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Abstract Aurora kinase A (Aurora-A), a serine/threonine kinase, plays a pivotal role in various cellular

processes, including mitotic entry, centrosome maturation and spindle formation. Overexpression or

gene-amplification/mutation of Aurora-A kinase occurs in different types of cancer, including lung can-

cer, colorectal cancer, and breast cancer. Alteration of Aurora-A impacts multiple cancer hallmarks, espe-

cially, immortalization, energy metabolism, immune escape and cell death resistance which are involved

in cancer progression and resistance. This review highlights the most recent advances in the oncogenic

roles and related multiple cancer hallmarks of Aurora-A kinase-driving cancer therapy resistance,

including chemoresistance (taxanes, cisplatin, cyclophosphamide), targeted therapy resistance (osimerti-

nib, imatinib, sorafenib, etc.), endocrine therapy resistance (tamoxifen, fulvestrant) and radioresistance.

Specifically, the mechanisms of Aurora-A kinase promote acquired resistance through modulating DNA

damage repair, feedback activation bypass pathways, resistance to apoptosis, necroptosis and autophagy,

metastasis, and stemness. Noticeably, our review also summarizes the promising synthetic lethality strat-

egy for Aurora-A inhibitors in RB1, ARID1A and MYC gene mutation tumors, and potential synergistic

strategy for mTOR, PAK1, MDM2, MEK inhibitors or PD-L1 antibodies combined with targeting

Aurora-A kinase. In addition, we discuss the design and development of the novel class of Aurora-A in-

hibitors in precision medicine for cancer treatment.
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1. Introduction

In normal cells, Aurora-A executes a series of critical mitotic
events, including centrosome maturation, mitosis entry, mitotic
spindle formation and cytokinesis1. However, Aurora-A is closely
related to tumorigenesis through its amplification and/or over-
expression in human cancers2. It has been concluded that Aurora-
A plays multiple roles in regulating tumor development and pro-
gression by facilitating cell-cycle progression, activating cell
survival and anti-apoptosis/or necroptosis signaling, inducing
genomic instability, epithelialemesenchymal transition (EMT)
and cancer stem cells (CSCs)2,3. In recent studies, some novel
cancer hallmarks have been found to regulate tumor progression
and therapy resistance associated with alteration of Aurora-A
kinase.

The types of cancer treatment including surgery, radiotherapy,
chemotherapy, targeted therapy and immunotherapy aim to elim-
inate/or suppress effectively cancer cells for patients, but in some
patients, the remaining cancer cells become therapy resistant,
which lead to life-threatening recurrence and metastasis4e6.
Cancer therapy resistance is usually characterized by a poor
prognosis. Therefore, it is urgent to clarify the potential molecular
mechanisms of therapy resistance and investigate potential ther-
apeutic/combinational approaches based on the molecular mech-
anisms6. In recent years, the molecular mechanisms of Aurora-A
mediated cancer therapy resistance have been increasingly re-
ported in various malignancies. Thus, we will summarize the
biological role of Aurora-A kinase in human cancer hallmarks,
especially focus on the development of resistance to radiotherapy,
chemotherapy and targeted therapy through modulating DNA
damage repair, feedback activation bypass pathway, apoptosis,
necroptosis, autophagy, DNA damage repair, metastasis and
stemness. Meanwhile, we will also highlight the most recent ad-
vances in the potential synthetic lethality and combinational
strategy of targeting Aurora-A in precision medicine for cancer
treatment.
2. The biological function of Aurora-A kinase

Aurora kinases, firstly discovered in Saccharomyces cerevisiae
and named Ipl1 (increase in ploidy 1) in 1993, were evolutionally
conserved C-terminal serine/threonine kinase domain in various
eukaryotic organisms7. In mammals, the Aurora kinase families
have three members: Aurora-A (AURKA), Aurora-B (AURKB)
and Aurora-C (AURKC). The genes encoding human Aurora-A,
B and C are located on chromosome 20q13.2eq13.3, 17p13.1
and 19q13.43, respectively8e10. Although these three Aurora ki-
nases are similar in structure, their expression patterns, cellular
localization and physiological functions are entirely different
(Fig. 1A). Aurora-A is activated and localized into the centro-
somes at the G2 phase, then translocated to mitotic spindles
during prometaphase and metaphase11,12. Aurora-A regulates
mitotic entry, centrosome maturation and spindle formation, and
degrades after metaphaseeanaphase transition13.
2.1. The expression of Aurora-A in human tissues

As shown in Fig. 1B, the expression levels of the AURKA gene
and protein were enriched in bone marrow & lymphoid and testis
tissues; moderately expressed in colon, lung, stomach, liver and
ovary tissues; and the expressions of AURKA gene and protein
were not detected in thyroid, pancreas, smooth muscle, skeletal
muscle, cardiac muscle, spleen, and prostate tissues. Data was
obtained from The Human Protein Atlas (https://www.
proteinatlas.org/; accessed on November 2022).
2.2. Activation, regulation of Aurora-A-manipulated signaling
pathways

The activation of Aurora-A includes its serine/threonine phos-
phorylation site to phosphorylation and de-phosphorylation, and
auto-phosphorylation procession. Aurora-A phosphorylated at
Thr288 (and possibly Thr287) could down-regulate kinase activity
through phosphorylation at Ser342, whereas Aurora-A phosphor-
ylated on Thr288 could also up-regulate kinase activity through
phosphorylation of Ser8914,15. The activity of Aurora-A depends
on its phosphorylation Thr288 on the activation loop
(Asp274eGlu299) of the kinase, which is also called “T-loop”
(Fig. 1A).

The effect of Aurora-A could be activated by co-factor Bora,
Ajuba, PPI-2 (protein phosphatase inhibitor-2), PAK1 (p21-
activated kinase 1), and TPX2 (target protein for Xenopus
kinesin-like protein 2), and deactivated by PP2A (protein phos-
phatase 2A) in human cancer. KCTD12 (potassium channel tet-
ramerization domain containing 12) and Cdk1 (cyclin-dependent
kinase 1) appear to activate Aurora-A in the form of positive
feedback loop9,16e18. And, ubiquitin-specific peptidase 3 (USP3)
could promote deubiquitination of Aurora-A19. The best-
characterized regulator of Aurora-A is the microtubule-binding
protein TPX2. Aurora-A and TPX2 are co-expressed in the cell
cycle progression, and the complex might be used as a novel
holoenzyme20. Mutation or overexpression of Aurora-A led to the
increased auto-phosphorylation and allosteric activation after
binding to TPX2, and then promoted downstream pathways, such
as oncogenic MYC21,22. Additionally, Aurora-A kinase was acti-
vated in an extracellular signal-regulated kinase (ERK) 1/2-
dependent manner through the CeXeC motif chemokine ligand
12 (CXCL12) and CeXeC motif chemokine receptor 4 (CXCR4)
pathway in human glioblastoma. The CXCL12-ERK1/2 signaling
induces Ajuba expression, leading to auto-phosphorylation of
Aurora-A at Thr28823.

