N

N

Insights into the non-mitotic functions of Aurora kinase
A: more than just cell division

Giulia Bertolin, Marc Tramier

» To cite this version:

Giulia Bertolin, Marc Tramier. Insights into the non-mitotic functions of Aurora kinase A: more than
just cell division. Cellular and Molecular Life Sciences, 2020, 77 (6), pp.1031-1047. 10.1007/s00018-
019-03310-2 . hal-02304767

HAL Id: hal-02304767
https://univ-rennes.hal.science/hal-02304767
Submitted on 12 Feb 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-rennes.hal.science/hal-02304767
https://hal.archives-ouvertes.fr

Insights into the non-mitotic functions of Aurora kinase A: more than just cell division

Giulia Bertolin* and Marc Tramier*

Univ Rennes, CNRS, IGDR (Genetics and Development Institute of Rennes), UMR 6290, F-35000
Rennes, France

* Correspondence should be addressed to G.B. (Genetics and Development Institute of Rennes (IGDR),
2, Avenue du Prof. Léon Bernard, 35043 Rennes, France; +33223237516; giulia.bertolin@univ-
rennes1.fr) or to M.T. (Genetics and Development Institute of Rennes (IGDR), 2, Avenue du Prof. Léon
Bernard, 35043 Rennes, France; +33223235487; marc.tramier@univ-rennes1.fr)



mailto:giulia.bertolin@univ-rennes1.fr
mailto:giulia.bertolin@univ-rennes1.fr
mailto:marc.tramier@univ-rennes1.fr

Abstract

AURKA is a serine/threonine kinase overexpressed in several cancers. Originally identified as a protein
with multifaceted roles during mitosis, improvements in quantitative microscopy uncovered several non-
mitotic roles as well. In physiological conditions, AURKA regulates cilia disassembly, neurite extension,
cell motility, DNA replication and senescence programs. In cancer-like contexts, AURKA actively
promotes DNA repair, it acts as a transcription factor, promotes cell migration and invasion, and it localises
at mitochondria to regulate mitochondrial dynamics and ATP production. Here we review the non-mitotic
roles of AURKA, and its partners outside of cell division. In addition, we make an insight on how structural
data and quantitative fluorescence microscopy allowed to understand AURKA activation and its
interaction with new substrates, highlighting future developments in fluorescence microscopy needed to
better understand AURKA functions in vivo. Last, we will recapitulate the most significant AURKA
inhibitors currently in clinical trials, and we will explore how the non-mitotic roles of the kinase may provide

new insights to ameliorate current pharmacological strategies against AURKA overexpression.
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Introduction

From an historical perspective, AURKA was first discovered in 1993 in buddying yeast [1]. The
orthologue of AURKA in Saccaromyces cerevisiae, a protein called Ipl1 (Increase-in-ploidy 1), was
identified as a mitotic factor controlling chromosome segregation. Since then, two Ipl1 orthologues were
found in Xenopus laevis [2-5] and in Drosophila melanogaster [6-9]. In both organisms, the Ipl1
orthologues are kinases with multiple roles at mitosis, including the regulation of centrosomal stability and
the faithful construction and maintenance of the mitotic spindle. These roles are shared by the three
mammalian orthologues of Ipl1, called Aurora kinases (AURKA, AURKB and AURKC), which were found
to be overexpressed in several solid tumours including ovarian, skin, pancreatic and breast cancers [10-
13]. In particular, the amplification of the AURKA gene, located on chromosome 20p13 [14], is found in a
great number of epithelial cancers [13] and in haematological malignancies [15]. The overexpression of
AURKA was shown to correlate with highly-proliferative and malignant cancers, with poor outcomes and
low survival rates [13, 16-18]. Given this large body of evidence and the relevance of this protein in the
clinic, extensive efforts were made to understand the molecular functions and partners of the AURKA at

cell division.

Today, it is becoming increasingly clear that a multifunctional protein as AURKA has both mitotic
and non-mitotic roles. At first, this discovery was made possible by structural data, providing helpful
insights on the way the kinase switches between an on and off state. Then, quantitative microscopy
approaches as Forster's Resonance Energy Transfer (FRET) paved the way to the monitoring of AURKA
activation and activity in live cells. In addition to the discovery of non-mitotic roles, the increasing sensitivity
of microscopy tools available nowadays also allowed to uncover new functions of AURKA in different

subcellular compartments.

Here, we will make an overview of the non-mitotic roles of AURKA by exploring the roles of the
kinas throughout interphase and at different organelles. In addition, we will explore how the discovery of
the non-mitotic roles of AURKA largely benefited from cutting-edge technological and methodological
capabilities. Last, we will discuss future improvements and strategies in quantitative microscopy
potentially allowing to move from in cellulo to in vivo paradigms in the near future. This could be a turning
point in ameliorating current pharmacological strategies against AURKA overexpression, which show a

poor efficacy in patients [19].

Lessons from biochemistry in detecting AURKA activation and activity: still missing a piece of
the puzzle?



Conventionally, the first approach used to assess the role(s) of a kinase is determining its activity
towards a putative substrate. This can be achieved in different ways: among the most common
approaches, the activity of a kinase can be tested in vitro. The kinase is purified from bacteria, cells or
tissues, and it is used to phosphorylate a putative substrate in presence of ATP [20, 21]. In this
experimental context, the use of radioactive ATP can help discriminating the phosphorylated form of the
substrate by the non-phosphorylated one in western-blotting analyses. Otherwise, antibodies raised to
recognise the phosphorylation site of a substrate (i.e. phospho-specific antibodies) can be used to track
the activity of the kinase towards a putative interactor. This strategy is an alternative to the use of
radioactive ATP, although the phosphorylated residue(s) of the substrate must be known, and phospho-
specific antibodies are to be manufactured when not commercially available. The purified kinase can also
be added directly to cell or tissue lysates, and then processed by biochemical approaches. This allows to
explore the capacity of the kinase to phosphorylate a given substrate in its endogenous environment [20].
Biochemical approaches are currently being coupled to quantitative proteomics and mass spectrometry
approaches to identify new substrates of the kinase. In this light, finding key substrates of AURKA at
different subcellular locations is increasing our knowledge of its multiple roles in the cell, and new roles
for AURKA are being discovered thanks to the broadening of its interactome. For instance, the presence
of mitochondrial proteins interacting with AURKA led to the discovery of a new function of this kinase in
the maintenance of mitochondrial homeostasis [22], while the nuclear proteome of AURKA led to the

identification of a novel pathway maintaining cell survival in gastric cancers [23].

