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Abstract

Introduction—Based on its role as a mitotic regulatory kinase, overexpressed and associated 

with aneuploidy in cancer, small molecule inhibitors have been developed for Aurora-A 

(AURKA) kinase. In preclinical and clinical assessments, these agents have shown efficacy in 

inducing stable disease or therapeutic response. In optimizing the use of Aurora-A inhibitors, it is 

critical to have robust capacity to measure the kinase activity of Aurora-A in tumors.

Areas covered—we provide an overview of molecular mechanisms of mitotic and non-mitotic 

activation of Aurora-A kinase, and interaction of Aurora-A with its regulatory partners. Typically, 

Aurora-A activity is measured by use of phospho-antibodies targeting an auto-phosphorylated 

T288 epitope. However, recent studies have identified alternative means of Aurora-A activation 

control, including allosteric regulation by partners, phosphorylation on alternative activating 

residues (S51, S98), dephosphorylation on inhibitory sites (S342), and T288 phosphorylation by 

alternative kinases such as Pak enzymes. Additional work has shown that the relative abundance 

of Aurora-A partners can affect the activity of Aurora-A inhibitors, and that Aurora-A activation 

also occurs in interphase cells.

Expert opinion—Taken together, this work suggests the need for comprehensive analysis of 

Aurora-A activity and expression of Aurora-A partners in order to stratify patients for likely 

therapeutic response.
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1. Introduction

As cancer treatment is increasingly informed by knowledge of the precise oncogenic lesions 

that drive tumor growth, the dependence of medical oncology on protein-targeted therapies 

continues to increase. Many tumors are “addicted” to the continuous activity of oncogenic 

proteins for their survival [1], and some of these proteins have emerged as valuable drug 

targets. At present, the majority of targeted therapies are designed to inhibit enzymes, and 

particularly kinases, so that loss of activity in an addicted cell results in tumor cell death. 
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Effective application of targeted kinase inhibitors in the clinic requires the identification and 

validation of settings in which the therapeutic target is functionally important, typically in an 

active state, and also requires the ability to confirm that therapeutic agents are inhibiting the 

target within tumors. In pre-clinical and clinical settings, the assessment of the activation 

state of the target kinase and its inhibition by a targeted drug is often most conveniently 

performed using antibodies to an auto-phosphorylated epitope on the target kinase. In some 

cases, where antibodies to such epitopes are not available, the phosphorylation of a direct 

downstream substrate of the kinase of interest is measured. For instance, phosphorylation of 

MEK1/2 on S218/S222 is often used as a surrogate reporter of RAF activity [2]. Information 

regarding target activation helps inform the accurate assessment of clinical response to 

targeted drugs.

In this article, we focus on an under-appreciated issue that has the potential to confound the 

clinical application of valuable targeted drugs. This is the possibility that some kinases can 

be activated in multiple different ways, which can confound standard means of detecting 

and/or inhibiting kinase activity. Historically, many oncogenic enzymes, including kinases, 

were identified as auto-activating (typically due to activating mutations in the catalytic 

domain), or alternatively, as activated by protein-protein interaction with a single upstream 

partner that conferred allosteric changes supporting auto-phosphorylation. However, as the 

mapping of protein signaling networks becomes more complete, this relatively simple 

paradigm is often challenged. Increasingly, drug targets of considerable therapeutic interest 

are found to be activated in multiple ways, by diverse upstream factors. Hence, classic 

clinical indicators of target activation may not apply, depending on the upstream activation 

mechanism. As a specific example of this issue, we focus on one important therapeutic 

target: the oncogenic Aurora-A kinase, an evolutionarily conserved serine/threonine kinase 

essential for mitotic progression.

Aurora-A is overexpressed in many tumors arising from breast, colon, ovary, and other 

tissues, and functions as an oncogene when exogenously expressed in numerous cell line 

models [3–7]. Overexpression of Aurora-A causes supernumerary centrosomes and 

multipolar spindles arising as consequence of failed cytokinesis, which leads to aneuploidy 

[8]. High Aurora-A expression in cancer patients is an independent predictive and 

prognostic marker associated with resistance to taxanes [9] and decreased survival [10]. 

Aurora-A directly interacts with important oncogenes and tumor suppressor genes: it 

phosphorylates Src [11], stabilizes N-myc [12], and phosphorylates and down-regulates the 

major tumor suppressor p53 [13]. P53, in turn, negatively regulates Aurora-A via both 

transcriptional and posttranslational mechanisms [14]. Conversely, p53 inactivation, 

common in solid tumors, supports induction of Aurora-A, with concomitant aneuploidy and 

chromosomal instability [15]. Consequently, Aurora-A has been a popular target for 

development of anti-cancer agents, with the Aurora-A inhibitor alisertib now being tested in 

multiple late stage clinical trials [16, 17].

In the preclinical studies, because available biosamples are typically formalin-fixed, 

paraffin-embedded (FFPE) tissues, Aurora-A activity is commonly reported based on 

measurement of auto-phosphorylation on residue T288 in the activation or T-loop. Many 

assessments of alisertib and other Aurora-A inhibitors have been based on analysis of T288 
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phosphorylation. In the past few years, several confounding issues – activation uncoupled to 

T288 phosphorylation, non-mitotic activities of Aurora-A, and poor antibody quality – have 

emerged in studies of the signaling activity of Aurora-A. However, perhaps because of the 

silo effect that frequently separates work in biochemistry and structural biology from 

preclinical and clinical drug development, many of these issues are not typically considered 

in clinical efforts.

