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Abstract. Chemotherapy and surgery are important treat-
ment strategies for gynecologic malignant tumors such as 
ovarian, cervical and endometrial cancer. However, many 
anticancer drugs currently available are cytotoxic and cause 
strong adverse reactions in patients. Aurora kinases have 
attracted increasing attention in recent years as serine/threo-
nine kinases with various roles in cell division, including 
chromosomal agglutination and segregation, functions of 
centromeres, centrosomal maturation, spindle formation and 
cytokinesis. Aurora kinases are overexpressed in a number of 
cancers and recent studies have shown that they are involved 
in oncogenesis and cause an aberrant increase in centrosome 
number, emergence of polykaryocytes and failure of cancer 
inhibition mechanisms. Thus, drugs that inhibit Aurora 
kinases are likely to exert anticancer effects in various fields, 
including the gynecologic field. Aurora kinase inhibitors 
exert antitumor effects in monotherapy and synergistic effects 
in combination therapy with taxane‑based anticancer agents 
for gynecologic tumors and are likely to increase the efficacy 
of existing anticancer drugs. Current Aurora kinase inhibitors 
include ZM447439, Hesperadin, VX‑680/MK‑0457, AT9283 
and Barasertib, and clinical trials are ongoing to verify the 
effects of these inhibitors.
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1. Introduction

Conventional anticancer agents reduce the size of tumors by 
damaging cells. However, the targeted cells are not specific, 
leading to damage to normal cells and adverse reactions. 
Therefore, cytotoxic anticancer drugs are administered at a 
maximum tolerated dose calculated based on the anticancer 
effect and adverse effects. By contrast, molecular‑targeted 
anticancer agents are developed based on the analysis of 
differences between cancer and normal cells at the whole 
genome or molecular level as drugs that inhibit specific 
molecules and which cause cancer proliferation or metastasis. 
Thus, these agents have more specific effects on cancer cells 
and a much lower level of adverse reactions than conventional 
anticancer drugs, permitting administration at the minimum 
effective dose, rather than the maximum‑tolerated dose. This 
is a major advantage of molecular‑targeted anticancer agents. 
However, conventional anticancer drugs currently play 
a key role in treatments such as neoadjuvant and adjuvant 
chemotherapy for gynecologic malignant tumors including 
ovarian, cervical and endometrial cancer. These approaches 
use monotherapy or multidrug combination therapy, mainly 
with platinum‑containing agents or taxanes. However, many 
patients suffer from associated adverse reactions, which 
has led to a search for more effective drug combinations. 
Investigations of the antitumor effects of molecular‑targeted 
drugs for gynecologic tumors are also underway, including 
for everolimus, an inhibitor of mammalian target of 
rapamycin and bevacizumab, a vascular endothelial growth 
factor inhibitor.

2. What are Aurora kinases?

Correct replication and distribution to daughter cells are 
essential for genetic information to be correctly inherited by 
the daughter cells. Normal cell division requires regulation 
by a plurality of protein kinases that each act with temporal 
and spatial correctness. These mitotic kinases include check
point‑associated kinases such as Cyclin B‑CDK1, as well as 
NimA, Polo, Aurora and WARTS kinases. The transition from 
G2 to M phase is the major control point in cell division and 
loss of function of these kinases causes chromosomal insta-
bility due to failed division and subsequent oncogenesis (1‑4).
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Aurora kinase genes were first isolated in 1995 from a 
Drosophila mutant that showed abnormal spindle formation in 
M phase. Aurora kinases are serine/threonine kinases associ-
ated with the regulation of cell division in the G2‑M phases, and 
are particularly associated with chromosomal agglutination and 
segregation, functions of centromeres, centrosomal maturation, 
spindle formation and cytokinesis. The human Aurora kinase 
family comprises the members Aurora kinase A (AURKA), B 
(AURKB) and C (AURKC) (Table I). All three members have 
a common N‑terminal domain of various lengths, a kinase 
domain and a short C‑terminal domain. However, they have 
a different location and timing of action and are considered 
to contribute independently to the progression of M phase. 
AURKA contains a catalytic kinase domain, an activating 
T‑loop, a destruction box (D‑box) and a D‑box‑activating 
domain (DAD). The D‑box and DAD regions are degraded at 
the last stage of mitosis. AURKB and AURKC do not contain 
a DAD and the D‑box is not degraded (Fig. 1) (1).

