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Aurora Kinases (A-C) belong to the serine/threonine protein kinase family. In recent years, the
constitutive or elevated expression of Aurora kinases has been found in cancer cells and oncogene
transfected cells. In this review, we summarize the common binding modes of Aurora-A kinase
inhibitors, the hot spot residues in the binding sites and the privileged inhibitor structures. Our review of
the reported chemical scaffolds of Aurora-A kinase inhibitors and their binding modes could provide a
useful framework from which new design strategies for inhibitors might be assessed or developed.

Introduction

Every year, more than 10 million people worldwide are diagnosed
with cancer, with more than 6.2 million deaths in 2000 alone as a
result of the disease [1]. Thus, there is an urgent need to discover
new drugs against refractory tumors to cure or alleviate the illness
and suffering of patients with cancer.

Correct cell division is crucial for the health and survival of cells
and organisms. The process of cell division or mitosis is complex
and tightly regulated. It involves a full intracellular reorganization
and the formation of a microtubule-based apparatus (the bipolar
spindle), which segregates the two identical copies of the chromo-
somes between daughter cells [2]. Errors in this process result in the
formation of cells with abnormal chromosome content, that is,
more or less than two copies of each chromosome (aneuploidy).
This can either lead to cell death or contribute actively to, or even
drive, tumor development. These phenotypes are hallmarks of
most human cancers [3]. Human cancer cells are generally char-
acterized by changes in the amount or organization of DNA owing
to errors in mitosis, resulting in chromosome instability and
aneuploidy. Targeting components of the mitotic machinery to
block tumor progression has thus been an area of intense research
[2-4].

Corresponding authors:. Yan, A. (aixia_yan@yahoo.com, yanax@mail.buct.edu.cn),
Xu, J. (xujun9@mail.sysu.edu.cn)

Progression through mitosis depends on three main regulatory
mechanisms [(i) protein localization; (ii) proteolysis; and (iii)
phosphorylation], each involving several serine/threonine (Ser/
Thr) kinases, known as mitotic kinases [4]. Recent evidence indi-
cates that mitotic kinases have a key role in regulating the cell
cycle. Proper chromosome segregation is tightly controlled by
mitotic kinases such as cyclin-dependent kinase 1 (Cdk1), Polo-
like kinase (Plk1), NIMA-related kinase 2 (Nek2) and Aurora
kinases [4-6].

In this review, we summarize the roles that each of the Aurora
kinases has in mitosis and cancer biology, and discuss the binding
modes of Aurora-A kinase inhibitors, the hot spot residues in the
binding sites and the privileged inhibitor structures. Our review of
the reported chemical scaffolds of Aurora-A kinase inhibitors and
their binding modes could provide a useful framework from which
new design strategies for inhibitors might be assessed or developed.
In addition, we review the main preclinical and clinical studies
concerning Aurora kinase inhibitors currently under investigation.
The extensive preclinical information supports the development of
targeted Aurora kinase inhibitors in specific tumor types.

Aurora kinases

The Aurora kinases are a family of three highly homologous Ser/
Thr protein kinases, including Aurora-A, -B and -C. Since their
discovery in 1995 and the first observation of their expression in
human cancer tissue in 1998, these kinases have been the subject
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of intense research in both the academic and industrial oncology
communities [3]. The three homologous Aurora kinases have a
conserved catalytic domain and an N-terminal domain that varies
in sequence and length, but are distinct in function [7,8]. How-
ever, all three are overexpressed in many types of cancer, in which
polyploid cells containing multiple centrosomes are observed [8].

Aurora-A

Aurora-A (alternatively known as Aurora-2) localizes to the cen-
trosomes, where it is required for their maturation and separation,
thereby promoting mitotic entry and spindle assembly. In mitosis,
Aurora-A associates with the spindle poles and is involved in both
centrosomal assembly and acentrosomal spindle assembly [9]. The
gene encoding Aurora-A lies within a region of chromosome
20q13, which is amplified in many epithelial malignant tumors,
including breast, gastric, colon, ovarian and pancreatic cancers.
Furthermore, overexpression of an active mutant of Aurora-A in
rat] cells induced neoplastic transformation, indicating that Aur-
ora-A is an oncogene [4]. Overexpression of Aurora-A contributes
to genetic instability and tumorigenesis by disrupting the proper
assembly of the mitotic checkpoint complex. Ectopic overexpres-
sion of Aurora-A can transform rodent cells (NIH3T3 and rat1) and
the resulting cells can induce tumor formation in nude mice.
Further support for its oncogenic role(s) was provided when Xeno-
pus Aurora-A transformed NIH3T3 fibroblasts led to the develop-
ment of tumors in mice [10]. In addition, this kinase is a key
regulatory component of the pS3 pathway and its overexpression
leads to an increase in p53 degradation, which again facilitates
oncogenic transformation [4,9,11].

