochores are attached to 

microtubules, the inhibition of Cdc20 by Mad2 is relieved, allowing Cdc20 to bind to and 

activate the APC/C, which in turn ubiquitinates cylin B and securin for their degradation by the 

proteasome. Without securin, the separase becomes active and cleaves the cohesin subunit 

Scc1/Rad21/Mcd1, triggering sister chromatid separation (Uhlmann et al., 1999). APC/C also 

targets cyclin B1 for degradation, which induces the inhibition of CDK1 activity and allows the 

cell to exit mitosis (Thornton and Toczyski, 2003). BubR1 and Mad2 are present on unattached 

kinetochores and participates in SAC activity (Fang, 2002). Although the regulation of the SAC 

has been attributed to Aurora-B rather than Aurora A, data suggest that Aurora A might also 

participate in SAC regulation. For example, phosphorylation of the centromere histone H3 

variant CENP-A on serine 7 by Aurora A is required to localise Aurora-B at the kinetochore 

(Kunitoku et al., 2003). CENP-A is considered as a platform on which to build the kinetochore 

where the mitotic checkpoint complex (MCC) is assembled. Unfortunately, inhibition of 

Aurora A kinase leads to defects in spindle assembly, which hinders any study of the role of 

the kinase in regulating the SAC (Hoar et al., 2007). To overcome this problem, we used two 

independent approaches that allow Aurora A inhibition in a timely and precise manner (analog-

sensitive inhibition and specific inhibitor). Using analog-sensitive inhibition method, we 

previously showed that the kinase activity of Aurora A is required for central spindle assembly 

through the phosphorylation of dynactin subunit p150Glued (Reboutier et al., 2013). Here, we 

report that, in the absence of Aurora A activity, cells exhibit defective chromosome 
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congression, premature entry into anaphase and delocalisation of Mad2 from kinetochores to 

centrosomes, demonstrating for the first time that Aurora A activity is required to maintain an 

active SAC during prometaphase. 

 

Method 
 

Cell culture 

For analog-sensitive inhibition, three U20S cell lines were used: a normal U2OS cell line as 

control and two stable cell lines expressing a wild-type version of Aurora A tagged with GFP 

(wt-Aurora A) and an allele-sensitive version of Aurora A tagged with GFP (as-Aurora A). 

Both versions of Aurora A were expressed under the control of the Aurora A endogenous 

promoter (Reboutier et al., 2013). These cell lines were maintained in McCoy's 5A medium 

containing GluthaMAX (Gibco, Invitrogen) supplemented with 10% FBS (PAA) and 1% 

penicillin-streptomycin (Gibco, Invitrogen). In addition, the wt-Aurora A and as-Aurora A cells 

were grown in the presence of 1.25 mg/ml geneticin (G418 sulphate, PAA). 

Hela tubulin-GFP and U2OS Aurora A-GFP under endogenous promotor were grown in a 

humidified incubator at 37°C and 5% CO2 in Dulbecco’s modified Eagle medium (Gibco, 

Invitrogen, Carlsbad, USA) supplemented with 10% fetal calf serum (PAA Laboratories) and 

1% penicillin/streptomycin (Gibco).  

Small interfering RNA and transient transfections 

The oligonucleotide sequence of the siRNA targeting Aurora A (Qiagen) was 5’-

AAATGCCCTGTCTTACTGTCA - 3' (Reboutier et al., 2013). Transfection was performed 

using JetPRIME (Polyplus transfection). Depletion of endogenous Aurora A kinase was 

controlled by Western blot in every experiment as described by Reboutier et al. (2013).  

 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

151



Western blot 

Cells were harvested by treatment with trypsin-EDTA (Gibco, Invitrogen) and resuspended in 

McCoy's 5A medium containing GluthaMAX, centrifuged at 1200 rpm at 4°C for 3 min, and 

washed three times in PBS. The cell pellet was resuspended in Laemmli buffer, sonicated, and 

incubated for 5 min at 95°C. Proteins in the cell extracts were separated on 12.5% SDS-PAGE 

and transferred to a nitrocellulose membrane. After transfer, the membrane was blocked with 

3% non-fat milk in TBST for 1 h at room temperature followed by an overnight incubation in 

TBST containing 3% non-fat milk and primary antibodies. The primary antibodies were mouse 

anti-Aurora A 5C3 (1/100) (Cremet et al. 2003); rabbit anti-Mad2 (1/1000, Covance); rabbit 

anti-HCAP-D2 (1/10000) (Collas et al. 1999); mouse anti-Cyclin B1 (1/1000, Santa Cruz); 

mouse anti-HA (1/1000, Covance); mouse anti-β- tubulin (1/2000, Sigma-Aldrich); rabbit anti 

Phospho-Aurora A/B/C (1/1000, Cell Signaling); rabbit antiphospho-histone H3 (H3S10, 

1/1000, Euromedex). The secondary antibodies were anti-mouse or anti-rabbit IgG coupled to 

peroxidase (1/5000 and 1/110,000, Jackson Laboratories). Finally, the membranes were 

processed for chemiluminescent enhancement with Dura or Pico (Thermo Fisher Scientific) 

before film exposure. 

Cell synchronisation 

MLN8237 approach: The cells were grown on coverslips in 12-well plates. Cells were then 

synchronized in late G2 (G2/M transition) by treatment with 100 nM nocodazole for 12 hours 

at 37°C. 

Analog sensitive approach: The cells were grown on coverslips in 12-well plates. They were 

depleted of endogenous Aurora A using siRNA as described by (Reboutier et al., 2012). Cells 

were then synchronised in late G2 (G2/M transition) by treatment with 2 M CDK1 inhibitor 

RO3306 (Calbiochem) at 37°C for 5 h. Next, they were released in late prometaphase by 
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washing out RO3306 three times for 4 min. Finally, the cells were treated with 10 M 1-Na-

PP1 to inhibit as-Aurora A, fixed for 10 min at either -20°C in 100% cold methanol or at room 

temperature in 4% paraformaldehyde, and processed for immuno-fluorescence microscopy. 

Immunofluorescence 

MLN8237 approach: Cells fixed in –20°C methanol for 5 min and treated as described in 

(Courthéoux et al., 2016). For GFP stable cell line, GFP nano-booster (chromotek) was used at 

the secondary antibody incubation step. Images were taken with the new LSM800 Airyscan 

(Zeiss Inc. and processed with FIJI (imageJ). For figures 3, 4 and 5, the Fast-Airyscan mode 

was used with optimum parameter settings. Lasers power and acquisition settings are the same 

for all conditions within an experiment. Enlarged pictures in Figures 3C and 5A are z-projection 

of 5 z stacks.  

Analog sensitive approach: Cells fixed in methanol or paraformaldehyde as described above 

were washed with PBST buffer (PBS containing 0.1% Triton X100) and permeabilised by 

incubation in MBS buffer (100 mM PIPES pH 6.8, 1 mM MgCl2, 0.1 mM CaCl2, 0.1% Triton 

X100). The cells were then incubated in PBST containing 1% BSA for 1 h at room temperature, 

followed by 1 h incubation at room temperature in PBST containing 1% BSA and primary 

antibodies. After several washes in PBST containing 1% BSA, the cells were incubated with 

secondary antibodies. Images were taken using a Coolsnap ES (Photometrics) equipped Leica 

DMRXA2 microscope and image acquisition software MetaVue (Molecular Devices, Inc.). The 

images were deconvolved by the Metamorph software (Molecular Devices, Inc.) and edited 

using Adobe Photoshop CS3. 
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Antibodies 

We used antibodies directed against: mouse anti--tubulin B-5-1-2 (1/2000, Sigma); rat anti-

-tubulin (YL1/2 1/500, Millipore), rabbit anti-Mad2 (1/500, Covance), human anti-CREST 

centromere protein (1/3000, Antibodies Incorporated); mouse anti-Aurora B (1/1000, BD). 

Secondary antibodies: rabbit and mouse CFTM (1/1000, Biotium). Alexa Fluor 488 donkey anti-

rat IgG (1/1000), Alexa Fluor 555 donkey anti-mouse IgG (1/1000), or Alexa Fluor 555 goat 

anti-rabbit IgG (1/1000) (Invitrogen). Finally, samples were mounted with Vectashield or 

Vectashield-DAPI (1/1000, Vector Laboratories) for DNA staining.  

Quantification of fluorescence signals 

MLN8237 approach: For quantitative analysis in Fig. 3C and Fig. 4C of Aurora A and Mad2 

intensities at kinetochore, kinetochore volume was isolated using “3D object counter” from FIJI 

on thresholded CREST z-stack images. Kinetochore volumes were imported in “3D ROI 

manager”. Average intensity per kinetochore were collected and normalized to the maximum 

mean from NOCO (for Mad2) or MLN condition (respectively showing the highest Mad2 or 

Aurora A mean intensity per kinetochore). Aurora A and Mad2 kinetochore values were pooled 

per condition and showed as box plots. 

Analog sensitive approach: The integrated densities of Mad2 (equatorial plates and bipolar 

spindle poles) were determined from deconvolved images taken with the Leica DMRXA2 (63°- 

objective) using the FIJI (ImageJ) 1.46i software (NIH). 
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Live cell imaging 

MLN8237 approach: HeLa cell line expressing Tubulin-GFP (Reboutier et al., 2013) was 

grown on Zeiss High resolution cover sleeps for 24h then synchronized as describe in Fig. 1A. 

Video microscopy was performed on Spinning disk CSU-X1 on Nikon Ti-E. Seven z-stack (3 

m step) were collected every 3 min using 63X magnification objective. Z-stack were z-

projected and movie were analysed using FIJI. Anaphase was detected manually (as 00:30 in 

control condition Fig. 1B). Timing was collected for experiments, pooled and presented as box 

plot (Fig. 1C). 

 

Analog sensitive approach: Endogenous Aurora A was depleted from both stable U2OS cell 

lines expressing wt-Aurora A and as-Aurora A using siRNA as described by (Reboutier et al., 

2013). The cells were then incubated in 100 ng/ml (0.2 M) nocodazole or 5 M taxol until the 

end of the time lapse (16 h). After 13 h incubation in nocodazole, the cells were treated with 10 

M 1-Na-PP1 and filmed for 3 h. The addition of 1-Na-PP1 marks T0 for each movie. Video 

microscopy was performed on a Leica DM IRB microscope equipped with a 63x/1.4 oil-

objective and a Coolsnap HQ camera (Photometrics) driven by Metamorph software (Molecular 

Devices, Inc.). Images were acquired every 5 min and analysed using the same software. 

Statistical analysis 

All experiments have been performed at least three independent times and T-test on the mean 

was performed using Igor (Wavemetrics). 
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Other statistical analyses were performed using Tukey's Honestly Significant Difference (HSD) 

test in R 2.13.0 software (R Core Group). Values were represented as histograms or box plots. 

Results 

 

Aurora A inhibition causes premature exit from mitosis of cells arrested in pro-metaphase 

due to SAC activation.  

We previously developed an allele-sensitive Aurora A (as-Aurora A), of which the activity can 

be inhibited by an ATP analogue (Reboutier et al., 2013), allowing specific inhibition of Aurora 

A in a very narrow window of time during cell cycle progression. We took advantage of this 

system to determine whether Aurora A activity plays a role in the SAC. We used a cell line 

expressing a GFP-tagged wild-type version of Aurora A (WT-U2OS) and another cell line 

expressing a GFP-tagged allele-sensitive Aurora A (AS-U2OS). Only as-Aurora A is sensitive 

to the ATP analogue 1-Na-PP1 (Reboutier et al., 2013). Importantly the ectopic kinase was 

expressed under the control of its own minimum promoter (Reboutier et al., 2013; Tanaka et 

al., 2002). We depleted the endogenous Aurora A via RNA interference, controlled the 

efficiency of the depletion (Fig. 1A and B) and left the cells with ectopic Aurora A. The cells 

were then treated with the microtubule poisons nocodazole at 100 nM for 13-hours. This 

compound affects microtubule dynamics and arrests the cells in prometaphase of mitosis for 

several hours by maintaining the SAC active (Rieder and Maiato, 2004). To directly test 

whether Aurora A kinase activity was required in this cell cycle arrested cells, each cell line 

AS-U2OS and WT-U2OS was treated with 10 M 1-Na-PP1 for 30 min in the presence of 

nocodazole and filmed during 3 hrs. In the presence of the inhibitor only the WT-U2OS cells 

containing an active Aurora A kinase remain arrested in prometaphase, while the cells 

containing an inactive Aurora A kinase exit from mitosis as soon as we added the as-Aurora A 
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inhibitor (Fig. 1A and 1C). To control that Aurora A inhibition did not stabilize kinetochore-

microtubule attachments we repeated the experiment with 3.3 M nocodazole that not only 

maintains the SAC active but also depolymerizes all mitotic microtubules (De Brabander et al., 

1981; Jordan et al., 1992). We obtained the same result. When treated with 3.3 M nocodazole 

or with 3.3 M nocodazole plus 10 M 1NaPP1 the two cell lines AS-U2OS and WT-U2OS 

behave the same way, they arrest in prometaphase (Fig. 1D). Only when cells treated with 

nocodazole and 1-Na-PP1 were depleted of endogenous Aurora A, cells expressing wt-Aurora 

A (insensitive to 1-Na-PP1) remained in mitosis, whereas cells expressing as-Aurora A 

(inhibited by 1-Na-PP1) exited mitosis in less than 1 h Fig. 1C and D).  

