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Summary

Controlled activation of the Aurora kinases regulates mitotic progression in normal cells.

Overexpression and hyperactivation of the Aurora-A and -B kinases play a leading role in

tumorigenesis, inducing aneuploidy and genomic instability. In squamous cell carcinomas of the

head and neck (SCCHN), overexpression of Aurora-A is associated with decreased survival, and

reduction of Aurora-A and -B expression inhibits SCCHN cell growth and increases apoptosis. In

this article, we provide a basic overview of the biological functions of Aurora kinases in normal

cells and in cancer, and review both small studies and high throughput datasets that implicate

Aurora-A, particularly, in the pathogenesis of SCCHN. Early phase clinical trials are beginning to

evaluate the activity of small molecule inhibitors of the Aurora kinases. We summarize the state of

current trials evaluating Aurora inhibitors in SCCHN, and discuss rational directions for future

drug combination trials and biomarkers for use with Aurora-inhibiting agents.

Introduction

Squamous cell carcinomas of the head and neck (SCCHN) encompass a heterogeneous

group of malignancies involving the oral cavity, oropharynx, larynx and hypopharynx.

Incidence of SCCHN worldwide accounts for more than 550,000 malignancies, and in the

United States, SCCHN occurs in an estimated 52,000 patients annually.[1, 2] Use of tobacco

and alcohol has traditionally been implicated as causative risk factors in the pathogenesis of

SCCHN. However, it is now known that infection with oncogenic HPV is also a leading risk

*corresponding author: Ranee Mehra, M.D., Fox Chase Cancer Center, 333 Cottman Ave., Philadelphia, PA 19111, (215) 214-4297,
Ranee.Mehra@fccc.edu.

Search strategy and selection criteria: English language journals and articles were reviewed. Databases included Medline, PubMed, as
well as those maintained by the TCGA, the Broad Institute, the Sanger Institute, Gene Expression Omnibus (GEO) and ArrayExpress.
Clinical trial information was obtained from clinicaltrials.gov and the American Society of Clinical Oncology abstract site. Trials
included those that involved inhibition of aurora kinase pathways. Search terms included aurora and head and neck.

Contributors: RM – literature search and review, writing of manuscript
IGS – implementation and analysis of genomic database search, figures
BB – guidance with literature and manuscript review, interpretation of literature
IA - literature search and review, writing of manuscript, figures
EAG – manuscript writing, manuscript review, interpretation of literature

Author conflicts of interest: Mehra - spouse is employee of GlaxoSmithKline
Burtness - funding from Boehringer Ingelheim and Genentech
Golemis - no conflicts of interest
Astsaturov - no conflicts of interest
Serebriiskii – no conflicts of interest

NIH Public Access
Author Manuscript
Lancet Oncol. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Lancet Oncol. 2013 September ; 14(10): e425–e435. doi:10.1016/S1470-2045(13)70128-1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



factor specifically for oropharyngeal disease[3], with the incidence of HPV-positive (HPV+)

SCCHN increasing in epidemic proportions.[4] While HPV+ oropharynx cancer typically

has a high chance of response to treatment and a good prognosis [5-7], HPV-negative

(HPV-) disease, with an incidence rate of 1.0 per 100,000 in the United States [4], is

notoriously refractory to the current standard of chemotherapy and radiation. In addition, the

treatment options for recurrent/metastatic disease are limited, with a median survival of 10

months.[8] Thus, there is a need for the study of novel therapeutic approaches in SCCHN to

improve these abysmal results.

Standard chemotherapies for SCCHN include platinum and taxanes, which exhibit direct

cytotoxic effects. Targeted therapies are emerging as potent tools for many cancers, and

have begun to impact therapeutic management of SCCHN. As one example, the epidermal

growth factor receptor is overexpressed on over 90% of SCCHN cells and targeting this

receptor is now a standard therapeutic approach.[8, 9] However, the single agent activity of

the monoclonal antibody cetuximab, which targets EGFR, is seen in only about 10% of

SCCHN.[10] A growing body of literature indicates that Aurora kinases are potentially

valuable targets in multiple malignancies, and are actionable given the development of

several Aurora kinase inhibitors. This review will focus on the role of Aurora kinases in

cancer development, particularly emphasizing data regarding the role of Aurora in SCCHN.

