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Abstract Aurora kinases (AKs) regulate multiple com-

ponents of mitotic cell division in eukaryotic cells. Aurora

A is frequently amplified or overexpressed in breast cancer

cells leading to aberrant chromosome segregation, genomic

instability, and activation of oncogenic pathways. In the

present studies, we determined the effects of treatment with

the pan-AK inhibitor MK-0457 and/or the pan-histone

deacetylase inhibitor vorinostat against human breast can-

cer cells that were either ER-, PR-, and HER2- (MDA-MB-

468 and MDA-MB-231) or exhibited Aurora A amplifica-

tion (BT-474 and MDA-MB-231 cells). Treatment with

MK-0457 depleted p-AKs levels and their activity, as well

as induced G2/M accumulation, DNA endoreduplication,

multipolar mitotic spindles, and apoptosis of the breast

cancer cells. Similar apoptotic effects were observed with

treatment with the Aurora A-specific inhibitor, MLN8237.

Treatment with vorinostat induced hsp90 acetylation and

inhibited its chaperone association with AKs, leading to

depletion of AKs and Survivin. Exposure of the siRNA to

AK A also induced apoptosis, which was augmented by co-

treatment with MK-0457 and vorinostat. Co-treatment with

vorinostat enhanced MK-0457-mediated inhibition of the

activities of Aurora A and Aurora B, leading to synergistic

in vitro activity against human breast cancer cells. Co-

treatment with MK-0457 and vorinostat also caused greater

tumor growth inhibition and superior survival of mice

bearing MDA-MB-231 xenografts. These pre-clinical

findings indicate that combined treatment with a pan-AK

inhibitor or an Aurora A-specific inhibitor and vorinostat

represents a novel therapeutic strategy for the treatment of

Aurora A-amplified and/or triple negative breast cancers.
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Introduction

The Aurora kinases (AKs), Aurora A, Aurora B, and

Aurora C, are a family of evolutionarily conserved serine/

threonine kinases [1, 2]. AKs function to regulate mitotic

spindle formation, chromosome segregation, centrosome

duplication, and cytokinesis during mitosis [3, 4]. The gene

encoding Aurora A is on the chromosome 20 (20q13), a

region that is frequently amplified in pancreatic, colon,

bladder, ovarian, and breast cancers [5–7]. Overexpression

of Aurora A in cancer cells leads to aberrant chromosome

segregation, genomic instability, and activation of onco-

genic pathways [3, 4, 6, 8]. In normal cells, ectopic over-

expression of Aurora A causes transformation, leading to

aberrant chromosome segregation, genomic instability, and

activation of oncogenic pathways [6, 8, 9]. Recently,

Aurora A and Aurora B were identified as part of a gene

expression signature that predicted poor prognosis [10].

Novel targeted agents which inhibit the activities of Aurora

A and/or Aurora B have been developed and are being

tested for anti-tumor efficacy [1, 2, 11, 12]. MK-0457
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(VX-680) is a small molecule pan-AK inhibitor with

inhibition constants (Ki) of 0.6, 18.0, and 4.6 nmol/L,

respectively [2, 13, 14]. MK-0457 inhibits the auto-phos-

phorylation of Aurora A and Aurora B at threonine 288 and

threonine 234, respectively [14, 15]. MK-0457 treatment is

also known to deplete Histone H3 Serine 10 phosphory-

lation, inhibit cell division, cause misalignment of the

chromosomes, and induce DNA polyploidy [13–15]. In

transformed cells with mitotic checkpoint errors, MK-0457

treatment blocks cell cycle progression leading to accu-

mulation of the cells with greater than 4N DNA content, as

well as causes mitotic slippage (early exit from mitosis),

thereby inducing apoptosis [14, 15].