We also counted the number of mitotic cells upon depletion of endogenous Aurora A and 

treated with nocodazole and 1-Na-PP1. The number of cells in mitosis was much higher in cells 

expressing wt-Aurora A (78.29%, +/- 4.65, n=46) than in cells expressing as-Aurora A and 

treated with 1-Na-PP1 (9.41%, +/-1.99, n=62): 7-times higher in the presence of nocodazole 

(Fig. 1E). 21.71% of the cells expressing active wt-Aurora A escape the nocodazole block and 

exit mitosis within 1 h, whereas the percentage of cells escaping the block reached 91.59 % 

upon inhibition of Aurora A (Fig. 1E). Similar observations were made when cells were treated 

with taxol; 40% of cells escaped mitosis in the presence of active Aurora A, whereas 85% 

escaped mitosis in the absence of active Aurora A (data not shown).  

These finding demonstrated that inhibition of Aurora A induces cells to exit mitosis in condition 

where the SAC should prevent it. 
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Premature exit and abortive cytokinesis 

To confirm and further characterized observations above, we simplified the approach and used 

the Aurora A inhibitor MLN8237 at a concentration (50 nM) that affects only Aurora A and 

not B and C (Asteriti et al., 2014). We also decided to used low concentration of nocodazole to 

avoid a complete depolymerisation of microtubules, but a concentration that remains sufficient 

to keep the SAC active (Wang and Burke, 1995). HeLa cells expressing tubulin-GFP were 

treated with 100 nM nocodazole for ten hours, released in prometaphase for 15 min, then 

incubated with 50 nM MLN8237, 20 nM nocodazole or both and filmed (Fig.2A).  

As already reported, Aurora A inhibition affects spindle morphology in particular spindle length 

(Bird and Hyman, 2008), Fig. 2B compare green lines 1 & 2) but does not affect mitotic timing 

(Fig. 2C and D). Low dose of nocodazole (20 nM), however, affects drastically spindle 

formation (Fig. 2B yellow line) and as it maintains the SAC active, induces a mitotic arrest 

(Fig. 2C and D). By adding MLN on these mitotic arrested cells (20 nM nocodazole and 50 

nM MLN8237), we confirm our first observation (Fig. 1), almost 75 percent of mitotic cells 

exit from mitosis (Fig. 2D) without having been able to assemble a proper bipolar spindle 

structure. Nonetheless, these cells that prematurely exit mitosis do not divide (Fig2B red line). 

Instead, we observed a deformation of the cell cortex that might reveal cell attempt to complete 

mitosis and to divide. Cytokinesis eventually aborted and the tetraploid cell re-adhered to the 

cover slip (Fig. 2B red line).  

Because these phenotypes were reminiscent to that Aurora-B inhibition, we decided to control 

whether Aurora-B could be affected during Aurora A inhibition. Cells were synchronized in 

prophase and release in presence on MG132 (50 minutes, a proteasome inhibitor) to inhibit 

anaphase execution. Then cells were treated with DMSO, MLN, Nocodazole, MLN and 

nocodazole (Fig. 3A and B). In control cells Aurora B signal was detected in between CREST 

(a marker of centromere) signals indicating that the kinase is localised in between kinetochore 
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pairs as previously reported (Fig. 2B and Fig. 3C right graphics, line scans). We did not detect 

any overlapping area between Aurora A and Aurora-B. Nor did we detect any modification of 

Aurora-B localisation under MLN8237 treatment (line scans, Fig. 3C) or using the as-Aurora 

A/1NaPP1 approach (not shown). 

To control the specificity of MLN8732 towards Aurora A kinase activity, we compared the 

auto-phosphorylation state of each Aurora kinases (A, B and C) in the absence or in the presence 

of 50 nM MLN8237 using anti-phosphoserine antibodies in immunoblots (Fig. 3D). Aurora A 

auto-phosphorylation was almost completely lost under MLN8237 treatment, demonstrating 

that Aurora A was inactivated. In the same condition, we did not observe any change in Aurora 

B or C auto-phosphorylation. Additionally, the phosphorylation level of serine10 on histone 

H3, an in vivo substrate of Aurora B and C was not affected by MLN8732 (Fig. 3D). 

These data indicate that the condition we used to inhibit Aurora A kinase does not affect Aurora 

B localisation or activity. 

 

Inactivation of Aurora A disrupts the localisation of Mad2. 

To obtain molecular insight into the role of Aurora A in mitotic exit in the presence of abnormal 

spindle we investigated the behaviour of Mad2, one major MCC component that localises on 

unattached kinetochores during prometaphase and that signals the presence of an active SAC.  

Using the as-Aurora A approach, we observed that without any treatment, 90% of the control 

cells had Mad2 at the kinetochores in prometaphase. In the presence of the as-Aurora A 

inhibitor 1-Na-PP1, 87% of cells expressing wt-Aurora A had Mad2 at the kinetochores, 

whereas only 10% of cells expressing as-Aurora A did (Fig. Sup 1A and B). Western blot 

analysis revealed that Mad2 protein levels were not affected by Aurora A inhibition, indicating 
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that the absence of the protein at the kinetochores was not due to a reduced amount of protein 

(Fig. 1B). Interestingly, in these last cells Mad2 was accumulating at the centrosomes (Fig. Sup 

1A) as revealed by a quantification of Mad2 signal at the kinetochore and centrosome (Fig. Sup 

1C).  

We then used MLN8237 treatment to confirm these data by following the previously described 

experimental approaches (Fig. 3A). Then in the presence of MG132 the cells were treated with 

either 50 nM MLN8237 or 20 nM nocodazole or both and images were acquired using super 

resolution microscopy (Zeiss Airyscan) to evaluate the localisation of Mad2 in late 

prometaphase (Fig. 4A). Like previously reported by others (Bird and Hyman, 2008), inhibition 

of Aurora A leads to shorter spindles indicative of a good efficiency of MLN8237. By using 

super resolution images and quantitative analysis, mean Mad2 intensity per kinetochore 

(stained with CREST) was calculated, pooled and compared. As expected, we observed a 

recruitment of Mad2 at kinetochores under nocodazole treatment (Fig. 4B). Interestingly, 

MLN8237 treatment reduces Mad2 signal levels at kinetochore in nocodazole treated as well 

as in untreated cells (Fig. 4B). Like observed in the as-Aurora A approach, this decrease of 

Mad2 at kinetochores is concomitant with a massive recruitment of Mad2 at centrosomes (Fig. 

4A red arrows, Fig. 4B and C).  

This data indicates that Aurora A activity is required to maintain Mad2 on unattached 

kinetochores thereby possibly contributing to maintain the SAC active.  
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Kinetochore localisation of Aurora A  

Because we observed Mad2 localisation at kinetochores is disrupted upon Aurora A inhibition, 

we investigated whether the Aurora A itself could be detected at or near the kinetochores. 

Although it is thought that Aurora A localises at the centrosome while Aurora-B at the 

kinetochores during prometaphase, a presence of the Aurora A at kinetochores has been 

previously reported (Katayama et al., 2008). Using super resolution, we investigated Aurora A 

localisation around kinetochores during kinetochores-microtubules attachment process. Like 

above, we used cells synchronized with nocodazole and blocked in metaphase by 50 nM of the 

proteasome inhibitor MG132 (Fig. 3A). We investigated the localisation of Mad2 and Aurora 

A along the axis of microtubules attached to kinetochores (red discontinued lines in c panels of 

Fig. 5A). Microtubules are visualised by tubulin staining and kinetochores by CREST staining. 

In control cells, we observed Aurora A signal following that of microtubules with an intensity 

(reflecting protein levels) regularly decreasing until reaching the kinetochore. Two 

kinetochores are shown in figure 5A in the first row. Mad2 is absent on the first kinetochore 

on the left but present in the one on the right signalling the presence of an active SAC (Fig. 5A 

panel 1b). The drawing scheme representing the area occupied by the CREST signal 

(kinetochore) in purple and by Aurora A signal in red reveals an area occupied by both signals 

at the external surface of the kinetochore where the microtubules attach (Fig. 5A panel 1e).  

After MLN8237 treatment, as observed above, Mad2 was not found at kinetochores anymore 

(Fig. 5A panel 2b). Interestingly, MLN8237 treatment also affects Aurora A localisation, the 

kinase signal accumulated at kinetochores (Fig. 5A panel 2d and 2e, Fig. 5B second row).  

Nocodazole treatment at low dose on the other hand, induced a massive recruitment of Mad2 

at kinetochores (Fig. 4A panel 3b and 3e) but also a recruitment of Aurora A (Fig. 5A panel 

3d and 3e, Fig. 5B third row). 
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In the presence of both nocodazole and MLN8237, only kinetochores still linked to 

microtubules showed Aurora A accumulation (Fig. 5A panel 4c and 4d, Fig. 5B fourth row), 

suggesting Aurora A accumulation at kinetochores relies on the presence of microtubules. 

We tested this hypothesis by investigating the level of Aurora A signal at kinetochores using 

the same methodology we used to quantify Mad2 (Fig. 3C). We observed an increase of Aurora 

A signal at kinetochores when cells were treated with either MLN8237 or nocodazole. This 

indicate that inhibiting Aurora A or maintaining the checkpoint active triggers Aurora A 

localisation at kinetochores.  In cells treated with MLN8237 and nocodazole together, the level 

of Aurora A to kinetochore further increased again (Fig. 5A panel 4d and 4e, Fig. 5B fourth 

row, Fig. 5C). This data strongly suggests that Aurora A uses microtubules to localize at 

kinetochores. 

 

Discussion 

 

Until very recently, all of the studies describing the function of Aurora A have used loss of 

function by RNA interference, mutations in animal models, expression of a dominant negative 

version of the kinase, or gain of function by over-expressing wild-type Aurora A or a mutated 

version that become hyperactive or non-degradable (Glover et al., 1995; Littlepage et al., 2002; 

Sasai et al., 2008; Schumacher et al., 1998; Zhou et al., 1998). Because Aurora A is essential 

for centrosome maturation, the phenotype observed in all of these cases corresponds to a defect 

in spindle assembly and the cell never reaches metaphase (Berdnik and Knoblich, 2002; Hannak 

et al., 2001). We investigated whether Aurora A is involved in the SAC by specifically 

inhibiting Aurora A activity after the centrosomes have matured and the cell reaches metaphase. 

We succeeded by taking advantage of the as-Aurora A isoform already described (Reboutier et 
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al., 2013). And we confirmed our results using the Aurora A specific inhibitor MLN8237. 

Although Aurora A has never been directly involved in kinetochore functions, it phosphorylates 

CENP-A in prophase to allow Aurora-B localisation at kinetochores (Kunitoku et al., 2003). 

Aurora A also phosphorylates Haspin in late G2, participating indirectly to the phosphorylation 

of Threonine 3 of Histone H3 and to the recruitment of Aurora-B to kinetochores and more 

largely to the localisation of CPC and SAC proteins at kinetochores (Yu et al., 2017). Aurora 

A was also recently reported to phosphorylate Hec1 and to associate with the inner centromere 

Aurora-B partner INCENP, when overexpressed, to localise at the mitotic chromosome 

kinetochore (DeLuca et al., 2018).  

Eventually, Aurora A and Aurora-B share substrates with phosphorylation events occurring 

where the kinases are located. Aurora A phosphorylates MCAK and PLK1 at the centrosome 

(Macurek et al., 2008; Seki et al., 2008; Zhang et al., 2008), whereas Aurora-B phosphorylates 

the same two proteins on the same residues but at the kinetochore (Andrews et al., 2004; 

Carmena et al., 2012a; Lan et al., 2004). Therefore, both Aurora A and Aurora-B act in concert 

on the same substrates but at different locations to coordinate mitotic progression. This 

coordination was demonstrated further in DT40 cells in which Aurora A was depleted (KO) 

and Aurora-B inhibited. The authors found cooperation between both proteins in the 

coordination of chromosome segregation in metaphase and microtubule depolymerisation in 

anaphase (Hégarat et al., 2011).  

In the present study and in contrast to Aurora A KO, Aurora A was present and active until very 

late prometaphase. Its inhibition in that precise window of time led to a premature exit from 

mitosis with reduced Mad2 at kinetochores. In the presence of nocodazole or paclitaxel, which 

maintains the SAC active due to Mad2 recruitment at the kinetochores (Rieder and Maiato, 

2004), inhibition of Aurora A led to the removal of Mad2 from the kinetochores, illustrating 

the extinction of the checkpoint, and a relocalisation of Mad2 to the centrosomes. This indicates 
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that Aurora A activity is required to maintain Mad2 at non-attached kinetochores during 

prometaphase, ensuring that the SAC remains active. Whether this is a direct or indirect effect 

of Aurora A remains unknown.  

Consistent with such role of Aurora A, we also observed the kinase inhibition (MLN8237) leads 

to its retention at kinetochores. Consistently with a recent report by DeLuca and collaborators 

(DeLuca et al., 2018) who identified HEC1 (Ndc80 component) as Aurora A kinase substrate, 

we detected Aurora A at the outer kinetochores. This localisation of Aurora A seems to be very 

dynamic and the kinase might in fact shuttle at this localisation to phosphorylate substrates. 