Biological Rationale for Aurora kinase inhibition in SCCHN

Aurora kinase function in normal cells and tumors

The Aurora serine-threonine kinases are important for cell cycle regulation. The Aurora

kinase family was initially discovered in 1995 and includes Aurora-A, -B and -C in

mammals.[11] Each of these kinases play multiple roles in the regulation of cell division,

including most importantly mitotic entry, assembly of the microtubule spindle, and

completion of cytokinesis. Aurora-A predominantly localizes to the centrosome, and

regulates centrosome maturation, entry into mitosis, formation and function of the bipolar

spindle, and cytokinesis. During the S-phase, Aurora-A starts to accumulate at the

centrosomes, with expression peaking in late G2. Aurora-A supports the centrosomal

maturation process, necessary to allow nucleation of microtubules to form the mitotic

spindle, and also for the centrosome to act as a signaling platform for mitotic regulators [12,

13]. During G2, Aurora-A physically associated with another critical mitotic kinase, PLK1,

[14-16], which promotes the recruitment of Aurora-A to centrosome and activation of the

CDK-activating phosphatase CDC25B (cell division cycle 25B) leading to mitotic entry

[17]. Aurora-B, localized at the centromere kinetochore, is a chromosomal passenger protein

that contributes to appropriate attachment and alignment of the mitotic spindle through

interaction with a distinct set of partners.[18] Aurora-B and -C share similar substrates and

functions and likely complement each other; however, as Aurora-C expression is

predominantly restricted to the testis, it has attracted much less interest.[19, 20] The basic

biology of Aurora-A and -B function has been extensively and recently reviewed.[21, 22]

Overexpression of Aurora kinases induces aneuploidy and genomic instability, which plays

a leading role in the pathogenesis of malignancy for many types of tumor.[23] Aurora-A

overexpression overrides the mitotic spindle checkpoint and leads to tetraploid cells with
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increased centrosome number that continue to divide in cells that lack a functioning G1

checkpoint and p53 pathway.[24, 25] The aneuploidy associated with overexpression of

Aurora-A is by itself detrimental and triggers the mitotic checkpoints and apoptosis [25-27].

Aurora-A physically or functionally associate with many other key targets involved in

tumorigenesis, with over 60 interacting partners have been defined (reviewed in [21, 28]).

Key functional interactions include NMyc, IkBa, AKT, RalA, p53, and others (Figure 1).

For example, Aurora-A phosphorylation of IκBα removes inhibition of NFκB, supporting

its transcription of pro-survival genes [29]; Aurora-A-dependent phosphorylation of RalA

stimulates cell migration. [30] Overexpression of Aurora-B correlates with poor outcomes in

colon cancer, anaplastic thyroid cancer, and glioblastoma.[31-33] For Aurora-B, survivin is

an important partner [34]. Finally, both Aurora kinases associate with Polo-like kinases and

some additional partners critical for oncogenic activity. For example, one mechanism by

which Aurora-A upregulation can contribute to cancer involves phosphorylation of p53 on

S315, which increases MDM2-dependent degradation of p53 [35]; conversely, binding of

p53 to Aurora-A can suppress Aurora-A activity, leading to elevated Aurora-A activation in

p53 mutant tumors.[36] Aurora-B also phosphorylates p53, at S183, T211, and S215,

accelerating its degradation through the polyubiquitination-proteasome pathway [37].

Aurora-A mRNA and protein expression

Elevated expression and enhanced activity of Aurora-A has been identified in solid tumors

since the 1990s, and is often associated with spread of Aurora-A beyond its normal

localization at the centrosomes throughout the cytoplasm and nucleus. In SCCHN cells, it

has been shown that accumulation of Aurora-A in the nuclear compartment is essential for

its role in oncogenesis.[38] In initial studies of the mechanism of overexpression, Reiter and

colleagues used RT-PCR and immunohistochemistry to quantify Aurora-A mRNA and

protein levels from 66 head and neck cancer tumors and normal squamous epithelium. This

revealed a correlated increase between Aurora-A mRNA and protein expression (p=0.003)

in tumors compared to normal tissue. Higher message levels of Aurora-A were associated

with a decreased overall survival (p<0.001) and disease free survival (p=0.03).[39] In a

retrospective analysis of laryngeal cancers, analysis of 37 paired samples by RT-PCR also

revealed increased expression of Aurora-A mRNA was present in tumor versus normal

tissue (p=0.001), correlated with lymph node metastasis and clinical stage. [40] An

additional study used IHC and Western analysis to evaluate Aurora-A protein expression in

63 paired specimens of normal tissue and SCCHN tumors. 65% of the SCCHN tumors were

strongly positive for Aurora-A, 19% moderately positive, and 15% negative, while the

paired normal tissue had low overall staining and minimal nuclear staining for Aurora-A.