AURKA accumulates at centrosomes during the late G2 
phase and partially moves into the nucleus before the cell 
enters M phase, and before accumulating in the nucleus during 
M phase. Subsequent to the breakdown of the nuclear envelope, 
AURKA accumulates at spindle poles and on spindles due 
to segregation of the centrosomes replicated during S phase. 
Targeting protein for Xenopus kinesin‑like protein 2 (TPX2) 
is an important activator of AURKA. AURKA activated by 
TPX2 is introduced into microtubules and is associated with 
centrosomal functions such as maturation and the formation of 
microtubules through replication, formation and stabilization 
of spindles in the metaphase. In late M phase, the amount of 
AURKA is downregulated by ubiquitin‑mediated degradation 
and AURKA moves to the central spindle present between two 
nuclei after segregation and disappears (1‑4).

Inhibition of the expression or activity of AURKA causes 
delayed entry into M phase and failed centrosomal segrega-
tion, resulting in the spindle not being formed. By contrast, 
the overexpression of AURKA causes increased centrosomal 
numbers in the cell or formation of aneuploid cells and poses 
a major risk of carcinogenesis. The gene encoding AURKA 
is localized to chromosome 20q13, which is amplified in 

malignant tumors such as breast and ovarian cancer and is 
considered to be an oncogene  (5). The spindle formation 
checkpoint, which inhibits entry into the anaphase until the 
chromosomes are arranged in the equatorial plane, is also 
disrupted by the overexpression of AURKA. Bub1‑3 and 
Mad1‑3 play an important role at this checkpoint by managing 
the number of microtubules extending from the two poles at 
the centrosomes and attaching to daughter centromeres and 
pulling equally on both sides, as well as by stopping cell divi-
sion when an abnormal event occurs. If activity of Bub1‑3 or 
Mad1‑3 is inhibited, cell division passes the checkpoint and 
enters anaphase. In cells overexpressing AURKA and with the 
expression of a spindle formation checkpoint protein, Mad2, 
Anand et al (6) reported the improper entry into anaphase as 
well as the progression of cell division, with the emergence 
of aneuploid cells. Overexpression of AURKA also causes 
downregulation of p53 through its kinase activity. Thus, tumor 
cells avoid the induction of p53‑dependent apoptosis and 
extinction of aneuploid cells through the Rb/p16 cellular aging 
pathway (7). If DNA damage or aberrant cell division occurs, 
p53 interacts with a transcriptional coactivator, the heteroge-
neous nuclear ribonucleoprotein K (hnRNPK) and induces 
transcription of the p53 gene. AURKA deactivates hnRNPK 
by phosphorylation of Ser379 in hnRNPK and indirectly 
inhibits p53 activity (8).

AURKB emerges in the nucleus in the early S phase; 
localizes in centromeres with three proteins, inner centromere 
protein, survivin and borealin, in metaphase; moves to the 
center of the spindle in anaphase; and regulates cytokinesis in 
the median zone domain of a cell undergoing mitosis. Proteins 
that are transported from the chromosome to the center of the 
spindle are referred to as chromosomal passenger proteins and 
have key roles in centromeres. These proteins include deletion 
of improper attachments that interrupt even tension on spindle 
fibers on both sides and induction of correct bipolar attach-
ment and arranging of chromosomes in the equatorial plane. 
In cases in which microtubules are unevenly attached to a 
centromere, the spindle formation checkpoint is activated and 
transition to anaphase is inhibited. The mechanism by which 
AURKB enhances bipolar attachment is unclear. AURKB has 

Table I. Properties of Aurora kinases.