Vorinostat is a class I and II histone deacetylase

(HDAC) inhibitor (HDI) [16, 17]. Treatment with vorino-

stat alters the expression of up to 10 % of the genes in

transformed cells [18, 19]. Vorinostat treatment induces

p21 and p27, up-regulates pro-apoptotic proteins, e.g.,

BAX, BAK, and BIM, and depletes anti-apoptotic proteins

e.g., BCL-2, BCL-xL, MCL-1, XIAP, and Survivin in

breast cancer cells [20–22]. Vorinostat was shown to dis-

rupt mitosis in breast cancer cells by inducing cell-cycle

G2 phase accumulation and by inducing mitotic slippage in

HeLa cells [21–23]. Treatment with pan-HDI such as

vorinostat has also been shown to decrease the levels of

p-Ser10 Histone H3 and induce accumulation of cells in the

G2 phase of the cell cycle [24]. Further, by inhibiting

HDAC6, a predominantly cytosolic HDAC known to de-

acetylate hsp90, treatment with vorinostat induces hsp90

hyperacetylation, which inhibits the chaperone function of

hsp90 [21, 25]. This directs the hsp90 client proteins, e.g.,

c-RAF, AKT, ERa, and HER2/neu, in breast cancer cells to

polyubiquitylation and degradation by the 26S proteasome

[20–22, 25]. Recently, AKs were shown to exhibit chap-

erone association with hsp90, and HDI-mediated inhibition

of the chaperone function of hsp90 was shown to deplete

the levels of AKs [26, 27]. Treatment with vorinostat also

demonstrated in vivo anti-tumor activity against breast

cancer models, and has been evaluated in phase I and II

clinical trials in advanced malignancies [16, 17, 28–31].

The ‘‘triple negative’’ breast cancer (TNBC) is an aggres-

sive form of breast cancer characterized by the lack of

hormone receptors (estrogen and progesterone receptors)

and HER2/neu expression, for which specific and effective

systemic treatment options need to be developed [32, 33].

In the present studies, we determined the in vitro and in

vivo anti-tumor activity of the combination of vorinostat

and MK-0457 against ‘‘triple negative’’ and/or Aurora

A-amplified breast cancer cells. Because MK-0457 is no

longer in clinical development, we also determined the

effects of treatment with an Aurora A-specific inhibitor,

MLN8237 alone, and in combination with vorinostat

against TNBCs.

Methods and materials

Reagents and antibodies

MK-0457 and vorinostat were kindly provided by Merck &

Co., Inc. (North Wales, PA). The Aurora A-specific

inhibitor, MLN8237, was obtained from Selleck Chemicals

LLC (Houston, TX). All antibodies used here were

obtained as previously described [25, 27].

Cell lines and cell culture

MDA-MB-231, MDA-MB-468, and BT-474 cells were

obtained from ATCC and cultured as described [21, 22].

Logarithmically growing cells were used for the studies.

Cell cycle analysis

Following the designated treatments, cell cycle analysis

was performed as previously described [27].

Assessment of apoptosis by annexin-V staining

Untreated or drug-treated cells were stained with annexin-

V (Pharmingen, San Diego, CA) and propidium iodide

(PI), and the percentage of apoptotic cells was determined

by flow cytometry [21, 25, 27]. Combination indices for

each drug combination was obtained by median dose effect

analysis utilizing Calcusyn (Biosoft, Ferguson, MO) [34].

Cell lysis and protein quantitation

Untreated or drug-treated cells were harvested and cell

pellets were washed with 19 PBS, then lysed, and quan-

titated as previously described [21, 27].

Immunoprecipitation of hsp90 and immunoblot

analyses

Following the designated treatments, immunoprecipitation

and immunoblotting of hsp90 was performed as previously

described [25]. Immunoblot analyses with specific anti-

bodies against acetyl-K69 hsp90, Aurora A, Aurora B, or

total hsp90 levels were performed on the immunoprecipi-

tates [27].