Appreciation of these issues, coupled with accurate understanding of how well Aurora-A-

targeting drugs inhibit their target, is essential in designing effective clinical strategies. In 

this paper, we describe the mitotic and non-mitotic function of Aurora-A, discuss activation 

of Aurora-A dependent on or independent of T288 phosphorylation, and highlight the role of 

other kinases and phosphatases regulating activity of Aurora-A. We then place this work in 

the context of a discussion of alisertib, the most advanced and clinically effective of the 

Aurora-A targeting agents.

2. Mitotic activation of Aurora-A: the important role of T288 

autophosphorylation

In its well-validated role as a mitotic regulator (reviewed in Nikonova et al. [8]), Aurora-A 

accumulates at the centrosome in G2, and becomes highly active at the G2/M transition. 

Aurora-A contributes to centrosome maturation by recruiting γ-tubulin, centrosomin, and 

other centrosomal proteins to the pericentriolar mass [18, 19]. Mitotic entry is catalyzed by 

the kinase activity of cyclin-dependent kinase 1 (CDK1) in complex with cyclin B1 [20]. 

Aurora-A phosphorylates the CDK-activating phosphatase CDC25B, and supports the 

activation of the CDK1/cyclin B1 complex to allow mitotic entry [21]. Reciprocally, active 

CDK1 in complex with another cyclin (B2) promotes further mitotic activation of Aurora-A 

[22]. In additional pro-mitotic activities, Aurora-A phosphorylation of the BRCA1 protein 

reduces G2/M checkpoint controls [23], and Aurora-A phosphorylation of the RAS family 

protein RALA regulates mitochondrial fusion, which is important for equal post-mitotic 

segregation of mitochondria between daughter cells [24].

Aurora-A remains active through the M phase, supports functioning of the centrosomes as 

bipolar microtubule organizing centers, and coordinates chromosome segregation. 

Beginning in prophase, Aurora-A propagates from the centrosome to the spindle, and at 

metaphase and later localizes to the midzone, regulating spindle dynamics [25]. In all 

metazoans assessed to date, mutation or depletion of Aurora-A causes formation of spindles 

with abnormally organized poles, including characteristic monopolar structures, and weak, 

sparse, or short astral microtubules [8]. Before cytokinesis, the APC/Cdh1 complex 

ubiquitinates Aurora-A and targets it for proteasomal degradation at the midbody; failure to 

degrade Aurora-A is associated with failed cytokinesis [25]. In addition to proteasomal 

degradation, Aurora-A is mitotically SUMOylated, which may contribute to its localization 

control [26].

Aurora-A activation is frequently reported based on measurement of phosphorylation on 

residue T288 in the activation loop (all numbering based on the human Aurora-A) [27]. The 

adjacent residue, T287, is sometimes phosphorylated [28], and partially redundant with 
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T288, following a model established for other kinases [29]. However, one interesting recent 

study has shown that while phosphorylation of T288 or T287 alone activates Aurora-A, 

phosphorylation of both together can inhibit kinase activity by competition for a binding 

site, clearly indicating the need for more study [30]. Figure 1 shows an alignment of the 

entire activation loop of Aurora A and Aurora B sequences from several species. T288 is 

conserved in all forms of Aurora-A and Aurora-B; T287 is less conserved in Aurora-A, and 

absent in Aurora-B. The activation loop of almost all kinases begins with a conserved “DFG 

motif” (sequence Asp-Phe-Gly) and ends with a sequence similar to APE (Ala-Pro-Glu; 

Aurora A and B have Pro-Pro-Glu). The conformation of the loop is different in active and 

inactive kinases, and is loosely categorized by the position of the DFG sequence of the 

activation loop, sometimes referred to as DFG-in for active kinases and DFG-out for some 

inactive kinases. In most inactive kinases, the activation loop can be located in several 

different positions, depending on the inhibitor bound. For Aurora A, one of these is shown 

in Figure 2A. This structure has been referred to as DFG-up by Dodson et al. since the Phe 

of the DFG loop points upwards far into the N-terminal domain in an unusual way [31]. 

Many Aurora A structures exhibit this DFG-up conformation [8].

While Aurora-A is capable of auto-phosphorylation on T288 [32], a number of proteins 

directly associate with Aurora-A and regulate this process. The structural basis for activation 

by one partner, TPX2, was the first to be identified and has been the most thoroughly 

characterized [33–38]. Activation of the GTPase Ran at the time of nuclear envelope 

breakdown releases TPX2 from an importin inhibitory complex, allowing its binding to 

Aurora-A. This promotes a conformational change in Aurora-A associated with T288 

autophosphorylation, and moves the activation loop to an extended position away from the 

active site. The Phe of DFG now points downwards and underneath the C-helix of the N-

terminal domain in an active conformation. This is shown in Figure 2B, which depicts the 

Aurora-A kinase domain with bound ATP, two magnesium ions in the active site, and 

phosphorylation of residues T287 and T288 of the activation loop. TPX2 is shown as a beige 

ribbon, bound to the N-terminal domain far from the active site. In this position the 

activating loop is protected from dephosphorylation by negative Aurora-A regulators, and is 

available for interaction with Aurora-A substrates [37–43]. The order of TPX2 binding and 

Aurora-A phosphorylation in vivo is not known, though it has been proposed that low levels 

of auto-phosphorylation of Aurora-A occur at centrosomes in the early stages of mitosis, 

followed by allosteric activation by TPX2 promoting high levels of actions as the 

centrosome assembles the spindle microtubules [32]. The TPX2 interaction also helps to 

target Aurora-A to mitotic spindles, proximal to substrates [41].