Indeed, we observed that an inhibition of Aurora A increases its localization to kinetochores as 

if the inactive kinase remained blocked on its a substrate (Widmann et al., 2012). This 

localisation of Aurora A under MLN8237 shed light on a possible cooperation between both 

Aurora A and B in regulating kinetochores bi-orientation leading to SAC silencing. Aurora A 

localises at the outer kinetochore while Aurora-B at the inner kinetochore (Fig. 6) 

Aurora A has been observed at kinetochores where it participates in kinetochore/chromatin 

microtubule nucleation (Katayama et al., 2001). Consistent with a potential function in the 

SAC, overexpression of Aurora A has been shown to be sufficient to override the SAC in the 

presence of taxol (Anand et al., 2003; Dutertre et al., 2004). Increase taxol sensitivity was also 

observed in pancreatic cancer cell lines upon Aurora A depletion (Hata et al., 2005). More 

recently, it has been reported that the phosphorylation of p73 by Aurora A contributes to the 

breakdown of the Mad2-Cdc20 complex releasing Cdc20 to degrade cyclin B and to securin, 

providing a molecular explanation for the SAC override (Katayama et al., 2012). Although 

resistance to taxol treatment has been observed in breast cancer cells over-expressing Aurora 

A, this is only true in estrogen receptor (ER)-positive tumours and not in ER-negative tumours 

(Noguchi, 2006). The reason for this difference remains to be elucidated, but the 
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phosphorylation by Aurora A of Ser167 and Ser305 in ER might be involved (Zheng et al., 

2014).  

Reports have also indicated a bypass of the SAC upon Aurora inhibition, but the inhibitors used 

were not specific to one Aurora kinase and the bypass was eventually attributed to Aurora-B 

inhibition. For example, the use of MLN8054, a more specific inhibitor of Aurora A than 

Aurora-B, revealed that inhibition of Aurora A accelerates mitosis exit in the presence of 

nocodazole or taxol (Wysong et al., 2009). The concentration of MLN8054 used in the study 

was optimised for Aurora A inhibition, but the observed phenotype mimicked Aurora-B 

inhibition (Tyler et al., 2007). 

Here, we used two strategies to specifically inhibit Aurora A to clearly demonstrate for the first 

time that inhibition of Aurora A is sufficient to inhibit SAC activity and exit from mitosis. We 

demonstrated that the mechanism involved is not SAC override, but SAC inactivation. The 

molecular mechanism underlying the involvement of Aurora A in maintaining an active SAC 

during pro-metaphase remains to be elucidated, and a search for Aurora A substrates has begun. 

This report is the first to demonstrate a role of Aurora A kinase activity at the kinetochore for 

the SAC maintenance. Aurora A is a major target in cancer therapy with several inhibitors 

currently in clinical trials (Kollareddy et al., 2012). A precise understanding of the multiple 

functions of Aurora A during mitosis will undoubtedly help in designing drug associations and 

increase the efficiency of chemotherapeutic strategies to eliminate cancer cells (Bush et al., 

2013; Schmidt et al., 2010). 

 

  

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

165



ACKNOWLEDGMENTS 

 

Thibault Courtheoux was a fellow of the Region Bretagne and FHU CAMIn. Alghassimou 

Diallo was a fellow of the Guinée government, some data in the paper forms part of his PhD 

thesis prepared in the Institute of Genetics and Development of Rennes and defended at the 

University of Rennes 1 in December 18th, 2013. We thank the MRic facility (Microscopy 

Rennes Imaging Center, Biosit, IBISA), Stéphanie Dutertre (Biosit), and Jacques Pécreaux for 

helpful advice on integrated density. This work was supported by the Centre National de la 

Recherche Scientifique, Université de Rennes 1, Institut National du Cancer, Ligue Nationale 

Contre le Cancer (Equipe Labelisée 2014), and Agence Nationale de la Recherche (Aurora). 

  

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

166



Bibliography 

 

 

Anand, S., Penrhyn-Lowe, S. and Venkitaraman, A. R. (2003). AURORA-A 
amplification overrides the mitotic spindle assembly checkpoint, inducing 
resistance to Taxol. Cancer Cell 3, 51–62. 

Andrews, P. D., Ovechkina, Y., Morrice, N., Wagenbach, M., Duncan, K., 
Wordeman, L. and Swedlow, J. R. (2004). Aurora B regulates MCAK at the 
mitotic centromere. Dev Cell 6, 253–268. 

Asteriti, I. A., Di Cesare, E., De Mattia, F., Hilsenstein, V., Neumann, B., Cundari, 
E., Lavia, P. and Guarguaglini, G. (2014). The Aurora-A inhibitor MLN8237 
affects multiple mitotic processes and induces dose-dependent mitotic 
abnormalities and aneuploidy. Oncotarget 5, 6229–6242. 

Berdnik, D. and Knoblich, J. A. (2002). Drosophila Aurora-A is required for 
centrosome maturation and actin-dependent asymmetric protein localization 
during mitosis. Curr Biol 12, 640–647. 

Bird, A. W. and Hyman, A. A. (2008). Building a spindle of the correct length in 
human cells requires the interaction between TPX2 and Aurora A. J. Cell Biol. 
182, 289–300. 

Buffin, E., Lefebvre, C., Huang, J., Gagou, M. E. and Karess, R. E. (2005). 
Recruitment of Mad2 to the kinetochore requires the Rod/Zw10 complex. Curr 
Biol 15, 856–861. 

Bush, T. L., Payton, M., Heller, S., Chung, G., Hanestad, K., Rottman, J. B., 
Loberg, R., Friberg, G., Kendall, R. L., Saffran, D., et al. (2013). AMG 900, a 
small-molecule inhibitor of aurora kinases, potentiates the activity of microtubule-
targeting agents in human metastatic breast cancer models. Mol. Cancer Ther. 
12, 2356–2366. 

Carmena, M., Pinson, X., Platani, M., Salloum, Z., Xu, Z., Clark, A., MacIsaac, F., 
Ogawa, H., Eggert, U., Glover, D. M., et al. (2012a). The Chromosomal 
Passenger Complex Activates Polo Kinase at Centromeres. PLOS BIOLOGY 10, 
e1001250. 

Carmena, M., Wheelock, M., Funabiki, H. and Earnshaw, W. C. (2012b). The 
chromosomal passenger complex (CPC): from easy rider to the godfather of 
mitosis. Nat Rev Mol Cell Biol 13, 789–803. 

Chen, R. H., Waters, J. C., Salmon, E. D. and Murray, A. W. (1996). Association of 
spindle assembly checkpoint component XMAD2 with unattached kinetochores. 
Science 274, 242–246. 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

167



Courthéoux, T., Enchev, R. I., Lampert, F., Gerez, J., Beck, J., Picotti, P., 
Sumara, I. and Peter, M. (2016). Cortical dynamics during cell motility are 
regulated by CRL3(KLHL21) E3 ubiquitin ligase. Nat Commun 7, 12810. 

De Brabander, M., Geuens, G., Nuydens, R., Willebrords, R. and De Mey, J. 
(1981). Taxol induces the assembly of free microtubules in living cells and blocks 
the organizing capacity of the centrosomes and kinetochores. Proc Natl Acad Sci 
USA 78, 5608–5612. 

DeLuca, K. F., Meppelink, A., Broad, A. J., Mick, J. E., Peersen, O. B., Pektas, S., 
Lens, S. M. A. and Deluca, J. G. (2018). Aurora A kinase phosphorylates Hec1 
to regulate metaphase kinetochore-microtubule dynamics. J. Cell Biol. 217, 163–
177. 

Dutertre, S., Cazales, M., Quaranta, M., Froment, C., Trabut, V., Dozier, C., 
Mirey, G., Bouché, J.-P., Theis-Febvre, N., Schmitt, E., et al. (2004). 
Phosphorylation of CDC25B by Aurora-A at the centrosome contributes to the 
G2-M transition. Journal of Cell Science 117, 2523–2531. 

Fang, G. (2002). Checkpoint protein BubR1 acts synergistically with Mad2 to inhibit 
anaphase-promoting complex. Mol Biol Cell 13, 755–766. 

Foley, E. A. and Kapoor, T. M. (2013). Microtubule attachment and spindle 
assembly checkpoint signalling at the kinetochore. Nat Rev Mol Cell Biol 14, 25–
37. 

Giet, R., Petretti, C. and Prigent, C. (2005). Aurora kinases, aneuploidy and cancer, 
a coincidence or a real link? Trends Cell Biol 15, 241–250. 

Glover, D. M., Leibowitz, M. H., McLean, D. A. and Parry, H. (1995). Mutations in 
aurora prevent centrosome separation leading to the formation of monopolar 
spindles. Cell 81, 95–105. 

Green, R. A. and Kaplan, K. B. (2003). Chromosome instability in colorectal tumor 
cells is associated with defects in microtubule plus-end attachments caused by a 
dominant mutation in APC. J. Cell Biol. 163, 949–961. 

Guse, A., Mishima, M. and Glotzer, M. (2005). Phosphorylation of ZEN-4/MKLP1 
by aurora B regulates completion of cytokinesis. Curr Biol 15, 778–786. 

Hannak, E., Kirkham, M., Hyman, A. A. and Oegema, K. (2001). Aurora-A kinase 
is required for centrosome maturation in Caenorhabditis elegans. J. Cell Biol. 
155, 1109–1116. 

Hata, T., Furukawa, T., Sunamura, M., Egawa, S., Motoi, F., Ohmura, N., 
Marumoto, T., Saya, H. and Horii, A. (2005). RNA interference targeting aurora 
kinase a suppresses tumor growth and enhances the taxane chemosensitivity in 
human pancreatic cancer cells. Cancer Res 65, 2899–2905. 

Hégarat, N., Smith, E., Nayak, G., Takeda, S., Eyers, P. A. and Hochegger, H. 
(2011). Aurora A and Aurora B jointly coordinate chromosome segregation and 
anaphase microtubule dynamics. J. Cell Biol. 195, 1103–1113. 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

168



Hoar, K., Chakravarty, A., Rabino, C., Wysong, D., Bowman, D., Roy, N. and 
Ecsedy, J. A. (2007). MLN8054, a small-molecule inhibitor of Aurora A, causes 
spindle pole and chromosome congression defects leading to aneuploidy. Mol 
Cell Biol 27, 4513–4525.

Hsu, J. Y., Sun, Z. W., Li, X., Reuben, M., Tatchell, K., Bishop, D. K., Grushcow, 
J. M., Brame, C. J., Caldwell, J. A., Hunt, D. F., et al. (2000). Mitotic 
phosphorylation of histone H3 is governed by Ipl1/aurora kinase and Glc7/PP1 
phosphatase in budding yeast and nematodes. Cell 102, 279–291. 

Jordan, M. A., Thrower, D. and Wilson, L. (1992). Effects of vinblastine, 
podophyllotoxin and nocodazole on mitotic spindles. Implications for the role of 
microtubule dynamics in mitosis. Journal of Cell Science 102 ( Pt 3), 401–416. 

Kasuboski, J. M., Bader, J. R., Vaughan, P. S., Tauhata, S. B. F., Winding, M., 
Morrissey, M. A., Joyce, M. V., Boggess, W., Vos, L., Chan, G. K., et al. 
(2011). Zwint-1 is a novel Aurora B substrate required for the assembly of a 
dynein-binding platform on kinetochores. Mol Biol Cell 22, 3318–3330. 

Katayama, H., Sasai, K., Kloc, M., Brinkley, B. R. and Sen, S. (2008). Aurora 
kinase-A regulates kinetochore/chromatin associated microtubule assembly in 
human cells. cc 7, 2691–2704. 

Katayama, H., Wang, J., Treekitkarnmongkol, W., Kawai, H., Sasai, K., Zhang, 
H., Wang, H., Adams, H. P., Jiang, S., Chakraborty, S. N., et al. (2012). Aurora 
kinase-A inactivates DNA damage-induced apoptosis and spindle assembly 
checkpoint response functions of p73. Cancer Cell 21, 196–211. 

Katayama, H., Zhou, H., Li, Q., Tatsuka, M. and Sen, S. (2001). Interaction and 
feedback regulation between STK15/BTAK/Aurora-A kinase and protein 
phosphatase 1 through mitotic cell division cycle. J Biol Chem 276, 46219–
46224. 

Kollareddy, M., Zheleva, D., Dzubak, P., Brahmkshatriya, P. S., Lepsik, M. and 
Hajduch, M. (2012). Aurora kinase inhibitors: progress towards the clinic. Invest 
New Drugs 30, 2411–2432. 

Kunitoku, N., Sasayama, T., Marumoto, T., Zhang, D., Honda, S., Kobayashi, O., 
Hatakeyama, K., Ushio, Y., Saya, H. and Hirota, T. (2003). CENP-A 
phosphorylation by Aurora-A in prophase is required for enrichment of Aurora-B 
at inner centromeres and for kinetochore function. Dev Cell 5, 853–864. 

Lan, W., Zhang, X., Kline-Smith, S. L., Rosasco, S. E., Barrett-Wilt, G. A., 
Shabanowitz, J., Hunt, D. F., Walczak, C. E. and Stukenberg, P. T. (2004). 
Aurora B phosphorylates centromeric MCAK and regulates its localization and 
microtubule depolymerization activity. Curr Biol 14, 273–286. 

Littlepage, L. E., Wu, H., Andresson, T., Deanehan, J. K., Amundadottir, L. T. 
and Ruderman, J. V. (2002). Identification of phosphorylated residues that affect 
the activity of the mitotic kinase Aurora-A. Proc Natl Acad Sci USA 99, 15440–
15445. 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

169



Macurek, L., Lindqvist, A., Lim, D., Lampson, M. A., Klompmaker, R., Freire, R., 
Clouin, C., Taylor, S. S., Yaffe, M. B. and Medema, R. H. (2008). Polo-like 
kinase-1 is activated by aurora A to promote checkpoint recovery. Nature 455, 
119–123. 