When searching for novel roles of a kinase at a given subcellular compartment, it should be taken
into consideration that this is often a two-faceted process. Besides the activity towards a substrate,
another key parameter to evaluate is the activation of the kinase. Conventionally, the activation results
from the autophosphorylation of a Ser, a Thr or a Tyr residue by the kinase itself. In the case of AURKA,
its activation results in the autophosphorylation on Thr288 [24-27], which changes the three-dimensional
conformation of the catalytic pocket of the kinase. This conformational change was originally detected on
the purified protein following crystallography analyses [25]. Activation is currently seen as a “switch-on”
signal before AURKA can phosphorylate a target protein and indeed, AURKA autophosphorylation is
known to directly increase the catalytic activity of the human and Xenopus kinase [24, 27, 28]. Although
there is evidence indicating that a monomer of AURKA can autophosphorylate itself [29], a recent report
demonstrated that the autophosphorylation on Thr288 involves a dimer of AURKA, with one monomer of
the kinase adding a phosphate group to the other [30]. In both cases, this is considered a priming event,
allowing AURKA to interact with the Targeting Protein for Xklp2 (TPX2): thanks to this interaction,

crystallography studies showed that TPX2 induces a second conformational change on AURKA [26],



which then becomes a fully activated kinase capable of interacting with its substrates [26, 31-33].
However, the field is still missing the spatiotemporal resolution of these events: (i) autophosphorylation
on Thr288, (ii) interaction with TPX2, (iii) activity towards a substrate. To add a further layer of complexity,
whether AURKA activation and activity happen sequentially or simultaneously is still a matter of debate.
Structural data showed that autophosphorylated AURKA cannot reach a full activity in the absence of
TPX2 [34]. On the contrary, crystallography and Small-angle X-ray scattering (SAXS) data recently
showed that the autophosphorylation on Thr288 and the interaction of AURKA with TPX2 are two
alternative ways to prime for an active kinase [30], while complementary kinetic measurements showed
that these two activation modes can act synergistically [35]. This scenario could potentially reconcile
crystallography data with an in vivo report from Toya and colleagues. In the C. elegans embryo, active

AURKA was shown to be dephosphorylated on Thr288 when bound to TPX2 on mitotic microtubules [36].

Although structural information greatly improved our understanding of AURKA activation,
biochemical and cell biology data were essential to discover how the kinase is dynamically turned off. In
cultured cells, AURKA autophosphorylation on Thr288 is targeted by Protein Phosphatase 1 (PP1) [32,
37], which impedes the overall activation of AURKA during interphase. In the interphase-to-mitosis switch,
AURKA phosphorylates PP1, and this modification in turn reduces the activity of the phosphatase and it
allows AURKA to be fully active during cell division. However, how can AURKA switch from a non-active
state to an active one, capable of phosphorylating PP1? Phosphatase Inhibitor 2 (I-2) is the third player
of this complex, and it autophosphorylates AURKA on Thr288 at mitosis with an efficacy similar to TPX2,
allowing the kinase to activate and to phosphorylate PP1 [38]. The Phosphoprotein Phosphatase 6 (PP6)
holoenzyme was also described as another phosphatase for mitotic AURKA [39]. Conversely to PP1,
which acts on the free, activated kinase, PP6 was shown to act on AURKA only when in complex with
TPX2, substantiating the fact that AURKA deactivation is a timely-regulated process. Recent data also
describe Polo-Like Kinase 1 (PLK1), as an additional actor in this intricate scenario [40]. Before mitosis,
PP6 maintains AURKA in an “off” state by blocking the access to the Thr288 residue by TPX2. When
mitosis progresses, mass spectrometry analyses and in vitro assays demonstrated that PLK1 interacts
with and phosphorylates PP6, reducing PP6 activity towards AURKA and thereby allowing for AURKA
autophosphorylation. Upon late mitosis, PLK1 abundance decreases and the inhibitory activity of PP6
towards AURKA can start again. At the end of cell division, the activity of PP6 and the one of another
phosphatase, Protein Phosphatase 2A (PP2A), fully turns AURKA off and sends the kinase for
proteasomal degradation [28]. However, evidence is still fragmentary in this context and it is still not known

whether these two phosphatases can act synergistically or in consecutive steps.



Structural data obtained in the last twenty years lead to the conclusion that AURKA activation and
activity should not be considered as static states but rather as dynamic events, potentially intertwined.
Although the field benefited from extensive efforts in crystallography and in high-resolution biochemical
approaches to gain a more thorough insight into the modes of activation of AURKA, it is also facing a
challenge: are we reaching the limit in our understanding of the dynamics of AURKA activation because
of the available technical and methodological capabilities? How to reconcile structural data obtained with
a purified kinase with its behaviour in a physiological context? Can live imaging techniques take the relay
and monitor AURKA activation and activity, providing an insight on the spatiotemporal resolution of these

events in living samples?

Tracking AURKA with spatiotemporal resolution

The attempt of gaining a higher spatiotemporal resolution on the activity of mitotic kinases did not
begin with AURKA, but with the closely-related kinase AURKB. AURKB is a kinetochore protein, which
warrants a faithful cell division by ensuring the correct attachment of microtubules to kinetochores during
mitosis [41]. AURKB shares extensive structural and functional homologies with AURKA [42], and the
interplay between these two kinase is a subject of intense investigation. FRET biosensors are fluorescent
tools allowing to convert a specific state of a protein into a fluorescent signal [43]. Specifically, FRET
biosensors reporting on protein phosphorylation have a sensing unit, capable of switching between a non-
phosphorylated and a phosphorylated state. They also have a reporting component, constituted by a
donor-acceptor fluorophore pair and which allows to discriminate when the sensing unit is phosphorylated
or not. A pioneer study first reported on the benefits of FRET biosensors to understand the regulation of
selected pools of AURKB during mitosis [44]. Fuller et al used a small 14 amino acid-long peptide from
the AURKB substrate KIF2C and containing the residue targeted by AURKB for phosphorylation (Ser196)
[45], a FHA2 domain recognising the phosphorylated residue (Ser196 was replaced by a Thr to facilitate
the recognition by the FHA2 domain), and a CFP/YFP donor-acceptor FRET pair. The biosensor was then
targeted at selective subcellular locations by adding a centromere- or a histone-specific targeting
sequence. As the AURKB biosensor was created after a previous FRET biosensor for PKC [46], it should
be noted that phosphorylation is correlated with the absence of FRET in this particular biosensor setup.
This first AURKB biosensor was shown to be a valuable tool to follow the spatiotemporal dynamics of
AURKB activity. Importantly, it allowed to visualise the phosphorylation of the biosensor at metaphase,
and a progressive dephosphorylation during anaphase. Using phospho-specific antibodies, the authors
also demonstrated that the endogenous KIF2C undergoes the same dephosphorylation gradient,

underlining the pertinence of using a FRET biosensor to detect such modifications in live cells. This
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biosensor paved the way for the use of FRET probes to detect spatiotemporally resolved events during
mitosis. A cytosolic version of the AURKB FRET sensor, already created by Fuller et al [44], helped to
define a gradient of activity for the mitotic kinase PLK1 (Polo-Like Kinase 1) on the same phosphorylated
substrate before and during mitosis [47]. Thanks to FRET microscopy, a peak of activity of PLK1 was
detected at pro-metaphase followed by a progressive de-activation until late anaphase.