Assessment of Aurora-A kinase activity based on use of antibodies to the phosphorylated 

T288 epitope can provide useful information, but particularly in recent years has some 

associated issues. One issue is limitation in the quality of available commercial reagents for 

phospho-T288 Aurora-A. Commercially available T288 phospho-antibodies have been 

shown to cross-react with a family member, Aurora-B, under some conditions [44] (see 

Figure 1). While it is difficult to publish negative results, in inter-laboratory 

communications, it has been noted by numerous groups (including our group) that the 

quality of antibodies to phospho-T288 Aurora-A has become variable. In particular, 
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reactivity of commercial antibodies against murine phospho-T288 Aurora-A has deteriorated 

since ~2010, for applications including Western blotting, immunohistochemistry, and 

immunofluorescence, as documented by the fact that very few publications have appeared in 

the last two years using antibody to murine phospho-T288 Aurora-A to study endogenous 

Aurora-A protein. This can limit preclinical studies of Aurora-A inhibitors, particularly 

when using mouse cancer models and cell lines. This may reflect the fact that the mouse 

activation site sequence uniquely contains RRTT288M, instead of the RRTT288L found in 

most vertebrates (Figure 1), with this change reducing the affinity of the antibody for the 

epitope. For human tissue, while much better performance is obtained, most phospho-T288 

antibodies have multiple cross-reacting bands in Western blots, raising some cautions as to 

the interpretation of immunohistochemistry assessments. Aside from reagent quality, a more 

important issue in using antibody to phospho-T288 Aurora-A to gauge activity of this 

protein is the increasing abundance of publications indicating the activation of Aurora-A is 

not only based on auto-phosphorylation on T288. Rather, Aurora-A can be activated through 

other pathways and T288 can be phosphorylated by other kinases, as discussed below.

3. Activation of Aurora-A exclusive of T288 auto-phosphorylation

While most literature addressing Aurora-A activation focuses on the T-loop phosphorylation 

site T288, one of the earliest studies of mitotic activation of Aurora-A, using a Xenopus 

system, showed that active Aurora-A is also phosphorylated on residue S51 and lacks 

phosphorylation on S342 (all numbering based on the human Aurora-A) [27]. Subsequent 

studies confirmed these phosphorylation sites in mitosis and meiosis, and identified 

additional sites of mitotic phosphorylation on S53/S54, S66/S67, S89, and S98 [27, 45–49]. 

These phosphorylation sites are functionally important.

First, auto-phosphorylation of Aurora on residue S342 on the αG helix of the C-terminal 

domain (see Figure 2B) limits Aurora-A activity [27, 50, 51], and provides a mechanism for 

fine regulation of active Aurora-A in mitosis. As shown in Xenopus models, an S342D 

mutation (mimicking constitutive phosphorylation of serine) completely blocks Aurora-A 

activity [27, 51], while an S342A mutation renders Aurora-A resistant to inhibition 

following DNA damage [52]. Autophosphorylation of Aurora-A on residue S342, in its turn, 

is induced by glycogen synthase kinase 3 (GSK-3) placing a “priming” phosphorylation of 

Aurora-A on residues S283 and S284 located on the activation loop just prior to T288 [51]. 

Serine to alanine substitutions at the S283 and S284 priming sites prevent their 

phosphorylation, and results in a constitutively active form of Aurora-A dephosphorylated 

on S342 residue. Substitution of the serine with aspartic acid at the priming sites mimics 

their constitutive phosphorylation and results in a completely inactive Aurora-A 

autophosphorylated on S342 [51]. As evidence of the importance of this activation control 

mechanism, Sarkissian et al. showed the absence of phosphorylation at S342 predicted the 

activity of Aurora-A better than did phosphorylation at T288 [51].

Additional mitotic regulation of Aurora-A is provided by binding of Ca2+-liganded 

calmodulin (CaM) to the unstructured amino-terminal domain of Aurora-A [46]. Ca2+/CaM 

binding induced Aurora-A autophosphorylation on residue S51 and nearby residues S53/

S54, S66/S67 and S98 within the disordered amino-terminal region of Aurora-A (residues 

Shagisultanova et al. Page 5

Expert Opin Ther Targets. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1–121), as detected by mass spectroscopy [46]. This analysis did not detect T288 

phosphorylation, although it was not established whether this phosphorylation failed to 

occur, or whether the peptide containing T288 was poorly detectable by mass spectrometry. 

Mutation within or proximal to five of the Ca2+/CaM phosphorylation sites (S51, S53, S54, 

S66 and S61) disrupted Aurora-A binding to CaM and to at least one co-activator, NEDD9, 

and disrupted Aurora-A functions associated with mitotic progression, resulting in a high 

frequency of mitotic catastrophe at metaphase-anaphase transition; whereas mutation of an 

adjacent site S98A nonspecifically impaired Aurora-A function [45, 46]. Importantly, 

mitotic phosphorylation on S51 had been suggested to protect Aurora-A from degradation 

until the end of mitosis [27, 53], as discussed further below.

More recently, nucleophosmin (B23) was identified as an additional Aurora-A activating 

partner [47]. Nucleophosmin, colocalizing with Aurora-A at the centrosome, induces 

Aurora-A auto-phosphorylation on residue S89, but not T288. Phosphorylation of S89 was 

necessary for mitotic phosphorylation of the Aurora-A substrate CDC25B in vivo, 

suggesting it is required for at least some Aurora-A-dependent mitotic phosphorylation 

events [47].