Mathieu, J., Cauvin, C., Moch, C., Radford, S. J., Sampaio, P., Perdigoto, C. N., 
Schweisguth, F., Bardin, A. J., Sunkel, C. E., McKim, K., et al. (2013). Aurora 
B and cyclin B have opposite effects on the timing of cytokinesis abscission in 
Drosophila germ cells and in vertebrate somatic cells. Dev Cell 26, 250–265. 

Nilsson, J., Yekezare, M., Minshull, J. and Pines, J. (2008). The APC/C maintains 
the spindle assembly checkpoint by targeting Cdc20 for destruction. Nat Cell Biol 
10, 1411–1420. 

Noguchi, S. (2006). Predictive factors for response to docetaxel in human breast 
cancers. Cancer Sci. 97, 813–820. 

Norden, C., Mendoza, M., Dobbelaere, J., Kotwaliwale, C. V., Biggins, S. and 
Barral, Y. (2006). The NoCut pathway links completion of cytokinesis to spindle 
midzone function to prevent chromosome breakage. Cell 125, 85–98. 

Reboutier, D., Troadec, M.-B., Cremet, J.-Y., Chauvin, L., Guen, V., Salaun, P. 
and Prigent, C. (2013). Aurora A is involved in central spindle assembly through 
phosphorylation of Ser 19 in P150Glued. J. Cell Biol. 201, 65–79. 

Reboutier, D., Troadec, M.-B., Cremet, J.-Y., Fukasawa, K. and Prigent, C. 
(2012). Nucleophosmin/B23 activates Aurora A at the centrosome through 
phosphorylation of serine 89. J. Cell Biol. 197, 19–26. 

Rieder, C. L. and Maiato, H. (2004). Stuck in division or passing through: what 
happens when cells cannot satisfy the spindle assembly checkpoint. Dev Cell 7, 
637–651. 

Roghi, C., Giet, R., Uzbekov, R., Morin, N., Chartrain, I., Le Guellec, R., 
Couturier, A., Dorée, M., Philippe, M. and Prigent, C. (1998). The Xenopus 
protein kinase pEg2 associates with the centrosome in a cell cycle-dependent 
manner, binds to the spindle microtubules and is involved in bipolar mitotic 
spindle assembly. Journal of Cell Science 111 ( Pt 5), 557–572. 

Sasai, K., Parant, J. M., Brandt, M. E., Carter, J., Adams, H. P., Stass, S. A., 
Killary, A. M., Katayama, H. and Sen, S. (2008). Targeted disruption of Aurora 
A causes abnormal mitotic spindle assembly, chromosome misalignment and 
embryonic lethality. Oncogene 27, 4122–4127. 

Schmidt, J. C., Kiyomitsu, T., Hori, T., Backer, C. B., Fukagawa, T. and 
Cheeseman, I. M. (2010). Aurora B kinase controls the targeting of the Astrin–
SKAP complex to bioriented kinetochores. 

Schumacher, J. M., Ashcroft, N., Donovan, P. J. and Golden, A. (1998). A highly 
conserved centrosomal kinase, AIR-1, is required for accurate cell cycle 
progression and segregation of developmental factors in Caenorhabditis elegans 
embryos. Development 125, 4391–4402. 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

170



Seki, A., Coppinger, J. A., Jang, C.-Y., Yates, J. R. and Fang, G. (2008). Bora and 
the kinase Aurora a cooperatively activate the kinase Plk1 and control mitotic 
entry. Science 320, 1655–1658. 

Tanaka, M., Ueda, A., Kanamori, H., Ideguchi, H., Yang, J., Kitajima, S. and 
Ishigatsubo, Y. (2002). Cell-cycle-dependent regulation of human aurora A 
transcription is mediated by periodic repression of E4TF1. J Biol Chem 277, 
10719–10726. 

Thornton, B. R. and Toczyski, D. P. (2003). Securin and B-cyclin/CDK are the only 
essential targets of the APC. Nat Cell Biol 5, 1090–1094. 

Tyler, R. K., Shpiro, N., Marquez, R. and Eyers, P. A. (2007). VX-680 inhibits 
Aurora A and Aurora B kinase activity in human cells. cc 6, 2846–2854. 

Uhlmann, F., Lottspeich, F. and Nasmyth, K. A. (1999). Sister-chromatid 
separation at anaphase onset is promoted by cleavage of the cohesin subunit 
Scc1. Nature 400, 37–42. 

Wang, Y. and Burke, D. J. (1995). Checkpoint genes required to delay cell division 
in response to nocodazole respond to impaired kinetochore function in the yeast 
Saccharomyces cerevisiae. Mol Cell Biol 15, 6838–6844. 

Widmann, B., Wandrey, F., Badertscher, L., Wyler, E., Pfannstiel, J., Zemp, I. 
and Kutay, U. (2012). The kinase activity of human Rio1 is required for final 
steps of cytoplasmic maturation of 40S subunits. Mol Biol Cell 23, 22–35. 

Wilkins, B. J., Rall, N. A., Ostwal, Y., Kruitwagen, T., Hiragami-Hamada, K., 
Winkler, M., Barral, Y., Fischle, W. and Neumann, H. (2014). A cascade of 
histone modifications induces chromatin condensation in mitosis. Science 343, 
77–80. 

Wysong, D. R., Chakravarty, A., Hoar, K. and Ecsedy, J. A. (2009). The inhibition 
of Aurora A abrogates the mitotic delay induced by microtubule perturbing 
agents. cc 8, 876–888. 

Yu, F., Jiang, Y., Lu, L., Cao, M., Qiao, Y., Liu, X., Liu, D., Van Dyke, T., Wang, F., 
Yao, X., et al. (2017). Aurora-A promotes the establishment of spindle assembly 
checkpoint by priming the Haspin-Aurora-B feedback loop in late G2 phase. Cell 
Discov 3, 16049. 

Zhang, X., Ems-Mcclung, S. C. and Walczak, C. E. (2008). Aurora A 
phosphorylates MCAK to control ran-dependent spindle bipolarity. Mol Biol Cell 
19, 2752–2765. 

Zheng, X. Q., Guo, J. P., Yang, H., Kanai, M., He, L. L., Li, Y. Y., Koomen, J. M., 
Minton, S., Gao, M., Ren, X. B., et al. (2014). Aurora-A is a determinant of 
tamoxifen sensitivity through phosphorylation of ERα in breast cancer. Oncogene 
33, 4985–4996. 

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

171



Zhou, H., Kuang, J., Zhong, L., Kuo, W. L., Gray, J. W., Sahin, A., Brinkley, B. R. 
and Sen, S. (1998). Tumour amplified kinase STK15/BTAK induces centrosome 
amplification, aneuploidy and transformation. Nat. Genet. 20, 189–193. 

 

  

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

172



F
ig

u
res 

 

 

Journal of Cell Science • Accepted manuscript

1
7

3



Figure 1: Aurora A inhibition during mitosis causes SAC override.  (A) Methods used to 

analyse the effect of Aurora A inhibition on the SAC. Cells were first depleted of endogenous 

Aurora A by RNAi and then treated with nocodazole for 16 h to hold them in mitosis. 13 h 

later, the cells were treated with 1-Na-PP1 to inhibit as-Aurora A and filmed for 3 hours. (B) 

Western blots showing the efficiency of endogenous Aurora A depletion and exogenous WT 

and AS expression in both stable cell lines. Mad2 levels was controlled in Aurora A depleted 

cells treated with 1-Na-PP1. Cyclin B1 was used as mitotic marker. HCAP-D2 was used as a 

loading control. (C) Snapshots of movies corresponding to nocodazole-treated stable cell lines 

depleted of endogenous Aurora A and expressing wt- Aurora A (WT) and as-Aurora A (AS). 

(D) The graph represents the kinetics of mitosis exit in the presence of 3.3 μM nocodazole of 

stable cell lines expressing either WT or AS. The dark grey lines correspond to mitosis and 

light grey to interphase (exit from mitosis). The addition of 1-Na-PP1 marks the T0 for each 

film. *Left*: 1-Na-PP1 treatment of cells depleted of endogenous Aurora A by siRNA. 

*Middle*: no treatment. *Right*: 1-Na-PP1 treatments. Numbers in the panels indicate the 

number of cells observed. (E) The percentage of cells in mitosis in both stable cell lines treated 

as described above (Noc: nWT=199, nAS=250, Noc+RNAi: nWT=66, nAS=70, Noc+ 

RNAi+1Napp1: nWT=46, nAS=62, error bars: standard deviation). 

  

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

174



 

 

Figure 2: Aurora A inhibition during mitosis causes SAC override. (A) Methods used for 

cell synchronisation, Aurora A is inhibited in late prometaphase using Aurora A specific 

inhibitor MLN8237. (B) Live cell imaging of synchronized HeLa Tubulin-GFP.  Image panel 
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showing representative case of mitotic progression under CTL, MLN, Nocodazole or 

Nocodazole and MLN treatment. Scale bar: 5m. (C) and (D) Quantification of mitotic duration 

(C) and mitotic behaviour (D) after release (CTL n=49, MLN8237 n=49, NOC=49), green: 

mitosis to cytokinesis, yellow:  mitotic delay and red: abnormal cytokinesis. 
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Figure 3: Aurora A inhibition does not affect Aurora B localisation. (A) Methods used for 

cell synchronisation, Aurora A is inhibited in late prometaphase using Aurora A specific 

inhibitor MLN8237. (B) and (C) Immunostaining of U2OS stable cell line expressing Aurora 

A-GFP under endogenous promoter. Cells were synchronized as in fig1A and imaged using 
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Airyscan confocal super-resolution microscope. Red arrows showed Mad2 centrosomal 

aggregation. Scale bar: 5m. (C) Three z-stacks have been projected to select a kinetochore 

pair. Graphical representation of fluorescence signal intensity for kinetochore (CREST, red), 

Aurora B (blue) and Aurora A (green). Scale bar: 5m (D) Western blot of HeLa cells lysis 

synchronized at different cell cycle stages (G1, G2 and M). Cells were treated with Aurora A 

inhibitor (MLN8237, 50 nM) during mitosis. 

  

J
o

u
rn

a
l o

f 
C

e
ll 

S
c

ie
n

c
e

 •
 A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

178



 

 

Figure 4: Aurora A Inhibition during mitosis causes Mad2 mis-localisation (A) 

Immunostaining of U2OS stable cell line expressing Aurora A-GFP under endogenous 

promotor. Cells were synchronized as in fig2A and imaged using Airyscan confocal super-

resolution microscope. Numbered white boxes on right column are enlarged and analysed in 

fig 4A. Red arrows showed Mad2 centrosomal aggregation. Scale bar: 5m. (B) Quantitative 

analysis of Mad2 intensity at kinetochore. Average intensity per kinetochore were collected and 
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normalized to the maximum mean from nocodazole condition (representative of SAC 

activation, n=914 kinetochores per condition, error bars = s.d). Mad2 kinetochore values were 

pooled per condition and showed as box plots. T-test on the means were performed and p-values 

are presented. (C) Percentage of cells with normal localisation of Mad2 in (Fig. sup1A) during 

late prometaphase (CTL=14, WT+Na-PP1= 20, AS+Na-PP1= 26). (D) Quantification of cells 

showing mad2 centrosomal aggregation in percent of cell (CTL n=90 , Noc n=128 , MLN 

n=139 and Noc with MLN n=94, error bars=s.d).  
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Figure 5: Mad2 and Aurora A localisation at kinetochore (A) Enlarged pictures from Fig 

4A. White circles represent kinetochore positions. Right column, cartoon of different 

localisations showing overlap. Scale bar: 500 nm. (B) Line scans from red discontinued lines 

in A. Aurora A signal overlaps with Mad2 signal at kinetochores (C) Quantitative analysis of 

Aurora A intensity at kinetochore. Average intensities per kinetochore were collected and 
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normalized to the maximum mean from MLN condition (condition with highest values). Aurora 

A kinetochore values were pooled per condition and showed as box plot (n=914 kinetochores 

per condition), T-test on the means were performed and p-values are presented.  
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Figure 6: Schematic representation of Aurora A and Mad2 localization at mitotic 

chromosome. Aurora A localizes to kinetochore microtubules and outer kinetochore in 

cells arrested at metaphase (CTL- MG132), the Spindle Assembly Checkpoint is 

inactivated (SAC “OFF”). Under Nocodazole (NOC): Mad2 accumulates at kinetochore, 

the Spindle Assembly Checkpoint is activated (SAC “ON”), Aurora A accumulates at 

partially attached kinetochore. Under MLN and/or Nocodazole (MLN and MLN+NOC), 

Aurora A accumulates at outer kinetochore and Mad2 is no longer at kinetochore. The 

SAC is “OFF”, cells are escaping from mitotic arrest. 
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S.NO Ensembl ID logFC logCPM PValue padjust Gene Name