Aurora-A is a crucial regulatory constituent of the p53
pathway, especially in the checkpoint-reaction pathway necessary
for the oncogenic transformation through phosphorylation and
stabilization of p5324. Recently, Aurora-A was found to regulate
Yes-associated protein (YAP)-mediated transcriptional activity,
which is a downstream effector in the Hippo pathway. Aurora-A
seemed to interact with YAP, mainly locating into the nucleus,
where the higher expression of YAP was closely related to the
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Figure 1 The structure and expression of Aurora-A kinase. (A) Schematic diagram of the domain structure of Aurora kinases. The catalytic

domain of Aurora-A, Aurora-B, and Aurora-C is highly conserved (all gray junction region). Autophosphorylation of Thr287/288 in the activation

loop (also known as the “T-loop”) of Aurora-A is required for activation of its kinase activity. A short amino acid peptide motif called

a “destruction box” (D-box) is present in the carboxy-terminal region of Aurora-A, Aurora- B, and Aurora-C. Aurora-A has the amino terminal

“D-box-activating domain box (A-Box)” required for D-box functional activation. (B) The expression of Aurora-A kinase in human tissues; (C)

The alteration of Aurora-A in human cancer. According to TCGA combined database, overexpression (gene amplification) and mutation of

AURKA occur in various types of human cancer, including lung cancer, colorectal cancer, breast cancer, etc.
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proliferation in triple-negative breast cancer (TNBC)25. In addi-
tion, Aurora-A could also phosphorylate other target proteins,
including CDC25B (cell division cycle 25 homolog B), HDAC6
(histone deacetylase 6), KIF2A (kinesin family member 2A),
LATS2 (large tumor suppressor 2), RASSF1 (ras-association
domain family member 1) and TACC3 (transforming acidic
coiled-coil protein 3)26e34. These targets could activate multiple
pathways, such as AKT (protein kinase B), STAT3 (signal trans-
ducer and activator of transcription 3) and NF-kB (nuclear factor
kappa B), promote cell survival and proliferation, inflammation,
self-renewal, angiogenesis, metastasis, and induce tumor malig-
nancy and resistance.

2.3. Redox regulation of Aurora-A

Aurora-A kinase is hyper-phosphorylated in the early phase of
mitosis under oxidative stress that might interfere with the
function of Aurora-A in mitotic spindle formation35. The redox-
sensitive cysteine residues of the Aurora-A domain were
depicted by the X-ray crystal structure analysis36. These residues
could allosterically regulate kinase activity after covalent modi-
fication. Among them, a conserved cysteine residue Cys290 is
essential for Aurora-A activation by auto-phosphorylation on
Thr28835,36. The catalytic activity of Aurora-A is also strictly
controlled by a specific and reversible oxidative modification of
Cys290, which locates adjacent to Thr288 on T-loop35. Moreover,
a new Aurora-A regulatory mechanism was achieved by CoA
modification under cell reaction to oxidative stress37. CoA locks
Aurora-A in an inactive state through a unique “dual anchor”
inhibitory mechanism, including covalent modification of Cys290
through the thiol group of pantetheine tail, and selective binding
of ADP moiety of CoA to ATP binding pocket of Aurora-A. Thus,
the covalent modification of Aurora-A by CoA is specificity, and
could be induced by redox.

3. The role of Aurora-A in human cancer hallmarks and
cancer acquired resistance

Overexpression (gene amplification) and mutation of AURKA
occur in various types of human cancer2,38, including lung cancer,
colorectal cancer, breast cancer. According to the TCGA database,
12.73% amplification and 1.82% mutation of AURKA was
measured in human lung cancer; 3.11% (164/5280 cases) ampli-
fication and 0.81% mutation of AURKA was detected in human
colorectal cancer; 3.48% (183/5265 cases) amplification and
0.38% of AURKA was found in human breast cancer (Fig. 1C).
Overexpression or gene-amplification/mutation of Aurora-A ki-
nase not only increased susceptibility in carcinogenesis and
caused cancer drug resistance. To date, the role of Aurora-A in
cancer hallmarks and mediated cancer therapy resistance have
been increasingly reported in various malignancies. In addition to
proliferation, the role of Aurora-A kinase in the regulation of
telomerase activity, reprogramming energy metabolism and ATP
biosynthesis, evading immune destruction, primary cilium disag-
gregation, resistance cell death, EMT and metastasis, and cancer
stem cells were system summarized (Fig. 2A). The related cancer



Figure 2 The role of Aurora-A in human cancer hallmarks and cancer acquired resistance. (A) Aurora-A plays multiple roles in regulating

tumor development and progression by facilitating cell-cycle progression, activating cell survival and anti-apoptosis or necroptosis signaling,

inducing genomic instability, epithelialemesenchymal transition (EMT) and cancer stem cells (CSCs). In recent studies, some novel cancer

hallmarks have been found to regulate tumor progression associated with Aurora-A kinase; (B) Mechanisms of Aurora-A-mediated cancer ac-

quired resistance. Aurora-A kinase on producing the resistance to radiotherapy, chemotherapy and targeted therapy via modulating DNA damage

repair, feedback activation bypass pathway, apoptosis, metastasis, stemness and autophagy.
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hallmarks, especially resistance cell death, in Aurora-A-mediated
cancer acquired resistance were also addressed (Fig. 2B).

3.1. Aurora-A kinase regulates telomerase activity

It is generally believed that telomerase reactivation is related to
carcinogenesis and is a critical step in tumor immortalization39,40.
A study revealed that ectopic Aurora-A expression induced telo-
merase activity in human ovarian HIOSE118 and breast epithelial
MCF10A cell lines41. Meanwhile, Aurora-A significantly stimu-
lated the mRNA and promoter activities of human telomerase
reverse transcriptase (hTERT), which was related to the up-
regulation of c-Myc by the ectopic Aurora-A expression. The
c-Myc binding sites of the hTERT promoter were essential for the
hTERT promoter activity induced by Aurora-A41. Furthermore,
Aurora-A enhanced the hTERT activity by directly binding to the
transcription factor sex-determining region Y-box 8 (SOX8) and
phosphorylation in ovarian cancer42.

3.2. Reprogramming energy metabolism and ATP biosynthesis

Glucose metabolic reprogramming is an emerging hallmark of
malignant cancer cells. Otto Warburg first discovered an abnormal
characteristic of cancer cell energy, called “aerobic glycol-
ysis”40,43,44. In p53-deficient cancer cells, overexpression of
Aurora-A directly binds to lactate dehydrogenase (LDH) B and
inhibits the reverse reaction of LDHB. Aurora-A phosphorylated
LDHB at Ser162 to reduce substrate-inhibition, leading to
increased lactate production and NADþ regeneration, and pro-
motes glycolysis45. Glycolytic phenotypes were significantly
enhanced with the up-regulation of Aurora-A, whereas Aurora-A
knockdown resulted in a decrease of glycolysis-related proteins,
like LDHA and hexokinase 2 (HK2)42. Moreover, Aurora-A
directly bound with SOX8 in the nucleus and activated it
through phosphorylation at Ser327. The binding of SOX8 with
FOXK1 (forkhead/winged helix family k1) promoter facilitated
the glycolysis by upregulation of LDHA and HK2 expressions42.
Additionally, mitochondrial network reshapes could meet the
increasing energy requirements of cancer cells46. Interphasic
Aurora-A is imported into the mitochondrial matrix through its
N-terminal mitochondrial targeting sequence (MTS)47. Trans-
mission electron microscopy analyses show that when Aurora-A
was overexpressed, mitochondria interconnectivity would in-
crease, but no apparent signs of intra-mitochondrial content loss.
Immunoblot analysis demonstrated that overexpression of Aurora-
A induced the levels of respiratory complex IV subunits. Mean-
while, the interactome analysis of Aurora-A by proteomics
revealed that Aurora-A directly interacts with multiple subunits of
all respiratory complexes. The increased abundance and activity of
respiratory complexes depend on oxidative phosphorylation to
produce ATP48. The above results indicate that overexpressed
Aurora-A affects the mitochondrial respiratory chain, increasing
ATP production47. Therefore, overexpression of Aurora-A could
enhance the glycolytic flux and ATP biosynthesis, further facilitate
cancer cell proliferation.