Besides changes in expression, most tumors also showed elevated Aurora-A activity levels,

based on in vitro kinase assays of 8 normal and SCCHN tumor paired specimens. [41] In

explaining mechanism of overexpression, one small study reported amplification of Aurora-

A in 4/11 oral squamous cell carcinomas.[42] Aurora-A expression is well known to be

regulated by a balance of protein interactions that target it for, or protect it from, proteolytic

degradation (reviewed in [21]). One study in SCCHN cell lines found constitutive

phosphorylation of Ser-51 on Aurora-A resulted in decreased ubiquitylation and

degradation.[43]
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At Fox Chase Cancer Center, a retrospective analysis of Aurora-A and phospho-Aurora-A

expression was performed on archival tissue from 89 surgical specimens of SCCHN tumors.

[44] Utilizing the AQUA quantitative immunohistochemistry platform,[45] the median

value was used as the cut point between high and low expression. p16 expression, a well

characterized surrogate biomarker for the HPV+ disease [46-48], was used to sort tumors to

20 HPV+ (predominantly oropharyngeal) versus 69 subsets not associated with HPV

(predominantly oral cavity and laryngeal sites). Among the tumors not associated with HPV,

overall survival (OS) was greater among the tumors with low Aurora-A levels, with an OS

of 93.6 months, compared to 35.9 months. Expression did not predict OS among the HPV+

tumors, but the lack of statistical power prohibited firm conclusions.

Aurora-B mRNA and protein expression

Few studies have characterized Aurora-B expression in SCCHN. In one analysis, forty

SCCHN tumors were assayed for Aurora-B expression by IHC, compared to normal tissue

controls. Higher Aurora-B was associated with a more poorly differentiated phenotype,

increased multinuclear cells, increased lymph node metastases, and cellular proliferations.

[49] Aurora-B function is closely linked to interaction with a partner, survivin, in the cell

nucleus.[50] In SCCHN tissue, increased nuclear survivin expression correlated with

increased Aurora-B (r=0.368, p=0.004), and was associated with a poorly differentiated

phenotype (p=0.024) and decreased survival (p<0.0000).[34] These associations were not

observed with cytoplasmic survivin expression.

Large scale, genomic and transcriptome profiles of SCCHN

As of 2013, large scale data sets describing DNA and mRNA changes that characterize

SCCHN tumors removed by surgical resection, and HPV- SCCHN cell lines, are becoming

available from resources maintained at the TCGA, the Broad Institute, and the Sanger

Institute. A vast number of microarray data from smaller scale experiments, deposited in

such public databases as Gene Expression Omnibus (GEO) and ArrayExpress, reached a

“critical mass” for meaningful meta-analysis by such platforms as Oncomine and

Genevestigator. In some databases such as the TCGA, changes in gene expression can be

readily probed for predictive value in regard to overall survival. In general, this data

confirms and expands observations made in the smaller studies, described above. (Figures 2,

3).

Based on review of global mRNA expression data from 69 SCCHN tumors obtained using

the Human Genome 47K array to benchmark expression between tumor types, the average

expression of mRNA for Aurora-A is highest in SCCHN tumors compared to the other

tumor types studied in a very large data set that included many different types of

malignancies (Figure 2A). In contrast, Aurora-B expression did not differ significantly from

the average across tumor types. Complementary analysis using the TCGA data set at the

level of single SCCHN specimens indicates that among 292 SCCHN samples, only 7%

overexpress Aurora-A (Figure 2B), but this overexpression is linked with inferior survival

(Figure 2C). In contrast, while a similar fraction of tumors overexpress Aurora-B at some

level, in this case there is no linkage to survival (Figure 2D).
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These data confirm observations in earlier smaller studies indicating that Aurora kinases are

typically upregulated at the level of mRNA or by post-translational control. No mutations or

amplifications are identified in Aurora-A, and only limited mutation in Aurora-B (Figure

2B). We note that the analysis in Figure 2A indicates much higher mRNA levels of Aurora-

