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Abstract

Purpose Aurora kinases are required for orderly pro-
gression of cells through mitosis, and inhibition of these
kinases by siRNA or small molecule inhibitors results in
cell death. We previously reported the synthesis of SCH
1473759, a novel sub-nanomolar Aurora A/B inhibitor.
Methods We utilized SCH 1473759 and a panel of tumor
cell lines and xenograft models to gain knowledge about
optimal dosing schedule and chemotherapeutic combina-
tions for Aurora A/B inhibitors.

Results SCH 1473759 was active against a large panel of
tumor cell lines from different tissue origin and genetic
backgrounds. Asynchronous cells required 24-h exposure
to SCH 1473759 for maximal induction of >4 N DNA
content and inhibition of cell growth. However, following
taxane- or KSP inhibitor-induced mitotic arrest, less than
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4-h exposure induced >4 N DNA content. This finding
correlated with the ability of SCH 1473759 to accelerate exit
from mitosis in response to taxane- and KSP inhibitor-
induced arrest. We tested various dosing schedules in vivo
and demonstrated SCH 1473759 dose- and schedule-
dependent anti-tumor activity in four human tumor xenograft
models. Further, the efficacy was enhanced in combination
with taxanes and found to be most efficacious when SCH
1473759 was dosed 12-h post-taxane treatment.
Conclusions SCH 1473759 demonstrated potent mecha-
nism-based activity, and activity was shown to be enhanced
in combination with taxanes and KSP inhibitors. This
information may be useful for optimizing the clinical
efficacy of Aurora inhibitors.
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Abbreviations

HPBCD Hydroxypropyl B cyclodextrin
IHC Immunohistochemistry

ip. Intraperitoneal

TGI Tumor growth inhibition
twice daily bid

daily qd

weekly q7d

Introduction

Aurora kinases (Aurora A, B, C) are cell cycle-regulated
serine/threonine kinases that play a role in regulating mito-
sis. Aurora A and B kinases are frequently overexpressed in
a wide range of human cancers and in some cases, over
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expression correlates with allelic imbalance, higher clinical
grade, tumor invasiveness, and poor prognosis [1]. Aurora A
regulates centrosome maturation and microtubule nucle-
ation. Aurora A also phosphorylates proteins required for
bipolar spindle assembly and mitotic entry. Aurora B along
with three nonenzymatic subunits (INCENP, survivin, and
borealin/dasra) make up the chromosome passenger com-
plex, which regulates chromatin remodeling, kinetochore-
spindle attachment, and cytokinesis [2, 3]. Aurora B regu-
lates chromatin structure in part by phosphorylating proteins
including Histone H3 [4, 5]. In its role in kinetochore-
spindle attachment, Aurora B monitors biorientation and
tension [6]. In so doing, Aurora B fixes incorrect spindle
attachments by weakening the attachment and allowing for
the establishment of new correct attachments [7]. Aurora B
regulates cytokinesis via phosphorylation of intermediate
filaments and RhoA/Rac-GAP [2]. Aurora C functions
similarly to Aurora B but is mainly expressed in testis and
plays a role during spermatogenesis [8, 9].

Depletion of Aurora A alone by siRNA results in lag-
ging chromosomes and mitotic defects, while ablation of
Aurora B results in chromosome misalignment at meta-
phase, unequal chromosome segregation at anaphase, fol-
lowed by a failure to undergo cytokinesis and premature
mitotic exit resulting in polyploidy (contains >4 N DNA
content) and cell death. Combined depletion of Aurora A
and B by siRNA results in polyploid cells, a phenotype
identical to that induced by ablation of Aurora B alone
[10]. Aurora B function is apparently required for the
checkpoint induced by loss of Aurora A. Importantly,
inhibition of Aurora A does not interfere with the pheno-
typic consequences of Aurora B inhibition.

Inhibition of Aurora kinases results in disruption of cell
division and induction of cell death. Thus, disruption of
normal Aurora function is expected to impair tumor growth
and thereby has potential for activity in a number of human
cancers. Several small molecule dual inhibitors of Aurora
A and B kinases have been synthesized including MK-0457
and AT-9283 and demonstrate anti-tumor activity in pre-
clinical models [11, 12]. Additionally, selective Aurora A
(e.g. MLN8054) and selective Aurora B (e.g. AZD-1152)
have also demonstrated activity in preclinical models [13,
14]. Aurora kinase inhibitors have entered the clinic, and
their activity is being explored in solid tumors and hema-
tological diseases [15].