Kinases	 Chromosomal location	 Expression in cancer	 Function/role

Aurora A	 20q13.2	 Amplification	 Targeting to microtubules
		  Overexpression	 Suppression of transformation potential
			   Inhibition of kinase activity
			   Positive and negative regulation of kinase activity
			   Control of microtubule dynamics at the spindle poles
Aurora B	 17p13.1	 Overexpression	 Targeting to centromere/midzone
			   Elevation of kinase activity
			   Chromosome segregation?
			   Cytokinesis?
			   Inhibition of kinase activity
Aurora C	 19q13.43	 Overexpression	 Unclear
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also been associated with chromosomal stabilization, such as 
chromosomal agglutination (1‑3,9).

The AURKC gene is located on human chromosome 
19q13.43. Recombination and deficiency are often noted in this 
domain in various cancer types. Overexpression of AURKC is 
present in many types of human cancer cells and mRNA and 
protein of AURKC are also highly expressed in normal tissues, 
particularly in the testis. AURKC‑knockout mice are sterile 
due to abnormalities in the shape and functions of sperm and 
AURKC is thought to have specific actions in the formation 
of sperm, beyond those of AURKA and AURKB. However, 
compared with the other two Aurora kinases, little is known 
about the association of AURKC with carcinogenesis and only 
a few AURKC inhibitors have been developed (10).

3. Clinical applications of Aurora kinase inhibitors

Overexpression of Aurora kinases has been identified in 
many human cancer‑derived cultured cell lines and cancer 
tissues. The amplification and overexpression of AURKA 
occurs in breast, bladder, colon, ovarian, pancreatic and 
stomach cancers. The overexpression of AURKB has been 
found in colon cancer, while AURKC expression occurs 
in various cancer‑derived cell lines, including those from 
colon cancer, as well as in testis in normal tissues. These 
results suggest that the overexpression of Aurora kinases 
is strongly associated with tumorigenesis. For this reason, 
inhibitors of Aurora kinases (Table II) are being developed 

as potential anticancer drugs and many of these agents are 
in phase I and II clinical trials. These drugs only affect cells 
undergoing mitosis. However, many are AURKB inhibitors 
that may interrupt chromosome stability by AURKB and 
induce DNA damage, suggesting that examination of safety 
is important for these agents.

ZM447439 was reported as the first Aurora kinase 
inhibitor in 2003 and is currently in phase I clinical trials. 
ZM447439 inhibits the phosphorylation of histone H3 (Ser 
10, 28) by Aurora kinases. Li et al (11) showed a concentra-
tion‑ and time‑dependent increase in the apoptotic effect 
of ZM447439 in a human colon cancer‑derived cell line, 
HCT‑116. ZM447439 targets the ATP‑binding site common 
to the Aurora kinase family and theoretically should inhibit 
all Aurora kinases. In vitro, ZM447439 inhibits AURKA and 
AURKB, however, in vivo results show the predominant inhi-
bition of AURKB, thus ZM447439 is now considered to be 
an AURKB inhibitor. ZM447439 causes aberrant cell division 
by inhibiting AURKB, inducing a p53‑dependent apoptotic 
pathway and apoptosis of mitochondria by caspase 3 in the 
presence of Bak and Bax. Hesperadin is similar to ZM447439 
in that it is a strong inhibitor of ATP binding to AURKB, 
as well as an inhibitor of ~25 other kinases. The reason for 
many ATP‑binding site inhibitors exerting stronger effects on 
AURKB remains unclear (12).

VX‑680 is an ATP‑binding site inhibitor reported by 
Harrington et al  (13). VX‑680 is an inhibitor of AURKA, 
AURKB and AURKC, but exerts the strongest inhibi-

Table II. Properties of Aurora kinase inhibitors.