A in tumor derived cell lines, including SCCHN cell lines, than in primary tumors. This

striking difference suggests that selection of SCCHN and other tumors to survival on plastic

may pose very significant selective pressure that alters tumor biology. Indeed, the recent

study by Hennessey et al. notes profound differences in promoter methylation between

SCCHN cell lines versus tumor and xenograft data, sounding a note of caution in

extrapolating factors impacting mRNA expression from in vitro to clinical relevance.[55]

Increasingly, biological targets are studied as components of networks, rather than in

isolation, to gain insight into coordinated or compensated changes that involve oncogenic

changes in the target. For Aurora-A and –B, we initially compared profiles in the TCGA

data set with the expression and mutational profiles of EGFR and p53 – both well-validated

as linked to disease pathogenesis. No significant co-occurrence of alterations in p53 and

aurora kinases was detected based on Fisher's exact test. We then performed similar analysis

comparing expression of Aurora-A and –B with two well-characterized interacting partners,

TPX2 (for Aurora-A) and survivin/BIRC5 (for Aurora-B). Here the same analysis identified

significant co-occurrence of elevated expression levels of Aurora-A, Aurora-B, and TPX2

(p<0.05 in all cases). These may indicate specific functional interactions between this

subgroup of proteins relevant to SCCHN; alternatively, this may reflect an underlying higher

mitotic index of a subgroup of tumors, given the association of these three proteins with

mitosis.

Taking this approach further, use of network-building tools in the TCGA resource highlights

a subset of genes that physically and functionally interact with Aurora-A and –B, with a

graphical representation in which intensity of node color represents the frequency of change

in expression or mutation associated with SCCHN tumors (Figure 3). This immediately

emphasizes proteins directly associated with the Auroras that are frequently affected in

SCCHN: for instance, Aurora-A interactors GSK3β and AKT, which are well established as

contributing to tumor pathology, or the Aurora-B interactors SMC4 and NSUN2/Misu. In

silico analysis assessing whether these are positively or negatively correlated changes,

coupled with functional analysis of phenotypic interactions, should seed a substantial

number of testable hypotheses for new drug-drug combinations or prognostic biomarkers.

Finally, in all of these analyses, it is important to bear in mind that the Aurora kinases are

subject to very extensive regulation post-translation, including phosphorylations that control

their activity, and protein interactions that control rate of degradation. Some of the most

important post-translational regulatory proteins, such as FBXW7 for Aurora-A, are

emerging as tumor suppressors, and show variable expression in cancer; functional

interactions require critical assessment at the protein level.[56] Given that the field of tumor

proteomics has not yet caught up with genomics and transcriptomics, and faces technical

hurdles that limit sensitivity, emphasizing the need for careful, low-throughput studies to

evaluate mechanistic hypotheses.
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Many studies have addressed the functional changes that accompany overexpression of

Aurora-A in many types of tumor: results found in SCCHN cells generally are in accord

with biological findings in other tumor types (reviewed in [21]). Overexpression is typically

associated with elevated centrosome count and spindle abnormalities arising as a secondary

consequence of defective cytokinesis, and associated with aneuploidy. In addition, elevated

Aurora-A activity causes phosphorylation and increased activity of numerous proteins that

are downstream effectors of EGFR and Ras, including RalA and AKT, as well as NF-kB,

contributing to increased cell migration, invasion and survival. Cell cycle checkpoints are

defective, in part because of negative regulation of p53 and p73 by Aurora-A. Cells

overexpressing Aurora-A become addicted to its function, and susceptible to its inhibition.

To emphasize results in SCCHN, one study found that HEp-2-S laryngeal cancer cells

transfected with Aurora-A shRNA, knockdown of Aurora-A decreased the degree of

aberrant chromosomal segregation. In addition, decreased expression of Aurora-A in these

cells inhibited proliferation, migration and increased apoptosis.[57] This reduction in cell

growth reflected accumulation in the G2-M phase, altered mitotic checkpoint response, and

decreased expression of focal adhesion kinase (FAK), a tyrosine kinase that plays an

important role in cell migration and the development of metastases. [57]

Recently, Chou and colleagues reported intriguing data which suggests that regulation of

Aurora-A is in part mediated by the chromatin modifier protein, BMI1.[58] BMI1 supports

cancer stem cell renewal and the epithelial-mesenchymal transition (EMT) that often

precedes cancer invasion and metastasis. In hypopharyngeal cancer FaDu cells and other

SCCHN cell lines, ectopic expression of BMI1 elevated Aurora-A mRNA and protein

levels, while the reciprocal was seen following BMI1 knockdown. BMI1 regulation of

Aurora-A required activation of the Akt-b-catenin pathway and was attenuated by a PI3K

inhibitor. BMI1-induced EMT was mediated by Aurora-A interaction with GSK-3b and

stabilization of Snail, an EMT regulator. In clinical SCCHN specimens, co-amplification of

BMI1 and Aurora-A proteins was associated with a poor prognosis, suggesting that dual

inhibition of these targets may be worthy of exploration.