We have identified a novel sub-nanomolar Aurora A/B
inhibitor, SCH 1473759, which demonstrates potent
mechanism-based cell activity. We found that 24-h expo-
sure to SCH 1473759 was required for optimal biological
effect in tumor cell lines. However, following a taxane or
KSP inhibitor mitotic arrest, less than 4-h exposure was
sufficient to induce >4 N DNA content. This finding cor-
related with the ability of SCH 1473759 to accelerate exit
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from mitosis in response to taxane- and KSP inhibitor-
induced arrest. We tested various dosing schedules in vivo
and demonstrated SCH 1473759 was efficacious in four
human tumor xenograft models and demonstrated
enhanced activity with taxanes. Further, we found the
combination to be most effective when SCH 1473759 was
dosed 12 h post-taxane treatment.

Materials and methods
Materials

For in vitro studies, SCH 1473759 and SB-715992 (syn-
thesized at Schering-Plough [16]) and docetaxel (Sigma)
were dissolved in DMSO and ethanol, respectively. For in
vivo studies, SCH 1473759 and paclitaxel (Bristol-Myers
Squibb Company) were dissolved in 20% hydroxypropyl B
cyclodextrin (HPBCD).

Cell culture

Human tumor cell lines were grown in DMEM:F12 media
supplemented with 2 mM glutamine, 50 units/ml penicil-
lin, 50 units/ml streptomycin with 10% heat inactivated
fetal bovine serum (Invitrogen) at 37°C with 5% CO,.
Cells were obtained from ATCC, with the exception of
SNB19, SNB87, U251 (NCI tumor repository) and A2780
(kindly provided by Dr. Janet Price, M.D. Anderson).

Immunofluorescent assays

HCT-116 cells were plated at 15,000 cells per well in poly-
D-lysine coated black micro-clear 384-well tissue culture
plates. For the phos-Histone H3 assay, cells were first
treated with 0.4 pg/ml nocodazole for 16 h. Subsequently,
cells were treated for 1 h with compound (0.1% final
DMSO concentration) in triplicate wells. Cells were fixed
with Prefer® fixation solution (Anatech) plus 1,000 nM
Hoechst 33342 dye and incubated for 30 min at room
temperature. The fixation solution was removed, and cells
were washed with PBS. Cells were permeabilized with
0.2% Triton-X in PBS and incubated for 10 min. Cells were
washed with PBS and incubated with PBS containing 3%
FBS for 30 min. Cells were then stained overnight at 4°C
with Phos-Histone H3 (ser10)-Alexa Fluor 488 Conjugate
antibody (Cell Signaling) solution in PBS plus 3% FBS.
Cells were washed with PBS, and then immunofluorescence
images were captured at 10x using the HT Pathway 855
automated fluorescent microscope (BD Bioscience). Per-
cent positive cells were quantitated by Hoechst staining for
total cell number using Attovision software (BD Biosci-
ence). To generate IC50 values, the dose-response curves
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were then fitted to a standard sigmoidal curve and IC50
values were derived by nonlinear regression analysis. For
MPM-2 staining, 6 h after cell plating the media was
removed and cells were treated for the indicated times with
compound. The above staining protocol was followed using
Phos-MPM2-Texas Red Conjugate (Millipore).

Cell cycle analysis

HCT-116 cells were plated using 2 x 10° cells per 10-cm
tissue culture dish. The next day, cells were treated with
compound (0.1% final DMSO concentration) and 24 h later
collected and centrifuged for 1 min at 1,000 rpm. Cell
pellet was resuspended in 0.5 ml PBS, and the solution was
transferred to cold 70% methanol and incubated at —20°C
for 30 min. Cells were then centrifuged for 1 min at
1,000 rpm, the supernatant was removed, pellet washed
with 2 ml PBS, centrifuged, and supernatant removed.
Cells were resuspended in 0.5 ml propidium iodine stain
(0.1 mM EDTA, 0.05 mg/ml RNase, 50 ug/ml propidium
iodine), transferred to a filter cap tube, and read by fluo-
rescence-activated cell sorting (FACS).

Cell growth

Cells were plated at a cell density ranging from 625 to
3,750 cells per well depending on the rate of cell growth in
poly-pD-lysine coated black micro-clear 384-well tissue
culture plates. Cells were treated in triplicate wells with
compound (0.1% final DMSO concentration). A plate was
stained at the start of the study (zero hour), and a second
plate was incubated for 72 h at 37°C and then stained.
Cells were fixed with Prefer® fixation solution plus
1,000 nM Hoechst 33342 dye and incubated for 30 min.
The fixation solution was removed, and cells were washed
twice with PBS. Then, immunofluorescence images were
captured at 10x using the HT Pathway 855 automated
fluorescent microscope. The difference in cell number
between zero and 72 h was plotted against compound
concentration, and the dose—response curves were fitted to
a standard sigmoidal curve and IC50 values were derived
by nonlinear regression analysis.