In the absence of Aurora-A, centrosomes fail to assemble bipolar
spindles, which can result in mitotic arrest. Research also indicates
that a decrease in Aurora-A protein levels induced by RNA inter-
ference leads to G2-M arrest, many spindle defects, the appearance
of tetraploid cells and apoptosis [8]. At the molecular level, the
roles that Aurora-A has in many of the mitotic processes remain to
be fully elucidated; however, there have been some crucial dis-
coveries that help define the profile for Aurora-A inhibition and
that help identify Aurora-A specific biomarkers [3]. Therefore,
Aurora-A kinase represents an attractive target for anticancer drug
discovery.

Aurora-B

Aurora-B (alternatively known as Aurora-1) is a component of the
chromosome passenger complex and localizes to the centromeres
in prometaphase, relocating to the spindle midzone at anaphase. It
has functions associated with phosphorylation of histone H3 on
Ser1l0 and chromatin condensation in prophase, chromosome
alignment and segregation, and the regulation of a mitotic check-
point at metaphase; it also has a role in cytokinesis [4,9,12]. The
gene encoding Aurora-B is located at chromosome 17p13.1, which
has not been associated with significant amplification in cancer
cells. Despite reports of overexpression in certain cancers, the
increased expression might reflect hyperproliferation rather than
carcinogenesis [13]. The mechanism by which Aurora-B controls
biorientation was recently identified to be its interaction with the
microtubule-destabilizing mitotic centromere-associated kinesin
(MCAK). As a result, inhibition of Aurora-B function results in
abolishing a crucial spindle checkpoint and in premature exit from

mitosis without undergoing chromosome segregation and cyto-
kinesis. This series of events leads to polyploidization and poten-
tially to continued re-entry into the cell cycle, resulting in multi-
nucleated cells [4,6]. Although Aurora-B overexpression alone did
not transform rodent fibroblast cells, it did potentiate H-Ras-
induced transformation. In endometrial carcinomas, in particular,
the expression of Aurora-B was significantly increased in high-
grade tumors. Finally, Aurora-B overexpression correlates with the
level of genomic instability within a tumor, suggesting that Aur-
ora-B contributes to the acquisition of genetic alterations that are
crucial for neoplastic transformation [7].

Aurora-C

Aurora-C (alternatively known as Aurora-3) has functions similar
to those of Aurora-B. The gene encoding Aurora-C lies within a
region of chromosome 19q13. It is highly expressed in the testis
and is also present at a low level in other tissues [9]. Aurora-C was
first thought to be involved in meiotic spindle formation and its
localization was restricted to centrosomes from anaphase through
to cytokinesis [4]. However, the centrosome localization of Aurora-
C is not definitive, and other researchers have yet to observe this
localization. Instead, Aurora-C has been reported by Li et al. tobe a
chromosome passenger protein strictly localizing in a manner
similar to, or even with, Aurora-B. In their study, Aurora-C was
found to co-immunoprecipitate with Aurora-B [14]. A recent study
has shown that Aurora-C can rescue Aurora-B-depleted cells [15].
Nevertheless, Aurora-C expression has not yet been found in
somatic cells, and its expression is restricted to testis.

Among the three human Aurora kinases, Aurora-A has been the
family member most consistently associated with cancer. The X-
ray crystal structures of Aurora-A kinase and its inhibitors are
useful for anticancer drug design. Therefore, it is anticipated that
Aurora-A inhibitors will have a significant antimitotic effect. The
cell profile following Aurora-A inhibition is expected to include a
delay in mitotic entry followed by defects in chromosome segrega-
tion as a result of aberrant spindle formation that can lead to
aneuploidy.