1 ENSG00000219451 -0.781 1.479 5.50E-06 6.65E-02 RPL23P8

2 ENSG00000005102 -0.636 4.676 3.28E-12 3.98E-08 MEOX1

3 ENSG00000186487 -0.565 1.506 6.03E-06 7.29E-02 MYT1L

4 ENSG00000140451 0.528 5.409 6.43E-06 7.77E-02 PIF1

5 ENSG00000175832 0.561 5.665 7.07E-09 8.58E-05 ETV4

6 ENSG00000135318 0.575 5.189 1.23E-06 1.48E-02 NT5E

7 ENSG00000168685 0.635 6.140 3.71E-10 4.50E-06 IL7R

8 ENSG00000134061 0.640 3.163 3.03E-06 3.66E-02 CD180

9 ENSG00000244405 0.640 6.041 7.16E-08 8.67E-04 ETV5

10 ENSG00000080573 0.728 1.309 5.77E-07 6.98E-03 COL5A3

11 ENSG00000158373 0.750 3.112 6.36E-15 7.71E-11 HIST1H2BD

12 ENSG00000148677 0.769 2.053 5.02E-06 6.07E-02 ANKRD1

13 ENSG00000180573 0.921 3.896 4.41E-18 5.35E-14 HIST1H2AC

14 ENSG00000172927 0.958 2.085 1.68E-08 2.04E-04 MYEOV

15 ENSG00000184678 1.730 1.824 2.45E-19 2.97E-15 HIST2H2BE

G1 Phase

S.No Ensembl ID logFC logCPM PValue padjust Gene name

1 ENSG00000129173 0.347 4.003 4.14E-06 5.02E-02 E2F8

2 ENSG00000165434 0.296 4.634 3.00E-06 3.64E-02 PGM2L1

3 ENSG00000004799 0.381 5.916 2.01E-06 2.43E-02 PDK4

4 ENSG00000106459 -0.261 4.283 7.39E-06 8.96E-02 NRF1

5 ENSG00000163535 0.272 5.959 2.54E-07 3.09E-03 SGO2

6 ENSG00000123473 0.249 6.499 1.20E-07 1.45E-03 STIL

7 ENSG00000117289 0.319 6.250 2.86E-08 3.47E-04 TXNIP

8 ENSG00000143476 0.317 6.603 9.66E-10 1.17E-05 DTL

9 ENSG00000136122 0.313 5.529 4.12E-09 5.00E-05 BORA

10 ENSG00000204389 -0.265 7.624 9.26E-07 1.12E-02 HSPA1A

11 ENSG00000204388 -0.273 6.925 2.26E-06 2.74E-02 HSPA1B

12 ENSG00000137193 0.309 4.131 7.39E-06 8.95E-02 PIM1

13 ENSG00000114107 0.289 4.755 1.29E-06 1.57E-02 CEP70

14 ENSG00000199916 -0.809 2.638 6.83E-06 8.28E-02 RMRP

15 ENSG00000166532 -0.262 6.484 6.23E-06 7.55E-02 RIMKLB

16 ENSG00000167767 -0.334 7.680 2.79E-06 3.39E-02 KRT80

17 ENSG00000175063 0.278 7.263 3.11E-08 3.77E-04 UBE2C

18 ENSG00000113369 0.720 4.168 8.73E-16 1.06E-11 ARRDC3

Mitosis
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�

S.NO Ensembl ID logFC logCPM PValue padjust Gene Name

1 ENSG00000023445 0.382 5.355 1.82E-07 2.20E-03 BIRC3

2 ENSG00000110330 0.245 5.900 9.19E-07 1.11E-02 BIRC2

3 ENSG00000188660 -0.421 4.882 1.52E-07 1.85E-03 LINC00319

4 ENSG00000136205 -0.222 6.982 4.94E-06 5.98E-02 TNS3

5 ENSG00000100297 0.247 6.679 1.18E-06 1.43E-02 MCM5

6 ENSG00000187608 0.276 4.892 7.11E-06 8.60E-02 ISG15

7 ENSG00000069424 -0.257 5.544 3.49E-06 4.22E-02 KCNAB2

8 ENSG00000186603 -0.278 5.771 2.21E-08 2.67E-04 HPDL

9 ENSG00000162616 0.272 6.431 7.24E-06 8.76E-02 DNAJB4

10 ENSG00000137965 0.400 3.400 7.40E-08 8.97E-04 IFI44

11 ENSG00000117289 0.329 6.250 2.08E-09 2.52E-05 TXNIP

12 ENSG00000134508 -0.248 5.734 3.30E-06 3.99E-02 CABLES1

13 ENSG00000141682 0.426 4.355 7.30E-08 8.85E-04 PMAIP1

14 ENSG00000122042 0.282 5.056 1.84E-06 2.23E-02 UBL3

15 ENSG00000103540 0.324 5.282 3.50E-07 4.24E-03 CCP110

16 ENSG00000005189 0.311 3.900 2.10E-06 2.54E-02 REXO5

17 ENSG00000137310 0.272 5.502 4.63E-06 5.60E-02 TCF19

18 ENSG00000174010 0.318 5.633 1.78E-08 2.16E-04 KLHL15

19 ENSG00000144711 -0.227 5.773 5.94E-06 7.19E-02 IQSEC1

20 ENSG00000182504 0.282 5.177 1.00E-06 1.21E-02 CEP97

21 ENSG00000240891 0.578 2.776 5.86E-06 7.09E-02 PLCXD2

22 ENSG00000107201 0.347 4.763 1.20E-07 1.45E-03 DDX58

23 ENSG00000107130 -0.216 6.730 5.64E-06 6.83E-02 NCS1

24 ENSG00000126882 -0.486 3.873 6.54E-09 7.93E-05 FAM78A

25 ENSG00000160360 -0.335 4.627 1.32E-06 1.60E-02 GPSM1

26 ENSG00000126838 -0.464 3.704 3.78E-06 4.57E-02 PZP

27 ENSG00000135114 0.384 5.401 1.27E-10 1.54E-06 OASL

28 ENSG00000205189 0.336 4.287 1.02E-07 1.23E-03 ZBTB10

29 ENSG00000022567 -0.285 4.675 6.42E-06 7.77E-02 SLC45A4

30 ENSG00000137449 0.385 3.400 5.50E-08 6.67E-04 CPEB2

31 ENSG00000151012 0.650 4.238 2.59E-11 3.14E-07 SLC7A11

32 ENSG00000067082 0.394 4.750 4.54E-09 5.51E-05 KLF6

33 ENSG00000196372 -0.242 5.458 5.19E-06 6.29E-02 ASB13

34 ENSG00000119922 0.515 6.067 4.47E-19 5.42E-15 IFIT2

35 ENSG00000119917 0.388 5.535 9.58E-09 1.16E-04 IFIT3

36 ENSG00000185745 0.312 5.823 3.04E-08 3.69E-04 IFIT1

37 ENSG00000155254 -0.332 6.127 1.95E-10 2.36E-06 MARVELD1

38 ENSG00000087074 0.384 4.555 3.43E-09 4.16E-05 PPP1R15A

39 ENSG00000171522 0.417 3.755 3.58E-07 4.33E-03 PTGER4

40 ENSG00000113638 0.384 4.886 3.49E-08 4.23E-04 TTC33

41 ENSG00000113369 0.289 4.168 5.00E-06 6.05E-02 ARRDC3

42 ENSG00000164463 0.571 1.672 7.99E-06 9.67E-02 CREBRF

G2 Phase
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GENE Ensembl id EVENT-VAST ID delta PSI

CDK7 ENSG00000134058 HsaEX0014341 -32.6

KIAA0240 ENSG00000112624 HsaEX0033530 -29.37

RPS3A ENSG00000145425 HsaALTD0005582-2/4 -28.88

ZNF311 ENSG00000197935 HsaALTA0009788-2/2 -27.84

ZNF434 ENSG00000140987 HsaINT0187232 -27.78

GREB1L ENSG00000141449 HsaEX0028595 -25.94

PXK ENSG00000168297 HsaEX0051387 -25.07

ZBTB48 ENSG00000204859 HsaALTD0007296-2/2 -23.08

ATG2A ENSG00000110046 HsaALTD0000544-2/2 -22.69

RASA4B ENSG00000170667 HsaEX0052381 -22.52

ATRX ENSG00000085224 HsaALTA0000828-2/2 -21.92

CEP250 ENSG00000126001 HsaALTA0001799-2/2 -21.72

LL0XNC01-250H12.3 ENSG00000234405 HsaEX0035952 -21.71

ZNF160 ENSG00000170949 HsaEX0073090 -21.65

CASP10 ENSG00000003400 HsaEX0012560 -21.08

CEP192 ENSG00000101639 HsaEX0014753 -21.05

PRMT5 ENSG00000100462 HsaALTD0005064-2/2 -20.85

C9orf93 ENSG00000164989 HsaEX0011769 -20.19

SPINK5L3 ENSG00000214510 HsaALTA0008179-2/2 -19.98

RASA4B ENSG00000170667 HsaEX0052380 -19.63

PAQR6 ENSG00000160781 HsaEX0045492 -19.53

GPR133 ENSG00000111452 HsaEX0028292 -19.24

NHSL1 ENSG00000135540 HsaEX0042887 -19.16

IQCK ENSG00000174628 HsaEX0032131 -19.11

ANKRD13D ENSG00000172932 HsaINT0008461 -18.79

C17orf57 ENSG00000178852 HsaEX0009779 -18.67

HDAC6 ENSG00000094631 HsaALTD0002982-2/2 -18.59

SLC20A2 ENSG00000168575 HsaEX0058833 -17.98

ZNF438 ENSG00000183621 HsaEX0073689 -17.78

GUCY1A2 ENSG00000152402 HsaEX0029064 -17.7

WDR27 ENSG00000184465 HsaEX0071045 -17.56

SENP6 ENSG00000112701 HsaALTA0007612-2/2 -17.15

RP11-326F20.5 ENSG00000233554 HsaEX0054657 -16.82

AFMID ENSG00000183077 HsaALTA0000271-2/2 -16.77

MAGI1 ENSG00000151276 HsaALTA0004920-3/3 -16.74

PRKCD ENSG00000163932 HsaEX0050144 -16.63

C8orf73 ENSG00000204839 HsaEX0011557 -16.5

ACCS ENSG00000110455 HsaEX0001873 -16.38

RP11-543D5.3 ENSG00000204018 HsaEX0055000 -16.38

KREMEN1 ENSG00000183762 HsaALTD0003517-2/2 -16.37

BBS9 ENSG00000122507 HsaEX0007783 -16.24

IQCK ENSG00000174628 HsaEX0032130 -16.22

KIF27 ENSG00000165115 HsaEX0034568 -16.21

WDR35 ENSG00000118965 HsaEX0071077 -16.16

C6orf168 ENSG00000146267 HsaEX0011283 -16.08

SLC24A1 ENSG00000074621 HsaEX0058943 -15.85

TAF6 ENSG00000106290 HsaALTD0006360-2/2 -15.82

KLHL17 ENSG00000187961 HsaEX0034771 -15.8

C4orf21 ENSG00000138658 HsaEX0011002 -15.68

AC023055.2 ENSG00000182796 HsaEX0001183 -15.59

RP1-199H16.5 ENSG00000184949 HsaEX0054292 -15.56

HES2 ENSG00000069812 HsaINT0075760 -15.55

DET1 ENSG00000140543 HsaEX0019309 -15.53

GPR133 ENSG00000111452 HsaEX0028291 -15.52

LL0XNC01-250H12.3 ENSG00000234405 HsaEX0035953 -15.49

KLHL17 ENSG00000187961 HsaALTD0003500-2/2 -15.39

MYH10 ENSG00000133026 HsaEX0040951 -15.38

PQLC2 ENSG00000040487 HsaEX6028944 -15.18

MECR ENSG00000116353 HsaALTA0005096-2/2 -15.17

SFI1 ENSG00000198089 HsaINT0148621 -15.07

NEBL ENSG00000078114 HsaEX0042377 -15.03

TTLL11 ENSG00000175764 HsaEX0068062 15.02

G1 Phase
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GENE Ensembl id EVENT-VAST ID delta PSI