Importantly, even the well-studied Aurora-A activator TPX2 was recently shown to exert 

some of its activity through mechanisms not involving the induction of T288 auto-

phosphorylation. In elegant studies, Dodson and Bayliss dissected the kinase activity of 

T288-unphosphorylatable (T288A mutant) Aurora-A with and without TPX2, and T288-

phosphorylated Aurora-A with and without TPX2 [42]. Unexpectedly, TPX2 binding 

increased the catalytic activity of T288A Aurora-A 15-fold, while T288 phosphorylation 

also increased the activity of Aurora-A: the effect TPX2 binding and Aurora-A 

autophosphorylation bound together was the exact sum of their individual contributions to 

catalysis. The authors proposed a revised model of Aurora-A activation, in which the first 

step was a reduction in the mobility of the activation loop, which could be induced by either 

TPX2 binding or T288 phosphorylation. These very important results suggests that T288-

unphosphorylated Aurora-A bound to the mitotic spindle by TPX2 is catalytically active and 

that measurement of T288 phosphorylation is not invariably a surrogate for the Aurora-A 

activation state [42].

4. Activation control of Aurora-A at the centrosome by interaction with 

additional kinases, phosphatases, and scaffolding proteins

At the centrosome, Aurora-A associates with the scaffolding factors CEP192, NEDD9, 

Ajuba, PAK kinase family members, and nucleophosmin [35, 47, 54–56], as well as 

activating proteins Arpc1b, LIM1 kinase, phosphatase inhibitor I-2, BORA, TACC3, and 

TPX2 [33, 56–60]. For some of the Aurora-A interacting proteins, such as CEP192, the 

activating function is thought to involve recruitment to the centrosome, increasing local 

concentration of Aurora-A [35, 61, 62], while others, such as NEDD9, do not affect 

centrosomal recruitment [54]. It is important to note that in cancer amplification or 

overexpression of Aurora-A gene leads to abnormal localization of Aurora-A protein 

through the cytoplasm, or even in the nuclear compartment. It is reasonable to speculate that 

activation of non-centrosomal Aurora-A in cancer may be subject to different constraints 
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than centrosomal Aurora-A in non-transformed cells, but to date, the topic has not been 

rigorously addressed. This is worthy of consideration, as a number of Aurora-A activating 

proteins discussed below have been shown to be overexpressed or activated in a subset of 

tumors, and to have pro-oncogenic function that may or may not be related to the control of 

Aurora-A activity.

4.1 Protein interactions that activate Aurora-A

In brief review of some of the known, cancer-relevant Aurora-A activators (Figure 3), 

binding of the scaffolding protein NEDD9 to multiple sites on Aurora-A likely protects 

Aurora-A from degradation and contributes to a conformational change that enhances 

activation [63]. Depletion of NEDD9 does not affect Aurora-A accumulation at the 

centrosome, but blocks the T288 phosphorylation and activation of Aurora-A at mitotic 

entry. Overexpression of NEDD9 induces Aurora-A hyperactivation and T288 

phosphorylation, and produces cells with both multipolar spindles and supernumerary 

centrosomes and failure of cytokinesis [54, 64]. NEDD9 is commonly overexpressed in 

cancer, and promotes invasion and metastasis [63, 65].

The LIM-domain centrosomal scaffolding protein Ajuba binds Aurora-A and has been 

reported to induce its autophosphorylation on T288 [56]. This interaction was shown to be 

important for activation of the cyclin-B/CDK1 complex and for commitment of cells to 

mitosis. Depletion of Ajuba prevents activation of Aurora-A at centrosomes in late G2 phase 

and inhibits mitotic entry [56]. However, several studies suggest a more complicated 

interpretation of Ajuba activity. In genetic studies in Drosophila, Sabino et al show that 

Ajuba does not affect Aurora-A activation per se, but retention of activated Aurora-A at the 

centrosome [66]. Another study has indicated that mutations in Aurora-A that disrupt N-

terminal and C-terminal domain interactions (AurA-K250G and AurA-D294G/Y295G) 

disrupt Aurora-A activation [67], and also eliminate binding to Ajuba, although other work 

by the same group suggests Ajuba may influence intramolecular dynamics of Aurora-A, 

impacting auto-phosphorylation [68, 69].

The centrosomal protein Arpc1b interacts with the N-terminal domain of Aurora-A and 

likely changing the conformation of the Aurora-A active site, causing an increase in T288 

phosphorylation. Overexpression of Arpc1b leads to abnormal centrosomal amplification, 

whereas depletion of Arpc1b drastically reduces the ability of cells to enter the cell cycle; 

this is accompanied by failure to accumulate active Aurora-A at the centrosome at the G2/M 

transition [58].

LIM kinase 1 (LIMK1) colocalizes with Aurora-A at the centrosome between early 

prophase through anaphase and phosphorylates Aurora-A. The target of LIMK1 is not T288, 

but has otherwise not been determined [70].

Phosphatase inhibitor I-2 is an activating partner of Aurora-A with two distinct domains, 

each of which separately influences Aurora-A activation: a C-terminal motif causes 

allosteric activation of Aurora-A (independent of T288 phosphorylation), while a N-terminal 

motif inhibits the action of protein phosphatase 1 in dephosphorylating T288 [57].
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A recently described Aurora-A activator, BORA, does not localize to centrosomes. BORA is 

a nuclear protein, but is released from the nucleus to the cytoplasm upon entry into mitosis, 

where it can bind and activate Aurora-A, facilitating T288 autophosphorylation in vitro [59]. 

