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Abstract

Aurora kinase family of serine/threonine kinases are important regulators of mitosis that are 

frequently over expressed in human cancers and have been implicated in oncogenic transformation 

including development of chromosomal instability in cancer cells. In humans, among the three 

members of the kinase family, Aurora-A, -B and -C, only Aurora-A and -B are expressed in 

detectable levels in somatic cells undergoing mitotic cell division and have been characterized in 

greater detail for their involvement in cellular pathways relevant to the development of cancer 

associated phenotypes. Aurora-A and -B are being investigated as potential targets for anticancer 

therapy. Development of inhibitors against Aurora kinases as anticancer molecules gained 

attention because of the facts that aberrant expression of these kinases lead to chromosomal 

instability and derangement of multiple tumor suppressor and oncoprotein regulated pathways. 

Pre-clinical studies and early phase I and II clinical trials of multiple Aurora kinase inhibitors as 

targeted anticancer drugs have provided encouraging results. This article discusses functional 

involvement of Aurora kinase-A and -B in the regulation of cancer relevant cellular phenotypes 

together with findings on some of the better characterized Aurora kinase inhibitors in modulating 

the functional interactions of Aurora kinases. Future possibilities about developing next generation 

Aurora kinase inhibitors and their clinical utility as anticancer therapeutic drugs are also 

discussed.
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1. Introduction

Cancer cells manifest characteristic abnormal growth properties accompanying clonal 

evolution of cells displaying progressively increasing genomic instability capable of 

invasion and metastasis to distant organ sites. With the emerging knowledge about the role 

of known oncogene and tumor suppressor gene mediated pathways in deregulating the 
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growth of cancer cells, novel chemotherapeutic agents targeting these pathways are being 

developed. Such therapeutic approaches are designed to disrupt the signaling networks 

involving the respective target genes which are aberrantly expressed to cause uncontrolled 

growth of the malignant cells. While these strategies have shown promise in the initial 

treatment outcomes their long term efficacy remain questionable in many instances since 

prolonged exposure to a specific target inhibiting drug often leads to cancer cells rewiring 

the aberrantly expressing signaling events to continue proliferation in a deregulated manner. 

This becomes possible since signaling cascades determining the abnormal growth phenotype 

are not regulated by linear events but result from complex functional networks constituted of 

cross talking individual signaling pathways. It is therefore logical to expect that for cancer 

therapeutics to be maximally effective, multiple signaling pathways converging on the 

fundamental growth regulatory processes such as DNA replication and/or mitosis need to be 

targeted in a robust manner. It is noteworthy, in this context, that efficacy of most 

conventional and novel chemotherapeutic agents rests on the premise that cancer cells can 

be preferentially eliminated due to their persistent cycling nature by interfering with either 

their replication/repair of DNA or by disrupting the mitotic division process. Thus, among 

the commonly used drugs for cancer chemotherapy, agents such as fluoropyramidines, 

gemcitabine and topoisomerase inhibitors interfere with the DNA replication process while 

platinum analogs and cyclophosphamide introduce un-resolvable lesions into the replicating 

DNA of proliferating cells to induce cell death. Another group of effective drugs, which 

include taxanes, vinca alkaloids and epothilones cause growth inhibition and death of 

proliferating cells by disrupting the microtubule cytoskeleton essential for the mitotic cell 

division process (1). However, given the fact that a host of normal cells continuously 

proliferate in adult tissues, it is not unexpected that cytotoxic drugs indiscriminately 

targeting proliferating cells inflict varying degree of normal tissue damage and thus cause 

toxicity to the patients. Functional genomic data from tumors is proving helpful in 

alleviating the problem by identifying the putative therapeutic target proteins regulating cell 

cycle that are differentially expressed in tumors compared with the normal cells of the adult 

tissues. It is plausible that pharmaceutical targeting of such proteins would help the 

development of a new generation of effective therapeutic drugs that will have minimal host 

toxicity. These drugs while still interfering with the cell proliferation process would be 

expected to have a more selective effect on the tumors due to a preferential negative 

response of signal attenuation in the tumor cells compared with their normal counterparts 

(2). Based on this rationale, proteins involved in the regulation of cell cycle (3) and cell 

cycle associated kinases (4,5), expressing at abnormally high levels in tumors, have been 

proposed as promising novel targets for the development of anti-cancer drugs. In the recent 

past a number of inhibitors against new mitotic targets have indeed been rapidly moving into 

clinical trials (6). Among the mitosis regulatory kinases, evolutionarily conserved family of 

serine/threonine kinases referred to as Aurora kinases has emerged as an exceptionally 

attractive target for anticancer drug discovery. The interest in designing drugs against 

Aurora kinase family members stems from the facts that these kinases, expressed at elevated 

levels in many human cancers, are not only vitally important regulators of mitosis but have 

also been shown to functionally interact with multiple critical oncoproteins and tumor 

suppressor proteins. Pre-clinical studies of Aurora kinase inhibitors have shown promising 
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results and the ongoing phase I and II clinical trials for several of these as anticancer 

molecules have also yielded encouraging results so far.