SDS-PAGE and immunoblot analyses

Western blot analyses of p-Aurora A/B, Aurora A, Aurora

B, Survivin, pSer10 Histone H3, and Histone H3 were

performed on total cell lysates using specific antisera or

monoclonal antibodies as described [27, 35]. The expres-

sion levels of b-actin were used as the loading control for
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the Western blots. Immunoblot analyses were performed at

least twice and representative blots were subjected to

densitometric analysis. Densitometry was performed using

ImageQuant 5.2 (GE Healthcare, Piscataway, NJ).

In vivo model of breast cancer

MDA-MB-231 cells (5 million) were injected into the

mammary fat pad of female NOD/SCID mice. Tumor

growth was monitored by external caliper measurement.

Treatment with MK-0457 and/or vorinostat was initiated

when mean tumor volume was approximately 100 mm3 for

all groups. MK-0457 was diluted in 100 % DMSO and

administered by intraperitoneal injection at 25 mg/kg IP

twice daily 5 days per week for 2 weeks. Vorinostat was

diluted in DMSO and administered by IP injection at a dose

of 25 mg/kg once a day 5 days per week for 2 weeks.

General condition of the mice was monitored daily. Mice

were humanely euthanized when tumor volumes exceeded

1,500 mm3. Survival of the mice is represented by Kaplan–

Meier plot as previously described [36]. A log rank sum

test was used to compare the differences in the survival of

mice treated with vorinostat or MK-0457 and mice treated

with the combination.

Statistical analysis

Significant differences between values obtained in a pop-

ulation of breast cancer cells treated with different exper-

imental conditions were determined using the Student’s

t test. P-values of \0.05 were assigned significance. Dif-

ferences between breast cancer cells transfected with

siRNA followed by treatment with MK-0457 and vorino-

stat were determined by one-way ANOVA with a Tukey’s

multiple comparison test. P-values of\0.05 were assigned

significance. For the in vivo studies, differences in the

mean tumor volume between single agent treatment

cohorts and the combination cohort were calculated with a

two-tailed, paired t test. P-values \0.05 were assigned

significance.

Results

Treatment with MK-0457 induces loss of Aurora kinase

activity in breast cancer cells

We first determined the gene copy number of Aurora A in

breast cancer cells. MDA-MB-231 and BT-474 cells con-

tained increased copy numbers of the Aurora A gene (gene

amplification) as determined by fluorescence in situ

hybridization (FISH) utilizing a probe containing the entire

Aurora A gene and an additional 71-kb of the downstream

sequence of the long arm of chromosome 20 (20q13.2)

(Fig. 1a). MDA-MB-468 cells did not exhibit any copy

number alteration in the Aurora A gene. These findings

were confirmed by CGH array (data not shown). We cor-

related our FISH results with immunoblot analyses of

Aurora A protein expression in the same number of cells

for each cell line. As demonstrated in Fig. 1b, MDA-MB-

231 cells and BT-474 exhibit significantly greater expres-

sion of Aurora A per cell as compared to MDA-MB-468.

Treatment with MK-0457 (20–100 nmol/L) inhibited

Aurora kinase activity as measured by a decrease in levels

of auto-phosphorylated Aurora A and depletion of phos-

phorylated Serine 10 on Histone H3 (Fig. 1c–e), a marker

for Aurora B inhibition, while the levels of Aurora A and

total Survivin were unaffected [2, 37, 38].