The active site of Aurora-A kinase

Each member of the Aurora family consists of approximately 400
residues and has a conserved C-terminal catalytic domain and a
short N-terminal domain that vary in size. Both Aurora-A and -B
contain specific sequences (the A-box in the N-terminal region and
the D-box in the C-terminal region) that mediate degradation at
the end of the M-phase. By contrast, Aurora-C has a putative D-
box, but lacks an A-box and is not targeted to proteolysis during
the exit from M-phase [10,16-18]. The activation loop domain of
the three members is conserved, with a consensus sequence
DFGWSxxxxxxxRxTxCGTxDYLPPE. Numerous protein kinases
are activated by phosphorylation in this sequence. In the con-
sensus sequence, the conserved threonine (Thr288) residue is the
target for an activating kinase [16,19].

The activity of Aurora-A depends on phosphorylation by other
kinases. In Xenopus eggs, three sites for phosphorylation were
identified, Ser53, Thr295, Ser349 (which are equivalent to Ser33,
Thr288 and Ser342 in humans, respectively). Thr295 in the activa-
tion loop of the kinase is a key residue for phosphorylation. Ser349
has an important role for either the proper protein folding or
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FIGURE 1

Schematic representation of the 1,4,5,6-tetrahydro-pyrrolo[3,4-clpyrazole
scaffold in the kinase ATP binding pocket. Reproduced, with permission, from
[22].

regulation of Aurora-A [20]. In addition, the extensive rearrange-
ments that the protein undergoes during activation highlight a
high degree of flexibility. This appears to be particularly the case
for the activation loop and the ATP-binding pocket [3].

It has been recognized that highly specific ATP-competitive
inhibitors can be obtained against several different kinases with
clinical uses as cancer therapeutic agents. Understanding the
molecular constraints of the ATP-binding site of Aurora-A kinase
and the structural basis for its interactions with ATP and ATP-
competitive inhibitors is an essential step in designing inhibitors
for this subfamily of kinases that are both selective and potent [21].

Fancelli et al. identified the ATP-binding pocket (Fig. 1) of the
Aurora-A kinase [22]. The synergic nitrogen atoms in the NH,-C-N-
NH pattern of the 3-aminopyrazole moiety (which is stereoche-
mically well suited to form hydrogen-bonding interactions with
the kinase hinge region of the ATP pocket) are embedded within
the 1,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole to give an original
scaffold endowed with additional positions for increasing diversity
[22]. The pocket can be divided into five areas: (i) the kinase hinge
region; (ii) the solvent accessible region; (iii) the sugar region; (iv)
the phosphate-binding region; and (v) the buried region. The
buried region is small, because it is close to the main chain of
the kinase and cannot accommodate a big group. Therefore, the R2
should also be a small group, such as -H, -CH3 or -OCHj3. The
phosphate-binding region is where the ATP tail is placed. The
solvent accessible region is partly touched by the solvent. The
hinge region (residues 210-216) has an important role in forming
the catalytic active site. In the hinge region (Fig. 1), the scaffold has
direct H-bonding network interactions with the main chain of the
Aurora-A kinase, especially through the amino acids Glu211 and
Ala213. In addition, we superimposed 25 crystal structures of
Aurora-A kinase in complex with inhibitors, and then examined
the frequency of the residues interacting with the inhibitors. The
result indicates that the most significant residues are Glu211,
Ala213, Lys162, Leul39 and Leu263 (with interacting number
of times >30%), in that they contribute the most to direct binding
interactions with the ligands.

The important interactions between the inhibitor scaffold and
the Aurora-A kinase are located at the hinge region (Fig. 1). It is

important to change the R1 group in the phosphate-binding
region to design new inhibitors. As the phosphate-binding region
of the Aurora-A kinase has enough space to accept a large group, its
structural diversity is high. Compared with an R group in the
solvent accessible region, the R1 group in the phosphate-binding
region always has stronger interactions with Aurora-A kinase.

Figure 2 shows the superposition of the two crystal structures of
Aurora-A kinases (PDB code: 2C6D [23] and 2C6E [23]) through the
a-carbon of the backbones of the two kinases. The figure shows
that the binding pocket of the Aurora-A kinase is not fixed and is
slightly flexible. The binding pocket for inhibitors of Aurora-A
kinase is formed by the following key interacting residues: Leu210,
Glu211, Tyr212, Ala213, Leul39, Val147 and Leu263. Therefore,
the ATP-binding pocket of Aurora-A kinase is hydrophobic, a
feature that should be considered when designing Aurora-A kinase
inhibitors.