KLHL17 ENSG00000187961 HsaINT0088643 15.04

KIAA1958 ENSG00000165185 HsaEX0034320 15.09

RP4-694B14.5 ENSG00000213742 HsaEX0055284 15.1

ACCN3 ENSG00000213199 HsaINT0002374 15.13

WDR13 ENSG00000101940 HsaALTD0007170-2/2 15.17

CCDC24 ENSG00000159214 HsaEX0013182 15.26

BAG5 ENSG00000166170 HsaINT0016360 15.3

FDPS ENSG00000160752 HsaALTD0002539-2/2 15.34

CTD-3107M8.4 ENSG00000254109 HsaEX0017789 15.37

MEGF6 ENSG00000162591 HsaINT0101848 15.37

ZNF343 ENSG00000088876 HsaALTD0007430-2/2 15.38

ARHGAP19 ENSG00000213390 HsaEX0005435 15.41

N4BP2 ENSG00000078177 HsaEX0041422 15.44

SLC12A3 ENSG00000070915 HsaALTA0007834-2/2 15.45

AZI1 ENSG00000141577 HsaINT0016058 15.47

ADRBK2 ENSG00000100077 HsaEX0002878 15.51

OBSCN ENSG00000154358 HsaINT0117615 15.55

PHF20L1 ENSG00000129292 HsaALTA0006241-2/2 15.64

SYNRG ENSG00000006114 HsaEX0063237 15.76

RGS3 ENSG00000138835 HsaEX0053396 16.05

RPS3A ENSG00000145425 HsaALTD0005582-4/4 16.06

RBPMS ENSG00000157110 HsaINT0138794 16.13

RP11-314N13.4 ENSG00000234684 HsaEX0054623 16.17

TPCN2 ENSG00000162341 HsaEX0066654 16.19

CLK4 ENSG00000113240 HsaEX0015705 16.41

AIG1 ENSG00000146416 HsaEX0003305 16.51

ATP9B ENSG00000166377 HsaEX0007140 16.71

LIME1 ENSG00000203896 HsaINT0091981 16.79

POLM ENSG00000122678 HsaEX0048986 16.89

TMEM59L ENSG00000105696 HsaINT0169251 16.99

C4orf21 ENSG00000138658 HsaALTD0001008-2/2 17.03

FAM193B ENSG00000146067 HsaEX0024337 17.05

CLK1 ENSG00000013441 HsaEX0015695 17.08

NCRNA00171 ENSG00000204623 HsaEX0042156 17.2

EYA4 ENSG00000112319 HsaINT0058985 17.33

FAM59A ENSG00000141441 HsaALTA0003195-2/2 17.48

LSM12 ENSG00000161654 HsaEX0036840 17.66

SORBS2 ENSG00000154556 HsaEX0060987 17.66

RP11-206L10.11 ENSG00000228794 HsaEX0054529 17.77

FAM76A ENSG00000009780 HsaINT0061476 17.92

PDE4DIP ENSG00000178104 HsaEX0046247 18.73

AC110491.1 ENSG00000233280 HsaEX0001569 18.81

ATHL1 ENSG00000142102 HsaINT0014145 18.98

USP45 ENSG00000123552 HsaEX0069928 20.28

AC016683.6 ENSG00000189223 HsaEX0001115 20.39

CCDC163P ENSG00000236624 HsaEX0013140 20.49

TRIM68 ENSG00000167333 HsaEX0067187 20.67

SUMO1 ENSG00000116030 HsaALTA0008356-2/2 20.89

STOML1 ENSG00000067221 HsaEX0062580 21.16

ZNF320 ENSG00000182986 HsaEX0073408 21.6

GLB1L ENSG00000163521 HsaEX0027562 21.68

OSBPL6 ENSG00000079156 HsaEX0044929 22.53

C5orf33 ENSG00000152620 HsaALTD0001025-2/2 22.85

CCDC58 ENSG00000160124 HsaEX0013339 26.06

CCDC163P ENSG00000236624 HsaEX0013139 29.74

KCMF1 ENSG00000176407 HsaALTD0003388-2/2 32.08

ZNF81 ENSG00000197779 HsaALTD0007521-2/2 33.07

LMBR1L ENSG00000139636 HsaEX0036009 35.12

RGS12 ENSG00000159788 HsaEX0053361 36.77

G1 Phase
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GENE Ensemble id EVENT- VAST ID dPSI

TRIM5 ENSG00000132256 HsaEX0067152 -31.87

NADK ENSG00000008130 HsaALTD0004158-2/2 -29.22

KIAA0319 ENSG00000137261 HsaEX0033555 -28.82

EMR2 ENSG00000127507 HsaEX0022414 -25.52

UBE2D3 ENSG00000109332 HsaALTD0006976-3/3 -23.2

ZNF783 ENSG00000204946 HsaALTD0007514-2/2 -22.08

AP2A1 ENSG00000196961 HsaALTA0000521-2/2 -22.07

EMR2 ENSG00000127507 HsaEX0022413 -22.04

ASXL1 ENSG00000171456 HsaALTA0000733-3/3 -21.84

KBTBD3 ENSG00000182359 HsaEX0032926 -21.16

FDPS ENSG00000160752 HsaALTD0002539-2/2 -20.4

RPS6KL1 ENSG00000198208 HsaEX0055664 -20.38

C12orf26 ENSG00000127720 HsaEX0009144 -20.04

EME2 ENSG00000197774 HsaINT0055870 -19.73

TLR4 ENSG00000136869 HsaEX0065159 -19.7

SLC22A4 ENSG00000197208 HsaEX0058898 -19.67

PFDN5 ENSG00000123349 HsaALTA0006201-2/2 -19.59

POLR2H ENSG00000163882 HsaALTA0006527-3/3 -19.54

POLRMT ENSG00000099821 HsaEX0049135 -19.53

NINL ENSG00000101004 HsaEX0042943 -19.52

SNX21 ENSG00000124104 HsaALTD0006125-2/2 -19.5

RP11-323F5.2 (or) STX18-AS1 ENSG00000247708 HsaEX0054650 -19.39

RABGAP1 ENSG00000011454 HsaALTD0005246-2/2 -19

MAGI1 ENSG00000151276 HsaALTA0004920-2/3 -18.98

WDR27 ENSG00000184465 HsaEX0071034 -18.95

ZCWPW1 ENSG00000078487 HsaEX0072398 -18.93

C13orf38 or CCDC169 ENSG00000242715 HsaEX6039958 -18.79

KLHL5 ENSG00000109790 HsaEX0034865 -18.64

POLM ENSG00000122678 HsaEX0048984 -18.63

ZNF839 ENSG00000022976 HsaEX0074439 -18.54

ZNF619 ENSG00000177873 HsaEX6055273 -18.31

GUK1 ENSG00000143774 HsaINT0073767 -18.15

ZNF12 ENSG00000164631 HsaEX0073008 -17.95

HCST ENSG00000126264 HsaALTA0003916-2/2 -17.76

INSR ENSG00000171105 HsaEX0031843 -17.54

IL6ST ENSG00000134352 HsaALTD0003241-2/2 -17.33

KIAA0895L ENSG00000196123 HsaINT0086232 -17.25

EIF4G2 ENSG00000110321 HsaALTA0002854-2/2 -17.19

CCDC111 ENSG00000164306 HsaALTA0001543-2/2 -17.12

NVL ENSG00000143748 HsaALTD0004465-2/2 -17.08

NINL ENSG00000101004 HsaEX0042944 -17.01

COL16A1 ENSG00000084636 HsaEX0016350 -16.99

SDCCAG8 ENSG00000054282 HsaEX0056726 -16.92

TRERF1 ENSG00000124496 HsaEX0067005 -16.64

OPLAH ENSG00000178814 HsaINT0118303 -16.59

TRAF2 ENSG00000127191 HsaEX0066794 -16.58

G2 Phase
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GENE Ensemble id EVENT - VAST ID dPSI

KIAA1529 ENSG00000197816 HsaEX0034152 -16.51

STK36 ENSG00000163482 HsaINT0160888 -16.46

ZNF91 ENSG00000167232 HsaEX0074482 -16.45

SORBS1 ENSG00000095637 HsaEX0060963 -16.42

SLC12A3 ENSG00000070915 HsaEX0058585 -16.42

VPS13B ENSG00000132549 HsaEX0070476 -16.32

SP140L ENSG00000185404 HsaEX0061115 -16.31

SLC12A3 ENSG00000070915 HsaEX0058584 -16.22

RHOC ENSG00000155366 HsaALTD0005401-2/2 -16.11

DPF1 ENSG00000011332 HsaALTA0002622-2/2 -16.08

ZMYM5 ENSG00000132950 HsaEX0072921 -15.96

SMCR7L ENSG00000100335 HsaALTA0008039-2/2 -15.88

CCDC99 ENSG00000040275 HsaALTA0001600-2/2 -15.75

WDR27 ENSG00000184465 HsaEX0071053 -15.74

KIF13B ENSG00000197892 HsaEX0034403 -15.73

AC107883.1 ENSG00000173517 HsaEX0001547 -15.6

LIN7B ENSG00000104863 HsaINT0092103 -15.42

NUDT18 ENSG00000173566 HsaINT0116641 -15.38

CTC-564N23.3 ENSG00000250802 HsaEX0017719 -15.35

BICD1 ENSG00000151746 HsaEX0008082 -15.31

SMUG1 ENSG00000123415 HsaALTD0006090-2/5 -15.3

MYSM1 ENSG00000162601 HsaEX0041369 -15.21

CPSF7 ENSG00000149532 HsaALTA0002142-2/2 -15.05

C8orf38 ENSG00000156170 HsaEX0011532 15.07

TASP1 ENSG00000089123 HsaEX0063698 15.1

ERBB3 ENSG00000065361 HsaEX0022952 15.12

ANKS6 ENSG00000165138 HsaALTA0000476-2/2 15.13

SLC25A35 ENSG00000125434 HsaEX0059102 15.34

TBC1D3 ENSG00000197681 HsaEX0063877 15.37

SFXN2 ENSG00000156398 HsaEX0057731 15.43

JMJD5 ENSG00000155666 HsaEX0032784 15.45

GAPDH ENSG00000111640 HsaALTA0003560-3/3 15.46

ZNF354B ENSG00000178338 HsaEX0073509 15.47

FYTTD1 ENSG00000122068 HsaINT0066840 15.52

ELL3 ENSG00000128886 HsaINT0055586 15.55

ZNF618 ENSG00000157657 HsaEX0074057 15.64

C4orf21 ENSG00000138658 HsaEX0010988 15.67

SLC47A1 ENSG00000142494 HsaEX0059763 15.69

C19orf54 ENSG00000188493 HsaALTD0000877-2/2 15.72

FKRP ENSG00000181027 HsaEX6095795 15.77

PGAP3 ENSG00000161395 HsaEX0046796 15.79

CXorf23 ENSG00000173681 HsaALTD0001754-2/2 15.98

RP4-694B14.5 ENSG00000213742 HsaEX0055282 16.01

AC016683.6 ENSG00000189223 HsaEX0001115 16.36

GANAB ENSG00000089597 HsaALTA0003553-2/3 16.38

C9orf25 ENSG00000164970 HsaALTD0001084-2/2 16.39

HCN3 ENSG00000143630 HsaINT0074496 16.41

G2 Phase
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GENE Ensemble id EVENT - VAST ID dPSI

RCC1 ENSG00000180198 HsaEX0052881 16.42

ZNF140 ENSG00000196387 HsaEX0073057 16.42

IL17RB ENSG00000056736 HsaEX0031359 16.52

WHAMM ENSG00000156232 HsaEX0071476 16.54

CORO6 ENSG00000167549 HsaALTA0002099-2/2 16.54

BAG4 ENSG00000156735 HsaEX0007545 16.74

NFYA ENSG00000001167 HsaALTA0005715-2/2 16.92

HDAC11 ENSG00000163517 HsaEX0029376 16.99

KATNAL2 ENSG00000167216 HsaEX0032908 16.99

C9orf126 ENSG00000173611 HsaEX0011617 17.04

RAB24 ENSG00000169228 HsaALTD0005228-2/2 17.3

BTBD16 ENSG00000138152 HsaEX6090913 17.5

MTHFSD ENSG00000103248 HsaALTA0005416-2/2 17.82

BTBD16 ENSG00000138152 HsaEX6090915 17.84

TRIM66 ENSG00000166436 HsaEX0067183 18.03

LRDD ENSG00000177595 HsaALTD0003646-3/3 18.06

AC034193.5 ENSG00000180385 HsaEX0001238 18.13

TPCN2 ENSG00000162341 HsaEX0066636 18.15

SETD4 ENSG00000185917 HsaEX0057473 18.22

SETD4 ENSG00000185917 HsaEX0057472 18.25

ACOX3 ENSG00000087008 HsaEX0001994 18.72

AURKB ENSG00000178999 HsaALTA0000843-2/2 18.81

FAM89B ENSG00000176973 HsaALTA0003221-2/2 19.04

C21orf51 ENSG00000205670 HsaALTD0000945-2/2 19.24

DEPDC5 ENSG00000100150 HsaEX0019268 19.29

COL4A4 ENSG00000081052 HsaEX0016557 19.37

RHBDL1 ENSG00000103269 HsaINT0140387 19.46

AC016683.6 ENSG00000189223 HsaEX0001118 19.53

MYH10 ENSG00000133026 HsaEX0040946 19.92

TASP1 ENSG00000089123 HsaEX0063699 20

MFSD2A ENSG00000168389 HsaALTD0003898-2/2 20.02

AC087650.2 ENSG00000188825 HsaEX0001348 20.1

LYPLA1 ENSG00000120992 HsaALTA0004895-2/2 20.37

CLCN6 ENSG00000011021 HsaEX0015560 20.63

UBE2D3 ENSG00000109332 HsaALTD0006976-2/3 20.81

ASXL1 ENSG00000171456 HsaALTA0000733-2/3 21.19

ASXL1 ENSG00000171456 HsaALTD0000527-2/2 21.44

TPCN2 ENSG00000162341 HsaEX0066637 21.64

C17orf57 ENSG00000178852 HsaEX0009776 22.07

AP2A1 ENSG00000196961 HsaALTD0000374-2/2 22.07

MYO18A ENSG00000196535 HsaEX0041047 22.61

NPHP3 ENSG00000113971 HsaEX0043533 22.66

PCNXL2 ENSG00000135749 HsaEX0046001 22.78

FAM111A ENSG00000166801 HsaALTD0002367-2/2 23.07

DEPDC5 ENSG00000100150 HsaEX0019274 24.64

G2 Phase
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GENE Ensemble id EVENT-VAST ID delta PSI