MK-0457 treatment induces cell cycle arrest,

endoreduplication, apoptosis, and multi-polar spindle

formation in human breast cancer cell lines

We next determined the effects of MK-0457 treatment on

the cell cycle status of MDA-MB-231, MDA-MB-468, and

BT-474. As demonstrated in Fig. 2a, treatment with MK-

0457 dose-dependently induced accumulation of cells in

the G2/M phase with a concomitant decline in the G1 and S

phases of the cell cycle. Following 24 h of treatment with

100 nmol/L of MK-0457, greater than 80 % of cells were

in the G2/M phase of the cell cycle in MDA-MB-231 and

MDA-MB-468 cells. BT-474 cells were relatively less

sensitive to the cell cycle effects of MK-0457. MK-0457

treatment also dose-dependently induced apoptosis in

MDA-MB-231, MDA-MB-468, and BT-474 cells, with

approximately 40 % of cells showing apoptosis, following

exposure to 250 nmol/L of MK-0457 (Fig. 2b). The

apoptotic effect on MDA-MB-468 plateaued at 50 nmol/L

MK-0457, and following exposure to 250 nmol/L of MK-

0457, MB-468 cells were as sensitive to the effects of MK-

0457 as MDA-MB-231 cells (Fig. 2b). MDA-MB-231 cells

treated with 50 nmol/L of MK-0457 for 24 h demonstrated

an increase in the number of cells with 4N DNA content,

with a 2.6-fold increase in the number of polyploid cells as

well as an increase in the % apoptotic (sub-G1) cells

(Fig. 2c). Treatment with MK-0457 for 48 h induced

endoreduplication (cell with greater than 4N DNA con-

tent). Treatment with C20 nmol/L MK-0457 for 48 h also

induced DNA endoreduplication in MDA-MB-468 cells

(Online Resource 1). These effects were notable following

exposure to 100 nmol/L of MK-0457, but declined after

exposure to 250 nmol/L, most likely due to an increase in

the % of apoptotic cells with less than 2N DNA content

(sub-G1 cells) (Online Resource 1). We also determined
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the effects of treatment with an Aurora A-specific inhibitor,

MLN8237 (MLN), against MDA-MB-231 and MDA-MB-

468 cells. Although treatment with MLN for 48 h induced

dose-dependent apoptosis of both MDA-MB-231 and

MDA-MB-468 cells, the MDA-MB-231 cells demonstrated

significantly greater sensitivity compared to the MDA-MB-

468 cells. In addition, treatment with 20–100 nmol/L MK-

0457 or 0.5 lmol/L of vorinostat for 24 h resulted in the

development of aberrant mitosis showing multiple spindle

poles, as revealed by immunofluorescent staining of a-

tubulin, Aurora A, and Aurora B followed by confocal

immunofluorescent microscopy (Fig. 3; Online Resource

2). Aurora A localized to the mitotic spindle and the cen-

trosomes, while Aurora B staining localized with the

chromatin (Fig. 3). MK-0457 treatment had no effect on

the staining intensities of Aurora A or Aurora B, whereas

vorinostat treatment resulted in the loss of the signal

intensity for Aurora A.

Vorinostat disrupts chaperone binding to hsp90

and depletes levels of Aurora A and Aurora B

in breast cancer cells

We next determined the effects of vorinostat on Aurora A

mRNA levels. Treatment with vorinostat for 16 h resulted

in a 42 % decline in the levels of Aurora A mRNA in

MDA-MB-231 cells (Fig. 4a). Vorinostat treatment for

24 h also markedly depleted Aurora A, Aurora B, and

Survivin protein levels in a dose-dependent manner, which

was associated with induction of hsp70 levels in the breast

cancer cells (Fig. 4b). We next determined whether vori-

nostat-mediated depletion of Aurora A and Aurora B was

due to inhibition of their chaperone association with hsp90.

Figure 4c demonstrates that exposure to vorinostat for

intervals as short as 8 h induced hsp90 hyperacetylation in

MDA-MB-468 and MDA-MB-231 cells, as determined by

immunoblot analyses utilizing an acetylated lysine 69 and

lysine 100-specific hsp90 antibodies [25]. Hsp90 hyper-

acetylation was associated with inhibition of its chaperone

function and abrogation of the binding of Aurora A and

Aurora B with hsp90 (Fig. 4c). Similar findings were

observed in BT-474 cells treated with vorinostat (Online

Resource 3a). Following exposure to vorinostat for 8 h, we

also observed depletion of the levels of Aurora in total cell

lysates as well as induction of hsp70 (Fig. 4c). We next

determined whether vorinostat-mediated depletion of

Aurora A and Aurora B was due to proteasomal degrada-

tion. Figure 4d demonstrates that, in MDA-MB-231 cells,

depletion of Aurora A, Aurora B, Survivin, and c-Raf by

vorinostat was partially restored by co-treatment with the

proteasome inhibitor bortezomib (BZ). Levels of the hsp90

client protein c-Raf served as a positive control. These data
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Fig. 1 Treatment with MK-0457 depletes the activity of Aurora

kinases in triple negative and Aurora A-amplified breast cancer cells.