Figure 3a details one of the crystal structures of Aurora-kinase in
complex with ligand MPY (PDB code: 2BMC [22]), and shows the
hydrophobic pocket. From the figure, one can see that the binding
pocket of Aurora-A kinase can accommodate a large ligand. There
is a deep hydrophobic fluorophenyl pocket adjacent to the ATP
binding site formed by the flexible glycine-rich loop in the hinge
region of the Aurora-A. This makes this form of the enzyme an
attractive target, particularly to gain selectivity over other kinases.

Figure 3b shows the ligand MPY (compound 4 in Table 1)
binding to the binding pocket of Aurora-A through two H-bond
interactions between the scaffold 1,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole of the ligand MPY and the residues Ala213 and Glu211
of Aurora-A in its hinge region. The =N- and -NH of the pyrazole
group form H bonds with the backbone of Ala213 and Glu211,
respectively. The 3-amino group of the tetrahydropyrrolo|[3,4-
c]pyrazole forms a hydrogen bond with the backbone of

Drug Discovery Today

FIGURE 2

Superimposing of the backbones (through the a-carbon) of the two crystal
structures of Aurora-A 2C6D (in blue) with its ligand ANP (in yellow), and
Aurora-A 2C6E (in red) with its ligand HPM (in green).
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FIGURE 3

The co-complex crystal structure of ligand MPY (compound 4 in Table 1) bound to the hydrophobic binding pocket of Aurora-A kinase and the interactions
between them (PDB code: 2BMC). (a) The co-complex crystal structure of ligand MPY bound to Aurora-A (PDB code: 2BMC). This shows the hydrophobic binding
pocket of Aurora-A. Purple indicates the H-bonding area; green the hydrophobic area and blue the mild polar area. (b) Interactions between ligand MPY
(compound 4 in Table 1) and Aurora-A (PDB code: 2BMC). Two important H-bonds are formed between the pyrazole group of the ligand MPY and the backbone
Ala213 and Glu211 in the hinge region of Aurora-A kinase. The phenyl group on the tail of the inhibitor forms a m-bond with the Lys162 side chain. The Lys162
residue also forms a H-bond with the carboxide in the R1 group. This figure was produced using the program MOE.

Ala213. Thus, a strong H-bonding network is formed. An w-bond
also forms between Lys162 and the phenyl group at the tail of the
ligand MPY. The other side tail (4-methylpiperazin-1-yl) of the
ligand MPY is partly exposed to the solvent, and does not form
strong interactions with Aurora-A.

Scaffolds from known inhibitors

Most Aurora-A kinase inhibitors contain adenine-like scaffolds,
and have similar binding modes, forming an H-bonding network
between the inhibitor and the kinase. The scaffolds of the known
inhibitors can be divided into four main groups labeled A-D, as

shown in Fig. 4a: (A) contains a core of 1,4,5,6-tetrahydropyr-
rolo[3,4-c]pyrazole; (B) contains a core of pyrrolo[2,3-b]pyrimi-
dine; (C) contains a core of quinoline; and (D) contains a core of 2-
anilino-diaminopyrimidine.

These scaffolds can form H bonds with the backbone Glu211
and Ala213 in the hinge region of the kinase. Other interactions,
such as m—m stacking and p—m conjugation between the R1-group
(Fig. 1) of the ligand and Aurora-A kinase in the phosphate-bind-
ing region, can also have important roles.

The adenosine-like inhibitors of Aurora-A kinase and their
inhibitory activity (ICso) values [3,22,24-38] are summarized in
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TABLE 1
Inhibitors of Aurora-A kinase with their IC5, values®.
Number Scaffold R R1 R2 1C50 (nM) Reference
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TABLE 1 (Continued)

Number Scaffold R

R1 R2 1Cs50 (NM) Reference

15 y
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@ Asterisk (*) indicates a link position.

P The substitution group at * is the R1 group, at [] is the R1’ group in scaffold D3 and D4.

Table 1. We only list the representative inhibitors in this article.
Several other interesting and unique Aurora-A inhibitors have also
recently been reported by Howard [39] and Zhong [40], the scaf-
folds of inhibitors in Howard’s work [39] are similar to the scaffolds
B5 and B6 (Table 1), the scaffold of inhibitors in Zhong’s work [40]
is similar to the scaffold B7 (Table 1). In Table 1, most of the
scaffolds contain two rings, although the size of the ring and the
way in which the two rings are combined are different. Group A
has two fused five-member rings, group B typically has a six-
member-ring fused with a five-member-ring (BS has two five-
member-rings fused with a six-member-ring), group C has two
six-member-rings fused together and group D has two six-member-
rings connected by a secondary amine.