2. Aurora kinase family

Aurora family of ser/threonine kinases has been recognized as important regulators of 

mitosis with essential roles in the progressive stages ranging from mitotic entry to 

cytokinesis (7). These kinases have been highly conserved through evolution playing 

essential roles in ensuring accurate coordination of chromosomal and cytoskeletal events 

including centrosome maturation and separation as well as proper spindle assembly leading 

to faithful partitioning of the chromosomes into daughter cells. The number of Aurora 

kinase family members varies in different animal phyla. Yeast has one prototypic member 

Ipl1/Ark1 while in majority of higher eukaryotes the family has two related members 

Aurora-A and -B represented by conserved orthologs in different species. Aurora-A and -B 

kinases display different sub-cellular localizations and functions. A third member of the 

kinase family, Aurora-C, is present only in mammals and is predominantly expressed in 

testes but has also been reported to rescue in vitro grown human cells depleted of Aurora-B 

indicating possible functional over lap between the two kinases in somatic cells. The three 

members of the mammalian Aurora kinase family share similar carboxyl terminus catalytic 

domains but divergent amino terminal ends of variable lengths displaying little or no 

similarity. Although all three Aurora kinases have been found to be over expressed in human 

cancer cells, possible involvement of Aurora-C in the development of tumorigenic 

phenotypes, if any, remains unknown in view of its minimal expression and function 

detected in somatic cells. This review, therefore, discusses only Aurora-A and -B as 

potential anticancer drug targets along with the description of the inhibitors being developed 

as anticancer molecules targeting the two kinases. A number of comprehensive reviews have 

been written on the structure and function of Aurora kinases and for the purpose of this 

article we will be mainly focusing on the cancer relevant functional interactions of Aurora-A 

and -B kinases with a brief description of structural characteristics and functional 

involvement in specific cellular pathways.

Aurora-A and -B share about 70% identity in the carboxyl terminus catalytic domain and 

three conserved Aurora box motifs (A-box I, A-box II and A-box III) in their varying amino 

terminal domain. The functional significance of A-box motifs is not yet well defined 

although dephosphorylation of a serine residue in the A-box II is required for degradation of 

Aurora-A and there is suggestive evidence that the A-box motifs are involved in substrate 

recognition and subcellular localization of the two kinases. Despite conserved structural 

characteristics, Aurora-A and -B manifest predominantly different localization and function 

during mitosis interacting with distinct set of proteins. Aurora-A is localized primarily on 

spindle poles and transiently along the spindle microtubules as cells progress through 

mitosis. The kinase functions in mitotic entry, centrosome maturation-separation, bipolar 

spindle organization and recovery from spindle damage (8). Aurora-B is associated with the 

Chromsomal Passenger Complex comprising of the scaffolding protein INCENP and the 

targeting proteins Survivin and Borealin/DasraB. The CPC localizes to the inner centromere 

during prophase through metaphase and then transfers to the spindle midzone and the 

midbody during late mitosis and cytokinesis (9). Aurora-B functions in regulating 
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attachment of kintochore to spindle microtubules, sister chromatid cohesion and cytokinesis 

(7,9). The diverse localization and functions of the two related kinases are determined by 

their binding partners some of which also regulate their kinase activities. Activation of 

Aurora-A has been shown to be regulated by multiple protein binding cofactors among 

which the role of TPX2 is well characterized. While the N-terminus of TPX2 induces 

conformational change in Aurora-A facilitating activation through auto-phosphorylation of 

Thr288 in the T-loop, the TPX2 bound kinase is also protected from de-phosphorylation by 

PP1 on entry into mitosis (10,11). Aurora-B activation involves auto-phosphorylation of 

Thr232 in the T-loop and requires interaction with the CPC consisting of the INCENP, 

Survivin and the Borealin/DasraB proteins. The three CPC proteins in a stable core complex 

target to the centromere (12) interacting with Aurora-B through the C-terminus IN-box of 

the INCENP protein (13). Intriguingly, most of the interacting proteins with Aurora-A and -

B associate with conserved residues in their similar catalytic domains rather than in the 

variable amino terminus domains and a single amino acid difference in the catalytic domain 

of the two kinases (G198 in human Aurora-A and N142 in human Aurora-B) was shown to 

be critical in controlling the intrinsic activity and selective activation of Aurora-A by its 

binding partner and activator TPX2 (14,15). Site directed mutant of this Aurora-A residue 

(G198N) revealed classical Aurora-B localization and association with the CPC components 

INCENP and Survivin partially rescuing Aurora-B loss of function (14,15). Such subtle 

structural specificity regulating interaction of Aurora-A and -B with binding proteins explain 

limited functional interchangeability, including some shared substrates such as MCAK, 

INCENP, Kif2 and RASSF1A, observed for the two kinases. Although functional 

interactions with the common substrates, most likely, occur at different times during mitosis 

yet such overlapping activities between the two kinases is expected to have significant 

implications in terms of affecting proliferation and chromosomal ploidy when the two 

proteins are aberrantly expressed, as is the case in many human malignant cell types.

Elevated expression of Aurora-A and -B frequently detected in a wide variety of human 

cancers strongly indicate that high expression of these kinases play roles in the development 

of cancer associated phenotypes. While Aurora-A has been shown to function as an 

oncogene when over expressed in mammalian cells in classical in vitro transformation 

assays and in rodent models (16,17), there is also suggestive evidence of high Aurora-B 

expression being oncogenic in vivo (18). Since the two proteins are important regulators of 

mitosis it is not unexpected that malignant cells over expressing the two kinases always 

manifest chromosomal instability. A list of proteins interacting with Aurora-A and -B in the 

regulation of different mitotic events is summarized in the Figure 1 below. As mentioned 

above, for the purpose of this article, we are not discussing the functional details of all these 

interactions but focusing only on those more directly implicated in the origin of cancer 

associated phenotypes including chromosomal instability.