Given the fact that AURKA and AURKB show a similar consensus phosphorylation motifs [48,
49), this FRET biosensor can be considered as a general reporter of the activity of both AURKA and
AURKB, with a specificity towards AURKA or AURKB according to the localisation of the biosensor. In
light of this consideration, two recent studies relied on the same probe to unravel the activity of AURKA
on microtubules or at kinetochores of Drosophila S2 cells, by using a Tau-specific or a Mis12-specific
anchor, respectively [50, 51]. In these reports, AURKA was shown to phosphorylate kinetochore
substrates, which substantiates the identification of AURKA itself at kinetochores [37, 52]. Given the fact
that both AURKA and AURKB are found at this compartment, this FRET biosensor should then be used
with precaution on kinetochores, as its response to an AURKA- or an AURKB-specific phosphorylation
are hardly discriminated. Designing FRET biosensors to probe the activity of AURKA or AURKB towards
specific substrates and at given subcellular compartments could be an optimisation strategy to broaden
our understanding of the activity of these kinases with a more specific spatiotemporal resolution.

Besides activity, another genetically-encoded biosensor showed that FRET is a powerful
approach to unravel kinase activation as well. A full-length AURKA flanked by a GFP/mCherry donor-
acceptor pair was shown to report on the conformational changes of AURKA upon autophosphorylation
on Thr288 [53]. This biosensor not only confirmed structural studies describing that AURKA activation
results in conformational changes of the kinetic pocket [25, 30], but also that these changes are
propagated to the N- and C-termini of the kinase. One additional feature of this biosensor is the possibility
to replace the endogenous protein with the FRET probe: in cultured cells, the biosensor rescues the
spindle defects induced by AURKA knockdown, thereby allowing to measure the activation of the kinase
in physiological conditions. As detailed below, this conformational biosensor allowed to discover a new
role of AURKA in stabilising microtubule regrowth in G1. Therefore, new microscopy capabilities were
particularly advantageous to uncover a new role of AURKA outside of cell division. This is particularly
relevant because the kinase has a very low abundance in this cell cycle phase, which makes it nearly
undetectable using bulk biochemical approaches. Given that the biosensor contains the entire AURKA
sequence, it also allows to localise the kinase at specific subcellular compartments without adding
targeting sequences. This uncovered a pool of the kinase at mitochondria, where it is active and where it

regulates mitochondrial dynamics and ATP production [22].



An exciting perspective coming up in the near future is the use of kinase FRET biosensors in vivo.
This is becoming highly feasible for the substrate-based ERK FRET biosensor (EKAR), which has been
employed in C. elegans [54], in zebrafish [55], and in mice [56]. In parallel, conformational FRET
biosensors containing the full-length sequence of the kinase could become a promising approach to sense
the activation of the kinase. As discussed in the last section of this review, coupling substrate-based
biosensors to the AURKA conformational biosensor could lead to the development of multiplex FRET

strategies to sense the activation and the activity of AURKA directly in vivo.

Emerging roles of AURKA outside mitosis: novel subcellular locations, unpredicted cell cycle
phases.

The roles and the molecular partners of AURKA at mitosis have extensively been characterised
in the context of abnormal cell division and cancer, given the fact that the abundance of AURKA peaks
when the cell prepares for cytokinesis. An impressive body of evidence demonstrated that the massive
accumulation of AURKA at centrosomes begins during the late G2 phase and continues throughout the
M phase, where the kinase locates onto the mitotic spindle, to the midzone and the midbody. To help the
cell enter and progress throughout cell division, AURKA regulates the stability of the centrosomes, it
favours the nucleation of the mitotic spindle from the MTOC and its overall stability, and it coordinates
chromosome segregation [13]. Once mitosis is achieved, the mitotic pool of AURKA is dismantled and
the protein is degraded at the midbody [57]. To this end, AURKA is targeted by an E3 ubiquitin-protein
ligase machinery, the anaphase-promoting complex/cyclosome (APC/C) and its two co-activator subunits
CDC20 and CDH1 [58], to the proteasome [59]. Although there is general consensus on the degradation
of AURKA after mitosis, whether the process is ubiquitin-dependent or -independent is still a matter of
debate. On one hand, the E3 ubiquitin-protein ligase CHFR binds to the N-terminal region of AURKA and
ubiquitylates the kinase [60], delivering AURKA to the proteasome for degradation. This, together with the
dephosphorylation of AURKA Ser51 by the PP2A phosphatase [28, 32, 61], constitutes a hallmark for
mitotic exit and it allows the APC/C-CDH1 complex to trigger the degradation of AURKA. On the other
hand, work performed in cell culture models showed that the Aurora A kinase interacting protein 1
(AURKAIP1) enhances the binding of Antizyme1 (AZ1) on AURKA [62-64]. AZ1 is an enzyme belonging
to the polyamine biosynthesis pathway, and it is known to regulate ubiquitin-independent protein
degradation programs [65]. According to its enzymatic function, AZ1 promotes the ubiquitin-independent,
but proteasome-dependent degradation of AURKA after mitotic exit [63, 64]. Although the evidence for
the importance of these mechanisms in in vivo paradigms remains fragmentary, it is not excluded that

both systems co-exist, and potentially with different efficiency rates according to cell types and/or tissues.



In parallel to its well-described mitotic roles, novel and non-mitotic roles of AURKA are now taking
the scene. Their importance is underlined by the fact that AURKA can be activated through uncanonical
phosphorylation sites and mechanisms, without the requirement of the full series of molecular interactors
present at mitosis [66, 67]. As detailed below, an interphasic pool of AURKA is present in specialised,
non-transformed cells, indicating that the kinase plays physiological roles in specific contexts. In addition,
interphase AURKA is overexpressed in various types of cancer stem cells, where it actively participates
to cell proliferation acting as a transcription factor. Our broaden knowledge of the non-mitotic roles of
AURKA benefited from the availability of more sensitive imaging techniques to monitor them, reinforcing
the conclusion that AURKA is a multifunctional kinase intervening throughout the entire cell cycle and at

various subcellular locations.

Could the expression of AURKA outside of mitosis be seen as a dysfunctional post-mitotic
degradation, potentially leading to a cancer-like situation? The answer to this question has long been
debated. On one hand, methodological approaches so far limited our understanding of the non-mitotic
functions of AURKA, as the abundance of the protein is nearly undetectable beyond cell division using
bulk biochemical approaches. On the other hand, AURKA was shown to have physiological non-mitotic
functions in specialised cells — ciliated cells and neurons — at G0/G1, and in specific subcellular
compartments — mitochondria — throughout interphase. Are physiological, non-mitotic roles of AURKA
present only in specialised cells, or at given organelles? Should tissue specificity be considered when
discussing about the non-mitotic roles of AURKA? Are there novel, physiological non-mitotic roles of
AURKA yet to be discovered? Recent advances in microscopy capabilities and in high-throughput

techniques might help to answer these questions in the future.