3.3. Evading immune destruction

Immunogenic cancer cells are likely to escape immune destruction
by deactivating immune system components dispatched initially to
eliminate them40. For example, cancer cells exhibit actively
immunosuppressive by recruiting inflammatory cells, including
myeloid-derived suppressor cells (MDSCs) and regulatory T cells
(Tregs), which can inhibit the response of cytotoxic lymphocytes
(CTL)49,50. Using Aurora-A inhibitor alisertib (MLN8237) to
evaluate the immunosuppressive microenvironment dominated by
MDSC and tumor-associated macrophages (TAMs) in immune-
competent mammary tumor mice models, resulted in a signifi-
cant reduction of MDSC and TAM populations after alisertib
treatment51. The inhibition of Aurora-A selectively induced
intensive cancer cell apoptosis, disrupted the immunosuppressive
and tumor-promoting functions of MDSCs, but protected T cells
from apoptosis. The transcriptomic analysis found that p-STAT3
was significantly suppressed in MDSCs isolated from alisertib-
treated mice, indicating that alisertib might prevent immunosup-
pression of MDSCs by blocking Aurora-A/STAT3 signaling51.

The inhibition of Aurora-A activity by alisertib or AURKA
gene knockout may increase the population of intratumoral CD8þ

T cells in tumors52. CD8þ T cells could predict the overall sur-
vival rate of patients with colorectal cancer, and the infiltration
and activation of CD8þ T cells improve the prognosis of patients.
CD8þ T cells isolated from alisertib-treated cancers found that the
level of IL-10Ra mRNAwas significantly upregulated, resulting in
an enhancement in IL-10 production. In the migration assay, IL-10
secreted by cancer cells indeed recruited tumor-specific CD8þ T
cell infiltration52. Consequently, Aurora-A evades immune
destruction in tumors, which might be related to STAT3 signaling
and promoted IL-10 secretion in cancer cells.

3.4. Primary cilium disaggregation

The loss of primary cilia has been recently correlated with various
tumors, such as squamous cell carcinoma, renal cancer and
pancreatic ductal adenocarcinoma53. Aurora-A, a marker protein of
cilium disaggregation, induces primary cilia disassembly54. Aurora-
A could mediate the regulation of peroxiredoxin1 (PRDX1)
signaling of cilium disaggregation and affects the tumor formation
in esophageal squamous cell carcinoma34. Aurora-A was phos-
phorylated by epidermal growth factor receptor (EGFR) activation,
leading to the loss of primary cilia during oral mucosa carcino-
genesis55. Furthermore, the cancerous inhibitor of protein phos-
phatase 2A (CIP2A), a characteristic human oncoprotein, located in
the centrosome, forms a complex with Aurora-A, and further reg-
ulates cilia disassembly through the activation of Aurora-A56. The
activity of Aurora-A also acts as a downstream mediator of at least
some of the primary cilium defects associated with kinesin family
member 14 (KIF14) depletion, and KIF14 is considered to be an
important element connecting effective ciliogenesis57.

3.5. Resistance to cell death

3.5.1. Apoptosis
Induction of apoptosis is one of the primary mechanisms of
chemotherapeutic drugs and irradiation kill cancer cells. While
many types of cancer cell acquired resistance to apoptosis, leading
to cancer drug resistance58. Aurora-A has been found to promote
cell proliferation through mTOR activation in TNBC cells59.
Silencing Aurora-A resulted in a significant reduction of p-mTOR
in Aurora-A overexpressed TNBC cells, suggesting that Aurora-A
positively regulates p-mTOR expression59. In the epigenetic pro-
cesses study, histone methyltransferase multiple myeloma SET
domain protein (MMSET) methylated N-terminal region of
Aurora-A at K14 and K117 methylation sites60. The methylation
of Aurora-A reduced p53 stability through proteasomal
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degradation and inducing cell proliferation and suppressing cell
apoptosis. Moreover, suppression of Aurora-A activity by alisertib
activated the calpain signaling, and induced apoptosis through p27
degradation and Bax cleavage in gastric cancer cells61.

3.5.2. Necroptosis
Aurora-A could inhibit necroptosis, which might be used as a
local inhibitor to directly interact with receptor-interacting serine/
threonine kinase (RIPK) 1 or RIPK3 in pancreatic cancer62.
Aurora-A phosphorylated glycogen synthase kinase 3b (GSK3b)
at serine 9, which interfered with the formation of RIPK3 and
mixed lineage kinase domain-like (MLKL) complex, reduced
necrosome activation and hindered necroptosis62. Thus, the
alteration of Aurora-A kinase resulted in resistance to necroptosis-
mediated cell death.

3.5.3. Autophagy
Accumulating evidence shows that autophagy plays a critical role
in chemoresistance. Chemotherapeutic agents induce cytotoxic
autophagy, enhancing drug-sensitivity and cellular apoptosis.
However, autophagy also exerts its cytoprotective effect through
degrading drug molecules63. Aurora-A was related to the expres-
sion of autophagy-associated protein SQSTM1 in breast cancer64.
The depletion or inhibition of Aurora-A reduced SQSTM1 and
induced cytotoxic-autophagy. Pharmacological inhibitors of
autophagy (BAF or chloroquine) also enhanced cytotoxicity by
depletion or inhibition of Aurora-A64. Additionally, with alisertib
treatment, the expression of p62/SQSTM1 and LC3B significantly
elevated, thereby facilitating cytotoxic-autophagy65. In pancreatic
cancer cells, AURKA-depletion using siRNA led to autophagic-
cell death, accompanied by LC3-II/LC3-I ratio and p62/
SQSTM1 accumulation66. Furthermore, Aurora-A inhibited
autophagy by protecting the protein stability of the transcription
co-factor YAP in lung cancer67.

3.5.4. DNA damage repair
Chemotherapy and radiotherapy are well-known DNA-damaging
inducers, which activate the DNA damage response (DDR) and
subsequently induce cancer cell apoptosis or death68. However,
the sustained induction of the DDR is frequently limited, attrib-
uted to the resistance of cancer cells to DNA-damaging anticancer
therapy. Aurora-A is a downstream target of DNA damage trig-
gering pathways, and its function is also affected by DNA damage
at multiple levels69. DNA damage directly repressed Aurora-A
activity and perturbed the interaction with Bora. However, a
forced fusion of Aurora-A to Bora under DNA damage results in
phosphorylation of DNA damage checkpoint Plk1, and then
activated G2 phase. Consistently, Aurora-A was activated by
ectopically expressing overrides DNA damage signals facilitated
bypassing the G2 arrest70. Additionally, Aurora-A activated ATM/
CHK2 to dysregulate the DDR molecules, such as ATM, ATR and
p53, resulting in tumor progression71. Besides, the function of
Aurora-A was counteracted by BRCA1/2 to suppress DDR and
cell cycle checkpoints signaling, and enhanced sensitivity to
chemotherapy and radiotherapy71,72.

3.6. EMT and metastasis

Tumor metastasis exhibits resistance to cancer therapy, and EMT is
the initial stage of solid tumor metastasis73. Aurora-A is highly
expressed in liver metastases of colorectal cancer patients74. The
overexpression of Aurora-A contributes to the increased
expressions of EMT-related transcription factors Snail1 and Slug,
and down-regulated expression of epithelial marker E-cadherin,
indicating that Aurora-A induces the EMT process74. Meanwhile,
Aurora-A was up-regulated by BMI1, a member of the chromatin-
modifying protein polycomb group, by stabilizing the expression
of Snail1 to promote the occurrence of EMT, and subsequently
enhanced the migration and invasion in HNSCC cells75. A recent
study revealed that Aurora-A could promote EMT and cancer
metastasis through PI3K/AKT pathway in hepatocellular carci-
noma (HCC)76. The hypoxic induction of Aurora-Awas dependent
on HIF-1a by increasing the recruitment of HIF-1a to potential
hypoxia-responsive elements (HREs) on AURKA promoter77.
Notably, nuclear Aurora-A bound to HIF1a/b and up-regulated
HIF-responsive genes (e.g., CXCR4 and MMP1), and further
induced hypoxia signaling, like HIF-1a, NF-kB or TNF-a, which,
in turn, led to hypoxia in breast cancer and promoted metastasis78.