As mentioned above, the R2 group points to the buried region of
Aurora-A kinase, where there is only a small space. Therefore, the
R2 groups always are small, such as -H, -CH3 or -OCH3 (Table 1).
However, the atom (at the five-member-ring of the scaffold) con-
nected with the R2 group is variable; it could be C, S, N or O.
(When it is an S or O atom, the R2 group will not exist.) These
variations can cause changes in the electrostatic nature of the
scaffold. Some patent compounds with the scaffolds of group A
have been published [24-26] and all show inhibitory activity.
Therefore, it is reasonable to consider them as screening candi-
dates for Aurora-A kinase.

Scaffolds B can be considered as mimics of either adenine or
guanine. Group B can be further divided into seven subtypes: B1—
B7.B1 and B2 both contain a pyrimidine combined with a pyrrole,
and the only difference between B1 and B2 lies in the connection
position of the R1 group; while the R1 group is located at the

phosphate binding region. The change at R1 group does not
significantly affect the inhibitory activity. B3 is a ring system of
pyrimidine fused with imidazole, a scaffold that is most similar to
adenine or guanine. This scaffold has been well investigated, and
most of it has anti-neoplastic activities. B4-B7 are also mimics of
adenine or guanine; however, the two synergic N atoms forming
the H bonds are absent. Therefore, it is expected that their inhi-
bitory activity will be significantly reduced.

C1 and C2 are also mimics of adenine or guanine but with
modification of the five-member-ring and changes in hetero-
degree at the six-member-ring. Given that C1 is less similar to
the adenine or guanine scaffold, C2 scaffold’s inhibition will be
stronger than C1 scaffold’s inhibition. D1-4 are considered to be
derivates with a guanidine core. This core maintains the two
synergic N atoms that can form H bonds (one is the H bond donor,
the other is the acceptor). Therefore, compounds with this kind of
scaffold should have potent inhibitory activity. However, com-
pounds 16 and 17 (Table 1) have weak inhibitory activity because
the R groups are hydrophobic and exposed to the solvent. By
contrast, the R groups at D2-4 are hydrophilic, which make
compounds 18-20 highly potent. This can be proven by the use
of an inhibitor MLN8237 (compound 20 in Table 1), the inhibitory
activity of which (i.e. its ICso value) is only 1 nm; this compound is
currently in Phase I/II clinical trials ([3,41]; http://clinicaltrials.-
gov/ct2/show/study/NCT00651664).

In short, Aurora-A kinase inhibitors can contain an adenine- or
guanine-mimic scaffold, or a guanidine core (the 2-3 synergic N
atoms that can form an H-bonding network with Aurora-A kinase).
At these scaffolds, three substitutes (R, R1 and R2) point to the
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FIGURE 4

Four main types of scaffold found in reported ATP competitive inhibitors of Aurora-A kinase and the potent Aurora kinase inhibitors under clinical study. (a) Four
main types of scaffold found in reported ATP competitive inhibitors of Aurora-A kinase. (A) 1,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole scaffold; (B) pyrrolo[2,3-
b]pyrimidine scaffold; (C) quinoline scaffold; and (D) 2-anilino-diaminopyrimidine scaffold. Here, the groups R, R1 and R2 are variable. (b) Examples of potent

Aurora kinase inhibitors current under clinical study.

corresponding solvent accessible, phosphate binding and buried
regions of the binding site, respectively. The diverse structures of
Aurora-A inhibitors are generated by the various R and R1 groups.
The R groups are either polar or hydrophilic, and the R1 groups can
vary in size or their electrostatic properties.

Binding modes of Aurora-A kinase inhibitors

Most scaffolds of the Aurora-A kinase inhibitors (Table 1) contain a
bicyclic (fused or connected by an atom) system. They bind to the
hinge region of the kinase via H bonds with the backbone Glu211
and Ala213 (Figs 1,3b). The ligand forms at least one H bond with
the backbone Glu211 or Ala213, or both (PDB code: 10L6 [19],
2BMC [22], 2J4Z [42]). Some inhibitors (PDB code: 2J50 [42], 2NP8
[43]) form one H bond with the backbone Glu211 and two H bonds
with the backbone Ala213 when the scaffold and the R group
connected by an N atom (Fig. 1). The interactions between the
small-molecule ligand and the residues within the hinge region
contribute significantly to the binding affinity of the compound.
The phenyl group on the tail of the inhibitor (e.g. MPY in PDB code
2BMC [22]; Fig. 3b) can form a w-bond with the Lys162 side chain
located in the upper lobe of the solvent-exposed phosphate-bind-
ing site of Aurora-A kinase. R1 groups can also form an H bond
with the Lys162 side chain (e.g. MPY in PDB code 2BMC and 627 in