The underlying mechanisms giving rise to chromosome instability phenotype are, however, 

different for the two kinases. Aurora-A gain of function primarily deregulates mitotic entry, 

centrosome maturation and spindle assembly allowing aberrant progression through mitosis 

due to hyperactive centrosomes and multipolar spindle assembly in addition to facilitating 

recovery from spindle damage in cells treated with spindle poisoning drugs. Aurora-B over 
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expression, on the other hand, interferes with chromosome bi-orientation and spindle 

assembly checkpoint due to enhanced disruption of kinetochore-microtubule attachments 

and sister chromatid cohesion besides causing abnormal cytokinesis resulting in 

chromosome segregation errors. Whether or not induction of chromosome ploidy alteration 

plays a role in the malignant transformation process remains a matter of debate although 

contribution of chromosomal instability, often associated with centrosome amplification, in 

progression of disease and acquiring resistance to chemotherapeutic drugs is now fairly well 

accepted. The latter possibility is also implicit from the observations that Aurora-A 

facilitates checkpoint recovery and mitotic entry after spindle damage by activating Polo 

like kinase-1 (19,20) as well as by mediating the formation of kinetochore/chromatin 

associated microtubule assembly (21). Additionally, Aurora-A has been implicated in the 

induction of centrosome amplification, frequently detected in tumor cells. Although the 

underlying mechanism of this phenomenon remains unknown, identification of multiple 

centrosome associated Aurora-A substrates implicated in the maturation and separation of 

centrosomes as well as stabilization of centrosomal microtubules such as, NDEL1, TACC3 

and ASAP indicate that deregulated expression of Aurora-A induces chromosome 

segregation defects and aneuploidy in tumor cells also by causing anomalies in centrosome 

biogenesis and function. It is, therefore, reasonable to suggest that Aurora kinase inhibitors 

offer the promise of being developed into effective components of anticancer therapeutic 

regimens possibly in combination with drugs targeting additional aberrantly expressing 

cancer associated signaling pathways.

In addition to their mitosis specific substrates Aurora kinases, primarily Aurora-A, have also 

been found to functionally interact with proteins involved in critical cancer associated 

pathways. A list of these proteins and the functional consequence of their interactions with 

Aurora kinases is mentioned in the Table-1.

Aurora-A phosphorylation of the tumor suppressor proteins BRCA1 and p53 have been 

reported to cause their loss of function making cells resistant to DNA damage and over ride 

checkpoint response (22–24). The BRCA1 associated ring domain protein 1, BARD1, and 

its cancer cell specific variant isoform BARD1β form complexes with Aurora-B eliciting 

anti-proliferation and pro-proliferation responses respectively (25). The findings taken 

together indicate that Aurora kinase-A and -B antagonize the p53 and BRCA1 functions and 

thus tumors with elevated expression of the two kinases acquire loss of function phenotypes 

for these two critical tumor suppressor pathways even in the absence of any inactivating 

mutation in the respective tumor suppressor proteins.

Role of Aurora kinases in directly activating multiple oncogenic pathways and promoting 

proliferation as well as transformation has also been demonstrated. Aurora-A has been 

shown to up-regulate telomerase reverse transcriptase mRNA through c-myc (26). The 

kinase was also implicated in activating the Akt pathway and directly phosphorylate GSK3β 

leading to activation of the β-catenin-TCF transcription complex (27) underscoring the 

involvement of Aurora-A in this oncogenic pathway. Additionally, positive regulation of 

NF-κB signaling has been demonstrated as a consequence of Aurora-A mediated IκBα 

phosphorylation leading to activation of the NF-κB complexes (28). Interestingly, IκB 

Kinase2, a component of the IκK complex responsible for physiologic phosphorylation and 
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degradation of IκB appears to negatively regulate stability of Aurora-A protein and thus 

have a role in bipolar spindle assembly (29). These findings support the notion that under 

normal physiological conditions IκB Kinase2 positively regulates NF-κB but antagonizes 

Aurora-A signaling to ensure proper mitotic assembly and chromosome segregation while 

over expression of Aurora-A leads to derangement of this regulatory network. Furthermore, 

oncogenic effects of Aurora-A is also mediated through phosphorylation of RalA in the Ras 

signaling pathway (30,31) and the tumor suppressor NORE1A that functions as a regulatory 

node between Ras signaling and microtubule nucleation (32). Gain of function of Aurora-A, 

therefore, appears to be a seminal defect in cancer cells that can cause dual problems of 

aberrantly activating the Ras and the NF-κB signaling and also induction of abnormal 

mitotic spindle assembly. Finally, a kinase activity independent role of Aurora-A in N-Myc 

amplified neuroblastoma tumors, showing frequent amplification of Aurora-A was revealed 

that involved stabilization of the oncogenic N-Myc protein (33). Intriguingly, though, an 

Aurora-A inhibitor has demonstrated broad and unprecedented robust anti-tumor activity in 

all neuroblastomas in N-Myc independent manner (34). These findings implicating Aurora-

A’s pleiotropic role in regulating mitotic cell division cycle and multiple oncogenic 

signaling networks justify the current interest in developing effective Aurora kinase 

inhibitors for anti-cancer therapy. Future work will determine if the currently developed 

ATP competitive kinase activity inhibitors alone or in combination with allosteric inhibitors 

interfering with Aurora kinase binding proteins would be required to achieve maximal 

efficacy in the treatment of human cancers.

3. Aurora kinase inhibitors

Given their pivotal roles in mitotic process during cell cycle, over expression in malignancy 

and cross talks with tumor suppressor as well as oncogenic signaling pathways, as described 

above, members of the Aurora kinase family have emerged as promising chemotherapeutic 

targets for cancer. As indicated earlier, the in vivo target selectivity of Aurora kinases for 

cancer cells is proposed because these proteins express preferentially only in progressively 

proliferating cells (35). Supporting this idea, early in vitro experiments of Aurora kinase 

inhibitor ZM447439 demonstrated selective loss of viability only of rapidly dividing cells 

while the non-dividing cells remained viable (36). A number of Aurora kinase inhibitors 

displaying differential IC50 values toward the three family members have since then been 

developed and utilized to dissect the functional role of Aurora kinases in mitotic 

progression. Anti-tumor activities of these inhibitors have also been evaluated in preclinical 

studies and a few of them have progressed to early stage clinical trials for treatment of 

different types of cancers. In this section, we present an overview of the biological effects of 

Aurora kinase inhibitors on mitotic processes and the signaling pathways based on the 

available published literature (Table-2). For detailed information on the results of Aurora 

kinase inhibitors in clinical trials readers may refer to recent reviews written on the subject 

(37,38).