Immunohistochemistry (IHC)

Nu/nu mice (female, 5-7 weeks of age) were injected
subcutaneously with 5 x 10° of A2780 cells/mouse. When
tumor cells reached approximately 200-500 mm>, mice
were randomly grouped into treatment groups (n = 3).
Animals were dosed through intraperitoneal injections.
Tumors were excised from the animals, and the tissue was
fixed in 10% buffered formaldehyde for 24 h and then
trimmed to equal size (~75 mm3) and processed for

paraffin embedding using 30-min cycle on VIP tissue
processing unit. Processed tissues were embedded in par-
affin using in-lab developed tissue array method. Five-
micrometer-thick sections were cut on microtome and
mounted onto slides, which were then incubated overnight
in 56°C oven and stained with phos-Histone H3 antibody
(Millipore). IHC assays were performed using peroxidase-
based polymer- IHC detection system (Dako Envision+
kit). Ten consecutive fields of positive area were imaged at
40x for analysis from each tumor sample. Image-Pro
image analysis program was used for analysis.

Xenograft studies

Nu/nu mice (5-7 weeks of age) were injected subcutane-
ously with 5 x 10° cells/mouse. Female mice were used
for A2780 and PA1, and male mice for 22RV-1 and DU-
145 models. When tumor cells reached approximately
200 mm®, mice were randomly grouped into treatment
groups (n = 10). Tumor volumes and body weights were
measured twice a week throughout the study using calipers
and calculated by the formula (width x length x
height) x 6/m. Statistically significant differences were
determined by the multiple comparison one-way ANOVA
(Turkey’s test) at the 95% confidence level using GraphPad
Prism. All animal studies were carried out in accordance
with institutional guidelines and the NIH Guide for the
Care and Use of Laboratory Animals.

Results
Mechanism-based activity of SCH 1473759

We previously described the biochemical characterization
of SCH 1473759, a potent sub-nanomolar inhibitor of
Aurora A and B with Kd values of 0.02 and 0.03 nM,
respectively [16]. Reported kinase counter screens have
demonstrated that this compound has additional activities
and also inhibits the Src family (IC50 < 10 nM), Chkl
(IC50 = 13 nM), VEGFR2 (IC50 = 1 nM), and IRAK4
(IC50 = 37 nM).

Inhibition of Aurora B activity in cells was measured by
evaluating the phosphorylation of Histone H3 (serine-10), a
direct downstream substrate of Aurora B [4, 5]. In order to
increase the signal-to-noise ratio of the assay, HCT-116
cells were arrested in mitosis with nocodazole and 16 h
later treated with increasing concentrations of SCH
1473759 for 1 h. Phosphorylation of Histone H3 was
measured by immunofluorescence, and percent positive
cells were quantified. SCH 1473759 was found to cause a
dose-dependent decrease in the levels of phosphorylated
Histone H3 with an IC50 value of 25 nM (Fig. 1a).
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Fig. 1 SCH 1473759 treatment inhibited Histone H3 phosphoryla-
tion and resulted in cells with visually larger nuclei and >4 N DNA
content. a HCT-116 cells were treated with nocodazole for 16 h
followed by increasing concentrations of SCH 1473759 for 1 h.
Histone H3 phosphorylation was detected by immunofluorescence

Inhibition of Aurora B prevents cells from undergoing
cytokinesis and leads to polyploid cells characterized by
cells with >4 N DNA content [10]. Consistent with this
phenotype, SCH 1473759-treated cells have larger nuclei
as visualized by microscopy (Fig. 1b). To assess this
phenotype further, asynchronous HCT-116 cells were
treated with SCH 1473759 for 24 h and FACS was used to
measure DNA content. Concentrations of SCH 1473759
over 25 nM resulted in cells with >4 N DNA content
(Fig. 1c). This dose level resulted in 54% of cells with
>4 N DNA content.