3.7. Cancer stem cells

CSCs, a subpopulation of cancer cells with self-renewal and dif-
ferentiation characteristics, are considered to be the basis of the
malignant phenotypes. Increasing evidence indicates that current
anticancer drugs do not effectively eliminate CSCs, consequently
contributing to drug resistance79. Aurora-A was reported to be
overexpressed and controlled the amount of centrosome amplifi-
cation in human colorectal CSCs (CR-CSCs)80. Aurora-A
knockdown could inhibit the proliferation of CR-CSCs and
sensitize CR-CSCs to chemotherapy (5-FU or oxaliplatin)-
induced cell death, accompanied by the down-regulation of anti-
apoptotic factors80. Similarly, Aurora-A was also overexpressed
in ovarian CSCs81,82. Through high-throughput drug sensitivity
and resistance testing, alisertib was more cytotoxic to spheroid
cells than some conventional chemotherapeutics agents, such as
cytarabine and vincristine82. Nuclear-localized Aurora-A could
enhance breast CSCs (BCSCs) phenotype, which possesses
transactivation activity that binds and activates the MYC promoter.
Perturbation Aurora-A nuclear translocation by shRNA promotes
the anticancer efficacy and overcome resistant BCSCs83. More-
over, nuclear Aurora-A could recruit forkhead box protein M1
(FOXM1) as a co-factor to drive FOXM1 activation-mediated
positive feedback loop, thereby promoting the tumorigenesis of
BCSCs. Aurora-A and FOXM1 inhibitors synergistically suppress
BCSC self-renewal84. In addition, Raf (rapidly accelerated
fibrosarcoma)-1 mutant MCF7 cells were constructed to up-
regulate Aurora-A showing activation of cancer stem cell
markers and the nuclear localization of SMAD5 (small mother
against decapentaplegic homolog 5). SMAD5-induced chemo-
resistance was associated with the maintenance of CD44þ/CD24�

cancer stem-like phenotypes85,86. The inhibition of Aurora-A ki-
nase reduced p-SMAD5, further confirming the role of Aurora-A
in modulating phosphorylation of SMAD5 and self-renewal abil-
ity86. In human breast cancer MCF7 cells, overexpression of
Aurora-A inhibited endogenous miR-128, increased the expres-
sion of WNT3 protein, and induced the self-renewal and meta-
static properties of breast cancer-initiating cells (BCIC)87.
4. Aurora-A and chemoresistance

Chemotherapeutic agents are still the first-line drugs for the
treatment of most cancers, but the development of acquired
resistant phenotype of cancer cells lead to clinical treatment
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failure. Overexpression of Aurora-A promotes chemoresistance
including taxanes and cisplatin. Aurora-A also participates in
autophagy which induced by some chemotherapy drugs such as
cyclophosphamide. Understanding these mechanisms of Aurora-
A-mediated chemoresistance will contribute to overcome cancer
drug resistance and improve the efficacy of the conventional
chemotherapy.

4.1. Taxanes resistance

Taxanes, including paclitaxel and docetaxel, are among the most
successful anticancer agents for anticancer chemotherapy. How-
ever, the development of taxanes resistance is becoming increas-
ingly common88,89. Taxanes act as anti-mitotic drugs by
promoting tubulin polymerization, thereby disrupting mitosis and
cell division, and ultimately leading to cell death90. Over-
expression of Aurora-A in HeLa cells could lead to a striking
increase in resistance to paclitaxel-induced apoptosis, suggesting
that Aurora-A kinase could force paclitaxel resistance91. Addi-
tionally, the overexpression of Aurora-A enhanced paclitaxel
resistance in MDA-MB-231 cells by up-regulating FOXM1.
Aurora-A directly bound and attenuated the ubiquitination of
FOXM192. The combination of Aurora-A inhibitor VX680 or
thiostrepton targeting FOXM1 with paclitaxel could significantly
restore the sensitivity of paclitaxel-resistant cells92.

It has been found that paclitaxel could induce the down-
regulation of ubiquitin-conjugating enzyme E2N (UBC13). The
reduction of UBC13 increased Aurora-A levels and promoted
paclitaxel resistance of ovarian cancer cells93. Besides, USP7
(ubiquitin-specific processing protease 7) was depleted by shRNA,
causing Aurora-A to accumulate in laryngeal cancer HEp2 and
non-small cell lung cancer (NSCLC) H1299 cells, and desensi-
tizing cancer cells to paclitaxel94. Besides, transforming growth
factor beta1 (TGF-b1) could increase phosphorylated Aurora-A
level, and develop docetaxel resistance strictly with the depen-
dent on Aurora-A expression. The dual pharmacological targeted
inhibition of TGF-b1 and Aurora-A pathway effectively reverses
chemoresistance through down-regulating Snail195.

4.2. Cisplatin resistance

Cisplatin-based chemotherapy can improve the survival rate of
patients with cancer, but its efficacy is limited due to drug resis-
tance96. The higher expression of Aurora-A is correlated to the
poor OS and progression-free survival (PFS) in NSCLC97,98.
Overexpression of Aurora-A enhanced the cisplatin resistance,
whereas the suppression of Aurora-A improved sensitivity to
cisplatin in A549 cells. Aurora-A was also determined at a high
protein level in A549/DDP (cisplatin-resistant variant) cells.
Under the co-treatment of cisplatin and alisertib, the cell viability
of A549/DDP cells was significantly decreased97. In ovarian
cancers, cisplatin resistance is closely related to reducing cell
senescence and increasing glucose metabolism. Aurora-A directly
interacted with transcription factor SOX8 and activated its
downstream target FOXK1, which could block senescence and
improve glucose metabolism, further contributing to cisplatin
resistance42.

4.3. Other chemoresistance

Recently, the induction of autophagy is associated with chemo-
resistance in various cancer treatments63. In lymphoma Raji cells,
treatment with cyclophosphamide could induce autophagy and
chemoresistance. However, treatment of alisertib reversed drug
resistance and normalized the autophagy activity, indicating that
switching autophagy by Aurora-A inhibition might play an
important role in overcoming chemoresistance99. Moreover, Raf-1
mutant MCF7 cells induced constitutive activation of MAPK
signaling and enhanced tumorigenicity, leading to daunorubicin
resistance, whereas alisertib treatment could restore the sensitivity
to daunorubicin in Raf-1 mutant MCF7 cells100.
5. Aurora-A and targeted therapy resistance

Currently, the major challenge to successful usage of targeted
therapy is the development of acquired resistance, such as EGFR-
TKIs. Aurora-A activation results in acquired resistance to EGFR-
TKIs, whereas EGFR inhibition in turn enhances the activation of
Aurora-A. Pharmacological inhibition of Aurora-A kinase could
restore the sensitivity of targeted therapeutics agents.