3.1. Hesperadin, ZM447439 and VX-680/MK-0457: First generation inhibitors

ZM447439 (36), Hesperadin (39) and VX-680/MK-0457 (40) were the first generation of 

Aurora kinase inhibitors identified or designed through different strategies. These three 
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small molecule chemical inhibitors occupy the ATP biding site to inhibit the catalytic 

activity of the enzyme. Hesperadin was initially identified as a general kinase inhibitor in the 

screening for novel indolinone derivatives with antiproliferative activity (41) and later 

shown to have selective inhibitory activity towards Aurora-B (39). ZM447437 was 

identified by screening of more than 250,000 chemical compounds inhibiting Aurora-A 

kinase activity (36). Chemical structure of VX-680/MK-0457, on the other hand, was 

designed to have binding affinity to ATP binding pocket of Aurora kinases which is 

identical among all three member of Aurora kinase family with no structural similarity to 

other kinases (40). As theoretically predicted, VX-680/MK-0457 exhibits greater sensitivity 

toward Aurora kinases compared to Hesperadin and ZM447439 in enzymatic assays in vitro 

although Hesperadin appears to be specific to Aurora-B and its potency against Aurora-A 

has not yet been established. Interestingly, the phenotypic defects in mitosis observed in 

presence of ZM447439 and Hesperadin mimic those seen in case of silencing of Aurora-B 

and not Aurora-A even though ZM447439 can inhibit Aurora-A with similar or greater 

potency compared with Aurora-B. The altered phenotypes in presence of these inhibitors 

include loss of histone H3 phosphorylation, defect in correction of kinetochore-microtubule 

attachment, spindle checkpoint inactivation and tetraploidization due to error in cytokinesis 

(36,39). On the other hand, VX-680/MK-0457 treatment phenocopies loss of both Aurora-A 

and –B functions (40,42). These effects include delayed cell cycle progression and 

formation of monopolar spindles which are characteristic of loss of Aurora-A kinase activity 

in addition to mitotic defects resulting from Aurora-B inactivation as mentioned above.

Tetraploid cells induced by these inhibitors usually precede one cell division without 

cytokinesis (endoreduplication) in most cancer cells types and consequent polyploid cells 

ultimately arrest in pseudo-G1 state or undergo continued endoreduplication and result in 

cell death. ZM447439, VX-680/MK-0457 and a structural analogue VE-465 which has 

comparable potency in Aurora kinase inhibition (see below), were shown to induce DNA 

damage due to an unknown mechanism accompanied with induction of p53 and p21 proteins 

in an ATM/ATR dependent manner. It is plausible that inhibition of Aurora-A kinase 

activity that promotes p53 degradation (22) also facilitates induction of this response. Thus, 

determination of these different cell fates of whether polyploid cells arrest in pseudo-G1 

state or undergo endoreduplication appears to depend on the integrity of the p53-p21 

dependent post-mitotic signaling pathway (43,44). Ultimately, accumulated p53 is expected 

to induce cell death through mitochondria dependent cell death pathway in which both Bak 

and Bax are required (45,46). On the other hand, Cell death induction in p53 compromised 

cells probably occurs due to excess accumulation of chromosomes containing un-repaired 

damaged DNA resulting in the activation of the p73 mediated cell death signaling pathway, 

possibly also accompanied by the down regulation of the NF-kB mediated cell survival 

pathway (47–50). As a consequence, prolonged exposure of cells to the inhibitors finally 

leads to loss of cell viability and cell death.

Hesparadin and ZM447439 have primarily been used to investigate the functional roles of 

Aurora kinases in regulating specific mitotic events in phenotypic assays performed with in 

vitro grown cell lines. On the other hand preclinical investigations of VX-680/MK-0457 

treatment have revealed ablated colony formation of primary acute myeloid leukemia 
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(AML) cells in vitro and tumor growth inhibition accompanying significant increase in 

apoptosis and regression of human AML, pancreatic and colon cancer xenografts in mice 

and rats with minimal cytotoxicity (40). Similarly, antitumor efficacy of VX-680/MK-0457 

was also shown in ovarian caner models (51). In addition to targeting Aurora kinases, 

VX-680/MK-0457 inhibits growth of AML cells harboring mutant FLT3 tyrosine kinase 

with internal tandem duplication, associated with poor prognosis of AML, as well as 

manifests anticancer activity towards chronic myeloid leukemia (CML) cells with recurrent 

imatinib- and dasatinib-resistant T351I and V299L mutant forms of Bcr-Abl fusion protein 

(40,52,53). It has been reported that VX-680/MK-0457 preferentially induce apoptosis in the 

leukemic blasts with high Aurora-A expression, but not in normal bone marrow 

mononuclear cells or Aurora-A low AML cells obtained from AML patients (54). In 

agreement with this finding, siRNA mediated silencing of Aurora-A led to induction of 

apoptosis in multiple myeloma cell lines (55). Crystal structural analysis of VX-680/

MK-0457 in complex with the imatinib resistant mutant form of Abl tyrosine kinase 

indicated accommodated binding of VX-680/MK-0457 to the T351I mutant of Bcr-Abl (56). 