In order to assess the anti-proliferative effect of SCH
1473759, a panel of 53 tumor cell lines from different
tissues (breast, ovarian, prostate, lung, colon, brain, gastric,
renal, skin, and leukemia) was treated with the compound,
and growth inhibition was measured 72 h later. SCH
1473759 inhibited 51/53 tumor cell lines with an IC50
values <100 nM (Supplementary Table 1). The mean IC50
value for tumor growth inhibition across this panel was
21 nM. The most sensitive cell lines included A2780,
LNCap, N87, Molt4, K562, and CCRF-CEM with IC50
values <5 nM. SCH 14737509 failed to inhibit the growth of
H23 and ASPCI1 cells in the dose range tested. Addition-
ally, we found 100 nM SCH 1473759 induced >4 N DNA
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and percent positive cells was quantified. b HCT-116 cells were
treated with DMSO or 100 nM SCH 1473759 for 24 h and stained
with Hoechst 33342. ¢ HCT-116 cells were treated with increasing
concentrations of SCH 1473759 for 24 h and DNA content was
measured by FACS

content in each of the 51 cell lines growth inhibited
(Supplementary Table 1).

Sensitivity of cells to SCH 1473759 appeared indepen-
dent of known mutational status (e.g. p53), mRNA
expression of Aurora A or B, and Aurora SNP status (data
not shown).

Twenty-four-hour exposure to SCH 1473759
was required for optimal activity

HCT-116 cells were treated with SCH 1473759 for various
lengths of time to determine the time required to optimally
induce endoreduplication and inhibit cell growth. Cells
were exposed to 25 nM SCH 1473759 for 4, 8, 12, or 24 h,
compound was washed out, and cells were harvested for
analysis by FACS at the end of 24 h (Fig. 2a). Exposure
times of 4 h were insufficient for induction of >4 N DNA
content, while 8-12-h exposure induced significant but
sub-maximal levels of cells with >4 N DNA content
(23-33%). Exposures times of 24 h induced significant
amount of cells with >4 N DNA content (55%).
Exposure times of 24 h were also required for optimal
cell growth inhibition, and exposure times less than that
resulted in sub-optimal cell growth inhibition. HCT-116
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Fig. 2 Short exposure to SCH 1473759 was sufficient to induce

>4 N DNA content following docetaxel- or KSP inhibitor-induced
mitotic arrest. a HCT-116 cells were treated for the indicated times
with 25 nM SCH 1473759 at which time compound was washed off
and medium changed. DNA content was measured at the end of 24 h
by FACS. b HCT-116 cells were treated for the indicated times with
increasing concentrations of SCH 1473759 at which time the

cells were exposed to SCH 1473759 for various exposure
times, followed by compound wash out. Cell growth
inhibition was measured at the end of 72 h. Exposure for
longer than 24 h to concentrations >12.5 nM SCH
1473759 inhibited cell growth by 90%. In contrast, 100 nM
was required to achieve 90% growth inhibition using a
12-h exposure. Exposures for 4 or 8 h had significantly less
effect on cell growth, and at these exposure times 12.5 nM
failed to show any inhibition of cell growth (Fig. 2b).

Similar time-dependent exposure requirement for opti-
mal induction of >4 N DNA content and cell growth
inhibition was observed with structurally unrelated dual
Aurora A/B inhibitors (250 nM MK-0457 and 100 nM AT-
9283) and an Aurora B selective inhibitor (100 nM AZD-
1152) (data not shown).

Short exposure to SCH 1473759 was sufficient
to induce >4 N DNA content following taxane- or KSP
inhibitor-induced mitotic arrest

Aurora kinase inhibitors act in mitosis when Aurora A and
B are expressed; therefore, we hypothesized that combi-
nations with anti-mitotic agents would increase the
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compound was washed off and the medium changed. Cell number
was measured at the end of 72 h. ¢, d HCT-116 cells were treated
with 5 nM docetaxel or 10 nM KSP inhibitor (SB-715992) for 16 h
and then exposed to DMSO or 25 nM SCH 1473759 for 4, 8, and 24 h
at which time the medium was changed. Cells were harvested at the
end of 24 h and analyzed by FACS

percentage of cells that could be targeted by an Aurora
kinase inhibitor. By arresting cells in mitosis, docetaxel,
paclitaxel, and KSP inhibitors increased the percentage of
cells that are positive for Histone H3 and MPM2 phos-
phorylation. The percentage of positive cells was maximal
12-16 h post-treatment in vitro and in vivo (data not
shown). We studied the combination of SCH 1473759 and
taxanes or KSP inhibitors by treating cells with the anti-
mitotic agent and dosing SCH 1473759 16 h later. HCT-
116 colon cancer cells were treated with DMSO (data not
shown), 5 nM docetaxel (Fig. 2¢), or 10 nM KSP inhibitor
(SB-715992) (Fig. 2d) for 16 h. Cells were then released
into DMSO or 25 nM SCH 1473759-containing medium
for the indicated times, at which point compound was
washed out. All cells were evaluated for DNA content by
FACS analysis at the end of 24 h. Following a 16-h pre-
treatment with docetaxel or the KSP inhibitor, the time of
exposure required for an Aurora kinase inhibitor to induce
significant levels of >4 N DNA content was reduced and
could be observed at 4 h (Fig. 2c, d).