Clinical Trials of Aurora inhibitors in SCCHN

Interest in targeting Aurora kinase has led to the development of multiple small molecule

inhibitors of Aurora-A or B/C, as well as pan-Aurora inhibitors (Table 1).[59-63] Among a

large number of agents evaluated preclinically, the pan-Aurora-Agents AMG900 and

AT9283, the Aurora-A and -B targeting agents AZD1152, ZM447439, and ENMD2076, the

Aurora-A-specific agent MLN8237 (alisertib), and the Aurora-B/C inhibitor GSK1070916A

have progressed towards clinical trials.[21, 61, 64] The most advanced compound,

MLN8237 (alisertib), is being evaluated in phase II trials for multiple types of cancer and

phase III trials for the treatment of peripheral T-cell lymphoma [NCT01482962], and is

generally well tolerated. [61, 62] Neutropenia, mucositis associated with nausea, fatigue and

somnolence are the primary associated side effects, with neutropenia dose-limiting. [61, 62]

These toxicities reflect the particular requirement for Aurora kinases in highly proliferative

tissues.
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The clinical data of Aurora inhibitors in SCCHN is currently limited. For alisertib, disease

stability with over six cycles of treatment was observed in a limited number of patients with

SCCHN. A follow up phase I study was conducted, which was followed by a planned phase

2 expansion which includes a cohort for head and neck cancer (NCT01045421).[61, 62] It

seems likely that, as with many targeted therapies, development of future studies should

focus on combinations. A number of current and proposed combinations are discussed

below, and illustrated in Figure 4.

Another ongoing study in SCCHN involves the combination of cetuximab, alisertib, and

radiation for patients with newly diagnosed SCCHN. The concept for this study arose from a

preclinical, functional genomics screen of a protein-interaction enriched EGFR signaling

network [65] that revealed synthetic lethality between anti-EGFR agents and two related

scaffolding proteins, NEDD9 (a pro-metastatic factor in SCCHN [66] and other tumor types)

and its paralog BCAR1.[67] As a drug target closely interacting with NEDD9, Aurora-A

was evaluated for functional interaction with EGFR; dual inhibition with small molecules

showed synergistic effect in multiple cell lines. [26, 65] Of clinical benefit, cetuximab,

targeting EGFR, and MLN8237, targeting Aurora-A, exhibit non-overlapping toxicities. A

phase I study (NCT01540682) is the first in the clinical setting to study dual inhibition of

Aurora-A and EGFR with these agents in the curative setting for SCCHN, while an

additional phase I trial evaluates the effect of dual inhibition in non-small cell lung cancer

(NSCLC), comprising adenocarcinoma, large cell undifferentiated cancer, and squamous

cell carcinomas (NCT01471964).

A second independent study has shown benefit of dual inhibition of Aurora kinases and

EGFR in SCCHN, in this case using the pan-Aurora inhibitor R763 and the EGFR inhibitor

cetuximab. [68] This combination indicated additive inhibition of growth of SCCHN cell

lines compared to monotherapy, and resulted in a disruption of cytokinesis and increased

apoptosis. Interestingly, this study found additional benefit in dual inhibition of Aurora-A

and -B versus Aurora-A over treatment with MLN8237, setting the stage for a new clinical

trial proposal. Another interesting feature of this study was the observation that in a

retrospective analysis of 180 cases, dual overexpression of EGFR and Aurora-A was a

negative prognostic factor, compared to tumors with low expression of both of these

biomarkers (p=0.024).[68] However, potency of the R763/cetuximab combination was

independent of the degree of EGFR expression, suggesting translation of expression levels

to patient selection for trials will not be straightforward.