a FISH analysis of the Aurora A locus in MDA-MB-468 (non-

amplified), MDA-MB-231, and BT-474 cells. b Immunoblot analysis

of Aurora A from 1 million MDA-MB-468, MDA-MB-231, or BT-

474 cells. Equal volume (15 lL) of cell lysate from each cell line was

used for Aurora A determination. The expression levels of b-actin in

the lysates served as the loading control. c–e Immunoblot analyses of

p-Aurora A, Aurora A, Aurora B, p-Ser10 Histone H3, Histone H3,

and b-actin after 24 h treatment with MK-0457
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indicate that vorinostat-mediated depletion of Aurora A

and Aurora B is at least partially due to the disruption of

chaperone association of Aurora A and Aurora B with

hsp90 leading to their degradation by the 26S proteasome.

Vorinostat enhances Aurora kinase inhibitor-mediated

apoptosis in breast cancer cells

We next determined the effects of vorinostat and/or MK-

0457 on the levels and activity of AKs. Figure 5a

demonstrates that treatment with 1.0 lmol/L of vorinostat

alone attenuated the levels of Serine 10-phosphorylated

Histone H3 in MDA-MB-231 and BT-474, associated with

the decline in the levels of Aurora B and Aurora A

(Fig. 5a; Online Resource 3b). Consistent with the decline

in Aurora kinase A and B levels and activities, vorinostat

attenuated total Survivin levels. Notably, co-treatment with

vorinostat (1.0 lmol/L) and MK-0457 (20–50 nmol/L)

caused greater depletion of pSer10 on Histone H3 than

treatment with either agent alone (Fig. 5a). As compared to
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Fig. 2 MK-0457 induces G2/M arrest, apoptosis, and endoredupli-

cation in human breast cancer cells. a Cell cycle status of MDA-MB-

231, MDA-MB-468, and BT-474 cells treated with the indicated

concentrations of MK-0457 for 24 h. Values represent the mean of

three experiments ±SEM. b Percentage of apoptotic cells following

48 h treatment with MK-0457. c Percentage of 2, 4, and 8N cells

following 24 and 48 h treatment with MK-0457. The percentage of

cells with less than 2N DNA content (Sub-G1) cells was also

calculated. Values represent the mean of three experiments. d Per-

centage of apoptotic cells following 48 h treatment with MLN8237.

Columns represent the mean of three experiments; Bars represent the

standard error of the mean
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treatment with each agent alone, co-treatment with vori-

nostat also significantly enhanced MK-0457-induced

apoptosis of MDA-MB-231 cells (Fig. 5b) and BT-474

cells (Online Resource 3b) (P \ 0.05). Notably, combined

treatment with vorinostat and MK-0457 synergistically

induced apoptosis of MDA-MB-231 (Fig. 5c) and BT-474

cells (Online Resource 3c), as determined by the median

dose effect analysis described by Chou and Talalay

(Fig. 5c; Online Resource 3d). For MK-0457 and vorino-

stat, the combination index (CI) values were less than 1.0

for all the tested doses of the two drugs. Similar synergistic

effects of the combination were also noted against MDA-

MB-468 cells (data not shown). We also determined the

effects of combined treatment with vorinostat and

MLN8237 against MDA-MB-231 and MDA-MB-468 cells.