To further explore the combination with anti-mitotics,
we analyzed simultaneous treatment with an Aurora
inhibitor. When cells were exposed to docetaxel or the KSP
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inhibitor and SCH 1473759 concurrently, 4-h exposure did
not induce significant levels of >4 N DNA content; sig-
nificant levels were only observed after a 24-h exposure
(Supplemental Fig. 1).

We also found pretreatment with docetaxel or a KSP
inhibitor also reduced the time requirement for optimal
induction of >4 N DNA content by structurally unrelated
dual Aurora A/B inhibitors (250 nM MK-0457 and 100 nM
AT-9283) and an Aurora B selective inhibitor (100 nM
AZD-1152) (data not shown).

SCH 1473759 accelerated release
from taxane- and KSP inhibitor-induced mitotic arrest

To further explore this combination, we examined the
kinetics of mitotic exit by following the reduction of
MPM?2 phosphorylation, a marker of mitosis. We found
that SCH 1473759 accelerated the exit from taxane- or
KSP inhibitor-induced mitotic arrest (Fig. 3). HCT-116
colon cancer cells were pretreated with docetaxel or KSP
inhibitor and then released into DMSO or SCH
1473759-containing medium. Cells released into DMSO
medium maintained a high level of staining for MPM2
phosphorylation for up to 4 h. In HCT-116 cells, we found
that increasing concentration of SCH 1473759 accelerated
mitotic exit from docetaxel and KSP inhibitors, and by 4 h
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Fig. 3 SCH 1473759 accelerated release from docetaxel- and KSP
inhibitor-induced mitotic arrest. a HCT-116 cells treated with 5 nM
docetaxel or b 10 nM KSP inhibitor (SB-715992) for 16 h. ¢ A2780
cells were treated with 50 nM docetaxel. d 22RV-1 cells were treated
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after compound treatment, most cells were negative for
MPM2 phosphorylation (Fig. 3a, b).

To further explore this finding, we evaluated A2780
ovarian and 22RV-1 prostate tumor cells. SCH 1473759
accelerated mitotic exit from paclitaxel-induced arrest in
A2780 (Fig. 3c) and docetaxel-induced arrest in 22RV-1
(Fig. 3d). Further, the accelerated mitotic exit by SCH
1473759 was observed from KSP inhibitor-induced arrest
in both of these cell lines (data not shown).

Similar effects were seen with structurally unrelated
dual Aurora A/B inhibitors (250 nM MK-0457 and 100 nM
AT-9283), as well as with the Aurora B selective inhibitor
100 nM AZD-1152 (data not shown).

Pharmacodynamic effects of SCH 1473759

The pharmacodynamic marker, phosphorylation of Histone
H3, was used to profile SCH 1473759 in vivo. This was
assessed by intraperitoneal (i.p.) dosing of mice bearing
A2780 ovarian tumor xenografts. Pharmacodynamic
effects were not only assessed for single agent activity, but
were also analyzed in combination with paclitaxel.

As a single agent, SCH 1473759 inhibited phosphory-
lation of Histone H3 in a dose-dependent manner (Fig. 4).
One hour after treatment, increasing dose levels of SCH
1473759 (2.5, 10, 50, and 100 mg/kg) induced increasing
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with 50 nM docetaxel. Cells were then released in DMSO, 10, 25, 50,
or 100 nM SCH 1473759. Kinetic release from mitosis was measured
by following phos-MPM2 by immunofluorescence
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Fig. 4 SCH 1473759 inhibited basal- and paclitaxel-induced phos-
Histone H3 in A2780 xenograft tumors. Mice bearing A2780 ovarian
xenografts were dosed (i.p.) with vehicle or increasing doses of SCH
1473759. Additionally, animals previously dosed with 20 mg/kg