Taken together, these preclinical results indicate that VX680/MK-0457 may be an effective 

anticancer therapeutic agent for solid tumors expressing elevated levels of Aurora kinases 

and also for leukemias refractory to the tyrosine kinase inhibitors, thus possibly offering a 

wide pharmacologic window of therapeutic opportunity for these malignancies.

Results of a phase I–II trial revealed that MK-0457 was active in three patients with T315I 

refractory CML and Philadelphia chromosome positive acute lymphocytic leukemia (Ph+ 

ALL), with no significant extramedullary toxicity (57). An alternative treatment protocol of 

sequential and concomitant treatment of patients with refractory Ph+ acute phase leukemia 

with dasatinib and VX-680/MK-0457 has also reported success in eliminating the mutant 

clones with positive haematological response (58,59).

Treatment of hepatocellular carcinoma (HCC) cells with the inhibitor VE-465 showed 

monopolar and abnormal bipolar mitotic spindles, consistent with functional deficiency of 

Aurora-A, in addition to phenotypic defects associated with loss of Aurora-B function as 

described above. The inhibitor induces apoptosis and prevents tumor growth in HCC 

xenograft models (60). Since HCC is known to frequently overexpress both Aurora-A and -

B kinases (61,62), VE-465 is being considered a more potent drug than VX-680/MK-0457 

for the treatment of this cancer. Possible application of VE-465 to treat taxol resistant 

ovarian cancer has also been suggested based on the findings that treatment of ovarian 

cancer cells overexpressing Aurora-A with the drug in combination with paclitaxel induced 

apoptosis more efficiently than treatment with paclitaxel alone (63). Furthermore, VE-465 is 

reported to induce growth inhibition as well as apoptosis in multiple myeloma cells and 

CML xenograft models in nude mice expressing wild type or T351I mutant form of Bcr-Abl 

(55,64).

3.2. PHA-739358: Multipotent promising inhibitor

PHA-739358 was designed and developed as an ATP-competitive inhibitor of Aurora 

kinases based on the x-ray co-crystal structure of a preclinical candidate PHA-680632 in 

complex with Aurora-A. The compound shows multipotent inhibitory activities against 
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FGFR1, Abl and TRKA with IC50 values similar to those of Aurora kinases (65–67). This 

multipotency of PHA-739358 is explained by the co-crystal structure study of PHA-739358 

and the kinase domain of Abl in which the pyrrolopyrazole scaffold of PHA-739358 

associates with an active conformation of the kinase domain in the ATP-binding pocket and 

lacks the steric hindrance imposed due to substitution of threonine by isoleucine at amino 

acid 351. The gatekeeper leucine residue at position 210 in the kinase domain of Aurora-A 

is similar to isoleucine and plays an equivalent role in the interaction with the inhibitor seen 

in case of the T351I mutant of Abl. (68). Analysis of inhibitory activity of PHA-739358 

against both wild type and several mutants of Abl including T315I revealed significantly 

higher affinity than VX-680/MK-0457 (68). The cellular assay indicated inhibition of both 

Aurora-A and –B kinase activities although the observed phenotypes reflected Aurora-B 

rather than Aurora-A inactivation based on loss of histone H3 phosphorylation and induction 

of endoreduplication (67). Since the dynamics of mitotic architecture in PHA-739358 

treated cells have not yet been well investigated, it will be worth while to examine the effect 

of this inhibitor on mitotic progression in detail. In vivo administration of PHA-739358 

exhibited significant antitumor activity at the tolerated doses in several human tumor 

xenografts as well as spontaneous and transgenic mouse and rat tumor models of CML, 

ovarian, colon, mammary and hepatocellular carcinomas. The regressing tumors revealed 

decrease in phosphorylation of histone H3 and increase in expressions of p53 and p21 

(67,69,70).

Results of two Phase I clinical studies of advanced or metastatic solid tumors are currently 

available. In one set of study, 56 patients with advanced solid tumor were treated with 

PHA-739358 in various dosages with or without G-CSF and the maximum tolerated doze 

were found as 500 mg/m2 without G-CSF and 750 mg/m2 with G-CSF. At these doze, 

febrile neutropenia with grade 4 mucositis was observed as the dose-limiting toxicity 

without G-CSF, and the apparent toxicity was not seen in case with G-CSF. PHA-739358 

administration led to disease stabilization in 43% of patients (39% of patients without G-

CSF and 50% of patient with G-CSF) and an objective response in one patient with 

refractory small cell lung cancer was observed lasting for 23 weeks. Tumor regression and 

CA125 decline was also observed in a patient with refractory ovarian cancer (71). The other 

set of study enrolled 50 patients for administration of PHA-739358 intravenously on days 1, 

8, and 15 every 28 days in 6-hour or 3-hour infusion schedules (IVS). The maximum 

tolerated dose was 330mg/m2 for 6 hour for IVS. Dose-limiting toxicity was mainly 

neutropenia in these schedules but resulted in no complete or partial responses. However 

modest overall disease control rate (23.7%) and long-lasting disease stabilization for 6 or 

more months in 5 patients were observed. Therefore this study demonstrated that 

PHA-739358 has limited nonhematologic toxicity and has moderate antitumor activity (72). 