5.1. Tyrosine kinase inhibitors

The application of small-molecule protein kinase inhibitors has
become promising targeted therapeutics for cancer therapy.
However, most of them usually produce an incomplete response
followed by rapidly acquired resistance, such as EGFR-tyrosine
kinase inhibitors (TKIs)101. Aurora-A activation could contribute
to acquired resistance to EGFR-TKIs. Conversely, down-
regulation of endogenous Aurora-A by siRNA significantly
reduced gefitinib resistance in A549-p53-deficient cells102.
Furthermore, EGFR-mutant lung adenocarcinoma cells developed
acquired resistance to the third-generation EGFR-TKIs (osi-
mertinib), whereas EGFR inhibition contributed to Aurora-A
activation during the establishment of acquired resistance103. As
expected, EGFR-TKIs were sensitive to Aurora-A inhibition, and
the combination of Aurora-A inhibitors and TKIs could induce
apoptosis through up-regulation of Bcl-2-like protein 11 (BIM)103.
Additionally, Aurora-A silencing by shRNA sensitized chronic
myelogenous leukemia (CML) KCL-22 or K562 cells to imatinib.
The specific inhibitor of Aurora A, S1451, combined with imati-
nib, nilotinib or dasatinib, could provide a highly sensitive and
lower toxic approach for the treatment of CML to prevent ac-
quired resistance104. In addition, sorafenib is one of the most
effective targeted therapies to improve the clinical prognosis of
patients with advanced HCC. Unfortunately, the resistance of
sorafenib is frequently observed105. Overexpression of MALAT1
(long non-coding RNA metastasis-associated lung adenocarci-
noma transcript 1) was found to reduce the sensitivity of HCC
cells to sorafenib and facilitated the progression of HCC, and
MALAT1 regulated the mRNA and protein levels of Aurora-A,
that is, MALAT1 silencing down-regulated the expression of
Aurora-A. Inversely, overexpression of MALAT1 could up-
regulate the level of Aurora-A106. Hence, it could be speculated
that MALAT1 might affect sorafenib resistance through Aurora-A
dependent manner. Recently, PI3K inhibitors have been approved
for various cancers, such as buparlisib107. PI3K inhibitors have
shown significant affected on patients with glioblastoma multi-
forme (GBM) by blocking the proliferation pathway. However,
some clinical trials have not observed the benefit to the prognosis
of patients, because of the rapid development of acquired resis-
tance to these inhibitors after administration108,109. In the estab-
lishment of PI3K inhibitor-resistant cell lines using patient-
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derived glioma spheroid-forming cell (GSC) xenografts, a com-
bination of buparlisib and Aurora-A inhibitor GSK107016 effec-
tively enhanced the sensitivity of drug-resistant GSC cells110.

5.2. Monoclonal antibody (mAb) resistance

Cetuximab is an anti-EGFR chimeric mAb that selectively binds
to EGFR, and competitively blocks EGF or TGF-a, inhibits
intracellular signal transduction pathways, and induces cancer cell
apoptosis111. It has been proven effective against head and neck
cancer, but cetuximab with a single treatment could produce drug
resistance112. In squamous cell carcinoma of the head and neck
(SCCHN), Aurora-A and EGFR were evaluated as highly
expressed113. The combination of cetuximab and pan-Aurora ki-
nase inhibitor R763 contributed to a significantly elevated per-
centage of apoptotic cells, indicating that co-targeting Aurora-A
and EGFR could overcome the resistance to monotherapy in
SCCHN cells113. In addition, the anti-human CD20 mAb ritux-
imab combined with chemotherapy is an effective therapy for B-
cell lymphoma (B-NHL)114. In B-NHL cells, the combination
therapy of rituximab-alisertib-vincristine significantly enhanced
cell apoptosis, and overcame resistance to monotherapy or dual
therapy115.

5.3. Endocrine therapy resistance

Endocrine therapy suppresses the growth of endocrine-related
tumors by blocking hormone receptor signaling pathways. In
clinical samples, high levels of Aurora-A expression were detec-
ted, and the Aurora-A expression was positively correlated with
expression level of androgen receptor (AR) or estrogen receptor
(ER).

5.3.1. Prostate cancer
The current therapeutic strategy is mainly to inhibit androgen
dependence of tumor growth by inactivating the AR with
androgen-deprivation and/or anti-androgen therapies for prostate
cancer (PC). However, most patients usually relapse with more
aggression, due to the reaction of AR signaling and androgen
receptor variants (AR-Vs), including AR gene amplification and
mutation116. In clinical prostate cancer specimens, high-level of
Aurora-A were determined116,117. Moreover, AURKA expression
was up-regulated by AR, and bound to AR through an androgen
receptor binding site (ARBS) on its promoter and intrinsic regions
in the construction of overexpressing-AR PC cell lines116. The
cells expressing the highest levels of AR were significantly sen-
sitive to Aurora-A inhibitors, and cell growth was significantly
inhibited at low concentrations of alisertib. Besides, down-
regulated Aurora-A attenuated AR-Vs expression and chromatin
enrichment118. Notably, the inhibition of Aurora-A reduced AR
activity and proliferation of PC. However, Aurora-A could phos-
phorylate E3 ligase C-terminus of HSP70-interacting protein
(CHIP) at the Ser273 site and enhance AR degradation via the
proteasome119. Therefore, Aurora-A inhibitors might increase the
proliferation of prostate cancer through the protection of AR from
degradation, which indicated that Aurora-A inhibitors might have
unintended adverse effects in PC118,119.

5.3.2. Breast cancer
The ER pathway is considered a critical carcinogenic pathway for
ER-positive breast cancer. Adjuvant endocrine therapy has always
been the main treatment for breast cancer, but about one-third of
patients will eventually recurrence due to the resistance of endo-
crine therapy120. In estradiol-treated MCF7 cells, higher levels of
Aurora-A were determined in an ER-dependent manner121,122.
Aurora-A could phosphorylate nuclear transcription factor ERa
transactivation activity at Ser167/Ser305, and interacted/colo-
calized with ERa, leading to tamoxifen resistance and disease
relapse in ERa-positive breast cancer122. Meanwhile, the inhibi-
tion of Aurora-A sensitized tamoxifen-resistant cells and over-
came the resistance of tamoxifen, further impeded estrogen-
induced cell growth123. Similarly, the combination of fulvestrant
and alisertib has robust inhibitory activity against tamoxifen-
resistant MCF7 cells124.
6. Aurora-A and radioresistance

Radiotherapy (RT) is the primary anticancer treatment, usually
combined with surgery and/or chemotherapy. The basic principle
of RT is that ionizing radiation (IR) interacts with substances in
tumor cells to destroy proteins and lipids, especially DNA,
resulting in the termination of cell division and proliferation, and
even leading to cell necrosis or apoptosis125. However, RT failure
remains a major clinical challenge due to the development of
resistance in the course of treatment. Aurora-A could affect the
resistance to RT, since IR induces a DNA damage repair network
by regulating Aurora-A in cancer cells71. Up-regulation of
Aurora-A expression by transfection with AURKA cDNA, the
percentage of apoptotic cells under IR condition was significantly
reduced. Based on the Western blot and IHC analysis, Aurora-A
was overexpressed in the tumor zone and facilitated the resis-
tance of RT for nasopharyngeal carcinoma patients126.

Further studies revealed that knockdown Aurora-A restored the
radiosensitivity of radiation-resistant HCC cells. Its mechanism
was related to Aurora-A inducing NF-kB signaling and the acti-
vation of anti-apoptotic-related proteins127. Moreover, alisertib
sensitizes lung cancer and NSCLC cell lines expressing p53 to IR
in vitro. However, there is no significant enhancement in p53-
deficient lung cancer, suggesting that the sensitivity of Aurora-A
inhibitors to RT is related to p53 status128. In prostate cancer
cells, Aurora-A inhibitor MLN8054 eliminated IR-regulated
Aurora-A phosphorylation, induced G2/M arrest, and polyploidy.
MLN8054 caused DNA damage and reduced DNA repair,
resulting in radiosensitization129. In glioblastoma cells, CXCL12
mediates the resistance of glioblastoma to radiotherapy in the
subventricular zone. After RT (5 Gy) drops, both Aurora-A and
CXCL12 are in favor of radioresistant survival fractions. Treat-
ment with MLN8054 was sufficient to sensitize CXCL12-
stimulated glioblastoma cells to RT23.