Similar to the effects observed with MK-0457, combined

treatment with vorinostat and MLN8237 synergistically

induced apoptosis of MDA-MB-231 (Fig. 5d; Online

Resource 4a) and MDA-MB-468 cells (Online Resource

4b–c). This was associated with greater decline in p-Aurora

A and Aurora B, and greater depletion of pSer10 on His-

tone H3 (Fig. 5e).

Alpha 
Tubulin Aurora B Merge

Control

20 nM MK-0457

100 nM MK-0457

MDA-MB-231

Aurora A

10µm

0.5 µM vorinostat

Fig. 3 MK-0457 or vorinostat treatment induces multi-polar spindle

formation in breast cancer cells. Confocal immunofluorescent

microscopy of a-tubulin, Aurora A, and Aurora B following 24 h

treatment with MK-0457 or vorinostat. Cells were imaged by

confocal microscopy with a 63 9 1.2 NA objective. Scale bar
indicates 10 lm
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Depletion of Aurora A by siRNA enhances MK-0457

and vorinostat-mediated cytotoxicity

in MDA-MB-231 cells

We next determined whether siRNA-mediated depletion of

Aurora A would have similar effects as vorinostat on MK-

0457-mediated inhibition of Aurora kinase activity.

Exposure to siRNA for 48 h was more effective than 72 h

in depleting Aurora A levels (Fig. 6a). Notably, Aurora A

knockdown by siRNA followed by treatment with vori-

nostat resulted in further depletion of Aurora A levels

(Fig. 6b). Knockdown of Aurora A by siRNA resulted in

approximately twofold increase in the sensitivity of MDA-

MB-231 cells to 50 and 250 nmol/L of MK-0457 compared

to control siRNA transfected cells (P \ 0.05 by one-way

ANOVA with Tukey’s multiple comparison test) (Fig. 6c).

Knockdown of Aurora A also enhanced vorinostat-induced

cell death compared to control siRNA transfected cells

(P \ 0.05 by one-way ANOVA with Tukey’s multiple

comparison test), as determined by % increase in the PI

(propidium iodide) stained cells, although this effect was

not as pronounced as co-treatment with MK-0457

(Fig. 6d).

Co-treatment with MK-0457 and vorinostat exerts

greater in vivo anti-tumor activity against breast cancer

We next determined the effects of MK-0457 and/or vori-

nostat against breast cancer xenografts implanted into the

mammary fat pad of female NOD/SCID mice. As shown in

Fig. 7a, as compared to vehicle alone, treatment with MK-

0457 delayed tumor growth over the duration of the
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hsp70, and b-actin, following 24 h treatment with vorinostat.

c Immunoblot analyses of Aurora A, Aurora B, Acetyl K69 hsp90,

and hsp90 in immunoprecipitates of hsp90 following 8 h treatment

with vorinostat. Immunoblot analyses were also performed on the

total cell lysates. The expression levels of b-actin in the lysates served

as the loading control. d Immunoblot analyses of Aurora A, Aurora B,
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and/or bortezomib. The numbers underneath the bands represent
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vorinostat. Values represent the mean of three experiments ±SEM.

c–d Isobologram analyses of MDA-MB-231 cells treated with MK-

0457 or MLN8237 and vorinostat for 48 h. Combination indices (CI)

were calculated utilizing the commercially available software Calcu-
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treatments. Further, co-treatment with MK-0457 and vori-

nostat resulted in significantly greater inhibition of tumor

growth than treatment with each agent alone (P \ 0.05 by

two-tailed, paired t test). In order to determine the effect of

MK-0457 and/or vorinostat on the survival of the tumor-

bearing mice, mice with established tumors (*100 mm3)