Most likely BORA acts downstream of other proteins that interact with Aurora-A before 

nuclear envelope breakdown occurs, and at least one study suggests the primary activity of 

BORA is more important for the activity of additional mitotic kinases such as PLK1, under 

physiological conditions within cultured cells [71].

PAK kinases are particularly confounding for the use of T288 phosphorylation as a gauge of 

Aurora-A activation. PAK kinases are a family of 6 paralogous serine-threonine kinases that 

are frequently activated in cancer and promote aggressive tumor growth [72]. PAK1, PAK2 

and PAK3 each were shown to bind Aurora-A and induce phosphorylation of the T288 

activation loop site[55]. Intriguingly, in the same study, they were shown to also 

phosphorylate the inhibitory S342 site [55], implying PAK kinases might similarly be 

imposing activating and inactivating signals on Aurora-A. Because of this duality of action, 

and because PAK kinases independently phosphorylate the T288 residue, gauge of Aurora-

A activity based on measurement of T288 Aurora-A is likely to be inaccurate in tumors 

expressing high levels of PAKs.

4.2 Protein interactions that inhibit Aurora-A

The list of currently known Aurora-A inhibitors (Figure 3) is significantly shorter than 

activators; it includes protein phosphatases 1, 2A, and 6 (PP1, PP2A, PP6), p53 and 

Gadd45a. Dephosphorylation of T288 by PP1 limits Aurora-A activity [73]. As mentioned 

above, phosphatase inhibitor I-2 opposes PP1 in this function, thus enhancing Aurora-A 

activity [57]. Intriguingly, some evidence suggests that the binding site of PP1 is adjacent to 

the S342 negative regulatory site, corresponding to an RVEF motif at residues 343–354; and 

that mutation of these residues so as to eliminate PP1 binding resulted in a derivative of 

Aurora-A kinase that was hyper-phosphorylated, but also inactive [73]. These data suggest 

that PP1 may be influencing Aurora-A in a complex way, similar to PAK kinases, and 

suggesting caution in evaluating Aurora-A activity in tumors with anomalous function of 

PP1. More recently, the PP6 holoenzyme has been described as the major negative regulator 

of Aurora-A activation, inhibiting the stability of the Aurora-A/TPX2 complex [74].

Finally, the centrosomal population of the p53 tumor suppressor inhibits the kinase activity 

of Aurora-A and suppresses oncogenic transformation of cells induced by overexpression of 

Aurora-A [14, 75]. Gadd45a, a DNA damage-inducible protein that is regulated by tumor 

suppressors p53 and BRCA1, physically associates with Aurora-A, strongly inhibits Aurora-

A kinase activity and antagonizes Aurora-A induced centrosome amplification [76].

It is likely that there are additional regulators of Aurora-A activity that have not yet been 

defined. This is a fertile area for further investigation.
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5. Relation of Aurora-A phosphorylation to total protein expression and 

susceptibility to inhibition

Some of the auto-phosphorylation events and protein interactions discussed above do not 

only affect Aurora-A kinase activity: some are clearly documented as affecting the 

resistance of the protein to degradation. In brief background, while the majority of solid 

tumors have elevated Aurora-A protein levels, only a minority has Aurora-A gene 

amplification, implying that posttranscriptional mechanisms of Aurora-A stabilization are 

very important in cancer [8]. At the end of mitosis, Aurora-A is dephosphorylated, 

polyubiquitinated by the anaphase-promoting complex/cyclosome (APC/C) and targeted for 

degradation by the proteasome. APC/C-dependent degradation of Aurora-A requires 

substrate recognition subunits CDH20 and CDH1 [77]. Overexpression of CDH1 reduces 

Aurora-A levels, whereas CDH1 knockdown or mutation of the Aurora-A CDH1–binding 

site results in elevated Aurora-A expression [25, 78].

Two degradation-targeting sequences on Aurora-A mediate destruction by the APC/C 

complex: the carboxy-terminal D-box (destruction box) and an amino-terminal A-box [53, 

65, 79]. Phosphorylation of Aurora-A on S51 in the A-box inhibits CDH1-APC/C–mediated 

ubiquitination and consequent degradation [78]. The Aurora-A inhibitor PP1, noted above, 

removes the S51 and T-loop T288 phosphorylations, enhancing the destruction process [8].

Several proteins are involved in the regulation of AURKA stability either by direct 

deubiquitination of Aurora-A (USP2a) [80] or through interference with Aurora-A 

ubiquitination by APC/C (NEDD9, PUM2, TPX2, LIMK2, PHDL1) [40, 65, 81–83]. As an 

example, NEDD9 associates with the Aurora-A through mitosis, supports its T288 

phosphorylation, and hampers the ability of the APC/C complex to ubiquitinate Aurora-A by 

preventing CDH1 binding [65]. Deletion or mutation of NEDD9 dramatically decreases 

Aurora-A protein level and kinase activity. Phosphorylation of NEDD9 by Aurora-A serves 

as a negative feedback loop to regulate the levels of active Aurora-A. The abundance of 

NEDD9 in epithelial cancers, and dephosphorylation of NEDD9 by the PP2A phosphatase 

[84] creates a constant supply of unphosphorylated NEDD9 that can stabilize and activate 

Aurora-A [65].