In both studies, inhibition of histone H3 phosphorylation was detected in skin biopsies, 

indicating PHA-739358 exhibits active pharmacokinetics against, at least, Aurora-B under 

such tolerated dozes. These preliminary evidences from preclinical and clinical studies 

indicate that PHA-739358 is a potentially promising anti cancer compound that may prove 

to be an effective therapeutic drug for achieving disease stabilization and regression either 

on its own or in combination depending on the results of additional clinical trial outcomes in 

the future.
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3.3. Aurora-A specific inhibitor, MLN8054 and MLN8237

Unlike pan-Aurora kinase inhibitors, MLN8054, MLN8237 and a second generation of 

MLN8054 are ATP-competitive and reversible Aurora-A selective inhibitors, which are 

approximately 40 fold and 200 fold more sensitive towards Aurora-A compared to Aurora-B 

respectively. The selective inhibition of Aurora-A kinase is also significantly greater than 

receptor and non-receptor kinases based on in vitro enzymatic assays (34,73). MLN8054 is 

the first Aurora kinase inhibitor amenable to oral administration which leads to rapid 

absorbance in the body. The inhibitor, in addition to inducing common phenotypic effects 

such as G2/M accumulation, spindle defects and chromosome misalignment (73,74) has also 

allowed identification of previously unknown Aurora-A regulated cellular functions. 

MLN8054 treatment has uncovered the requirement of Aurora-A kinase activity in the 

maintenance of spindle assembly checkpoint mediated mitotic delay in response to 

microtubule perturbing drugs involving a pathway distinct from that mediated by Aurora-B 

(75). Further, it has been demonstrated that anti-cancer activity of MLN8054 is 

accompanied with induction of cell death as well as cell senescence in human tumor 

xenografts (73,76,77). Similar effects of mitotic defects and cell death has been observed in 

MLN8237 treated T-cell leukemia cells in vitro and human tumor xenografts of pediatric 

preclinical testing program (PPTP), which included neuroblastomas and ALL models 

(34,78). The study of PPTP and all 6 ALL models indicated complete response to MLN8237 

with respect to reduction in tumor burden and event free survival. Similar results were also 

obtained from preclinical B-cell non-Hodgkin’s lymphoma models in combination use of 

MLN8237 and rituximab (79). Based on these initial successes in preclinical models, a 

number of Phase I clinical trials for anti-cancer therapeutic efficacy of these inhibitors have 

been initiated in patients with advanced solid tumors and advanced hematological 

malignancies.

3.4. Aurora-B specific inhibitor, AZD1152

AZD1152 is an Aurora-B selective inhibitor which shows 1000-fold selectivity for Aurora-B 

over Aurora-A and a panel of 50 additional kinases in enzymatic assays. The compound is 

rapidly converted to AZD1152-HQPA, the active moiety with advanced pharmacokinetic 

properties in human plasma (80). A recent study of AZD1152 treatment of primary AML 

cells and cell lines in vitro observed that mutant FLT3-IDT tyrosine kinase is a secondary 

target of the inhibitor (81). Treatment of a number of cancer cell types leads to suppression 

of phosphorylation of histone H3 and chromosome mis-alignment and induction of 

polyploidy and cell death which are consistent with phenotypes induced by loss of Aurora-B 

kinase activity (81–84). In view of the reported multipolar spindle formation, a typical 

phenotype of Aurora-A inhibition (74), seen in HCT116 colorectal cancer cells treated with 

AZD1152 at 100nM (84), it appears relevant to investigate if AZD1152 also targets Aurora-

A at higher concentrations. AZD1152 has recently been shown to reduce protein stability of 

Aurora-B by enhancing proteasome mediated polyubiquitination and degradation in breast 

cancer cell line (85). It is currently unknown if this is specific to breast cancer cells or 

similar effects are also elicited in other types of cancer cells as well. Nonetheless, AZD1152 

is the first Aurora kinase inhibitor shown to be negatively regulating both activity and 

stability of the protein. Administration of AZD1152 to human tumor xenografts of 

Katayama and Sen Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2015 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



colorectal, breast, HCC, lung and leukemia in mouse and rat, revealed doze- and time- 

dependent growth inhibition of the tumors in which Aurora-B defective phenotypes were 

concurrently observed, indicating the ability of AZD1152 in targeting Aurora-B in vivo 

tumors (80,83,85–87). Further, treatment of cancer cell lines and tumor xenografts with 

AZD1152 in adjuvant or neoadjuvant setting as well as concomitantly with radio and 

chemotherapeutic agents demonstrated enhancement of the cytyotoxic effects of ionizing 

radiation and chemotherapeutic drugs like topoisomerase inhibitors and microtubule 

polymerizing inhibitors. The findings suggest that combined administration of AZD1152 

and conventional therapeutic agents can help improve treatment efficacy for cancer patients 

(88–92). In a phase I clinical trial in 13 advanced solid tumor patients, AZD1152 was 

reported to be well tolerated when administrated through IV infusion at doze up to 300mg 

with significant disease stabilization and no clinically significant toxicities except 

neutropenia (93). AZD1152 is now undergoing a Phase I clinical trial in patients with AML.

In summary, we have discussed the experimental pre-clinical and clinical trial findings from 

those Aurora kinase inhibitors, which are relatively well characterized with respect to their 

target specificity and effects on mitotic phenotypes. While many reports have described 

evaluation of individual inhibitors in several different tumor models, there is no systematic 

study yet published on the evaluation of multiple Aurora kinase inhibitors in a single solid 

tumor model. Such studies, if undertaken in genetically profiled tumors or animal tumor 

models, may allow critical in vivo evaluation of the effects of the inhibitors on specific 

cancer associated deranged genetic pathways. Furthermore, the effects of the inhibitors are 

expected to be influenced by the varying expression levels of the Aurora kinase family 

members and their substrates in different tumors. The therapeutic efficacy will also depend 

on whether or not the target substrates in the tumor being treated are shared among the 

members of the Aurora kinase family besides the expression levels of the Aurora kinase 

activating proteins such as, TPX2 and INCENP, which have been reported to express at 

varying levels in different tumors. In addition to the inhibitors described above, a number of 

structurally unrelated ATP-competitive Aurora kinase inhibitors have also been developed. 