Drug	 Chemical class	 Profile	 Other targets	 Toxicity

ZM447439	 Quinazoline derivative	 B>A	 MEK, SRC, LCK
Hesperadin	 Indolinone	 B>A	 Not reported
VX‑680/MK‑0457	 4,6‑diaminopyrimidine	 A=B=C	 FLT3	 Grade 4: Neutropenia
				    Grade 3: Herpes Zoster infection,
				    Others: Vomiting, diarrhea, fatigue
AT9283	 Pyrazole derivative	 Unknown	 JAK2, 3, BCR‑ABL,	 QT prolongation (trial halted), 
			   V‑ABL	 Grade3: Febrile neutropenia
AZD1152	 Quinazoline derivative	 B>>>A,C	 Not reported	 Grade3/4: Neutropenia,
				    Grade1/2: Diarrhea, vomiting,
				    nausea, lost appetite, hypertension

Figure 1. Human Aurora kinase family. The numbers on the right indicate sizes in amino acids and percentage sequence identities.
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tion on AURKB. VX‑680 has shown potential as a new 
molecular‑targeted drug for BCR/ABL‑positive chronic 
myelogenous leukemia (CML) harboring a T315I mutation 
resistant to the BCR/ABL inhibitor, imatinib (13‑16). However, 
phase II trials of VX‑680 for CML harboring a T315I mutation 
and for Philadelphia chromosome‑positive acute lymphatic 
leukemia (Ph+ALL) and a phase  I trial for progressive 
leukemia, were discontinued in 2007 due to prolongation of 
the QT interval on electrocardiograms. Subsequently, VX‑680 
was modified to yield MK‑0457, for which a phase I trial has 
been completed (17). MK‑0457 also binds to the ATP‑binding 
site and is metabolized by hepatic CYP3A4, CYP2C8 and 
flavin monooxygenase. In 2011, Traynor et al (18) performed 
a phase I trial of MK‑0457 in solid cancers and demonstrated 
that MK‑0457 is a strong inhibitor of AURKB and also 
interacts with the Flt‑3 and Abl kinases. MK‑0457 produced 
an outcome of stable disease in approximately half of the 
patients, indicating the efficacy of this agent. However, grade 
4 neutropenia, grade 3 herpes infection and adverse reactions 
including nausea, vomiting, diarrhea and fatigue occurred 
during the administration period. PHA‑739358 (danusertib) 
is also a pan‑Aurora kinase inhibitor, i.e., an inhibitor of 
AURKA, AURKB and AURKC, similar to VX‑680 and 
MK‑0457, as well as an inhibitor of ABL and Ret tyrosine 
kinases. PHA‑739358 has shown efficacy in clinical trials in 
progressive solid cancers and BCR/ABL‑positive leukemia 
(CML, Ph+ALL) (19).

AT9283 is a synthetic heterocyclic molecule that inhibits 
cancer cell proliferation in solid tumors and leukemia. AT9283 
inhibits AURKA and AURKB and also targets serine/threo-
nine kinases such as JAK2, JAK3 and mutant V‑abl. In 2012, 
Arkenau et al (20) performed a phase I study of AT9283 in 
patients with progressive solid cancer, in which Grade 3 pyro-
genic neutropenia occurred, but major toxicities of reversible, 
dose‑dependent bone‑marrow suppression, gastrointestinal 
disorder, fatigue and dehairing were tolerable.

AZD1152 (barasertib) is a pro‑drug that is converted 
to the therapeutically active hydroxyquinazoline pyrazole 
anilide of barasertib (barasertib‑hQPA) in the cytoplasm. 
Barasertib‑hQPA inhibits both AURKA and AURKB, 
although the dominant effect exerted is on AURKB. Inhibition 
of AURKB leads to aberrant cell division and generation of 
atypical cells with DNA tetraploidy or larger, which then 
undergo apoptosis due to checkpoint regulation. In 2012, 
Schwartz et al (21) reported a phase I trial of barasertib in 
patients with malignant solid cancer, in which Grade 3 or higher 
pyrogenic or apyrogenic neutropenia and mild or moderate 
hematoxicity or gastrointestinal toxicity emerged, but all were 
tolerable. In a mouse model of hepatoma, Aihara et al (22) 
reported that AZD1152 significantly decreased the number of 
tumor cells and suppressed tumor proliferation.