The above examples imply that clinical measurements of Aurora-A activity or Aurora-A 

inhibitor activity based on T288 phosphorylation at minimum need to be normalized to 

levels of total Aurora-A, given phosphorylation is influencing Aurora-A processing by the 

cellular degradation machinery. As an additional complication, two recent studies have 

indicated that increased interaction of activating partners with Aurora-A (based on 

amplification or overexpression in cancer) can reduce the effectiveness of the small 

molecule Aurora-A inhibitor alisertib (discussed below) [65, 85]. No detailed biophysical 

analysis has as yet been performed to analyze this resistance mechanism. Potentially, 

resistance reflects allosteric changes in the configuration of Aurora-A that affect the T-loop, 

or disrupt the interaction of dephosphorylated Aurora-A with the CDH1/CDH20 

destruction-targeting proteins. Investigation is clearly needed.
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6. Activation of Aurora-A in non-mitotic contexts

Typically, detection of a positive signal for Aurora-A T288 phosphorylation is ascribed to 

cells in mitosis. However, multiple recent studies have shown more diverse, non-mitotic 

functions of Aurora-A regulating protrusion and resorption of cellular cilia [86], 

participating in cellular calcium signaling [46, 87], and orchestrating remodeling of the 

microtubular cytoskeleton during neurite extension [28]. Given the recent nature of these 

discoveries, the degree to which interphase Aurora-A activity contributes to measurements 

of total cellular Aurora-A activity is not clear. The kinetics of Aurora-A activation are 

clearly different in the interphase comparing to those in mitosis. Further, inactivation of 

Aurora-A in interphase does not appear to involve kinase degradation.

In a brief summary of findings, most mammalian cells have a single non-motile cilium that 

extends from a perimembrane basal body and acts as a receiver for extracellular mechanical 

and chemical cues. Loss of cilia from the cell surface has been linked to more aggressive 

phenotypes in transformed cells and many types of cancer [88]. However, for some tumor 

types, such as medulloblastoma, ciliary dynamics are more complicated, with cilia required 

for tumor induction by the Hedgehog-responsive protein Smoothened, which localizes to 

cilia, but prohibitive for induction by Gli2, a downstream transducer of Hedgehog signaling 

[89]. Beyond the Hedgehog pathway, PDGFR-α signals from cilia [90], while cilia-

dependent signaling pathways include mTOR, VHL, TSC, and WNT [91], all highly 

relevant to cancer.

The ciliary basal body differentiates from the centrosome (an important site of action for 

Aurora-A) in G0/G1 phase, but redifferentiates to a centrosome later in the cell cycle. 

Protrusion and resorption of cilia is cell cycle regulated, with some cilia resorbed as 

quiescent cells move from G0 to G1 (or in early G1 in cycling cells) and all cilia resorbed 

prior to mitosis [92]. Ciliary resorption is controlled by Aurora-A activation at the basal 

body of the cilium [86]. Stimuli leading to ciliary disassembly activate Aurora-A at the basal 

body in G0/G1 cells – a time when many of the canonical Aurora-A-activating factors were 

not thought to be active. This activation lasts for approximately an hour, is reflected by T288 

phosphorylation, and depends on at least one Aurora-A mitotic partner, NEDD9. After 

ciliary resorption, Aurora-A ceases to be active (as judged by T288 autophosphorylation and 

measurements of in vitro kinase activity), but is not targeted for degradation. These data 

raise the interesting possibility that inhibition of T288-phosphorylated Aurora-A may be 

differently regulated, and have different effects, in tumors that depend on cilia-localized 

oncogenic signaling.

Defects in cilia are strongly associated with clinically important “ciliopathies”, including 

polycystic kidney disease (PKD), nephronophthisis, Joubert Syndrome and others [93]. The 

mitotic activation of Aurora-A by Ca2+/CaM binding, noted above, was first detected in the 

context of interphase signaling in pre-clinical models of PKD. The ciliopathy PKD is 

associated with defects in intracellular calcium signaling by the cilia-localized PKD2 

calcium channel. Plotnikova et al found that numerous stimuli that transiently increase 

cytoplasmic Ca2+ dramatically induce Aurora-A activation with extremely rapid kinetics. 

Ca2+-induced Aurora-A activity peaks within 1 minute of stimulation, returns to baseline 
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within 5 minutes, occurs in interphase cells, and is not associated with Aurora-A 

degradation. Activation of Aurora-A depended on a direct interaction between the N-

terminal domain of Aurora-A with Ca2+/CaM resulting in autophosphorylation of Aurora-A 

on S51, S66, and S98 [46] (Figure 4A). The S51/S53 phosphorylation, first reported in 

mitotic cells [48], suggested that CaM might also be relevant to the mitotic activation of the 

kinase [46]. Targeted mutations or drugs disrupting Aurora-A binding to Ca2+/CaM 

inhibited Aurora-A activation not only in ciliary resorption, but also in mitosis, CaM was 

shown to co-localize with Aurora-A throughout mitosis [45], and chelation of calcium was 

shown to reduce not only CaM-Aurora-A but also Aurora-A NEDD9 interactions. These 

data imply Aurora-A activity may be affected in complex ways by drug treatments that 

affect calcium signaling, and that these activity changes will not be reflected in 

measurement of T288 phosphorylation. Further, Aurora-A directly phosphorylates and 

negatively regulates the activity of the cilia-associated PKD2 calcium channel. This 

provides an interesting connection between Aurora-A function and the pathology of PKD 

that may be relevant to the clinical use of Aurora-A inhibitors [87].