ZNF678 ENSG00000181450 HsaEX0074168 -40.89

KIAA1529 ENSG00000197816 HsaEX0034151 -36.2

BCAS3 ENSG00000141376 HsaEX0007843 -35.8

THBS3 ENSG00000169231 HsaEX0064798 -26.52

DYRK1A ENSG00000157540 HsaEX0021335 -26.22

GALK2 ENSG00000156958 HsaALTA0003539-2/3 -26.11

NPL ENSG00000135838 HsaEX0043581 -25.83

GAPDH ENSG00000111640 HsaALTA0003559-3/3 -25.8

GAPDH ENSG00000111640 HsaALTD0002708-2/2 -23.97

NVL ENSG00000143748 HsaALTA0005916-2/2 -23.71

ZNF691 ENSG00000164011 HsaEX0074200 -22.74

DEPDC5 ENSG00000100150 HsaALTA0002449-3/3 -22.34

DLG4 ENSG00000132535 HsaALTA0002523-3/3 -22.18

HAGHL ENSG00000103253 HsaALTD0002961-2/2 -22.04

VEPH1 ENSG00000197415 HsaEX0070314 -21.82

WDR27 ENSG00000184465 HsaEX0071046 -21.73

WDR27 ENSG00000184465 HsaEX0071050 -21.49

SLMO1 ENSG00000141391 HsaALTD0006061-2/2 -20.95

LRRC23 ENSG00000010626 HsaEX0036545 -20.66

PSMA3-AS1 ENSG00000257621 HsaEX0000048 -20.22

SEMA4D ENSG00000187764 HsaEX0057112 -19.91

C4orf21 ENSG00000138658 HsaEX0010993 -19.85

NPHP4 ENSG00000131697 HsaALTA0005796-2/2 -19.76

SMCHD1 ENSG00000101596 HsaALTD0000367-2/2 -19.71

AGER ENSG00000204305 HsaEX0003069 -19.69

CSMD1 ENSG00000183117 HsaEX0017492 -19.47

LRRC23 ENSG00000010626 HsaEX0036544 -19.38

EGF ENSG00000138798 HsaALTD0002136-2/2 -19.06

ATP2A1 ENSG00000196296 HsaEX0006867 -18.78

WDR27 ENSG00000184465 HsaEX0071048 -18.67

ANKRD33B ENSG00000164236 HsaEX0004470 -18.52

C18orf45 ENSG00000134490 HsaEX0009897 -18.35

PLA2G6 ENSG00000184381 HsaALTA0006364-2/2 -18.27

DNAJB6 ENSG00000105993 HsaALTA0002559-2/3 -18.16

NAPEPLD ENSG00000161048 HsaINT0109951 -18.12

ZNF30 ENSG00000168661 HsaEX0073383 -18.06

41518 ENSG00000214765 HsaEX0057274 -18.01

ZNF12 ENSG00000164631 HsaEX0073008 -17.69

PMS2CL ENSG00000187953 HsaEX0048689 -17.51

C21orf33 ENSG00000160221 HsaALTA0001226-2/3 -17.5

GBAP ENSG00000160766 HsaALTD0002728-2/2 -17.36

RP11-245J9.2 HsaEX0054554 -17.33

WRNIP1 ENSG00000124535 HsaALTA0009555-2/2 -17.27

ZNF354B ENSG00000178338 HsaEX0073509 -17.16

ZNF2 ENSG00000163067 HsaEX0073164 -17.04

RP4-694B14.5 ENSG00000213742 HsaEX0055286 -16.92

ARHGEF11 ENSG00000132694 HsaEX0005606 -16.9

MTRF1 ENSG00000120662 HsaEX0040712 -16.84

PMEPA1 ENSG00000124225 HsaALTD0004889-2/2 -16.78

AC008734.2 HsaEX0000972 -16.72

LRDD ENSG00000177595 HsaALTA0004825-2/2 -16.66

TMEM102 ENSG00000181284 HsaINT0168223 -16.09

TTC23 ENSG00000103852 HsaALTD0006874-2/2 -16.01

Mitosis
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GENE Ensemble id EVENT-VAST ID delta PSI

FAM13A ENSG00000138640 HsaEX0024006 -15.98

CARD9 ENSG00000187796 HsaINT0027762 -15.6

VWCE ENSG00000167992 HsaEX0070793 -15.42

RHBDD1 ENSG00000144468 HsaEX0053432 -15.39

SCARB1 ENSG00000073060 HsaINT0145437 -15.36

TC2N ENSG00000165929 HsaALTD0006417-2/2 -15.34

PAQR6 ENSG00000160781 HsaALTD0004574-2/2 -15.25

RBM12 ENSG00000244462 HsaALTA0007044-2/2 -15.24

FLOT1 ENSG00000137312 HsaALTD0002606-2/2 -15.22

ZNF250 ENSG00000196150 HsaALTA0009771-2/2 -15.16

KCNC4 ENSG00000116396 HsaEX0032957 -15.13

VPS13B ENSG00000132549 HsaEX0070478 -15.13

ZCWPW1 ENSG00000078487 HsaEX0072407 15.02

SNED1 ENSG00000162804 HsaEX0060675 15.05

NPHP4 ENSG00000131697 HsaINT0115245 15.14

SLC22A4 ENSG00000197208 HsaEX0058901 15.15

CEACAM19 ENSG00000186567 HsaEX0014471 15.18

PNPLA6 ENSG00000032444 HsaEX0048735 15.27

AAK1 ENSG00000115977 HsaINT0000188 15.29

VIM ENSG00000026025 HsaALTA0009404-2/2 15.37

RHPN1 ENSG00000158106 HsaEX0053550 15.41

C4orf21 ENSG00000138658 HsaEX0010992 15.43

C1orf113 ENSG00000214193 HsaEX0010117 15.47

SLC7A6 ENSG00000103064 HsaALTD0006048-2/2 15.47

DEPDC5 ENSG00000100150 HsaALTA0002449-2/3 15.48

SLC10A3 ENSG00000126903 HsaALTD0005939-2/2 15.58

ATF7IP2 ENSG00000166669 HsaEX0006523 15.65

LOC155060 HsaINT0093515 15.71

CCNO ENSG00000152669 HsaALTD0001249-2/2 15.82

C1orf156 ENSG00000171806 HsaALTD0000898-2/2 15.83

LACE1 ENSG00000135537 HsaEX0035176 15.84

SMG6 ENSG00000070366 HsaEX0060452 15.89

ASB1 ENSG00000065802 HsaALTA0000705-2/2 15.89

ESAM ENSG00000149564 HsaEX0023149 16.03

PTPRU ENSG00000060656 HsaALTD0005176-2/2 16.04

KIAA0430 ENSG00000166783 HsaALTA0004521-2/2 16.09

NEK8 ENSG00000160602 HsaINT0112631 16.19

DDAH1 ENSG00000153904 HsaEX0018811 16.34

NUDT17 ENSG00000186364 HsaINT0116639 16.39

ZCWPW1 ENSG00000078487 HsaEX0072409 16.49

N4BP2 ENSG00000078177 HsaEX0041416 16.5

CCDC163P ENSG00000236624 HsaEX0013139 16.64

DAPK2 ENSG00000035664 HsaEX0018512 16.66

ZMAT3 ENSG00000172667 HsaALTA0009706-2/2 16.8

NBR2 ENSG00000198496 HsaEX0041901 16.81

AARSD1 ENSG00000108825 HsaEX0000166 16.93

SEC31B ENSG00000075826 HsaINT0146952 17.06

TPCN2 ENSG00000162341 HsaEX0066649 17.08

C5orf45 ENSG00000161010 HsaEX0011184 17.1

C17orf48 ENSG00000170222 HsaALTD0000853-2/2 17.11

BBS9 ENSG00000122507 HsaEX0007783 17.22

EPHA5 ENSG00000145242 HsaEX0022761 17.43

SLC12A3 ENSG00000070915 HsaEX0058589 17.47

Mitosis
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GENE Ensemble id EVENT-VAST ID delta PSI

TPCN2 ENSG00000162341 HsaEX0066654 17.47

RCAN3 ENSG00000117602 HsaALTD0005342-2/2 17.5

SCRN3 ENSG00000144306 HsaALTD0005706-4/4 17.59

ENTPD5 ENSG00000187097 HsaEX0022544 17.71

RANBP17 ENSG00000204764 HsaINT0137118 17.83

ZNF383 ENSG00000188283 HsaEX0073540 17.94

TPCN2 ENSG00000162341 HsaEX0066653 17.96

LTBP4 ENSG00000090006 HsaEX0036960 18.14

TPCN2 ENSG00000162341 HsaEX0066639 18.22

ACOX3 ENSG00000087008 HsaEX0001993 18.25

NCF2 ENSG00000116701 HsaEX0041994 18.47

ADAMTS10 ENSG00000142303 HsaINT0003903 18.93

FOXP1 ENSG00000114861 HsaEX0026271 18.94

RHEBL1 ENSG00000167550 HsaEX0053494 19.12

FOXP2 ENSG00000128573 HsaEX6010003 19.39

CCDC78 ENSG00000162004 HsaALTD0001217-2/3 19.46

TPCN2 ENSG00000162341 HsaEX0066652 19.54

NFYA ENSG00000001167 HsaALTA0005715-2/2 19.7

ACOX3 ENSG00000087008 HsaEX0001994 20.08

TTLL3 ENSG00000214021 HsaALTD0006893-2/3 20.26

NPHP4 ENSG00000131697 HsaEX0043551 20.32

DPY19L4 ENSG00000156162 HsaEX0020923 20.5

CSTF1 ENSG00000101138 HsaINT0042542 20.9

ELMO2 ENSG00000062598 HsaEX0022151 20.99

ZNF320 ENSG00000182986 HsaALTA0009789-2/2 21.13

PPM1K ENSG00000163644 HsaEX0049500 21.14

NSMCE4A ENSG00000107672 HsaALTD0004401-2/2 21.15

ZCWPW1 ENSG00000078487 HsaEX0072403 21.67

STOML1 ENSG00000067221 HsaEX0062579 22.03

SUMO1 ENSG00000116030 HsaALTA0008356-2/2 22.49

ZCWPW1 ENSG00000078487 HsaEX0072400 23.41

ITFG2 ENSG00000111203 HsaEX0032300 23.46

DLG4 ENSG00000132535 HsaALTD0001950-2/2 23.48

ZNF780B ENSG00000128000 HsaALTA0009921-2/2 23.52

XRRA1 ENSG00000166435 HsaEX0071902 23.57

DLG4 ENSG00000132535 HsaALTA0002523-2/3 23.61

FAM119A ENSG00000144401 HsaALTA0003098-2/2 23.93

OSBPL7 ENSG00000006025 HsaEX0044937 24.05

MTHFD2L ENSG00000163738 HsaEX0040498 24.11

RNF207 ENSG00000158286 HsaEX0054018 24.19

SYTL4 ENSG00000102362 HsaEX0063329 24.36

C15orf52 ENSG00000188549 HsaINT0020995 25.92

KIF22 ENSG00000079616 HsaALTA0004589-2/2 25.93

GALK2 ENSG00000156958 HsaALTA0003539-3/3 26.52

LOC57653 HsaINT0094747 27.05

PRR5 ENSG00000186654 HsaALTA0006726-2/2 27.86

HM13 ENSG00000101294 HsaALTD0003056-2/2 32.52

BAT1 ENSG00000198563 HsaALTA0000890-3/3 35.7

AC005726.6 ENSG00000167524 HsaEX0000879 36.42
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Résumé 

Titre de la thèse : Un nouveau rôle pour Aurora-A dans l'épissage des pré-ARNm 

              L'ADN constitue une source d'informations génétiques dans la plupart des organismes 

vivants. L'ADN hautement stable est transcrit en ARN hautement réactif et instable. Le pré-

ARNm transcrit subit trois processus principaux avant d'être reconnu par la machinerie de 

traduction à décoder en protéines. Ces processus incluent le coiffage en 5 ', l'épissage d'ARN 

et la polyadénylation en 3'. Tous ces processus sont principalement co-transcriptionnels et 

contribuent à l'efficacité et à la fidélité de l'expression des gènes. 

Les séquences d'ADN non-sens intervenantes sont présentes entre les séquences d'ADN 

codantes et sont ensuite transcrites en tant que telles à la molécule d'ARN. Ces séquences 

intermédiaires sont retirées de la molécule d'ARN nouvellement formée et ce processus est 

appelé épissage d'ARN. L'épissage des pré-ARNm engendre la diversité des protéines et joue 

donc un rôle important dans la détermination de la complexité d'un organisme. L'épissage 

d'ARN est également connu pour être important pour le développement d'un organisme, la 

diversité tissulaire, le cycle circadien, la santé et la maladie. 

Le pré-ARNm contient des éléments qui sont des séquences courtes et conservées telles 

que le site d'épissage en 5 '(SS), le système 3′SS et le site de branche (BS) qui définit les introns 

qui doivent être reconnus et éliminés par l'spliceosome. Ce spliceosome est une machine 

complexe et dynamique. Les spliceosomes sont constitués de cinq protéines snRNP différentes 

et de leurs protéines non-snRNP associées. En plus du noyau spliceosomal snRNP, le 

spliceosome contient également de nombreuses sous-unités multiprotéiques pré-organisées 

telles que le complexe Prp19 (Prp19), le complexe Intron-Binding Complex (IBC), le complexe 

pré- ARNR REtention et Splicing (RES) et le complexe Exon. Complexe de jonction 

(EJC). Contrairement aux autres types de machines, le spliceosome n'est pas un complexe pré-

assemblé. Au lieu de cela, il s'assemble par étapes sur un pré-ARNm. Tout au long de 

l’assemblage des spliceosomes, de nombreux réarrangements structurels et compositionnels 

permettent la formation de différents complexes spliceosomaux. 