inhibition of the biomarker (31, 50, 69, and 75%, respec-
tively). A similar pattern of dose-dependent inhibition
remained at 4 h after treatment (48, 26, 74, and 78%).
Histone H3 phosphorylation returned to basal levels 24 h
after administration of SCH 1473759. The lack of sustained
inhibition of the pharmacodynamic marker at 24 h post-
treatment correlated with the short half-life for SCH
1473759 in the mouse, previously reported as 1 h [16].
Phosphorylation of Histone H3 was induced by paclit-
axel, and maximal increase in this pharmacodynamic effect
in tumors occurred 12-16 h after dosing (data not shown).
Therefore, we evaluated the ability of SCH 1473759 to
inhibit this induction, by first dosing mice with paclitaxel
(20 mg/kg i.p.) followed by vehicle or SCH 1473759 12 h
later. Paclitaxel treatment induced phosphorylation of
Histone H3 fourfold compared to basal levels. This
induction was not sustained over time and returned to basal
levels 24 h later (Fig. 4). Administration of SCH 1473759
suppressed paclitaxel-induced phosphorylation of Histone
H3 in a dose-dependent fashion. One hour after a single
dose, increasing doses of SCH 1473759 (2.5, 10, 50, and
100 mg/kg) resulted in increasing inhibition of the phar-
macodynamic marker (50, 80, 87, and 75%, respectively).

mg/kg mg/kg mg/kg mg/kg

paclitaxel 12 h earlier were dosed with vehicle or increasing doses of
SCH 1473759. Tumors were collected at 1, 4, and 24 h after SCH
1473759 dose. Tumors were fixed and analyzed by IHC for phos-
Histone H3

This pattern of inhibition remained at 4 h after treatment
(65, 61, 77, and 96%).

Plasma was collected from the mice at the same time the
tumors were harvested, and the plasma level of SCH
1473759 was determined. Plasma concentrations increased
with increasing dose and were highest 1 h post-dose, with
concentrations at 24 h back to zero (data not shown). One
hour following a 2.5 mg/kg dose, taxane-induced phos-
phorylation of Histone H3 was inhibited by 50%. At this
time point, the plasma concentration of SCH 1473759 was
140 nM.

Efficacy of SCH 1473759 in human tumor xenografts

Initially, anti-tumor efficacy of SCH 1473759 dosed i.p.
was evaluated in mice bearing established A2780 ovarian
tumor xenografts. Three schedules were tested at their
respective maximum tolerated doses: 10 mg/kg bid (twice
daily), 20 mg/kg qd (daily), and 100 mg/kg day O, 4, 7.
Additionally, 60 mg/kg day 0, 4, 7 was tested. All four
treatment schedules resulted in statistically significant
tumor growth inhibition (TGI) compared to vehicle control.
Tumor growth inhibition was dose- and schedule-dependent
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with SCH 1473759 bid dosing regimens resulting in better
anti-tumor activity (106% TGI, 29% regressions) than qd
(93% TGI) or intermittent schedules (73-93% TGI) at day
11 (Fig. 5a).

A second study was conducted to test weekly dosing
(q7d) of SCH 1473759 in the A2780 ovarian tumor xeno-
graft model. On this schedule, the maximally tolerated dose
was determined to be 100 mg/kg. SCH 1473759 dosed at
100 mg/kg on a weekly schedule resulted in modest inhi-
bition (52% TGI) of A2780 xenograft growth (Table 1).

To further explore whether continuous dosing was better
than intermittent higher dosing, we treated mice bearing
A2780 ovarian tumor xenografts with 20 mg/kg twice daily
on days 0—4 and 15-18 or 40 mg/kg daily on days 0—4 and
15-18. Dosing breaks were designed in order to allow
tolerance of higher doses. Similar to the initial study above,
twice daily dosing was more efficacious (97 vs. 87% TGI)
(Table 1).

The anti-tumor activity of SCH 1473759 was evaluated
in three additional tumor xenograft models, including PA1
ovarian tumor and 22RV-1 and DU-145 prostate tumors
(Table 1). Dosing on a g4d schedule with 100 mg/kg
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resulted in significant tumor growth inhibition in each of
the three models: 81% in 22RV-1, 83% in DU-145, and
44% in PA1. Dosing below the maximally tolerated dose
(60 mg/kg) on this schedule in mice bearing 22RV-1 tumor
xenografts resulted in 51% TGI. We also tested weekly
dosing (100 mg/kg) in 22RV-1 tumor xenografts models,
where SCH 1473759 resulted in 61% TGI.