Additional trials for Aurora inhibitor combinations now in progress for other cancer types

suggest some potentially useful concepts for SCCHN. The idea of suppressing the

RAS/RAF/MEK/ERK pathway in combination with an Aurora-A inhibitor is now being

tested in a Phase I clinical trial (NCT01613261) in patients with non-hematological

malignancies. In vitro studies [69] demonstrated that the combination of a MEK inhibitor,

TAK-733, and alisertib/MLN8237 significantly reduced the ability of the cells to re-enter

the cell cycle after one mitosis compared to either drug alone, thus supporting an idea for

potential cooperation of the two pathways in driving cancer cell proliferation. Another study

addressed pazopanib (Votrient) a VEGFR family inhibitor which also has a beneficial off-

target activity against the Aurora-A and -B kinases.[70] A recent clinical trial in anaplastic
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thyroid carcinoma (ATC) demonstrated minimal activity of pazopanib monotherapy.[71]

However, synergistic pazopanib combination with paclitaxel produced a durable response in

one patient via a mechanism that involved an irreversible mitotic catastrophe in ATC cells,

potentially due in part to Aurora-A inhibition.[70] A similar concept is now being tested in a

Phase I clinical trial of the alisertib and pazopanib combination (NCT01639911) in solid

tumors.

Concepts for future trials of combination strategies involving Aurora

inhibitors

Docetaxel

Combination of Aurora kinase inhibitors with drugs interfering with mitotic spindle

formation is mechanistically based on the established role of Aurora kinases A and B in the

regulation of mitosis. Blocking both Aurora kinase and the microtubules assembly/

disassembly process with microtubule poisons, taxanes and vinca alkaloids, provides an

irreversible mitotic arrest. Inhibitors of aurora kinase, such as PF-03814735, have also

shown to cause additive growth inhibition in mouse colorectal xenografts when given in

combination with docetaxel.[63] This is consistent with results from Anand et al., in which

overexpression of Aurora-A induces increased resistance to taxanes, such as paclitaxel in

HeLa cells.[24] The interactions between taxanes and Aurora inhibitors have been

demonstrated as synergistic in multiple cancer preclinical models including colon [72, 73],

ovarian [15], B-cell lymphomas [74], esophageal and gastric cancer [75]. Early phase

clinical trials exploring combination of Aurora inhibitors with taxanes are ongoing with

myelosuppression being the main toxicity of the combination therapy ([76] and

NCT01094288). As synergistic cytotoxic effects have been observed from combining

siRNA depletion of Aurora-A with paclitaxel treatment of SCCHN cells[41], it is very

reasonable to explore a MLN8237-docetaxel combination in SCCHN.

SRC

NEDD9 and BCAR1, noted above as physically and functionally interacting with Aurora-A,

also physically interact directly with SRC [67], while functional analyses indicates that loss

of NEDD9 sensitizes cells to loss or inhibition of Src family kinases [77, 78]. Subsequent

direct testing of pharmacological inhibitors of SRC and Aurora kinases was strongly

synergistic in multiple ovarian epithelial carcinoma cell lines, and potently killed cells

entering mitosis [79] via interference with a post mitotic reattachment, and selective removal

of aneuploid cell populations. Inhibition of SRC with dasatinib has already been shown to

yield therapeutic benefit in SCCHN in treatment of cetuximab-resistant tumors.[80]

Evaluation of Aurora-And SRC inhibition in this population of patients may yield enhanced

therapeutic benefit.

HDACs

Although most studies of Aurora-A focus on its role at mitosis, a growing body of work

supports additional functions in non-mitotic cells (reviewed in [21]). Significantly, a study

identifying a role for Aurora-A kinase in regulating the cell cilium identified a direct
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interaction with HDAC6, a member of the histone deacetylase family that targets

microtubules.[81] Inhibition of HDAC6 activity by the small molecule inhibitor tubacin or

depletion of HDAC6 by siRNA in each case resulted in cilium stabilization.[81] Beyond

these functions being relevant to cilia, entry into mitosis also involves acetylation of ciliary

tubulin [82]. Reciprocally, in cancer cells, mRNA expression of Aurora-A and -B is

influenced by the status of histone acetylation [83]. Combined pharmacological blockade of

Aurora kinases and histone deacetylase has been shown as synergistic in preclinical models

of B-cell lymphoma [84] and has led to the testing of this combination therapy in the

patients with Hodgkin, B-Cell non-Hodgkin, or peripheral T-cell lymphoma

(NCT01567709). It may be promising to explore this approach in SCCHN.