Physiological roles of AURKA in non-transformed cells during G0/G1

The first piece of evidence for a role of AURKA outside of mitosis came from the observation that
activated AURKA - autophosphorylated on Thr288 - was found in close proximity of cilia in GO/G1 cells
[68]. The primary cilium constitutes a docking platform for many signalling pathways, including the
Hedgehog, the WNT, and the Notch pathway (reviewed in [69]). In addition, the primary cilium is a
structure sensing extracellular cues in a cell cycle-coordinated fashion: when the cell leaves the quiescent
state and re-enters the cell cycle, the primary cilium is dismantled [70]. The autophosphorylation of
AURKA in G1 favours the disassembly of cilia in closed co-operation with NEDD9 (HEF1, [71]), a
substrate of AURKA acting as a scaffold protein in this process, and the deacetylase HDACG [68]. In this
signalling cascade, HDAC6 was shown to be directly phosphorylated by AURKA in vitro, and that



phospho-HDACG6 has an enhanced deacetylase activity [68]. By consequence, phosphorylated HDAC6
induces cilia disassembly more potently than unphosphorylated HDACG. Since this first discovery, our
knowledge of the effectors and substrates of AURKA playing a role in cilia assembly and disassembly
greatly increased. The PIFO (Primary Cilia Formation) protein was also shown to interact with AURKA in
vitro, and to enhance the autophosphorylation of AURKA during cilia disassembly [72]. Interestingly,
whether PIFO acts within the NEDD9-AURKA-HDACG pathway or in parallel to it remains to be disclosed.
Confirming the importance of AURKA in cilia regulation, several studies reported on independent
signalling pathways converging on NEDD9 to activate the NEDD9-AURKA-HDACSG signalling cascade.
NEDD9 was shown to be stabilised by a complex formed by PLK1 and the WNT pathway effector DVL2
(Dishevelled-2) [73]. Once formed, this complex is capable of protecting NEDD9 from degradation, thus
allowing AURKA to remain active within the NEDD9-AURKA-HDACG6 pathway and to trigger cilia
disassembly. The NEDD9-AURKA-HDAC6 pathway can also be negatively regulated by NPHP2
(Inversin), which can interact in vitro with AURKA and with NEDD9, although to a lower extent [74]. This
interaction was proposed to prevent the formation of a functional NEDD9-AURKA-HDAC6 pathway,
thereby blocking cilia disassembly through a molecular mechanism yet to be characterised. Last, the Ca?*-
dependent interaction of AURKA with Calmodulin promotes the autophosphorylation of AURKA besides
Thr288, i.e. on Ser51, 53 and 54, Ser 66 and 67, and Ser98 [66, 75]. These multiple autophosphorylation
events favour the interaction of AURKA with NEDD9, and therefore cilia disassembly. Nevertheless, how
this series of autophosphorylation events occurs in space and time is currently unknown. It is tempting to
speculate that these modifications also change the three-dimensional conformation of AURKA and in this
context, FRET microscopy could help discriminating the autophosphorylation events relative to cilia
disassembly from the autophosphorylation on Thr288. This would allow to decipher how these
modifications are spatiotemporally resolved and to what extent they have consequences on the activity of
AURKA towards cilia-related substrates. Given that AURKA has multiple subcellular locations, the
discovery that the release of Ca?* is mediated directly by the endoplasmic reticulum [66] raises the
fascinating hypothesis that this subcellular compartment may regulate the activity of AURKA also beyond

the release of second messengers.

Another role played by AURKA during GO/G1 was observed in post-mitotic neurons. These cells
are largely quiescent, with an extremely limited capacity to proliferate once differentiated [76]. During
neurite extension, autophosphorylated AURKA was shown to be highly expressed and active in cells not
actively cycling [77]. In cultured dorsal root ganglia neurons, Mori et al demonstrated the existence of a
signalling cascade with AURKA as a key player. The priming event in this case is not the
autophosphorylation of AURKA on Thr288, but the phosphorylation of AURKA on Thr287 by PKC (Protein
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Kinase C). This modification favours the binding of TPX2 to AURKA, which in turn is required for the
activation of the kinase on Thr288 in this particular cell context. Time-course experiments showed that
AURKA undergoes autophosphorylation on Thr288 only after PKC-dependent phosphorylation on
Thr287, and this occurs in a TPX2-dependent manner. Once activated, AURKA phosphorylates NDEL1,
a central actor for microtubule stability in neurons; the PKC-AURKA-NDEL1 axis was then shown to be
mandatory to establish a functional Microtubule Organising Centre (MTOC) during neuronal outgrowth.
This report provides a first elegant evidence for a spatiotemporally-resolved interplay between AURKA

activation and activity in a non-mitotic context.

After the initial reports on non-mitotic functions of AURKA, the kinase was discovered to play
multi-faceted roles during the G1 phase of the cell cycle. Additionally to its activity in primary cilia and in
neurons, it was shown that AURKA is involved in the formation of the pre-replication complex. The pre-
replication complex ensures the initiation of DNA replication and it activates between late mitosis and
early G1[78]. A key component of this complex is GMNN (Geminin), which is phosphorylated by AURKA
during the late phases of mitosis [79, 80]. The AURKA-dependent phosphorylation of GMNN stabilises
GMNN itself and it prevents its degradation before the cells enter a new G1 phase. In turn, this event
contributes to the proper formation of pre-replication complexes when G1 begins [79]. Additional evidence
for a role of AURKA in G1 was provided by FRET microscopy, where the conformational AURKA FRET
biosensor was shown to activate [53]. In this cell cycle phase, centrosomal AURKA controls the stability
of the tubulin cytoskeleton re-organising in the cytosol after cell division. AURKA performs this function in
cooperation with canonical partners as TPX2 and CEP192, reinforcing the idea that the conformational
changes of the kinase rely on similar mechanisms throughout the cell cycle. The physiological non-mitotic
roles of AURKA in GO/G1 are recapitulated in Fig. 1.