were treated for 2 weeks, during which the tumor growth

was monitored. The survival data were plotted in a Kaplan–

Meier plot (Fig. 7b). As shown, co-treatment with MK-0457

and vorinostat yielded significantly superior survival com-

pared to treatment with either agent alone (MK-0457 vs

combination [P = 0.031]; vorinostat vs combination

[P = 0.001]). (Fig. 7b). At the dosage administered, treat-

ment with MK-0457 and/or vorinostat did not induce any

weight loss or other notable toxicity. As shown in Fig. 7c,

co-treatment with MK-0457 and vorinostat caused greater

attenuation in the levels of p-Aurora, Aurora A, and Survivin

than treatment with either agent alone. It is noteworthy that

treatment with vorinostat induced in vivo hyperacetylation

of hsp90 in the tumors, as demonstrated by immunoprecip-

itation and immunoblot analyses with the site-specific anti-

acetylated K69 or K100 hsp90a antibodies (Fig. 7d).

Immunoblot analyses on the total cell lysates from the har-

vested tumors confirmed the immunoprecipitation findings.

It is also noteworthy that in a recent trial of vorinostat

administered to patients with metastatic breast cancer,

vorinostat was demonstrated to induce in vivo hyperacety-

lation of hsp90 and inhibition of hsp90 chaperone function,

as evidenced by depletion of AKT and c-RAF levels in the

tumor biopsy samples obtained from patients who had sur-

gically accessible tumors [39, 40].

Discussion

In the present studies, we demonstrate that treatment with

the pan-AK inhibitor MK-0457 causes marked accumula-

tion of the cultured TNBC and Aurora A-amplified breast

cancer cells in the G2/M phase of the cell cycle, while also

inducing endoreduplication of the DNA, multi-polar

mitotic spindle formation, mitotic slippage, and apoptosis.

MK-0457 is known to induce endoreduplication in cells
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Fig. 6 Depletion of Aurora A by siRNA enhances MK-0457 or

vorinostat-mediated cell death of Aurora A-amplified breast cancer

cells. a Immunoblot analyses of Aurora A, Survivin, and b-actin in

cells transfected with scrambled or Aurora A siRNA. b Immunoblot

analyses of p-Aurora A, Aurora A, Aurora B, and b-actin in cells

transfected with siRNA for 48 h and treated with vorinostat for 24 h.

c–d Cell death of MDA-MB-231 cells transfected with Aurora A

siRNA and then treated with vorinostat (1 lM) or MK-0457 (50 and

250 nM) for 48 h measured by PI staining. Values represent the mean

of three experiments ±SEM. *indicates cell death values significantly

greater (P \ 0.05 as determined by one-way ANOVA with a Tukey’s

multiple comparison test) in Aurora A siRNA transfected cells

compared to control siRNA transfected cells treated with MK-0457 or

vorinostat
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with a compromised post mitotic checkpoint and allows

cells to proceed through S-phase without undergoing cell

division and cytokinesis [15, 21]. Cells which fail to divide

accumulate greater than 8N DNA content and ultimately

undergo cell death [15, 21]. It is noteworthy that in our

studies the effects of MK-0457 were seen regardless of the

copy numbers and gene amplification of Aurora A in the

breast cancer cells. Treatment with MK-0457 inhibited

p-Aurora A and p-Aurora B levels in the breast cancer

cells, suggesting that it inhibits the autophosphorylation

activities of Aurora A and Aurora B. MDA-MB-468 cells

(without Aurora A amplification) were more sensitive than

MDA-MB-231 cells (with Aurora A amplification) to the

lower concentrations of MK-0457 for the induction of

apoptosis. However, this difference was eliminated fol-

lowing exposure to higher concentration of MK-0457

(250 nmol/L). It also appears that MK-0457 had similar

effects on Aurora B activity, since MK-0457 treatment

attenuated p-Ser10 on Histone H3, a known substrate of

Aurora B in the breast cancer cells [1, 2]. We also dem-

onstrated that treatment with the Aurora A-specific inhib-

itor MLN8237, induced dose-dependent apoptosis more in

breast cancer cells with Aurora A amplification than cells

without Aurora A amplification.