Aurora-A, TPX2, and two additional binding partners - atypical protein kinase C (aPKC), 

and NDEL1 - are crucial for the regulation of neuronal microtubule organization and 

remodeling of the cytoskeleton during neurite extension [28, 94] (Figure 4B). aPKC 

phosphorylates Aurora-A at T287, inducing autophosphorylation of Aurora-A at T288, 

which facilitates binding between Aurora-A and TPX2. Aurora-A bound to TPX2 

subsequently phosphorylates NDEL1. Active forms of Aurora-A, TPX2 and NDEL1 

colocalize and co-immunoprecipitate in vitro. Importantly, phosphorylated Aurora-A and 

NDEL1 localizations overlap in an area surrounding the centrosome, which may later 

determine neuron polarity. Suppression of aPKC, Aurora-A or TPX2, or disruption of 

NDEL1 results in a significant decrease in the frequency of microtubule emanation from the 

microtubule organizing center of neurons and severe impairment of neurite extension [28, 

94]. Further, the potential interaction between Aurora-A, aPKC and other key centrosomal 

proteins may mediate microtubule dynamics determining the cell polarity in the neuron [95]. 

Thus, Aurora-A activation determines normal post-mitotic neuron differentiation. The 

degree to which Aurora-A inhibitors act in brain tissue versus brain tumors is currently not 

known; nor is the potential role for phosphorylation control of Aurora-A activity through 

S342, S98, or other non-canonical sites in interphase contexts.

7. Expert Opinion

Aurora-A inhibitors were envisioned as a new class of anti-mitotic agents, potentially more 

active and less toxic than chemotherapeutic mitotic inhibitors. In tests to date, alisertib has 

had some efficacy, particularly in hematologic malignancies compared to solid tumors, and 

with some benefits in pre-treated patients. To improve the efficacy of alisertib, combination 

approaches with chemotherapy or other targeted agents are under study. Overall, Aurora-A 

inhibitors remain highly promising, but are not yet clinically optimized. The identification of 

multiple interphase settings in which Aurora-A is activated and has functional roles have 

provided one form of complication in assessment of Aurora-A molecular and clinical 

activity.
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To understand the cell and tumor response to alisertib, it is important to be able to correlate 

growth inhibition with inhibition of the enzymatic target. There have been many preclinical 

and clinical studies of Aurora-A activation, involving many tissue types (e.g. [100–119]). 

Typically, in the pre-clinical studies, the activity of Aurora-A inhibitors was assessed using 

antibodies to the phospho-T288 epitope. Few studies have taken into account the level of 

total Aurora-A to prove that that the decreased T288 phosphorylation was due to inhibition 

of phosphorylation, and not to Aurora A degradation or down-regulation. Gold standard 

approaches, including the use of mass spectrometry with immunoprecipitated Aurora-A to 

fully evaluate phosphorylation profile, or the evaluation of the activity of 

immunoprecipitated Aurora-A against multiple substrates by in vitro kinase assay, were not 

utilized. Although a small number of studies looked at expression of NEDD9 or p53 or 

cancer-relevant proteins downstream of Aurora-A, the expression of Aurora-A partners 

known to regulate protein activity was typically not profiled. In clinical studies, the 

biological effect of alisertib was commonly evaluated using markers of cell proliferation, 

such as mitotic index, in the tumor samples or skin biopsies. While total levels of Aurora-A 

were measured by immunohistochemistry or assessment of gene amplification, direct 

assessment of how well alisertib is inhibiting kinase activity of Aurora-A by measuring 

Aurora-A phosphorylation or kinase activity was typically not performed. Similarly, 

expression of Aurora-A partners is almost never assessed in clinical specimens. Clearly, 

acquisition of such information has the potential to greatly illuminate the response profile of 

individuals treated with alisertib or other Aurora-A inhibitors.

As clinical development of Aurora-A inhibitors continues, the growing evidence, 

summarized above, that indicates multiple factors contributing to Aurora-A activation, 

should be taken into account in correlate studies for trials. Aurora-A inhibitors that are now 

in clinical trials all work by blocking T288 auto-phosphorylation in the activation loop. The 

facts that Aurora-A has multiple other phosphorylation sites modulating its mitotic and non-

mitotic activity (S51, S53/S54, S66/S67, S89, S98, and S342 residues), and that alternative 

kinases (e.g. PAK) have been reported to phosphorylate Aurora-A on T288, together suggest 

that it is imperative to develop and apply antibody reagents to some of these additional 

phospho-residues. Aurora-A activation without phosphorylation is possible as well, when 

binding of Aurora-A activating partner TPX-2 changes the conformation of Aurora-A active 

center resulting in kinase activity [42]. Hence, some effort should be applied to developing 

surrogate kinase assays, measuring phosphorylation of other proteins dependent on active 

Aurora-A. Other biomarkers may reflect stability of downstream factors dependent on 

Aurora-A phosphorylation. For example, in mouse models of neuroblastoma driven by N-

Myc amplification, alisertib disrupted the Aurora-A/N-Myc complex and promoted 

degradation of N-Myc; this, in turn, inhibited N-Myc-dependent transcription, correlating 

with tumor regression and prolonged survival. Amplification of the N-Myc oncogene 

commonly drives neuroendocrine tumors such as neuroblastoma, small cell lung carcinoma, 

and neuroendocrine prostate cancer. As no targeted inhibitors for N-Myc exist, 

destabilization of N-Myc by targeting Aurora-A could both be potentially valuable 

therapeutically, and serve as a proxy measurement for kinase inhibition [117].