Cancer-related roles of interphase AURKA
AURKA patrticipates in DNA repair and in gene transcription

Besides its physiological roles outside of cell division described above, AURKA was reported to
have non-mitotic roles in cancer cells as well, illustrated in Fig. 2. One of these novel roles was identified
after observing that AURKA regulates DNA damage response paradigms in cellulo and in vivo. Urothelial
cell carcinoma samples derived from patients showed that the overexpression of AURKA negatively
correlated with the expression of the DNA damage response genes BRCA1 and CHKZ [81]. In ovarian
cancer cell models, comparable negative correlations were made for BRCA2 [82]. These data were
initially linked to the role of overexpressed AURKA in abrogating the G2 checkpoint induced by DNA
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damage [83]. Then, a recent study pointed at a novel role of AURKA in regulating the activity of poly(ADP-
ribose) 1 (PARP1), a key enzyme for DNA repair. The pharmacological inhibition of AURKA in ovarian
carcinoma cells was shown to reduce PARP1 levels, and to promote Non-Homologous End Joining repair
(NHEJ) mechanisms [84, 85]. Since NHEJ mechanisms are error-prone, this induces cytotoxicity and cell
death: in this light, the induction of NHEJ by the AURKA inhibitor Alisertib was shown to reduce cell growth
and survival of ovarian carcinoma cells [84]. This work allowed to revisit the role of AURKA in DNA repair
in a non-mitotic perspective. First, PARP-dependent NHEJ paradigms are mostly active in the G1 phase
of the cell cycle [85], together with BRCA1 expression starting in G1 and peaking in the S phase [86, 87].
It should also be kept in mind that PARP1 is a nuclear enzyme and although a direct interaction between
AURKA and PARP1 has not been formally demonstrated so far, this work raised the possibility of a mutual

regulation between the two proteins at the nucleus.

Such possibility was suggested by the discovery that AURKA is enriched in the nucleus of breast
cancer stem cells, and that it enhances their proliferative phenotype [88]. While searching for the
molecular mechanisms to explain this phenotype, Zheng et al showed that AURKA localises in the
nucleus, where it acts as a transcription factor. Taking advantage of intermolecular FRET, the authors
discovered that this novel function of AURKA is favoured by the direct interaction of the kinase with the
ribonucleoprotein hnRNP K in the nucleus. This interaction is mandatory for AURKA to activate MYC
transcription, and to enhance breast cancer stem cell proliferation. Interestingly, this function of AURKA
in the nucleus does not rely on the kinase activity of AURKA, but it only requires the nuclear localisation
of the kinase. The transcriptional activation of MYC by AURKA was also shown to be unrelated with the
mitotic roles of the kinase, adding further proof that the spatiotemporal localisation of AURKA outside
mitosis greatly influence its oncogenic properties. The relationship between AURKA and cancer stem
cells was reinforced by discovering that the suppression of AURKA by pharmacological inhibition or by
small interfering RNA blocks the proliferation of colorectal cancer stem cells [89], of epithelial-ovarian
cancer stem cells [90], of breast cancer stem cells [88, 91], of glioma stem cells [92], and of leukaemia
stem cells [93], where the inhibition of the kinase induces cell death by apoptosis. The majority of cancer
stem cells remain in the G0-G1 phase of the cell cycle, in a quiescent state [94]. These cells can re-enter
the cell cycle and proliferate if subjected to AURKA silencing or inhibition [89, 90, 92]. However, the
molecular mechanisms regulating the roles in cell growth and proliferation played by AURKA in dormant
cells remain to be disclosed. In light of the recent report pointing at a role of nuclear AURKA as a
transcription enhancer in breast cancer stem cells [88], it would be interesting to monitor if the cancer

stem phenotype is induced by nuclear AURKA for different populations of cancer stem cells.
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Unconventional roles of AURKA: a potential link with non-mitotic pools of the kinase?

Nearly one decade ago, AURKA was shown to play uncanonical roles, as in inflammation. First
evidence came from epithelial ovarian cancer stem cells, a subpopulation of cancer cells resistant to
chemotherapy and capable of re-initiating ovarian cancer. These cells were shown to express both high
levels of AURKA and a constitutively activated Nuclear Factor Kappa B (NFkB) pathway, which also
promotes tumour growth and survival [90]. The functional link between the two events came from the
evidence that the inhibition of AURKA with MK-5108 induces cell cycle arrest in G2/M, inactivation of the
NF«B pathway and cell death [90]. Similarly, in vivo data obtained in paradigms of gastric cancer
demonstrated that the inhibition of AURKA blocked the activation of NF«B-dependent inflammation
paradigms [95]. A concomitant overexpression of AURKA and activation of the NF«B pathway was also
reported in Chronic Myeloid Leukaemia, and the inhibition of the kinase or the inactivation of NF«B

signalling efficiently triggered cell death [96].

The interaction of AURKA with the MYC pathway was further reinforced by the fact that the
overexpression of AURKA often correlates with that of N- and C-MYC in several types of cancer and
cancer cell lines [97-101]. Conversely, the use of RNAi-mediated strategies against C-MYC decreased
AURKA-dependent cell proliferation, centrosomal alterations and the transformation potential of cells
[102, 103]. In gastric cancer paradigms, the role of AURKA in enhancing the expression of C-MYC was
shown to depend on GSK3B and beta-catenin (CTNNBT), a transcriptional complex which, in turn,
activates the transcription of C-MYC [104]. This interplay between AURKA and C-MYC is also a feedback
loop, as C-MYC can upregulate the transcription of AURKA in lymphomas [105]. Last, AURKA interacts
also with the RAS pathway, enhancing oncogenesis through the interaction with the RAS effector RALA
[106, 107]. Being RALA localised at the plasma membrane and at mitochondria [107, 108], its interaction
with AURKA heavily supports the involvement of specific pools of the kinase playing different roles in the
cancer cell. From a spatial point of view, transcription factors are located in the nucleus and their activation
requires a dedicated pool of AURKA. Being NF«B a transcription factor as MYC [88], it is tempting to
speculate that the nuclear pool of AURKA is capable of activating several transcription factors at the same
time. The same consideration could be made for transcription factors as GSK3B and CTNNB1, and only

future data will help elucidating their temporal sequence of activation.

In the attempt to understand the cues triggering senescence in cancer cells, a functional
screening using CRISPR/Cas9-based and pharmacological approaches identified AURKA as a key actor
in this cellular program [109]. Lung, pancreatic, colorectal, breast, liver and melanoma cancer cells

harbouring mutant KRAS and treated with small AURKA inhibitors showed growth rates and morphology
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comparable to senescent cells. An independent study performed in chronic myeloid leukaemia cells also
demonstrated that the AKI603 AURKA inhibitor was able to induce cell senescence in cells with wild-type
BCL-ABL or its mutated T315I counterpart [110, 111]. In melanoma, the combination of the AURKA
inhibitor Alisertib with an agent activating death receptors — the APO2L/TRAIL ligand — induces a
senescence-like state, called therapy-induced senescence (TIS) [112]. TIS cells targeted by Death
Receptor 5 antibodies undergo apoptosis, which results in tumour regression in mice xenografts. Although
further evidence should be acquired in in vivo paradigms, switching the highly-proliferative cancer cells in
cells permanently in the GO/G1 phase represents an intriguing therapeutic perspective to convert cancer
in a chronic-like disease. In this light, a better knowledge of the subcellular pool of AURKA responsible
for counteracting senescence and its organelle-specific molecular partners will be useful to develop better

therapeutic options to induce senescence.