PDB code 2]50). Exposure to the solvent offers a way of improving
the pharmacokinetic profile through chemical modification. In
addition to the main interaction of the ligand with the backbone
Glu211 and Ala213, further stabilization of the binding can be
mediated by the contact of the R and R1 groups with the hydro-
phobic surface formed by the Leul39, Vall47, Leu210, Tyr212,
Pro214, Leu215, Thr217 and Leu263 amino acid side chains,
according to the analysis of the interactions formed by 25 crystal
structures of Aurora-A kinase with the inhibitors discussed above.
In addition, a series of biochemical and structural studies has
shown that Aurora kinases require other cofactors for activation. For
Aurora-A, the most recognized cofactor is TPX2, which was initially
described as a microtubule-associated protein with involvement in
bipolar spindle assembly. It was then found to bind and direct
Aurora-A to the mitotic spindle [13]. Autophosphorylation on
Thr288 in the activation loop and binding to TPX-2 are required
for full activation of Aurora-A [3]. By comparing the co-crystal
structures of Aurora-A-TPX2-VX-680 and Aurora-A-VX-680 and
analyzing the interactions between VX-680 and Aurora-A, it was
found that TPX2 can alter the binding mode of VX-680 with Aurora-
A [44]. Further investigation of the co-crystal structures of Aurora-A—
TPX2 and their inhibitors could be beneficial to the discovery and
optimization of enzyme inhibitors as therapeutic agents.
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Strategy to design new leads against Aurora-A kinases
Given the effect of the cofactor TPX2 on Aurora-A, one can keep at
least one direct H-bond interaction with the backbone of the
Aurora-A in the hinge region when designing an Aurora-A kinase
ATP-competitive inhibitor. Glu211 and Ala213 are considered to
be hot spots because they contribute significantly to the binding
interactions with the inhibitors. The phosphate-binding region of
the Aurora-A has enough space to dock large entities with struc-
turally diverse R1 groups. Compared with the R group in the
solvent accessible region, the R1 group in the phosphate-binding
region always has stronger interactions with Aurora-A. Thus, it is
possible to design new inhibitors of Aurora-A with the scaffolds
detailed in Table 1 and with different R and R1 groups. However, it
is important to maintain the main interactions between the
inhibitor and the kinase to ensure potent inhibitory activity.
Currently, most Aurora-A kinase inhibitors identified through
an Aurora-A kinase inhibitory activity-based screen were also
found to have potent activities on Aurora-B kinase [11]. In recent
research, the Aurora kinase inhibitors can be subdivided into three
general classes: (i) selectivity for Aurora-A over -B; (ii) selectivity for
Aurora-B over -A; and (iii) potent inhibitors of both Aurora-A and -
B. Several selective and nonselective Aurora kinase inhibitors are
currently being tested in preclinical and clinical trials as anti-
tumor agents [11]. The first reported kinase inhibitor with selec-
tivity for Aurora-A was MLN8054 (Fig. 4b; compound 19 in Table
1). This compound has a 40-fold selectivity for Aurora-A over
Aurora-B in enzyme assays (ICso of 4 nm and 172 nw, respectively)
and shows a greater apparent selectivity for Aurora-A over Aurora-B
in cells (ICsq for the inhibition of Aurora-A autophosphorylation of
34 nm, with an ICgg for the inhibition of histone H3 phosphoryla-
tion of 4 pm) [45]. The first reported Aurora kinase inhibitor with
selectivity for Aurora-B (AZD-1152; Fig. 4b) has entered clinical
trials. This compound has a 1400-fold selectivity for Aurora-B over
Aurora-A in enzyme assays (ICsp of 1 nm and 1400 nwm, respectively).
ZM447439, hesperadin and VX680 (MK-0457) inhibit both Aurora-
A and -B in vitro with various efficiencies, but they induce cellular
phenotypes that are more compatible with the inhibition of Aurora-
B invivo [2]. Preclinical work using these compounds as tools and the
application of biological techniques, such as siRNA depletion, has
provided insight into the differential effects of inhibiting each of the
Aurora kinases [3]. However, it is still unclear whether this alter-
native selectivity profile will confer differences in the clinic [3].
According to siRNA depletion experiments, depletion of Aurora-A
canresultin delayed entry into mitosis and marked disruption of the
spindle with monopolar spindles being frequently observed. Knock-
down of Aurora-A and TPX2 in U20S cells also resulted in mitotic
arrest [11]. Thus, it should be of interest to researchers to design new
Aurora-A inhibitors as potential anti-tumor agents for use by
patients with cancer.