Clinically achievable concentrations of vorinostat

induced lysine-specific (lysine 69 and lysine 100) hyper-

acetylation of hsp90. Vorinostat-mediated hsp90 acetylation

caused inhibition of the chaperone function of hsp90 as

demonstrated by induction of hsp70 levels. This was asso-

ciated with inhibition of chaperone association with hsp90,

proteasomal degradation, and depletion of the levels and

activity of Aurora A and Aurora B. Following co-treatment

with the proteasome inhibitor bortezomib, incomplete res-

toration of vorinostat-mediated depletion of Aurora A and

Aurora B levels suggests that attenuation of the mRNA

levels contributes to the overall decline in the levels of

Aurora A and Aurora B by vorinostat in the breast cancer

cells. In the present studies, we demonstrate for the first time
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million MDA-MB-231 cells were implanted into the mammary fat

pad of NOD/SCID mice. Treatment commenced 13 days after

implantation of the cells, when palpable tumors (mean volume

100 mm3) were evident in the animals (designated as day 1). Mice

were treated with 25 mg/kg of vorinostat and/or 25 mg/kg of MK-

0457 for 14 days. Data are presented as mean tumor volume (±SE) of

the animals in each treatment group. *indicates tumor growth values

significantly less (P \ 0.05 by two-tailed paired t test) in combination
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that combined treatment with vorinostat and MK-0457 or

MLN8237 synergistically induces apoptosis of TNBC and

Aurora A-amplified breast cancer cells. This was associated

with greater decline in the levels of p-Aurora A, Aurora B,

and p-Ser10 Histone H3. Targeted attenuation of Aurora A

contributed to the synergistic effect of the combination,

since siRNA-mediated knockdown of Aurora A induced cell

death of MDA-MB-231 cells, which was further enhanced

by co-treatment with vorinostat. It is noteworthy that com-

bined treatment with Aurora A siRNA and MK-0457 treat-

ment induced more cell death than treatment with each agent

alone. These findings are consistent with our previous report

showing that co-treatment with vorinostat, which also low-

ers the levels of HER-2, significantly enhances the activity

of trastuzumab against HER2-amplified breast cancer cells

[22].

Present findings also demonstrate that vorinostat induces

in vivo hyperacetylation of hsp90 in the MDA-MB-231

breast cancer xenografts. This was also observed in pri-

mary breast cancer samples collected from patients

receiving treatment with vorinostat [39, 40]. As compared

to the treatment of the mice orthotopically implanted with

MDA-MB-231 cells with each agent alone, combined

treatment with vorinostat and MK-0457 caused greater in

vivo depletion of p-Aurora A, Aurora B, and Survivin

levels in the MDA-MB-231 tumors. Importantly, co-treat-

ment with MK-0457 and vorinostat resulted in greater

tumor growth inhibition and significant improvement in the

overall survival of the tumor-bearing mice. It is likely that

greater depletion of Aurora A, Aurora B, and Survivin

contributes to the superior anti-tumor activity of the com-

bination. Also, in breast cancer cells, by inhibiting hsp90

chaperone function, vorinostat has been shown to deplete

pro-survival signaling proteins such as c-RAF and AKT

[21, 22]. In addition, as previously reported, treatment with

vorinostat also induces pro-death proteins including BIM

and depletes pro-survival proteins including BCL-2, BCL-

xL, and MCL-1, which could lower the threshold for

apoptosis and further sensitize breast cancer cells to

apoptosis induced by depletion of the levels and activity of

Aurora A and Aurora B [25]. Collectively, these observa-

tions explain why the combination of vorinostat and Aur-

ora kinase inhibition (MK-0457 or MLN8237) exerts

superior in vitro and in vivo activity against breast cancer

cells. Since the superior activity of the combination

extended to TNBC and/or Aurora A-amplified breast can-

cer cells, our preclinical findings presented here support the

rationale to test co-treatment with Aurora kinase inhibitors

and vorinostat as a novel therapeutic strategy in advanced

TNBC and/or Aurora A-amplified breast cancers.
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