Interphase AURKA is involved in cell migration and invasion

Beyond primary cilia disassembly, the close relationship between AURKA and NEDDS9 received
further attention by discovering that NEDD9 can be directly phosphorylated by FAK and SRC kinases
(reviewed in [113]). In this light, it was reported that the pharmacological inhibition of AURKA delays the
migration of ovarian epithelial cancer cells by lowering the abundance of phosphorylated SRC on Tyr416
[114]. Accordingly, an overexpression of AURKA resulted in an increased growth, adhesion and migration
of ovarian cancer cells, through the phosphorylation of SRC on the same residue [114]. However, Do et
al were not able to fully disclose whether the role of AURKA in cell growth and migration belonged to the
mitotic or the non-mitotic roles of AURKA, nor the specific molecular mechanisms involved. To shade light
on these two aspects, Mahankali et al discovered that AURKA is the central actor of a non-mitotic cascade
involving SRC, FAK and PLD2 (Phospholipase D2) [115]. In interphase cells, SRC is the upstream kinase
which can phosphorylate both AURKA on Thr288, and FAK. Once primed by SRC, AURKA can in turn
phosphorylate FAK, albeit to a lower efficiency compared to the phosphorylation directly induced by SRC
on FAK. Interestingly, PLD2 was shown to enter the play upstream of AURKA by forming a protein-protein
complex with the kinase. The lipid mediator phosphatidic acid, which is produced by PLD2, was shown to
bind to AURKA and to increase the catalytic activity of the kinase, resulting in an AURKA-dependent
stabilisation of tubulin in cultured cells [115]. By positively regulating tubulin integration into microtubules
in vitro, the authors proposed that the PLD2-AURKA-SRC-FAK pathway sustains cell migration through
microtubule modulation and expansion. A parallel report provided further evidence for an AURKA-related
phosphorylation of FAK on Tyr397 in cell models of head and neck squamous cell carcinoma [116].

Abolishing Tyr397 phosphorylation with pharmacological inhibitors of AURKA was shown to lower cell
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migration and invasion in this particular cancer context. However, the exact molecular mechanisms
leading to this post-translational modification of FAK and the other players of signalling cascade involving

AURKA in this pathological context remain to be elucidated.

In addition to its role on the tubulin stability, AURKA was also shown to actively re-organise the
actin cytoskeleton to sustain cell proliferation and migration in breast cancer cell models [117]. When
AURKA is overexpressed, it increases the expression levels of SSH1 (Slighshot protein phosphatase 1).
SSH1 in turn dephosphorylates CFL (cofilin), a key factor for actin polymerisation [118]. CFL Ser3
dephosphorylation allows the association of CFL with actin and its subsequent integration within actin
fibres [117]. Wang and colleagues showed that this molecular pathway falls within the AKT signalling
cascade, as the inhibition of PI3K (phosphatidylinositol 3-kinase) suppresses the CFL Ser3
dephosphorylation induced by AURKA through SSH1. They also proved that cell migration was reduced
by suppressing this pathway, thereby linking PI3K signalling, AURKA activity and oncogenic progression.
Again, it would be interesting to explore whether these events require the prior activation of AURKA on
Thr288, what is the molecular mechanisms and/or the cofactors required to activate AURKA (i.e. pure
autophosphorylation, TPX2-mediated conformational change or an activator present on actin fibres only),
and to what extent AURKA activation and activity are spatiotemporally correlated and lead to the increase

of cell motility in this particular context.

AURKA was also shown to play an active role in the Epithelial-Mesenchimal transition (EMT) in
oestrogen receptor a-positive breast cancer models [119], and in models of pancreatic cancer [120, 121].
The EMT is a transcriptional program with physiological roles from embryogenesis to adulthood:; it is also
used by cancer cells to promote tumour invasion, metastasis, and drug resistance in the early stages of
the tumour development [122]. Breast cancer cells with high invasive capacities show a significant
overexpression of AURKA, which is correlated with the acquisition of EMT and of stemness-like properties
in vivo [119]. D’'assoro et al. showed that these features include the loss of the CD24 cell surface receptor,
a mesenchimal morphology, a transcriptomic signature of 11 genes involved in EMT and metastases,
together with the overexpression of the SMAD5 and SOX2 markers, which directly promote EMT and
stemness. The AURKA inhibitor Alisertib was shown to block these features, arresting the cells at the
G1/S checkpoint and inducing autophagy [123], and PARP-dependent apoptosis [119]. However, the
molecular mechanism by which AURKA induces EMT remains to be fully disclosed. Two parallel studies
identified two direct substrates of AURKA implicated in pancreatic EMT programs, aldehyde
dehydrogenase 1 (ALDH1A1) [120] and Twist-related protein 1 (TWIST1) [121]. The AURKA-dependent
phosphorylation of both proteins increases their respective enzymatic activity, with a dramatic
enhancement of cell motility, drug resistance and the acquisition of a stem-like phenotype. Interestingly,
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these post-translational modifications also create a feedback loop, as the levels of AURKA raise upon the
phosphorylation of TWIST1 and of ALDH1A1. However, future studies will explore if these proteins belong
to the same molecular pathway, and whether they play a role in EMT paradigms beyond pancreatic

cancer.

AURKA regulates mitochondrial homeostasis

At the cross-road between mitotic and non-mitotic roles of AURKA, several independent studies
pointed at a role of the kinase in the maintenance of mitochondrial morphology and dynamics in a kinase-
dependent manner [22, 108, 124]. AURKA performs these functions due to an unconventional N-terminal
Mitochondrial Targeting Sequence (MTS) [22, 124], which allows the targeting and the import of the kinase
in the mitochondrial matrix, regardless of the cell cycle phase [22]. At endogenous levels, AURKA ensures
mitochondrial fragmentation in interphase cells [22, 124] and at mitosis [108]. Before cell division, AURKA
is required to localise the small GTPase RALA and its effector RALBP1 at mitochondria, where they
facilitate the phosphorylation of DNM1L (Drp1) by the cyclin B-CDK1 complex. DRP1 is one of the main
players in mitochondrial fragmentation [125]; the phosphorylation of DRP1 by the AURKA-RALA/RALBP1-
cyclin B/ICDK1 cascade ensures the correct segregation of mitochondria in the daughter cell [108].
However, the interaction of AURKA with DRP1 is not limited to mitosis. At interphase, it has been shown
that AURKA directly interacts with DRP1 to ensure organelle fragmentation, and this in a RALA-
independent manner [22]. Interestingly, the overexpression of AURKA in cells and in Drosophila induces
a marked decrease in the abundance of fission-related proteins, and this shifts the mitochondrial dynamics
balance towards elongation. This feature has severe consequences on mitochondrial functionality, as
AURKA-driven mitochondrial elongation enhances ATP production from mitochondria [22]. This is
consistent with similar data obtained at mitosis, a cell cycle phase where the abundance and the activity
of AURKA peak, and where mitochondria show a significant decrease in ATP production if the effector
RALA is silenced [108].