MLN8054 and MLN8237 (alisertib) were developed as 
selective AURKA inhibitors. In a phase I clinical trial of 
MLN8054 in progressive solid cancer, somnolence was the 
dose‑limiting toxicity  (23). This may be because the drug 
has a similar structure to that of benzodiazepine. Clinical 
trials of MLN8237 in progressive solid cancer, acute myelog-
enous leukemia and hematopoietic organ tumors such as 
non‑Hodgkin's lymphoma are ongoing and a phase III trial 
in refractory peripheral T‑cell lymphoma has recently been 

initiated. MLN8237 also increases cisplatin‑induced apoptosis 
in esophageal adenocarcinoma cells (24) and enhances radio-
sensitivity in teratoid tumor cells (25).

4. Gynecologic applications of Aurora kinase inhibitors

Aurora kinases are expressed in various gynecologic malignant 
tumors. Li et al (26) and Kurai et al (27) examined correla-
tions among the expression levels of AURKA and AURKB 
and prognosis in normal endometrium, benign tumors of the 
corpus uteri and endometrial cancer. The results showed signifi-
cantly increased AURKA and AURKB levels in endometrial 
cancer compared with those in normal endometrium during the 
proliferation phase. AURKB was especially highly expressed 
in poorly differentiated endometrial cancer and AURKA and 
AURKB levels were correlated with worsened prognosis. 
Moreno‑Bueno et al (28) found a high AURKA expression in 
type 2 non‑endometrioid cancer among endometrial cancers 
and suggested that spindle formation checkpoint disorder in 
mitosis is probably involved in onset of this type of cancer. 
Yang et al (29) found that AURKA may be an adverse prognostic 
factor in ovarian endometrioid cancer, in addition to BRCA2.

Chemotherapy with taxanes or platinum‑containing 
anticancer drugs and radiotherapy currently play key roles in 
the treatment of gynecologic malignant tumors. Combination 
of these regimens with Aurora kinase inhibitors is likely to 
produce synergistic effects that may increase cellular sensi-
tivity to anticancer drugs and radiation and suppress the 
number of Aurora kinase inhibitor‑resistant cells. For example, 
taxanes, which exert an anticancer effect by inhibition of depo-
lymerization of microtubules, have increased effects on cancer 
cells when given in combination with Aurora kinase inhibi-
tors. Microtubules consist of 10,000‑100,000 tubulin subunits. 
In cells during the interphase, hundreds of long microtubules 
are present in the cytoplasm and connect different areas in 
the cell. In cell skeletons including microtubules, the subunits 
repeatedly associate and dissociate. Taxanes such as paclitaxel 
bind to microtubules and inhibit the dissociation of tubulin 
subunits. Inhibition of microtubule depolymerization by 
paclitaxel in tumor cells prevents the reconstruction of micro-
tubules and formation of the spindle, generating aberrant cell 
division. The spindle formation checkpoint recognizes this 
abnormality and triggers apoptosis of the tumor cell, causing 
the tumor to decrease in size (1‑4). Overexpression of Aurora 
kinases induces dysfunction of checkpoints in cell division and 
permits the cell to enter anaphase in an improper state. Thus, 
in the presence of overexpressed Aurora kinases, taxane‑based 
anticancer agents are not able to induce apoptosis of aberrant 
cells, resulting in reduced sensitivity (6). Conversely, drugs 
that inhibit Aurora kinases may suppress resistance to apop-
tosis induced by taxanes and enhance antitumor action.