In brief, radiotherapy could cause DNA damage through IR.
However, IR can regulate Aurora-A phosphorylation, and initiate
DNA damage and repair network, resulting in radioresistance in
cancer cells. Thus, targeting inhibition of Aurora-A could signif-
icantly enhance the sensitivity of radioresistance.
7. Synthetic lethality strategy for targeting Aurora-A kinase

Synthetic lethality means that perturbation of two genes simulta-
neously leads to cell death, while the alteration of either gene
alone is viable. Poly(ADP-ribose) polymerase (PARP) inhibitors
are the first clinically approved anticancer drugs designed to uti-
lize synthetic lethality. Patients carrying mutations of BRCA1 or
BRCA2 gene are sensitive to PARP inhibitors130. Recent studies



Figure 3 Synthetic lethality and pharmacological combination strategy for targeting Aurora-A. (A) Synthetic lethality strategy for targeting

Aurora-A. Aurora-A inhibitors have synthetic lethality in RB1, ARID1A and MYC gene mutation tumors, which also provides thoughts for the

Aurora-A inhibitors towards individual therapy; (B) Combinational strategy for targeting Aurora-A. Aurora-A inhibitors have been demonstrated

to have synergistic effects in combination with other therapeutics agents, including mTOR inhibitor, PAK1 inhibitor, MEK inhibitor, MDM2

inhibitor, PD-L1 antibody and microtubule inhibitor.
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revealed that the synthetic lethal interaction of Aurora-A and other
potential genes, these findings will expand the effectiveness in
cancer treatment, and overcome drug resistance131.

7.1. RB1

Retinoblastoma gene RB1 mutations are common in refractory
malignancies. Using drug-screening tests to identify drugs with
selective sensitivity to RB1 mutant cancer cells, and found that
Aurora-A inhibitors have synthetic lethality with RB1 loss132.
Compared with RB1 wild-type, the inhibition of Aurora-A with
Aurora-A inhibitors LY3295668 and ENMD-2076 has syntheti-
cally lethality of RB1-deficient lung cancer. Indeed, RB1-deficient
cells exhibited unbalanced microtubule dynamics, and up-
regulated the microtubule destabilizer stathmin133. Aurora-A in-
hibition facilitated stathmin activity by reducing phosphorylation,
promoted microtubule instability and resulted in the destruction of
microtubule dynamics, thereby triggering the synthetic lethality of
RB1eAurora-A132.

7.2. ARID1A

In CRC cells, the loss of AT-rich interactive domain 1A (ARID1A)
is closely related to cancer progression and metastasis134. Simi-
larly, the inhibition of Aurora-A does not impact on the growth of
ARID1Awild-type CRC cells, but significantly inhibits the growth
of ARID1A-deficient cancers135. Aurora-A inhibitor induced
multi-nucleation, G2/M arrest and apoptosis in ARID1A-deficient
cells. Moreover, ARID1A-deficient ovarian cancer cells are also
significantly more sensitive to Aurora-A inhibitors than ARID1A
wild-type cells, indicating that the synthetic lethality of ARID1A-
Aurora-A existed in ovarian cancer.

7.3. MYC

The MYC oncogene has been identified as the crucial driver in
cancers. In MYC-overexpressing non-Hodgkin’s lymphoma
(NHL), Aurora-A inhibition induced G2/M arrest and caspase-
independent cell death99. Consistently, AURKA or TPX2
knockdown inhibited the proliferation of MYC-overexpressing
cells more effectively22,99.

These investigations revealed that the inhibition of Aurora-A
with RB1, ARID1A and MYC gene mutation phenotypes exists
synthetic lethality, which could develop a novel strategy of
Aurora-A-related cancer therapy (Fig. 3A).

8. Pharmacological combination strategy for targeting
Aurora-A kinase

In addition to synthetic lethality, the rational combination strategy
of Aurora-A kinase inhibitor and other conventional cancer ther-
apeutic agents result in a synergistic effect on the growth of cancer
cells. For example, Aurora-A suppression induced the G2/M ar-
rest, whereas the combination with Bcl-2 inhibitor navitoclax
significantly reduced the G2/M phase and increased sub-G1
fraction, and drove cells into apoptosis136. Recently, some small
molecular kinase inhibitors or immune checkpoint inhibitors can
be sensitized in combination with Aurora-A inhibitors, and exhibit
potent synergistic anticancer effect. Herein, we highlight the
promising synergistic strategy for mTOR, PAK1, MDM2, MEK
inhibitors or PD-L1 antibodies combined with targeting Aurora-A
kinase (Fig. 3B).

8.1. mTOR inhibitors

The mTOR inhibitors alone caused G1 phase arrest. Researchers
found that Aurora-A kinase could regulate mTOR activity through
the ERK 1/2 pathway in TNBC59. Notably, synergistic effects
were observed only when alisertib was administered before
rapamycin treatment, reflecting the importance of scheduling se-
quences in therapeutic regimens. The combination of mTOR and
Aurora-A inhibitors was observed to enhance the anticancer ef-
fects than any inhibitor alone59,137.

8.2. Microtube dynamics inhibitor

Eribulin, a microtubule dynamics inhibitor, induces the accumu-
lation of active Aurora-A in TNBC, and provides a new thought



Figure 4 Drug design strategies for targeting Aurora-A. (A) Schematic diagram of several targeted Aurora-A approaches. LNA, locked nucleic

acid; UTR, untranslated region. (B) PROTACs contain three ethylene glycol molecules linked by amides of ATP-competitive inhibitor alisertib

(blue region) and thalidomide (gray region). (C) The chemical structure of allosteric inhibitor CD532. The blue region represents chemical

structures of allosteric conformational destruction (CD) compound diaminopyrimidine scaffold. (D) Covalent modification of Cys290 in Aurora-A

by the thiol group of the pantetheine tail of CoA.
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for combined treatment. Aurora-A inhibition induced cytotoxic
autophagy via activation of LC3B/P62 axis, resulting in the
eradication of metastasis, but does not effect on the growth of
breast cancers65. Interestingly, the combination of alisertib and
eribulin causes the synergistic response of apoptosis and cytotoxic
autophagy in breast cancers.

8.3. PAK1 inhibitor

The high-level expressions of oncoproteins also provided a strat-
egy for drug combination. For instance, p21 activated kinase 1
(PAK1) and Aurora-A were commonly overexpressed in breast
cancers, combined inhibition of FRAX1036 (a highly selective
PAK1 inhibitor) and alisertib have remarkably synergistic
antitumor effects138. Although drug resistance emerged to single-
agent FRAX1036, combined alisertib with FRAX1036 caused an
outstanding therapeutic response of drug-resistant subclones. In
addition to PAK1, these combinations based on multiple mecha-
nisms, as well as the combinations with the inhibition of ERa
phosphorylation and C-MYC expression were also involved138,139.

8.4. MEK inhibitors

The combination of Aurora-A and MEK inhibitors has been found
to have synergistic activity in CRC with KRAS and PIK3CA
mutation140. The further evaluation indicated that the p53 mutant
status affected apoptosis induced by combination with Aurora-A
and MEK inhibitors in KRAS and PIK3CA mutant CRC141.



Table 1 Selective Aurora-A inhibitor alisertib in clinical trailsa.