L'épissage alternatif des pré-ARNm est un mode de régulation des gènes et conduit à 

la synthèse de différents ARNm à partir d'un transcrit primaire unique et est donc responsable 

de la diversité des protéines chez les eucaryotes. Les isoformes de protéines provenant d'un 

épissage alternatif peuvent avoir différentes activités, interactions et localisation différentielle 

et peuvent donc remplir différentes fonctions. Il est également important pour tous les 

processus biologiques et détermine la spécificité cellulaire et tissulaire et le fonctionnement 



normal des cellules. En fonction des conditions physiologiques, les modèles d'épissage 

alternatif des gènes changent constamment, permettant à un organisme de réagir aux 

changements de l'environnement. 

L'épissage alternatif peut être réglé à l'aide des «éléments à action cis supplémentaires» 

et des facteurs d'épissage à action trans. Outre les éléments agissant en cis (5'SS, 3'SS et site 

ramifié), le pré-ARN contient également des éléments régulateurs en cis (également appelés 

éléments agissant en cis supplémentaires) qui sont divisés en quatre groupes en fonction de 

leur position dans le pré-ARNm (exon/intron) et leur fonction (amplificateurs/silencieux). Ces 

éléments cis-régulateurs sont ciblés par les protéines de liaison à l'ARN (RBP) appelées 

régulateurs d'épissage agissant en trans. Ces facteurs d'épissage agissant en trans comprennent 

les ribonucléoprotéines nucléaires hétérogènes (hnRNPs) et les protéines riches en sérine-

arginine (protéines SR). Ces RBP faciliter ou empêcher le recrutement de composants 

spliceosome versdes sites d'épissage particuliers et majorly régulent l'épissage alternatif. Les 

défauts de la régulation de l'épissure ont été impliqués dans de nombreuses maladies. 

Les hnRNPs appartiennent à une grande famille de protéines de liaison à l'ARN (RBP) 

impliquées dans le métabolisme de multiples acides nucléiques, y compris l'épissage alternatif, 

la stabilisation de l'ARNm et la régulation de la transcription et de la traduction. Les protéines 

SR portent le nom de leur domaine RS typique, riche en sérine (Ser, S) et en arginine ( Arg , 

R). Ils contiennent des RRM N-terminaux, suivis d'un domaine RS en aval . 

Les modifications post-traductionnelles (PTM) des protéines SR constituent un signal 

important qui module divers aspects des protéines SR, à savoir la localisation, l'activité, les 

interactions et la stabilité. On sait que la phosphorylation sur les domaines SR est responsable 

de leur recrutement sur le site de transcription à partir les domaines nucléaires SC35. SRPK1 

est spécifique de la phosphorylation du domaine SR présent dans toutes les protéines SR. Outre 

les kinases spécifiques d'épissage, telles que les CLK et les SRPK, qui sont connues pour 

phosphoryler les protéines d'épissage et réguler leur localisation et leur fonction, il existe 

également de nombreuses kinases de signalisation et de cycle cellulaires qui fonctionnent 

également dans l'épissage. De telles kinases incluent NEK2, MAPK, GSK3b, Akt, PKA 

et Aurora-A. Ma thèse était axée sur l'exploration de la fonction de la kinase Aurora-A dans 

l'épissage pré-ARNm. 

Aurora-A est une sérine/thréonine kinase connue pour réguler les événements 

mitotiques dans les cellules. Sa surexpression dans les tumeurs à promouvoir la survie des 

cellules s par modulation de la prolifération cellulaire et l' apoptose surmonter. Auparavant, il 



a été démontré qu'Aurora-A est important pour la stabilité d'une protéine riche en 

sérine/arginine (SR), ASF/SF2, modifiant ainsi l'épissage alternatif des gènes liés à 

l'apoptose. Dans le but d'identifier les nouveaux partenaires et les nouvelles fonctions 

d'Aurora-A, Olivia Gavard et Jean-Philippe Gagné (anciens membres de notre équipe) ont 

identifié de nombreuses protéines d'épissage dans l'interactome d'Aurora-A. Étant donné que 

l’interactome d’Aurora-A suggérait son rôle dans l’épissage pré-ARNm, j’ai cherché à 

comprendre les mécanismes moléculaires qui sous-tendent sa fonction précise dans l’épissage. 

L'interactome Aurora-A contenait 444 protéines potentiellement 

interactives. L'analyse d'enrichissement des partenaires supposés en interaction Aurora-A 

a fortement suggéré le rôle d'Aurora-A dans l'épissage des pré-ARNm. On sait que plus de 200 

protéines sont associées au spliceosome à différents stades de l'épissage . De manière 

remarquable, l’interactome Aurora-A contenait 51 protéines d’épissage sur 263 protéines 

d’épissage connues. J'ai découvert que sur 51 protéines d'épissage interagissant avec Aurora-

A, 11 protéines provenaient du noyau et 37 protéines des composants pas de noyau du 

spliceosome. L'analyse d'enrichissement relatif de l'interactome Aurora-A a indiqué que les 

protéines dans les complexes PRP19 sont les plus abondantes parmi le composant noyau-

spliceosomal. L’analyse d’enrichissement relatif des protéines d’épissage dans l’interactome a 

également révélé que les protéines hnRNP et SR étaient des interacteurs importants de Aurora-

A. Il est donc possible qu’Aurora-A régule l’épissage du pré-ARNm via 

les protéines hnRNP et SR. 

À travers s in vitro de dosage pull-down, j'ai montré une interaction directe de l' Aurora-

A avec l' ensemble des 12 protéines SR et protéines hnRNP (hnRNP-C2, RALY, PCBP2 et 

PTBP1). Étant donné que la plupart de ces protéines sont connues pour contenir un domaine 

commun appelé RRM, il est possible qu'Aurora-A puisse spécifiquement interagir avec ces 

protéines via le domaine RRM. L'analyse d'enrichissement de domaine des données 

d'interactivité Aurora-A a également montré l'enrichissement pour le domaine 

RRM. Cependant, ces résultats doivent être complétés par les études d'interaction in vitro avec 

des mutants de délétion des protéines hnRNP et SR. Étant donné que la phosphorylation joue 

un rôle crucial lors de l’épissage et que Aurora-A est une protéine kinase, j’ai vérifié si les 

protéines interagissant directement avec Aurora-A pouvaient être phosphorylées par Aurora-A 

à l’aide du dosage kinase in vitro. J'ai trouvé que les protéines d'épissage hnRNP-C2, RALY, 

PCBP2, PTBP1 et eIF4A3 sont phosphorylées par Aurora-A in vitro. 



Comme Aurora-A interagissait avec de nombreuses protéines d’épissage et en 

phosphorylait également quelques-unes in vitro, j’ai examiné si les niveaux de protéines SRSF 

étaient affectés par la déplétion d’Aurora-A induite par l’ARNi. J'ai observé que l'épuisement 

d'Aurora-A entraînait en effet une diminution dramatique des taux de nombreuses protéines du 

SRSF, notamment l'ASF/SF2 (SRSF1) et le SC35 (SRSF2). Ce résultat indique qu'Aurora-A 

est important pour maintenir le niveau de «protéines SR». Cependant, il faut déterminer si ce 

type de régulation par Aurora-A sur les protéines SR se situe au niveau de l'ARN ou des 

protéines. 

Les protéines d'épissage du pré-ARNm sont enrichies dans un domaine spécifique situé 

dans la région interchromatine du nucléoplasme, appelé «domaines nucléaires SC35», qui se 

présente sous la forme de 20 à 50 structures de forme irrégulière de tailles variables. Comme 

de nombreuses protéines d’épissage ont été identifiées dans l’interactome d’Aurora-A, j’ai 

décidé de déterminer si Aurora-A se localisait dans les domaines nucléaires SC35. Par le test 

d'immunofluorescence, j'ai montré la co-localisation de Aurora-A avec le marqueur SC35. Cela 

indique clairement que Aurora-A peut localiser des domaines nucléaires SC35. J'avais révélé 

la localisation de Aurora-A au niveau des domaines nucléaires SC35 et de sa périphérie, où 

l'épissage post et co-transcriptionnel sont connus pour avoir lieu respectivement. Grâce dosage 

d'épissage in vitro, j'ai montré que Aurora-A peut améliorer l'efficacité de l' épissage 

de b - globine pré-ARNm. J'ai examiné si l'inhibition de Aurora-A aurait une incidence sur 

l'épissage pré-ARNm dans les cellules en culture. L' inhibition de Aurora-A est connue 

pour perturber le cycle cellulaire. L'épissage pré-ARNm est également connu pour être modifié 

d'une manière dépendante du cycle cellulaire. D'où l'effet d' inhibition de Aurora-A dans 

l'épissage de pré-ARNm a été analysé dans des cellules synchronisées. J'identifie que 414 

événements d'épissage ont été modifiés par l'inhibition d'Aurore-A, surtout sans effet 

significatif sur l'expression de leurs gènes. De manière surprenante, les protéines kinases SR 

importantes, CLK1 et CLK4, sont également identifiées comme étant épissées de manière 

alternative d'une manière dépendante de Aurora-A. 

Dans l’ensemble, mes travaux ont révélé le rôle important et novateur d’Aurora-A dans 

l’épissage pré-ARN et ont suggéré des moyens moléculaires permettant à Aurora-A de moduler 

l’épissage pré-ARN. 
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Résumé : Aurora-A est une sérine/thréonine kinase 
connue pour réguler les événements mitotiques dans 
les cellules. Sa surexpression dans les tumeurs 
favorise la survie cellulaire en modulant la 
prolifération cellulaire et en inhibant l’apoptose. 
Auparavant, il avait été montré qu'Aurora-A était 
important pour la stabilité d'une protéine riche en 
sérine / arginine (SR), ASF/SF2, modifiant ainsi 
l'épissage alternatif des gènes liés à l'apoptose. En 
cohérence avec ce rôle dans l'épissage, nous avons 
découvert que l'interactome d'Aurora-A contient un 
grand nombre de composants du spliceosome - des 
protéines spliceosomales centrales et non 
essentielles. 
Mon travail de thèse a consisté à caractériser la 
fonction de Aurora-A dans l'épissage pré-ARNm et à 
étudier sa fonction au niveau moléculaire. J’ai 
montré qu'Aurora-A interagissait directement avec 
des facteurs d'épissage, tels que les protéines SR et 
les protéines hnRNP, et phosphorylait également 
quelques-unes d'entre elles in vitro. J’ai démontré 
qu'Aurora-A est important pour la stabilité de  
ASF/SF2 et de nombreuses autres protéines SR. 

En utilisant la microscopie à immunofluorescence, 
j’ai démontré en outre qu'Aurora-A localise vers les 
taches nucléaires, les sites où les protéines 
d'épissage sont stockées, ainsi qu'à la périphérie 
des taches nucléaires où une majorité d'épissage 
de pré-ARNm est connue. L'ajout d'Aurora-A 
recombinant améliore notamment l'efficacité 
d'épissage du pré-ARNm de la bêta-globine in vitro. 
En analysant la méthode RNA-seq à l'aide de l'outil 
VAST, j'ai identifié 414 événements d'épissage 
alternatifs qui sont modifiés lors de l'inhibition de 
Aurora-A. De manière surprenante, les protéines 
kinases SR importantes, CLK1 et CLK4, sont 
également identifiées comme étant épissées de 
manière alternative d'une manière dépendante de 
Aurora-A. 
Dans l’ensemble, mes travaux révèlent le rôle 
important et novateur d’Aurora-A dans 
l’épissage des ARNm et suggèrent des voies 
moléculaires permettant à Aurora-A de moduler 
les facteurs d’épissage et d’épissage.. 
 

 

Title  A novel role of Aurora-A in pre-mRNA splicing 

Keywords :  Aurora-A, SR proteins, hnRNP, phosphorylation, pre-mRNA splicing, CLK. 

Abstract : Aurora-A is a serine/threonine kinase 
known to regulate mitotic events in cells. Its over-
expression in tumours promote cell survival by 
modulating cell proliferation and overcoming 
apoptosis. Previously, it has been shown that Aurora-
A is important for the stability of a serine/arginine 
(SR)-rich protein, ASF/SF2, thereby altering the 
alternative splicing of apoptosis-related genes. 
In consistence with this role in splicing, we have 
discovered that the interactome of Aurora-A contains 
a large number of spliceosome components - both 
core and non-core spliceosomal proteins. 
My PhD work aimed to characterize the function of 
Aurora-A in pre-mRNA splicing and to investigate its 
function at the molecular level. I show that Aurora-
A interacts directly with splicing factors such as SR 
proteins and hnRNP proteins and also 
phosphorylates few of them in vitro. I demonstrate 
that Aurora-A is important for the stability of ASF/SF2 
and many other SR proteins. 

Using immunofluorescence microscopy, I further 
demonstrate that Aurora-A localizes to nuclear 
speckles, the sites where splicing proteins are 
stored, as well as to the periphery of nuclear 
speckles where a majority of pre-mRNA splicing is 
known to take place. Notably, addition of 
recombinant Aurora-A enhances the splicing 
efficiency of beta-globin pre-mRNA in vitro. Through 
RNA-seq analysis using the VAST tool, I identified 
414 alternative splicing events that are altered upon 
inhibition of Aurora-A. Surprisingly the important SR 
protein kinases, CLK1 and CLK4 are also identified 
to be alternatively spliced in an Aurora-A dependent 
manner.  

Altogether my work reveals a broad and novel role 
of Aurora-A in pre-mRNA splicing and suggests 
molecular means through which Aurora-
A could modulate the spliceosome and splicing 
factors. 

 