Since microtubule inhibitors such as taxanes may also 
affect the microtubule network of normal nerve cells and 
cause peripheral neuropathy, administration at a low dose is 
required to suppress adverse reactions. Thus, inhibition of the 
activity of AURKA may increase the efficacy of taxanes to 
the extent that the minimum effective dose can be reduced 
and adverse reactions decreased. Lin et al (30) examined the 
ovarian cancer growth‑inhibitory effect of MK‑0457, which 
inhibits AURKA, AURKB and AURKC, in mouse models. 
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The results showed that MK‑0457 administered alone or in 
combination with docetaxel significantly suppressed tumor 
growth by induction of apoptosis, compared with controls and 
that this effect was much greater for the combination regimen. 
In their study, Beussel et al (31) demonstrated that the response 
of the International Federation of Gynecology and Obstetrics 
surgical stage III serous ovarian cancer to first‑line chemo-
therapy using taxanes following optimal debulking surgery 
could be predicted based on the expression level of AURKB.

The combination of platinum‑containing anticancer agents 
with Aurora kinase inhibitors is also likely to increase anti-
cancer effects. Cisplatin binds to the N7 position of guanine 
and adenine bases in DNA and forms crosslinks in the DNA 
with loss of two chlorine atoms. Thus, replication of DNA is 
suppressed and cell division is inhibited, providing an anti-
tumor effect. As described above, aberrant cell division caused 
by Aurora kinase inhibitors leads to p53 activation and trig-
gering of cell apoptosis. However, p53 is inhibited in a number 
of gynecologic tumors, including the viral protein E6 in cases 
with human papillomavirus (HPV) infection. However, in 
the cervical cancer cell line SiHa, Aurora kinase inhibitors 
have been shown to block the expression of HPV 16E6 and 
BCL‑2, suppressing p53 and increasing the expression of p53, 
thereby increasing sensitivity to cisplatin. Therefore, enhanced 
effects and reduced adverse reactions of platinum‑containing 
anticancer agents used for gynecologic tumors employ combi-
nation regimens with Aurora kinase inhibitors (32).

In cultured ovarian cancer cells, inhibition of the Aurora 
kinase may increase sensitivity to anticancer drugs via NF‑κB. 
In human lung cancer cells and the human ovarian cancer 
cell line SKOV3, which express NF‑κB at high levels and are 
resistant to cytotoxic anticancer agents such as adriamycin and 
etoposide, Sun et al (33) showed that Aurora kinase inhibi-
tors caused the downregulation of NF‑κB and an increased 
anticancer effect. Aurora kinases inactivate IκBα by phos-
phorylation, which in turn activates NF‑κB and thus Aurora 
kinase inhibitors suppress the inactivation of IκB and increase 
the drug sensitivity of cancer cells. This mechanism was veri-
fied in vitro (33) and suggests that Aurora kinase inhibitors 
improve chemotherapy regimens by overcoming a potential 
drug resistance mechanism of cancer cells.

Combination of Aurora kinase inhibitors with radiotherapy 
may also enhance treatment. For example, Tao et al (34) found 
that administration of an AURKB inhibitor, AZD1152, prior 
to irradiation increased the radiosensitivity of cells in which 
the activity of p53 was reduced by an inhibitor (pifithrin‑α) 
and of p53(‑/‑) mice, compared with radiation alone.

5. Conclusion

At present, a number of new Aurora kinase inhibitors are 
being developed to target malignant tumors. However, proper 
utilization of these inhibitors requires determination of the 
expression levels of Aurora kinase in each type of malignant 
tumor. In addition, since cancer cells often acquire resistance 
to low‑molecular‑weight agents, as seen in the emergence of 
imatinib‑resistant CML, it is important to examine mecha-
nisms of drug resistance to Aurora kinase inhibitors and to 
develop methods to overcome this resistance. Emerging short‑ 
and long‑term toxicities also require evaluation as Aurora 

kinases play important roles in normal cells. In particular, 
since Aurora kinase inhibitors target the cell division system, 
study of the risk of secondary carcinogenesis is imperative 
prior to the long‑term use of these inhibitors. Development 
of numerous Aurora kinase inhibitors is likely to increase the 
number of selectable drugs during treatment and contribute to 
the growth of tailor‑made chemotherapy in which drugs are 
selected based on the individual patient and characteristics of 
the cancer during progression. Thus, the introduction of new 
molecular‑targeted agents is likely to diversify the treatment 
options for intractable gynecologic cancers.
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