Drug Structure Target Type of cancer Phase/Status Design Clinical trial

numberb

Alisertib

(MLN8237)

O

HO

O

NH

N

N
N

O
F

Cl

Aurora-A

IC50 1.2

nmol/L

Relapsed/refractory peripheral T-cell

lymphoma

III/C M NCT01482962

Aggressive non-Hodgkin’s lymphoma;

Acute myelogenous leukemia and high-

grade myelodysplastic syndrome;

Children with recurrent/refractory solid

tumors and leukemias;

Ovarian carcinoma;

Recurrent or persistent leiomyosarcoma

of the uterus;

Metastatic castrate resistant and

neuroendocrine prostate cancer;

Advanced or metastatic sarcoma;

Rhabdoid tumors

II/C M NCT00807495;

NCT00830518;

NCT01154816;

NCT00853307;

NCT01637961;

NCT01799278;

NCT01653028;

NCT02114229

Unresectable Stage IIIeIV Melanoma II/T

(low accrual)

M NCT01316692

Malignant mesothelioma II/NR M NCT02293005

Unspecified childhood solid tumor,

excluding CNS neuroblastoma

I/C M NCT02444884

Myelofibrosis or relapsed or refractory

acute megakaryoblastic leukemia

NR M NCT02530619

Chemotherapy-pretreated urothelial

cancer

II/C M or CW:

Paclitaxel

NCT02109328

Relapsed or refractory B-cell non-

Hodgkin lymphoma

II/C M or CW:

Rituximab

NCT01812005

Locally advanced or metastatic,

endocrine-resistant breast cancer

II/NR M or CW:

Fulvestrant

NCT02860000

High-risk AML II/C CW: Induction

chemotherapy

NCT02560025

Small cell lung cancer II/C CW: Paclitaxel NCT02038647

Metastatic or locally recurrent breast

cancer

II, NR CW: Paclitaxel NCT02187991

Refractory multiple myeloma I, II/C CW: Bortezomib NCT01034553

Relapsed or refractory aggressive B-cell

lymphoma

I, II/C CW: Rituximab

and vincristine

NCT01397825

Non-small cell lung cancer I, II/C CW: Erlotinib NCT01471964

Neuroblastoma I, II/C CW: Irinotecan

and temozolomide

NCT01601535

Hormone-resistant prostate cancer I, II/C CW: Abiraterone

and prednisone

NCT01848067

Rb-deficient head and neck squamous

cell cancer

I, II/R CW: Pembrolizumab NCT04555837

Relapsed or recurrent Hodgkin

lymphoma, B-Cell non-Hodgkin

lymphoma, or peripheral T-cell

lymphoma

I/C CW: Vorinostat NCT01567709

Relapsed or refractory B-Cell or T-Cell

lymphomas

I/C CW: Romidepsin NCT01897012

Metastatic breast cancer I/C CW: MLN0128c NCT02719691

Metastatic EGFR-mutant lung cancer I/C CW: Osimertinib NCT04085315

Recurrent high grade gliomas I/C CW: Hyperfractionated

radiation therapy

NCT02186509

Head and neck cancer I/C CW: Cetuximab and

definitive Radiation

NCT01540682

Pancreatic cancer I/C CW: Gemcitabine NCT01924260

Gastrointestinal tumors I/C CW: mFOLFOX NCT02319018

Colorectal cancer I/C CW: Irinotecan NCT01923337

Solid tumors I/C CW: Pazopanib NCT01639911

Relapsed and refractory mantle cell and

low grade non-Hodgkin lymphoma

I, NR CW: Bortezomib

and rituximab

NCT01695941

aAbbreviations: C, completed, M, monotherapy; CW, combination with; NR, not recruiting; R, recruiting; T, terminated; mFOLFOX: a modified

oxaliplatin, fluorouracil, and leucovorin regimen.
bwww.clinicaltrials.gov (accessed on March 2022).
cMLN0128: a dual TORC1/2 inhibitor.
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8.5. MDM2 inhibitors

Aurora-A combined with MDM2 antagonists could activate p53
and inhibit tumor growth. The combination therapy with alisertib
and (e)-nutlin-3 further promoted the tumor immunological
infiltration of host immune cells, such as NK cells, macrophages
and antigen-presenting dendritic cells142.

8.6. PD-L1 antibody

PD-L1 expression was significantly enhanced in MDSCs after
treatment with alisertib, and the anticancer activity of the effector
T cells may be impaired by activating PD-1. In the 4T1 tumor-
bearing mice model, the synergistic effect of the combination of
alisertib and PD-L1 mAb on tumor suppression was found over a
single treatment51. CD8þ T cells were dramatically enhanced in
tumors under treatment with alisertib and PD-L1 mAb, while the
production of IFN-g and TNF-a in CD8þ T cells also elevated
significantly.

9. Novel inhibitors targeting Aurora-A

Given that Aurora-A participates in multiple of key cancer bio-
logical events, such as cell cycle regulation, cancer occurrence and
advancement, and development of therapy resistance. Thus,
Aurora-A inhibition exists a potent and selective anticancer ac-
tivity. Currently, the targeted Aurora-A strategies could include
ATP-competitive inhibitors and proteolytic targeting chimeras
Table 2 Several selective Aurora-A inhibitors in clinical trails.a

Drug Structure Target Type of cancer

LY3295668

erbumine
N

N

HN
NHN

O

HO

Cl

F

F

Aurora-A

IC50 0.6 nmol/L

Solid tumors

Small-cell lung cancer

Metastatic breast cancer

Relapsed/refractory neu

EGFR-mutant non-smal

cancer

ENMD-2076

N

N

N

N

NH

NHN

Aurora-A

IC50 14 nmol/L

Triple negative breast ca

clear cell carcinoma; ad

metastatic soft tissue sa

advanced fibrolamellar

Relapsed or refractory h

malignancies; multiple

ovarian cancer

TAS-119
Cl

Cl

O

N
CO2H

N

N
H

HN
N

F

Aurora-A

IC50 1.0 nmol/L

Advanced solid tumors

Advanced solid tumors

MLN8054 O

HO NH

N

N
N

F
F

Cl

Aurora-A

IC50 4 nmol/L

Advanced malignancies

aAbbreviations: C, completed, M, monotherapy; CW, combination with;
bwww.clinicaltrials.gov (accessed on March 2022).
(PROTAC)-mediated degradation (Fig. 4). The selective small-
molecule Aurora-A kinase inhibitors have potent anticancer effi-
cacy in various cancer types. The majority of Aurora-A kinase
inhibitors so far reported are competitive small molecule in-
hibitors that target the binding of ATP at the active site, such as
alisertib. Alisertib is a highly selective Aurora-A kinase inhibitor
developed by Millennium based on its predecessor MLN8054
(Table 1)143. Recently, a phase III trial was designed to assess the
efficacy of alisertib in patients with relapsed/refractory peripheral
T-cell lymphoma (PTCL)144. Alisertib showed great efficacy in
PTCL patients, but was not superior to the comparators. Including
alisertib, several selective Aurora-A inhibitors have entered into
clinical trials and achieved promising results (Table 2).
9.1. PROTAC-mediated degradation

Bifunctional small molecules, such as PROTACs, can target cat-
alytic and non-catalytic functions145. The PROTACs were devel-
oped as effective Aurora-A degrading agents by linking alisertib to
the E3-ubiquitin CEREBLON-binding thalidomide or thalidomide
derivative-pomalidomide146,147. One kind of PROTACs comprises
two or three (JB170) ethylene glycol molecules linked by amides
of alisertib and thalidomide. These compounds caused a rapid
decrease intra cellular level of Aurora-A kinase146. The degraders
induced Aurora-A ubiquitination through CEREBLON, followed
by undergoing proteolysis through the proteasome. PROTAC-
mediated depletion does not require Aurora-A catalytic activity,
as demonstrated that enzymatically inactive versions of mutated
Phase/status Design Clinical trial

numberb

I, II/C M NCT03092934

I/C M NCT03898791

I/C M or CW:

Endocrine

therapy or

midazolam

NCT03955939

roblastoma I/NR M or CW:

Topotecan or

cyclophosphamide

NCT04106219

l cell lung I, II/R CW:

Osimertinib

NCT05017025

ncer; ovarian

vanced/

rcoma;

carcinoma

II/C M NCT01639248;

NCT01914510;

NCT01719744;

NCT02234986

ematological

myeloma;

I/C M NCT00904787;

NCT00806065;

NCT01104675

I/T M NCT02448589

I/T CW:

Paclitaxel

NCT02134067

I/T (toxicity) M NCT00652158

NR, not recruiting; R, recruiting; T, terminated.

http://www.clinicaltrials.gov
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Aurora-A (Aurora-AD274N, Aurora-AK162R) were found to be
depleted by JB170 to a similar degree as the un-mutated. PRO-
TAC-mediated degradation is highly specific to Aurora-A, attrib-
uted to the combination of degrader between CEREBLON and
Aurora-A supporting the formation of ternary complexes. Strik-
ingly, the chemical knockdown mediated by the degrader caused a
strong S phase arrest, and induced apoptosis in several types of
cancer cells. At the subcellular level, PROTACs could eliminate
Aurora-A on the mitotic spindle and leave the centrosome Aurora-
A activity. PROTAC-mediated non-centrosome clearance regu-
lated the cytoplasmic role of Aurora-A in mitochondrial dy-
namics147. Therefore, Aurora-A degraders are a powerful new
tools that can be used to study the scaffold and catalytic functions
of Aurora-A, and to develop a novel class of drugs to withstand
the functions of Aurora-A in carcinogenesis.

9.2. LY3295668 erbumine

LY3295668 erbumine, developed by Eli Lilly, is a highly selective
inhibitor of Aurora-A, with IC50 of 0.6 nmol/L, more than 1000-
fold selectivity versus Aurora-B. LY3295668 was initially syn-
thetically lethal in RB�/� cancer cells, especially for SCLC132. In
breast and lung cancer cells, LY3295668 induced mitosis arrest
and apoptosis in a dose-dependent manner148. LY3295668
inhibited tumor growth in SCLC xenograft models, and 50 mg/kg
of LY3295668 in twice-daily for 28-day cycles treatment showed
97.2% of tumor growth inhibition. A phase I clinical trial explored
the safety and anticancer activity in patients with locally advanced
or metastatic solid tumors. The maximum tolerated dose of
LY3295668 is 25 mg twice daily. Currently, LY3295668 has been
proved to have anticancer activity in some patients149.

9.3. TAS-119

TAS-119, developed by Taiho Pharmaceuticals, is an orally
Aurora-A inhibitor with an IC50 of 1.04 nmol/L and high selec-
tivity versus Aurora-B (IC50 Z 95 nmol/L)150. TAS-119 induced
the accumulation of mitotic cells via Aurora-A inhibition in vitro
and in vivo. Besides, TAS-119 showed strong anticancer activity,
especially in various cancers carrying MYC amplification and
CTNNB1 (encoding b-catenin) mutations151. Moreover, TAS-119
increased the anti-proliferative and in vitro and in vivo antitumor
effects of paclitaxel in various cancer model, which suggested the
further study of TAS-119 to find potential synergistic effects152. In
a phase I study with an intermittent schedule of 200 mg TAS-119
twice daily, targeted regulation was demonstrated, but the anti-
tumor effects were not as expected153. Although the observed
ocular toxicity, the overall safety of TAS-119 appears to be
outstanding compared to other Aurora-A inhibitors153.

10. Conclusion and perspective

Aurora-A not only impacts on the occurrence and progression of
tumors, but also participates the development of cancer therapy
resistance. The oncogenetic mechanism of Aurora-A involves
proliferation, survival, metastasis, stemness, and the latest
discovered emerging cancer hallmarks, including energy meta-
bolic reprogramming and immune escape, which are the basis for
targeting therapy. Aurora-A regulates energy metabolism by
increasing glycolytic flux and ATP biosynthesis. At the same time,
Aurora-A is involved in evading immune destruction, which is
associated with increased MDSCs, TAMs populations and T cell
apoptosis. More detailed understanding of Aurora-A in tumori-
genesis is helpful for targeted therapy and effectively targeting
cancer treatment in individual patients. Furthermore, Aurora-A
plays crucial roles in therapy resistance, causing chemotherapy
and radiotherapy. The mechanism of drug-resistant development
involves DNA damage repair, metastasis, stemness and autophagy.
Meanwhile, the inhibition of Aurora-A could increase the sensi-
tivity of drug treatment and radiation therapy. In addition,
emerging evidence shows that Aurora-A is associated with poor
OS, and could bind and activate oncogenes promoters (such as
MYC ) through nuclear transactivation activity to induce stemness
and further generate therapeutic resistance.

There is no doubt that the inhibition of Aurora-A improves
cancer therapy and reverse drug resistance. So far, the primary
targeted therapy of Aurora-A is ATP-competitive inhibitors. Single-
agent targeted therapy in clinical trials has shown clinical benefits,
like alisertib. However, the phase III clinical trial of alisertib in the
treatment of relapsed/refractory PTCL has been terminated since
the primary endpoints did not achieve. Selective Aurora-A in-
hibitors such as alisertib are still the most promising representative
drugs. The tolerability and safety of alisertib are acceptable for
patients, but its limitations are the complexity of using doses among
various tumor types or ethnicities, and it has not been proved to be
more efficacy than comparators. Recently, alisertib has launched
numerous trials for drug combination, which are expected to be
approved for cancer therapy. LY3295668 Erbumine is also a
promising drug. Unlike alisertib, LY3295668 Erbumine is mainly
used for the treatment of solid tumors. The clinical application of
TAS-119 might be limited by its ocular toxicity. Moreover, phase I
or II clinical trials of some ATP-competitive pan-Aurora inhibitors
have announced withdrawal or termination due to high toxicity or
other unreported reasons. Thus, more targeted Aurora-A strategies
are being developed in addition to ATP-competitive inhibitors.
Through allosteric or covalent modification, PROTAC-mediated
degradation and targeting mRNA of Aurora-A, lower toxicity and
more potent efficacy were significantly observed (Fig. 4)146,154,155.
The most representative is the allosteric inhibitor CD532
(IC50 Z 45 nmol/L), which can disrupt the conformation of this
kinase, disrupt the non-catalytic function, and significantly induce
cell cycle arrest156. Of note, Aurora-A degraders are a promising
tool that can be used to study the scaffold and catalytic functions of
Aurora-A, and to develop a novel class of drugs targeting Aurora-A.
Besides, numerous experimental studies on immunotherapy are
applied in Aurora-A as a target and have achieved better responses.
For example, using Aurora-A as a tumor antigen for cellular
immunotherapy, as well as the reduction of tumor immunosup-
pression by Aurora-A inhibitors, are potential therapeutic strate-
gies157,158. Furthermore, to assess the benefit and accuracy of
targeted therapy, the application of specific biomarkers is critical.
For instance, MYC has been suggested to predict the sensitivity of
targeted Aurora-A therapy159.

In addition, since some ATP-competitive inhibitors have not
achieved expected effects, combination therapy is a promising
treatment strategy. Aurora-A was found to have synthetic lethality
in some gene-mutated tumors. To date, Aurora-A inhibitors have
synthetic lethality in RB1, ARID1A and MYC gene mutation tu-
mors, which also provides thoughts for the Aurora-A inhibitors
towards individual therapy. Additionally, Aurora-A inhibitors have
been demonstrated to have synergistic effects with conventional
chemotherapy, small molecular kinase inhibitors or mAbs, such as
mTOR inhibitor (ClinicalTrials.gov: NCT02719691). These
combinations could reduce the dosage of the Aurora-A inhibitors,
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enable low toxicity and enhanced anticancer efficacy. Hence,
targeted Aurora-A therapy may be beneficial to patients through
preventing cancer progression and overcoming the therapy
resistance.
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