Although fascinating, the roles of AURKA at mitochondria raise several questions. Most likely, AURKA
has different roles at mitochondria, and thus different partners, at interphase and at mitosis. Could this
double-faceted role of AURKA at mitochondria be considered as an intra-mitochondrial moonlighting
activity? Is RALA the only gatekeeper helping AURKA to differentiate from interphase-related to mitosis-
related roles? Future data will help elucidating the multiple roles of AURKA at this subcellular

compartment.
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Strategies for AURKA inhibition: where do we stand?

Being a multifunctional kinase with many roles in cancer onset and development, a great effort
was made in developing AURKA inhibitors for cancer therapy. AURKA inhibitors are essentially small
ATP-analogues targeting the kinetic pocket of the kinase, and they compete against endogenous ATP to
abolish the autophosphorylation of Thr288. The consequences of AURKA inhibition are a defective mitotic
spindle assembly, leading to a transient, spindle checkpoint-dependent mitotic arrest. However, this
mitotic arrest is not maintained, and the cells exit mitosis and begin a new G1 phase. The G1 phase is
never completed, as the cells subsequently activate a postmitotic G1 checkpoint, followed by p53-

dependent or -independent apoptosis programs [126].

Several Aurora kinase inhibitors were developed and released in the market, few of which
targeting AURKA with greater specificity, and the majority showing a pan-Aurora inhibition. Very few
molecules demonstrated some efficacy in patients during clinical trials, and the evidence of non-mitotic
roles of AURKA suggests that further improvements can be made to amplify the efficacy of AURKA
inhibitors in killing cancer cells. In this section, we will focus on the available inhibitors specific to AURKA,

and we explore possible directions for the development of future drugs.

Alisertib

Alisertib (MLN82374, Millennium pharmaceuticals) is the AURKA inhibitor most extensively
studied and tested in clinical trials [127]. It has a 200-fold better selectivity for AURKA than for AURKB,
with an in vitro ICso of 1.2 nM and negligible off-target effects towards the majority of structurally-related
kinases [128]. Interestingly, it was shown to potentiate the effect of specific therapeutic options for Chronic
Myeloid Leukaemia as Nilotinib, thanks to the capacity of Alisertib to inhibit BCR-Abl and its T315I mutated
form [129]. Alisertib was tested in clinical trials (Phase I/Il) for several cancers, including lymphomas,
leukaemia, gastric, ovarian and breast cancers [127]. Both alone or in combination with other drugs,
Alisertib generally abolishes cell proliferation by inducing a cell cycle arrest, mitotic abnormalities and cell
death [130]. However, it also showed a certain degree of toxicity in patients, as neutropenia, nausea and
fatigue appear during or after the treatment [127]. Alisertib was the only AURKA inhibitor included in a
Phase Il trial in 2012. This clinical trial was interrupted in 2015, due to non-significant effects of the

molecule on the survival of patients with relapsed or refractory peripheral T-Cell lymphoma.
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VX-689/MK-5108

This compound, commercialised by Vertex as VX-689 and by Merck as MK-5108, is a potent
AURKA inhibitor with a 220-fold better selectivity for AURKA over AURKB, with an ICsp of 0.064 nM. VX-
689/MK-5108 abolishes AURKA autophosphorylation on Thr288 and its activity toward histone H3 [131],
and it blocks cell proliferation by arresting cells at the G2/M checkpoint alone or in combination with
complementary treatments for Uterine Leiomyosarcoma [131, 132]. VX-680/MK5108, was also shown to
be beneficial in in vitro and in mouse models of non-small cell lung cancer with SMARCA4 mutations
[133]. AURKA inhibition resulted in the induction of apoptosis and cell death, offering a potential
therapeutic perspective for this pathology. A recent Phase | study showed a remarkably low toxicity of this
compound in patients with solid tumours [134], making of MK-5108 an interesting candidate for future

trials.

ENMD-2076

ENMD-2076 (EntreMed) has a 25-fold better selectivity for AURKA over AURKB, and an ICs of
14 nM [135], although an inhibitory activity towards multiple kinases has been described for this compound
[135]. In vitro experiments revealed that ENMD-2076 induces a G2/M checkpoint block and cell death,
alone or in combination with radiosensitisation [136]. Phase | trials showed that ENMD-2076 is a low-
cytotoxicity compound in patients affected with relapsed or refractory acute myeloid leukaemia, or chronic

myelomonocytic leukaemia [137]. To date, several Phase Il trials are ongoing.

AURKA and drug resistance

The combination of AURKA inhibitors with other chemotherapeutic treatments has often been
tested as a way to ameliorate the clinical outcome of patients. The association of AURKA inhibitors with
microtubule stabilisers (taxanes) showed promising results [138—141]. The AURKA inhibitor MLN8054 (a
precursor of Alisertib) or Alisertib itself, in combination with the BRAF inhibitor GSK2118436 and the MEK
inhibitor GSK1120212, was shown to have a supplementary anti-proliferative effectin 2D and 3D in cellulo
models of melanoma [142, 143]. However, cell proliferation was not totally abolished and a small fraction
of actively proliferating cells were retrieved in the dermal stratum of 3D cultures, indicating their resistance
to drugs. As the kinetic core of AURKA is similar to that of many structurally-related kinases, AURKA

inhibitors often show off-target effects in a range of haematological and solid tumours.
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An AURKA-driven resistance program is also activated in in cellulo models of EGFR-mutant non-
small-cell lung cancer. In this pathological context, the treatment with Osimertinib and Rociletinib - two
validated EGFR inhibitors currently used in the clinic - induces drug resistance of unknown origin in nearly
50% of the patients. Recent evidence correlated the acquisition of resistance programs with the activation
of AURKA on Thr288 by TPX2 [144]. The activated kinase phosphorylates the pro-apoptotic factor BIM,
preventing apoptosis and leading to cell survival, while the combination of EGFR inhibitors and Alisertib
abolishes the AURKA-dependent phosphorylation of BIM and restores apoptosis. The expression of
AURKA was also shown to increase in myeloma cells carrying a mutated form of JAK (JAK V617F) [145].
Higher levels of AURKA induced the resistance to cisplatin, a DNA-damaging compound used to induce
apoptosis. The cumulative use of cisplatin and of AURKA inhibition-strategies in this context restored

apoptosis, reinforcing the role of AURKA in haematological malignancies.

Together, these data indicate the role of AURKA in the acquisition of drug resistance programs.
However, it remains to be clarified whether these mechanisms are regulated by a particular subcellular
pool of AURKA. In this light, future studies should take this parameter into consideration for a more

efficient therapeutic outcome.