Survivin

As noted above, the function of Aurora-B involves close interactions with survivin, a

nuclear and cytoplasmic localized protein which inhibits apoptosis and regulates mitosis.

[34, 85] The survivin inhibitor YM155 is currently in clinical trials (e.g., with paclitaxel and

carboplatin in patients with solid tumors (phase I) and advanced NSCLC (phase II)

(NCT01100931)). A combination of YM155 with either a pan-Aurora targeted agent, or an

Aurora-B-specific inhibitor such as GSK1070916A, may merit further exploration in

SCCHN.

Potential strategies for biomarker development

Both early focused experiments and large datasets from the TCGA and other resources make

it very clear that SCCHN exhibits heterogeneity, and that therapeutic gains may be realized

by optimizing treatments based on the molecular characteristics of each tumor. As there is

increasing clinical development of new targeted agents, and new combinations of existing

agents, it will be essential to develop biomarkers to help determine which patients will

benefit from inhibition of the Aurora kinases.[86] One current potential predictive

biomarker includes Aurora-A expression levels. However, while increased Aurora-A mRNA

and protein expression have been associated with decreased survival (Figure 3, and [39,

44]), it is not known if its overexpression is a biomarker of responsiveness to Aurora kinase

inhibition. For example, EGFR expression and response to cetuximab has been extensively

studied, and EGFR expression has not been validated as a predictive biomarker for EGFR

inhibition.[87]

Since Aurora kinase inhibition results in increased cellular accumulation in mitosis, both the

mitotic index and/or phosphorylated histone H3 levels have been studied as possible

pharmacodynamic markers to assess biologic activity of novel Aurora inhibitors.[60-62] An

increase in mitotic index, as measured in skin biopsies, was observed twenty-four hours after

dosing with the Aurora-A-specific compound MLN8237. Histone H3 phosphorylation,

which is associated with Aurora-B activity, has also been evaluated as a pharmacodynamic

marker in phase I trials.[88-90] The degree of mitotic cell chromosome alignment and

spindle bipolarity has been evaluated as well, and these are less apparent after treatment with

MLN8054, a preclinical Aurora-A inhibitor.[59] Blockade of Aurora kinase activity triggers

p53-mediated apoptosis in cells containing wild type p53, while loss of p53 upregulates

Aurora-A. Given the frequent occurrence of p53 mutations in a large subset of SCCHN
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tumors (Figure 3), this immediately parses SCCHN tumors into groups with and without

these signaling relationships. Prolonged mitosis following Aurora-B blockade has been

shown to activate p53 in the subsequent G1 phase via a new mechanism involving telomeres

de-protection [91], while Aurora-B directly phosphorylates p53 to induce its degradation

[37]. Together, these findings suggest investigation of p53 status as a biomarker of response

to Aurora-A inhibitors in SCCHN.

Finally, efforts towards personalized medicine are increasingly incorporating consideration

of drug targets as components of linear signaling cascades, or dense signaling networks.[92]

Mutational activation of a downstream effector predicts resistance to inhibition of an

upstream activator, while mutational activation or overexpression of an upstream component

suggests sensitivity to inhibition of a downstream effector. Concretely, in the signaling

relationship in which EGFR signals through Ras to PI3K and to Raf and MEK, an activating

mutation of Ras predicts resistance to EGFR targeting therapies [93],while tumors with

overexpressed EGFR are sometimes responsive to inhibitors of PI3K or Raf. As shown in

Figure 3, Aurora-A and -B are components of increasingly well studied signaling networks,

with some of their direct interactive partners or upstream activators overexpressed or

mutated in a subset of tumors. Study of such interactive maps should provide fertile ground

for the generation of hypotheses regarding predictive biomarkers, which could then be

evaluated in the context of a prospective clinical trial. Clear near-term candidates would

include expression of TPX2, NEDD9, or other post-translational activators for Aurora-A,

and survivin expression for Aurora-B.