We further explored continuous dosing in mice bearing
22RV-1 tumors. Surprisingly, treatment resulted in signif-
icant body weight loss after 7 days. Toxicity observed at
these dose levels was unexpected based on studies in
female nude mice. These findings suggest that male nude
mice are more sensitive to SCH 1473759. Additional
studies using modified dosing schedule for male mice were
used in subsequent studies (Table 1). Therefore, male mice
bearing 22RV-1 tumor xenografts were dosed twice daily
until body weight loss was observed (day 7), upon recovery
of body weight (day 18) twice daily dosing was resumed.
On this schedule, 5 and 10 mg/kg resulted in 51 and 87%
TGI, respectively. Similarly, male mice bearing DU-145
tumor xenografts were dosed twice daily until body weight
loss was observed and then dosing resumed upon recovery
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Table 1 SCH 1473759 efficacy in xenograft models

Model Dose (mg/kg)  Schedule TGI (%) P value
A2780 10 bid 106 <0.05
20 qd 93 <0.05
60 do, 4, 7 73 <0.05
100 do, 4, 7 93 <0.05
A2780 100 q7d 52 >0.05
A2780 20 bid, d0-4, 15-18 97 <0.05
40 qd, d0-4, 15-18 87 <0.05
22RV-1 60 q4d 51 <0.05
100 q4d 81 <0.05
100 q7d 61 <0.05
5 bid, d0-7, 18-23 51 <0.05
10 bid, d0-7, 18-23 87 <0.05
DU-145 175 bid, d0-10, 17-23 69 <0.01
100 q4d 83 <0.05
PA-1 7.5 bid 78 <0.05
100 q4d 44 <0.05

Mice bearing xenograft tumors were dosed with vehicle or SCH
1473759 (i.p.) at the indicated schedule and tumor volume was
measured throughout the study

(day 0-10 and 17-23). On this schedule, 7.5 mg/kg resul-
ted in 69% TGI. We next tested twice daily dosing in
female mice bearing PA1 tumor xenografts (Table 1). On
this schedule, 7.5 mg/kg was tolerated throughout the
duration of the study and resulted in 78% TGI.

Anti-tumor activity of SCH 1473759 in combination
with anti-mitotic agents

To follow up on the in vitro studies above, we evaluated
the combination of SCH 1473759 with taxanes exploring
several schedules. Mice bearing A2780 ovarian xenografts
were treated with SCH 1473759 (100 mg/kg q7d), paclit-
axel (20 mg/kg q7d) or the combination of both. These
doses represent the maximally tolerated dose of these
agents on a weekly schedule. Combinations explored
included concurrent administration, paclitaxel 12 h before
SCH 1473759, paclitaxel 4 h before SCH 1473759, and
paclitaxel 4 h after SCH 1473759. Tumor growth inhibi-
tion was calculated at day 16, at which time vehicle-treated
animals were sacrificed for humane reasons. Single agent
SCH 1473759 and paclitaxel resulted in 52% (P > 0.05 vs.
vehicle) and 35% (P > 0.05 vs. vehicle) TGI, respectively
(Fig. 5b). Paclitaxel dosed 12 h before SCH 1473759 was
the optimal schedule tested, resulting in 94% TGI
(P < 0.05 vs. all groups). Paclitaxel administered concur-
rently, 4 h before SCH 1473759, and 4 h after SCH
1473759 resulted in 78, 86, and 80% TGI, respectively.
Combination treatment with SCH 1473759 and paclitaxel

was well-tolerated in all schedules in this study with only
modest effects on body weight gain. Additionally, we
found that SCH 1473759 enhanced the anti-tumor activity
of a KSP inhibitor in A2780 tumor xenografts (data not
shown).

We also evaluated a similar combination in 22RV-1
prostate tumor xenograft model. Single agent SCH
1473759 (100 mg/kg q7d) and docetaxel (15 mg/kg q7d)
resulted in 68 and 61% TGI respectively (P < 0.05). The
combination of docetaxel once a week followed 12 h later
by SCH 1473759 resulted in enhanced TGI (84%, P < 0.05
vs. vehicle, P > 0.05 vs. single agents) although the ben-
efits did not exceed statistical significance.

Discussion

SCH 1473759 was identified as a sub-nanomolar Aurora
A/B inhibitor [16]. Here, we describe the biological
activities of this compound. SCH 1473759 inhibited the
phosphorylation of Histone H3, demonstrating potent on-
target activity. Additionally, it potently induced >4 N
DNA content, a phenotype consistent with Aurora B inhi-
bition, at concentrations of the compound that resulted in
inhibition of phosphorylation of Histone H3.

Several small molecule inhibitors have advanced to
clinical trials. As these agents progress, it remains to be
determined most sensitive patient populations, optimal
dosing schedule, and best chemotherapeutic combinations.
Using a panel of tumor cell lines and xenograft models, we
sought to gain knowledge into each of these three areas.