Considerations for the design of future AURKA-specific inhibitors

After two decades in designing and testing AURKA inhibitors, the pertinence of the actual strategy
is often questioned. Although these compounds inhibit the activation of AURKA by blocking its
autophosphorylation on Thr288 at early mitotic stages, it is becoming evident that some roles of AURKA
do not require its kinase activity, and that many new roles of the kinase are being uncovered outside of
this cell cycle phase. In this light, it appears that targeting a single pool of AURKA, although abundant
and active, is limiting towards the plethora of functions played by this protein and its multiple modes of
activation. In addition, AURKA can behave both as an oncogene and as a tumour suppressor, and this in
a tissue-specific manner (reviewed in [146]). Therefore, inactivating this kinase can block the development
of some tumours in specific tissues where it acts as an oncogene, and trigger the onset of other tumours

in cells and tissues where it acts as a tumour suppressor.

A next-generation strategy alternative to the use of ATP-analogues is starting to face in the field:
blocking the protein-protein interaction of a kinase with its activator. This strategy has recently been
adopted in vitro, where four compounds blocking the interaction between AURKA and TPX2 were isolated
[147]. An exciting perspective could be to combine this approach with virtual screenings, taking into
account the shape and the electrostatic charge of the kinase [148]. Fluorescence microscopy could also
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help in vivo, by using conformation-sensitive probes capable of showing a FRET-based inhibitory readout
in living cells. However, a key parameter to take into consideration is that AURKA can be activated by
several proteins and at different organelles. If this reinforces the pertinence of using a combined in silico/in
vitro/in cellulo approach to sense the inhibition of specific subcellular pools of the kinase, the activation of
AURKA by multiple interactors could add a further layer of complexity to the discovery of pertinent

substances for anti-cancer therapies.

As described before, AURKA is not exclusively found at the mitotic spindle but it plays cancer-
relevant roles in the nucleus, at mitochondria and on cytoskeletal tracks. In the attempt of optimising
current therapies, one central question remains to be answered. Are the actual inhibitors compatible with
organelle-specific pools of AURKA? Do they undergo metabolic processing or local inactivation in specific
parts of the cell? Future data are required to demonstrate the efficacy of the existing compounds on
subcellular pools of the kinase, and organelle-based readouts should be added to the validation of future
AURKA inhibitors.

Conclusions and perspectives

Although considered for nearly two decades a mitotic protein only, the non-mitotic roles of AURKA
design not only a widespread distribution of the kinase in different subcellular compartments, but also
multifaceted roles for this protein (Fig.1). Significant advances in our understanding of the non-mitotic
roles of AURKA came from quantitative microscopy techniques as FRET microscopy [22, 53, 88]. The
rise of super-resolution microscopy techniques as Single Molecule Localisation Microscopy (SMLM) [149]
could once again revolutionise our understanding of the subcellular locations of AURKA in the near future.
However, SMLM techniques currently require long acquisition times, and are largely applicable to fixed
samples rather than in the detection of rapid events. A solution could be the use of Structured lllumination
Microscopy (SIM) or commercially-available Image Scanning Microscopy approaches [150]. Indeed,
Image Scanning Microscopy approaches have already been used to better visualise AURKA at
kinetochores [52], but the resolution attained is only around 120 nm in comparison to 10-20 nm obtained
with SMLM [151]. Taken together, how to benefit from spatiotemporally-resolved activity assays as FRET
biosensors and a combined increased resolution in vivo? In this light, FRET by FLINC (Fluorescence
Fluctuation Increase by Contact) combined to a super-resolution microscopy technique known as
Photochromic Stochastic Optical Fluctuation Imaging (pcSOFI) [152, 153] have already been
implemented to assess the activity of the multifunctional kinases PKA and ERK in live cells [154]. It is

conceivable that such approaches could be extended to AURKA FRET biosensors, both to detect its
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activation [53] or its activity [44]. That would give a unique insight into the activation or the activity of
AURKA in real time and with an increased resolution.

With the expansion of the AURKA interactome [155], it is clear that the creation of novel substrate-
based FRET biosensors is required. These sensors need to be specific towards (i) a particular AURKA
substrate, and (i) reflect the real activity of the kinase in selected subcellular compartments. This
approach would be more pertinent than using a unique substrate-based AURKA biosensor [44] as a
general readout for AURKA activity. Not only these biosensors could be used in in vivo models as
previously described for ERK, but they could also be used in conjunction with the FRET biosensor
reporting on AURKA activation [53]. That would allow to make a correlation between AURKA activation
and activity in single cells, with subcellular and temporal resolution. This approach, known as multiplex
FRET, has already been implemented for ERK and PKA kinases, using FRET by FLIM [156-158] or
fluorescence polarisation microscopy [159] to this end. Interestingly, the work from Ross et al paved the
way to the use of three biosensors simultaneously [159]. Constant improvements in the development of
fluorescent proteins leads to the fascinating hypothesis that entire signalling pathways could be analysed
using these innovative tools. The broad wave of reports illustrating the role of AURKA in primary cilia
disassembly clearly indicate that understanding how the kinase interacts with one specific partner (e.g.
NEDD9) at a given time and in a given subcellular compartment is a starting point, but not enough to
assess the mutual role of each actor within this multi-faceted molecular pathway.

Benefiting from innovative microscopy tools will certainly help us defining signalling pathways
where AURKA is involved, but where its role and its partners are still less characterised as in mitochondria
or in the nucleus. In addition, the possibility to use these sensors simultaneously in an in vivo context will
improve our current strategies for its pharmacological inhibition in epithelial cancer paradigms, which still

show poor outcomes in the clinic [19].
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Figures and figure legends
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Primary cilium
disassembly

Neurite outgrowth

Mitochondrial fragmentation
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Fig. 1 Schematic overview of the physiological non-mitotic roles of AURKA. To the extent of our
knowledge, these roles are confined to GO/G1: the disassembly of primary cilia, neurite outgrowth and
the formation of the DNA pre-replication complex. The regulation of mitochondrial dynamics appears to
take place throughout the interphase, with AURKA regulating mitochondrial fission when expressed under

physiological levels.

22



©-%

Senescence

S ER0ec0 0 o
41

(2e Mitochondrial dynamics SR 000,
and ATP production .:: o,

Cytoskeletal stability and cell motility

Activation of transcription

Fig. 2 Schematic overview of the non-mitotic roles of AURKA with relevance for cancer. Cancer-related
roles of AURKA outside mitosis are distributed throughout interphase: the activation of senescence
programs and cytoskeletal stability are mostly relevant during G0/G1 phase, while in the early S phase
we observe the transcriptional activation of key cancer-related factors. Overexpressed AURKA also
regulates mitochondrial dynamics, by promoting mitochondrial fusion throughout interphase and fission
at mitosis. This has direct consequences on the energetic capabilities of mitochondria, as overexpressed
AURKA boosts ATP production.
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