Functional characterizations and potency towards tumor growth inhibition in vitro and in 

vivo for these compounds are currently being investigated. These include pan-Aurora 

inhibitors SNS-314 and Gö6976, (94–97), an Aurora-B and –C inhibitor GSK1070916, 

(98,99) and AT9283, a broad kinase inhibitor (100,101). Summarized information on these 

inhibitors can be found in other recent reviews (37,38).

4. The future of cancer therapeutics with Aurora kinase inhibitors

Involvement of Aurora kinases in deregulating multiple tumor suppressor and oncogenic 

pathways together with the preclinical findings on the efficacy of Aurora kinase inhibitors in 

attenuating growth of tumor cells suggest that these molecules hold the promise of being 

developed into effective anticancer drugs in the future. Whether such inhibitors will be 

effective on their own or in combination with additional drugs targeting other oncogenic 

deregulated pathways would be decided based on the outcomes of the trials currently 

underway. The results of these trials will also reveal if tumors initially responding to the 

drugs acquire clinical resistance on prolonged treatment. The ability of cancer cells to 

acquire clinical resistance to therapeutic inhibitors is generally associated with mutations in 
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their target protein encoding genes which impair inhibitor binding and this may be 

encountered in case of Aurora kinase inhibitors as well. Mutation in the oncogenic fusion 

protein Bcr-Abl tyrosine kinase in leukemia is one such example that makes the disease 

resistant to therapeutic inhibitors targeting the kinase. Imatinib was the first approved ATP-

competitive inhibitor against Bcr-Abl kinase that improved survival of 95% of CML patients 

when treated during chronic phase of disease whereas treatment initiated during blast phase 

occasionally led to imatinib-resistance (102,103). Over 50 mutations in the Abl kinase 

domain have so far been implicated in resistance to imatinib (104). Dasatinib and nilotinib, 

the second generation inhibitors, targeting imatinib-resistant mutants of Bcr-Abl kinase were 

developed soon after identification of the mutations and treatment with these compounds 

have yielded encouraging clinical outcome. However, treatment with these inhibitors results 

in compound kinase domain mutations that render patients resistant to multiple inhibitors, 

demonstrating remarkable plasticity of Abl kinase domain and potential hazards of 

sequential kinase inhibitor treatment (53). As mentioned above, Aurora kinase inhibitors 

have shown efficacy in the treatment of leukemias expressing clinically resistant mutants of 

Bcr-Abl. Kinase. Although combinations of different BCR-ABL kinase inhibitors and 

Aurora kinase inhibitors such as VX-680/MK-0457 and VE-465 might constitute more 

effective therapeutic regimens for treating Bcr-Abl expressing leukemia, the prospect of 

long term efficacy of such treatment strategies will be known after additional clinical trials 

in the future. To circumvent the problems encountered in case of ATP-competitive 

inhibitors, two alternative approaches are worthy of consideration. One strategy is to find 

novel inhibitor molecules that inhibit kinase activity by an allosteric non-ATP competitive 

mechanism and the other is to develop inhibitors that interfere with substrate recognition of 

the target kinase. GNF2 and GNF-5, analogue of GNF2 were recently identified as allosteric 

inhibitors of Bcr-Abl that bind to myristate-binding site located near C-terminus of Abl 

kinase domain resulting in conformational change at the ATP-binding site with loss of 

kinase activity. These two inhibitors can act cooperatively with imatinib to inhibit both wild 

type and mutant Bcr-Abl, indicating that treatment with combined allosteric and ATP-

competitive inhibitors is possibly an effective way to overcome clinical resistance in mutant 

kinase harboring refractory disease (105,106). A number of allosteric inhibitors have also 

been developed for multiple kinases including Akt and IkB kinase (107,108).

What can we learn about the anticancer therapeutic efficacy of Aurora kinase inhibitors from 

our experience with the Bcr-Abl inhibitors and the long term clinical consequence of their 

use in treating leukemias? As discussed, all Aurora kinase inhibitors developed to date are 

ATP-competitive inhibitors although their chemical structures are different in each instance. 

It is, therefore, possible that clinical resistance due to mutations in Aurora kinase genes may 

arise in patients after prolonged treatment with the inhibitors. This possibility has gained 

credence from recent identification of mutations in Aurora-B gene in cells exposed to an 

Aurora kinase inhibitor (109). In this study, HCT116 colorectal cancer cells developing 

resistance to ZM447439 after being treated for 3 weeks revealed mutations in the form of 

amino acid substitution, Y156H, G160E, G160V and H250Y in ATP-binding pocket in the 

kinase domain of Aurora-B. Indeed, transient expression of Aurora-B allele harboring these 

mutations resulted in resistance to not only ZM447439 but also VX-680/MK-0457 and 

AZD1152. Mutation at glycine 216 (G216) in Aurora-A and an equivalent site, G160 in 
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Aurora-B also confer resistance to VX-680/MK-0457 (42). However, prolonged VX-680/

MK-0457 treatment of cells expressing G216L mutant Aurora-A or G160L mutant of 

Aurora-B showed discriminate results in which Aurora-A mutant cells died in contrast to 

survival of Aurora-B mutant cells. These observations imply that protecting cells from 

failure to undergo cytokinesis, in other words, minimizing extent of aneuploidy is crucial for 

cell survival. Interestingly, both Aurora-A and –B mutant cells remained sensitive to 