The tight spatial and temporal control of Aurora-A activation in normal cells involves the 

multiple partner proteins discussed above [33, 35, 42, 47, 54–59, 73]. Expression of TPX2 
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and NEDD9 has already been shown to affect Aurora-A kinase stability, and biological 

activity of Aurora-A kinase inhibitors. Clearly, these and other proteins regulating Aurora-A 

activation are excellent candidates for biomarkers that may be able to stratify patients for 

likely response to Aurora-A targeting agents. However, because of the complexity of control 

of Aurora-A regulation, identification of biomarkers may be difficult. For example, in 

models of CML and Philadelphia chromosome positive ALL, alisertib showed cytotoxic 

effects irrespective of p53 status, contrary to expectation [118]. Nevertheless, trial outcomes 

emphasize the need for biomarker development. For example, alisertib has significant 

activity in a small sub-population (10%) of patients with platinum resistant ovarian cancer, 

resulting in durable partial responses lasting from half a year to almost a year. This is a 

clinically meaningful outcome in a very treatment refractory patient population; a biomarker 

is clearly needed to identify those patients who will respond. One possibility is the 

development of a quantitative RT-PCR or tumor tissue microarray-based 

immunohistochemistry assay to track the expression or activity of Aurora-A interacting 

partners such as NEDD9, PAK1, TPX2, and others. Some of Aurora-A partner proteins may 

be appropriate as targets for co-inhibition with Aurora-A. For example, PAK kinases are 

currently active targets of inhibitor development, with some promising results in preclinical 

testing [72]; combination of PAK inhibitors with alisertib would be of considerable interest. 

If there is one consistent lesson emerging from the field of systems biology, it is that 

inhibition of a single target, no matter how promising, is likely to be insufficient for cancer 

therapy except in the most unusual cases. Understanding the complexity of Aurora-A 

regulation and function is essential for designing new and effective targeted therapies and 

therapeutic combinations. Certainly, knowledge of structural and molecular biology can 

accelerate clinical development.
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Abbreviations

FFPE formalin-fixed, paraffin-embedded

CDK1 cyclin-dependent kinase 1

CaM calmodulin

Ca2+/CaM Ca2+-liganded calmodulin

LIMK1 LIM domain kinase 1

PP1 protein phosphatase 1

PP6 protein phosphatase 6

APC/C anaphase-promoting complex/cyclosome

D-box destruction box

PKD polycystic kidney disease
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aPKC atypical protein kinase C

ALL acute lymphoblastic leukemia

CML chronic myelogenous leukemia

MPM-2 mitotic protein monoclonal #2

PHH3 phospho-histone H3
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Article highlight box

• Many valuable clinical targets are kinases. A robust ability to select patients for 

use of kinase inhibiting drugs, and to assess activity of kinase inhibitors in 

patients is essential for optimal clinical performance of these drugs.

• The Aurora-A kinase, essential for mitosis, is a valuable clinical target in 

cancer. Alisertib and other Aurora-A inhibitors targeting the catalytic site are 

now being tested in multiple clinical trials.

• Typically, Aurora-A activity is assessed through use of antibodies targeting a 

T288 phospho-epitope in the activation loop that is auto-phosphorylated under 

many conditions of Aurora-A activation.

• A growing number of biophysical and biochemical studies have identified non-

canonical means of Aurora-A activation, including auto-phosphorylation on 

alternative sites, phosphorylation by other kinases, and allosteric changes 

imposed by protein-protein interactions. Many of the proteins affecting Aurora-

A activation are themselves variably expressed and active in cancer.

• We provide an overview of the implications of these recent findings for the 

utilization and assessment of Aurora-A inhibitors in further clinical 

development.
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Figure 1. 
A. Sequence alignment of the activation loop of Aurora-A and a related protein, Aurora-B 

from various species. Completely conserved residues are marked in blue; the T288 

phosphorylation site is shown in red.
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Figure 2. 
A. Drug-inhibited, inactive form of Aurora-A catalytic domain; colored blue to red from 

amino- to carboxy-terminus [119]. The inhibitor, a 2–4 bisanilinopyrimidine (pink) is shown 

in sticks. The activation loop is shown in magenta, and is in a position to block the active 

site. The Phe275 of the DFG (Asp-Phe-Gly) loop is shown in stick figures and is in a “DFG-

up” configuration [31]. B. Phosphorylated active Aurora-A catalytic domain bound to TPX2 

(beige ribbon). The activation loop is in an active DFG-in position with phosphorylation on 

T287 and T288 (marked TPO287 and TPO288) shown in sticks. Phe275 of the activation 

loop DFG motif and Asp256 of the HRD motif in the active site, which binds substrate Ser 

and Thr OH groups, are also shown in sticks. The structure includes bound ADP and two 

magnesium atoms (yellow spheres). Ser342, an additional regulatory phosphorylation site of 

Aurora-A discussed in the text, is also marked.
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Figure 3. 
Activating and inactivating interactions and phosphorylation sites of Aurora-A. See text for 

details.
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Figure 4. 
A. Interaction of Aurora-A with Ca2+/calmodulin (CaM) results in autophosphorylation of 

Aurora-A on S51, S66, and S98; additional interaction with NEDD9 results in 

autophosphorylation of Aurora-A on T288. Phosphorylated Aurora-A orchestrates 

resorption of cilia. B. Atypical protein kinase C (aPKC) phosphorylates Aurora-A at T287, 

inducing autophosphorylation of Aurora-A at T288, which facilitates binding between 
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Aurora-A and TPX2. Aurora-A bound to TPX2 phosphorylates NDEL1 on S251 residue. 

Active NDEL1 regulates neurite extension.
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