Conclusions

The prognosis of patients with HPV- SCCHN and recurrent disease still remains poor, and

there is a pressing need for new treatment options. The Aurora kinases are emerging as a

potential therapeutic target in the treatment of SCCHN, with the first trials now underway

for Aurora inhibitors. Evaluation of the combination of these agents with cytotoxic therapies

or EGFR inhibitors is occurring in the near horizon. Studies in the middle distance will

likely focus on the integration of Aurora kinase inhibitors into combinations involving

EGFR inhibitors, taxanes, or radiotherapy for the treatment of SCCHN, and determine

whether inhibition of Aurora-A, Aurora-B, or the combination is most effective. In

subsequent years, the integration of genomic scale resources should yield considerable

insight into whether integrated patterns of gene expression accompany sensitivity to Aurora

inhibitors, and may yield robust biomarkers for response, and suggestions for effective

therapeutic combinations involving these inhibitors.
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Figure 1. Localization and function of Aurora-A and Aurora-B
Representation of Aurora-A (red) and Aurora-B (purple) kinase association with

intracellular structures during cell cycle. Association with partners of specific relevance for

cancer are indicated in inset circles. DNA/chromatin is indicated in teal; the centrosome and

mitotic spindle in gold. See text for details regarding functional interactions. CPC,

Chromosomal passenger complex. Graphic representation adapted from http://

en.wikipedia.org/wiki/File:Animal_cell_cycle.svg in Wikimedia Commons.
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Figure 2. Expression and mutational profile of Aurora proteins in SCCHN tumors
A. Publicly available microarray data from the Gene Expression Omnibus (GEO) [51] and

ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) databases were used by Genevestigator

portal https://genevestigator.com/[52] to generate expression meta-profiles, which make data

highly comparable between different experiments. Expression levels of Aurora-A (AURKA)

and Aurora-B (AURKB), and other genes noted in the text across a range of cancer types

were plotted using Genevestigator software. X-axis, log2 scale. B. Analysis of the Head and

Neck Squamous Cell Carcinoma subset of TCGA data[53] (from a provisional release of

310 samples) were analyzed using the cBio portal. [54] The displayed Oncoprint, generated

by the cBio portal, shows individual samples as vertical columns, with the alterations on

each gene as shown in the graphic legend embedded in the figure: not all specimens with

only mutated p53, or with no mutations, are shown. High gene expression is defined as

having a z score >2 based on reference (matched normal) sample population. IQR,

interquartile range (defines expression of 25-75% of all genes) C. Kaplan-Meier plot

comparing survival for high and low expression cohorts in regard to Aurora-A and Aurora-

B, based on TCGA data.
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Figure 3. A SCCHN network for Aurora-associated proteins
A network was generated around the Aurora-A (AURKA) and Aurora-B (AURKB) proteins

was generated by the cBio portal [54] using data from Pathway Commons regarding protein-

protein (HPRD), enzymatic (Reactome ) and pathway (NCI-Nature Pathway Interaction

Database) interactions. Of all neighbors of the seed genes (AURKA & AURKB), the 50

most frequently altered in the SCCHN subset of TCGA data are shown. All proteins are

identified by official gene symbol. Node coloring (white to red: low to high) reflects the

combined frequency of all alterations for a given gene. Blue and green arrows represent

enzyme-substrate interactions. The group of proteins circled by a dashed line represents a

large group of coordinately regulated proteins found in a mitotic complex with Aurora-B at

the centromere/kinetochore. Detailed information (i.e., copy number alterations, expression

change, frequency of mutations) can be viewed for each gene in a network generated for

AURKA and AURKB on http://www.cbioportal.org/.
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Figure 4. Aurora combination therapies and interrelation of drug targets
Aurora-A (AURKA) and Aurora-B (AURKB) inhibitors (orange shading) block processes

required for mitosis. Productive therapeutic combinations involve small molecules and

antibodies targeting proteins influencing cell proliferation and survival signaling, or

cytotoxics inducing DNA damage and mitotic checkpoints (drugs indicated in pink shading).

See text for details.
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Table 1

Agent Target (IC50)

AMG900 Aurora A (5 nM)

Aurora B (4 nM)

Aurora C (1nM)

MLN8237 Aurora A (61 nM)

AZD1152 Aurora A (1369 nM)

Aurora B (.36 nM)

Aurora C (17 nM)

PHA-739358 Aurora A (13 nM)

Aurora B (79 nM0

Aurora C (61 nM)

Tozasertib Aurora A (0.6 nM)

Aurora B (18 nM)

Aurora C (4.5 nM)

AT9283 Aurora A (3 nM)

Aurora B (3 nM)

ENMD2076 Aurora A (13 nM)

Aurora B (350 nM)
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