Aurora-A specific inhibitor MLN8054 although Aurora-B mutant is insensitive to this 

inhibitor in the in vitro enzymatic assay. These findings deserve consideration in the 

development of next generation of Aurora kinase inhibitors and signify the relevance of both 

Aurora-A and –B as anticancer therapeutic targets, which regulate the cellular phenotypes 

through complex regulatory interactions. The above results predict that MLN8054 can target 

VX-680/MK-0457 resistant cancer cells, and Aurora-A may develop mutations at sites 

different from those of Aurora-B to acquire resistance against the inhibitors. In fact, multiple 

cancer associated mutations in Aurora-A have been identified, of which, some alter the 

kinase activity and others create or abolish protein interaction (110–112). As mentioned 

earlier, I31F polymorphism in Aurora-A can activate NF-κB pathway through preferential 

UBE2N interaction to down-regulate I B (28,113). Another V57I polymorphism in Aurora-

A shows reduced kinase activity and correlates with aneuploidy. The I31F and V57I 

haplotype is associated with increase in esophageal cancer risk (111). V174M mutant 

Aurora-A is constitutively active due to stabilization of the activation loop whereas S155R 

mutant of Aurora-A looses interaction with TPX2 resulting in reduced kinase activity as 

well as mis-localization on mitotic spindle (112). Moreover, overexpression of the kinase 

inactivated allele of Aurora-A does not interfere with cell proliferation unless its kinase 

activity is completely lost (114). To date, the association between Aurora-A mutants and 

drugability of Aurora kinase inhibitors in enzymatic assays and in vivo studies remains 

unclear. In contrast to Aurora-A, no cancer associated mutation of Aurora-B has yet been 

identified. Taken together, the experimental findings demonstrate that contrary to Aurora-B, 

whose activity is essential for cell viability, both hyper- and reduced activity mutants of 

Aurora-A are able to induce chromosome instability, suggesting that Aurora-A may be 

exerting its oncogenic function through both its kinase activity dependent and independent 

functions. In this regard, it is significant that Aurora-A protein is essential in MYCN gene 

amplified neuroblastoma cells in which Aurora-A stabilizes N-Myc protein through direct 

interaction in a kinase activity independent manner (33). In this study, Hesperadin at a 

concentration sufficient for inhibition of Aurora-A kinase activity failed to destabilize N-

Myc. On the other hand, a recent study in pediatric preclinical testing program found that the 

neuroblastoma cells without MYCN gene amplification remain sensitive to Aurora-A 

inhibitor MLN8237 thus documenting that N-Myc protein stabilization by Aurora-A is a 

restricted phenomenon occurring in a minor proportion of neuroblastoma cases (34).

The findings discussed above exemplify the complex mechanisms of action of Aurora 

kinases in the induction of chromosomal instability and tumorigenesis. Therefore, the most 

effective way to down regulate the oncogenic functions of Aurora kinases would be to 

develop inhibitors capable of modulating both the kinase activity and the stability of the 

proteins. It would also be important to structurally and functionally characterize the cancer 

associated mutations in Aurora kinases and evaluate the clinical efficacy of different 
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combinations of inhibitor drugs designed to interfere with the diverse functional roles of the 

kinases relevant to the development of cancer associated phenotypes. Based on our current 

understanding, improved therapeutic efficacy may be achieved by combining ATP 

competitive and allosteric inhibitors to down regulate the kinase activity and stability of 

Aurora kinases. Detailed experimental pre-clinical studies followed by clinical trials of such 

inhibitors should help design novel targeted therapeutic regimens to achieve effective 

treatment of cancers and also overcome drug resistance likely to develop during the course 

of long term therapy.
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Figure 1. 
Major mitotic signaling pathways controlled by Aurora kinases

a. Aurora kinase-A and -B interacting/substrate proteins. Proteins in blue and yellow areas 

interact with Aurora-A and -B respectively. Proteins in green area interact with both Aurora-

A and -B.

b. Schematic model of Aurora kinase regulated mitotic signalling pathways
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Table 1

Functional regulation of tumor suppressor and oncogenic proteins by Aurora kinases

Modification/Regulation Consequence Ref

p53 Phosphorylation at Ser215 and Ser315 by 
Aur-A

Down-regulation of transactivation activity and protein 
stability of p53, and resistance to DNA damage induced 
cell death

22,23

BRCA1 Phosphorylation of Ser308 by Aur-A Loss of G2/M checkpoint arrest 24

hTERT Transcriptional control by Aur-A mRNA up-regulation through increase in c-myc 
transactivation activity 26

GSK3β Phosphorylation at Ser9 by Aur-A
Activation of β-catenin/TCF transcription complex and 
induction of their down stream target genes such as 
Cyclin D1 and c-Myc

27

IκBα
Induction of phosphorylation at Ser32 and 
Ser 36 by Aur-A

NF-κB activation and chemo-resistance due to protein 
degradation of phospho-IκBα

28,47,113

IκB kinase2 (IKK2) Phosphorylation of Aur-A by IKK2 (site has 
not been yet determined)

Targeting of Aur-A for b-TRCP-mediated proteasomal 
degradation 29

RaIA Phosphorylation at Ser194 by Aur-A
Canonical oncogenic Ras signaling through activating 
RaIA activity and sequential activation of RaIBP1 by 
activated RaIA

30,31

NORE1A Phosphorylation at Ser277 by Aur-A Inhibition of NORE1A induced microtubule nucleation 
and polymerization 32

N-Myc Interaction with Aur-A
Protein stabilization of N-Myc by inhibiting SCFFoxw7-
mediated degradation in kinase activity independent 
manner

33

BARD1β Interaction with Aur-B Promote complex formation of Aur-B and BRCA2 for 
midbody formation and abscission 25
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