Aurora kinase inhibitors in clinic trials

To date, more than ten small-molecule inhibitors of Aurora-A
kinases have entered clinical studies as potential anticancer agents.
These small-molecule inhibitors all interact with the catalytic
domain and locate at the ATP-binding pocket of the enzymes. Some
potent inhibitors against Aurora kinase are listed in Fig. 4b ([3,4,41,
46-50] see also http://clinicaltrials.gov/ct2/show/NCT00335868;
http://www.clinicaltrials.gov/ct2/results?term=NCT00249301;

http://www.clinicaltrials.gov/ct2/results?term=NCT00652158;
http://www.clinicaltrials.gov/ct2/results?term=NCT01091428;
http://www.clinicaltrials.gov/ct2/results?term=NCT01045421;
http://www.clinicaltrials.gov/ct2/results?term=NCT00500903;
http://www.clinicaltrials.gov/ct2/results?term=NCT00697346; and
http://www.clinicaltrials.gov/ct2/results?term=NCT00766324; all
accessed 6 December 2010).

ZM-447439
ZM-447439 was the first Aurora kinase inhibitor to be developed
and inhibits both Aurora-A and Aurora-B in vitro with an 1Csq of
110 nM and 130 nvm, respectively. However, recent studies indicate
that the phenotypic events that occur following exposure to the
drug in vivo are the result of inhibition of Aurora-B, rather than of
Aurora-A [4]. It was reported that ZM-447439 had no effect on
either the kinetics or amplitude in the oscillations of activity of
several key cell cycle regulators [46]. The chromosome could
condensate in the presence of ZM-447439, but fail to mature [46].
ZM-447439 profoundly inhibited the proliferation of Philadel-
phia chromosome (Ph+)-positive PALL-1 and PALL-2 ALL cells. It
was also active in primary Ph+ALL cells that relapsed after con-
ventional chemotherapy with imatinib. In general, prognosis of
patients with Ph+ALL is poor, and future clinical studies with the
Aurora kinase inhibitor should be considered for those patients
with this lethal disease [47]. ZM-447439 has also been used to
study the biology of Aurora kinase in the initial stages of Aurora
drug-target validation.

VX-680 (MK-0457)

In 2004, Vertex (http://www.vrtx.com) published details of the
activity of VX-680, validating Aurora kinase as a drug target for
cancer in preclinical animal models [41]. VX-680 is a potent
inhibitor of the Aurora kinases, with inhibition constant values
[Ki@app)] of 0.6 nM, 18 nm and 4.6 nm for Aurora-A, Aurora-B and
Aurora-C, respectively in vitro [4]. In various human tumor cell
lines, VX-680 reduced cell proliferation with ICs, values ranging
from 15 to 13 nm [41].

Studies show that VX-680 is a selective inhibitor of Aurora-A
kinase, blocking cell proliferation but inducing cell death by
reducing multiple tumor types, both in vitro and in vivo. Tumor
inhibition was achieved with VX-680 at a tolerated dose, and no
sign of toxicity was observed [48].

Despite this positive note, in 2007, Merck (http://www.merck.-
com) suspended enrollment in Phase I/II clinical trials of MK-0457,
pending a full analysis of all available safety and efficacy data on
the compound. The decision was based on preliminary safety data,
in which a clinical safety finding of QTc prolongation was
observed in one patient [42].

AZD-1152

AZD-1152 is the derivative of pyrazoloquinazoline-dihydrogen
phosphate [49] (Foote, K.M. (2008) Readily activated and highly
soluble pyrazoloquinazoline phosphate derivatives with potent
and durable anti-tumor activity. Department of Medicinal Chem-
istry. Abstracts of Papers, 235th ACS National Meeting, New
Orleans, LA, USA, April 6-10 2008), which was developed by
AstraZeneca (http://www.astrazeneca.co.uk). AZD-1152 is readily
converted to the active species (AZD-1152HQPA), which is a
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highly selective inhibitor of Aurora-B kinase, with ICso < 1 nm. In
human cancer xenograft models, AZD-1152 causes pharmacody-
namic changes that result in durable anti-tumor growth inhibition
at well-tolerated doses. AZD-1152 has the potential for inhibitory
activity in a range of human tumors and is currently in Phase II
clinical trials (http://clinicaltrials.gov/ct2/show/NCT00335868).
Clinical investigation into AZD-1152 was performed in patients
with advanced solid malignancies, such as colon cancer. Dose-
limiting toxicity was CTC grade 4 neutropenia in three patients at
450 mg on the given schedule [41].

MLN8054

MLN8054 was developed by Millennium (http://www.millen-
nium.com) [3,45,50], which is a selective Aurora-A kinase inhibi-
tor that entered Phase I clinical trials for advanced solid tumors in
2005. MLN8054 inhibits recombinant Aurora-A kinase activity in
vitro and is selective for Aurora-A over the family member Aurora-B
in cultured cells, with ICso of 4 nm and 172 nwm, respectively.

In Phase I clinical trials, orally administrated MLN8054 was
shown to be rapidly absorbed and displayed dose-proportionate
exposure. However, somnolence as a dose-limiting toxicity was
observed in patients treated with MLN8054 [50]. Recently, two
Phase I clinical trials of the study of MLN8054 in patients with
advanced solid tumors and extended MLN8054 dosing in patients
with advanced malignancies have been terminated by Millennium
without a clear explanation (http://www.clinicaltrials.gov/ct2/
results?term=NCT00249301; http://www.clinicaltrials.gov/ct2/
results?term=NCT00652158).

MLN8237

MLN8237 is a novel highly selective inhibitor of Aurora-A kinase,
with an ICso of 1 nwm in biochemical assays and it has 200-fold
selectivity for Aurora-A over Aurora-B in cell assays [3]. It inhibits
growth of various cancer cell lines, such as HCT-116, PC3, SK-OV-3
and LY-3, with growth inhibition (Glso) values ranging from 16 to
469 nwm in vitro. Studies of MLN8237 have entered Phase I/1I clinical
trials [41]. Randomized Phase II study of MLN8237 plus weekly
paclitaxel or weekly paclitaxel alone is ongoing in patients with
recurrent epithelial ovarian, fallopian tube, or primary peritoneal
cancer, preceded by a Phase I portion in patients with ovarian or
breast cancer (http://www.clinicaltrials.gov/ct2/results?term=
NCT01091428). A Phase I dose escalation study of MLN8237 is
ongoing in adult patients with nonhematological malignancies,
followed by a Phase II of MLN8237 in patients with lung, breast,
head and neck, or gastroesophageal malignancies (http://www.
clinicaltrials.gov/ct2/results?term=NCT01045421). Phase I clinical
trials are ongoing in patients with advanced solid tumors and
advanced hematological malignancies (http://www.clinicaltrials.
gov/ct2/results?term=NCT00500903; http://www.clinicaltrials.
gov/ct2/results?term=NCT00697346).
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PHA-739358

PHA-739358 is an inhibitor of both Aurora-A and Aurora-B, with
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Extensive preclinical information supports the development of
specific Aurora kinase inhibitors in specific tumor types [7]. This
information can provide a comprehensive overview of the devel-
opment of Aurora kinases as molecular targets for anticancer
therapy by focusing on their physiological role in mitosis, their
implication in oncogenesis and the potential ways of inhibiting
their activity.

Clinical inhibitors (e.g. VX-680, MLN8054, MLN8237 and PHA-
739358) also bind to Aurora-A kinase in a similar binding mode
(i.e. forming the H-bonding network in the hinge region of the
binding site). The ligands VX-680 and PHA-739358 bind to Aurora-
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Concluding remarks

The Aurora kinase family has emerged as an attractive target
family for cancer therapies. Future drug designs based on Aur-
ora-A kinase can begin with the known crystal structure of
Aurora-A, the feature of the ATP-binding pocket, the common
characteristics of the known inhibitors and their main binding
modes with Aurora-A. The adenosine mimic scaffolds described
in this review could be used for further study to design addi-
tional potential inhibitors of Aurora-A with high inhibitory
activity. The selectivity and the different effects of the inhibitor
against Aurora-A and Aurora-B in a clinic setting could also be
studied further.
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