We found that SCH 1473759 induced single-agent cell
death across a panel of tumor cell lines from different
tissue origins (myeloid, lymphoid, breast, ovarian, prostate,
brain, skin, renal, gastric, lung, colon, and pancreas) and
genetic backgrounds (p53, PTEN, etc.). The mean IC50
value for tumor growth inhibition across this panel was
21 nM. We did not find any particular tissue background or
genetic trait as a driver of sensitivity or resistance. Further,
similar activity was seen in cells that express varying levels
of Aurora mRNA and in those that express the Aurora A
SNP. The resistance of ASPCI1 cells to SCH 1473759
appeared to be a unique property of this cell line because
they were also found to be relatively resistant to MK-0457
(data not shown). Further studies on the mechanism of
ASPC-1 resistance are warranted. These studies may pro-
vide important clues to acquired resistance or clinical
insensitivity to Aurora inhibitors. Importantly, target
engagement (induction of endoreduplication) and cell
growth inhibition were seen in cell lines expressing PgP,
including HCT-15 that overexpress PgP at high levels.

Similar to the findings in vitro for AT-9283 [17], we
found that exposure times greater than 24 h to SCH

@ Springer



932

Cancer Chemother Pharmacol (2011) 68:923-933

1473759 resulted in optimal cell growth inhibition and
exposure times less than 24 h resulted in sub-optimal
effects. This correlated with the finding that 24-h exposure
was required for the induction of significant levels of >4 N
DNA content. We found a similar requirement for MK-
0457, AT-9283, and AZD-1152. Additionally, this time-
dependence was seen in a larger panel of cell lines and
most likely reflected the time it takes to complete cell
doubling in an asynchronous population. These data with
structurally unrelated compounds across multiple tumor
cell lines suggests that Aurora inhibitors might be best used
clinically on a dosing regime that would provide sufficient
exposure to cover the entire tumor population doubling
time.

Exposure time of 24 h SCH 1473759 was required to
induce significant >4 N DNA content followed by 90%
cell growth inhibition in asynchronous cells. A 16 h pre-
treatment with taxanes or KSP inhibitor was sufficient to
reduce the time required for the induction of cells with
>4 N DNA content. Similar findings were observed with
structurally unrelated Aurora A/B inhibitors (MK-0457 and
AT-9283) and an Aurora B selective inhibitor (AZD-1152).
For clinical application, our data suggest that shorter
exposures to Aurora inhibitors may be sufficient when
administered after taxane treatment. We found that SCH
1473759 accelerated the mitotic exit from taxane and KSP
inhibitor arrest, establishing further rationale for these
combinations.

To further explore the combination, we analyzed
simultaneous treatment with SCH 1473759 and the anti-
mitotic agents. In this situation, 4-h exposure to SCH
1473759 did not induce significant levels of >4 N DNA
content; significant levels were only observed after a 24-h
exposure. These data suggest that concurrent treatment
with a taxane or KSP inhibitor is insufficient to reduce the
exposure time required for an Aurora inhibitor to induce
>4 N DNA content. This indicates that optimal therapeutic
activity of the taxane or KSP inhibitor plus Aurora inhib-
itor combination will require appropriate sequencing in the
clinical setting.

Inhibition of Aurora has been shown to override the
spindle assembly checkpoint in paclitaxel- and monastrol-
but not nocodazole-treated cells. Normally, this checkpoint
ensures that anaphase does not occur until all kinetochores
have attached to the spindle and there is equal tension from
opposite poles. In paclitaxel- and monastrol-treated cells,
the lack of proper tension goes undetected when Aurora is
inhibited and cells exit mitosis prematurely [6, 18, 19].
This phenomenon was suggested to be driven by Aurora B
inhibition [18]. Our findings are consistent with this pro-
posed mechanism of Aurora B. SCH 1473759, MK-0457,
AT-9283, and the Aurora B selective inhibitor AZD-1152
accelerated exit from taxane- and KSP inhibitor-induced
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arrest. Additionally, MLN8054 and Aurora A siRNA have
also been reported to increase mitotic exit from paclitaxel-
and nocodazole-induced arrest [20].

We demonstrated anti-tumor activity for SCH 1473759
in 4 human tumor xenograft models. Consistent with our
findings in vitro and given the short half-life of SCH
1473759 in mice, continuous twice daily dosing was
found to be superior to higher intermittent dosing. These
data suggest dosing regimens that provide sufficient
exposure to drug will be required for optimal activity in
the clinic.

We found that SCH 1473759 enhanced the anti-tumor
activity of taxanes in vivo. In these studies, combination
treatment was well-tolerated with only modest effects on
body weight gain. Previous studies have found that
knockdown of Aurora A sensitizes cells to taxanes [21-23].
Further, others have demonstrated enhanced anti-tumor
activity of Aurora inhibitors in combination with taxanes.
However, dosing schedules used in these studies varied and
only one study assessed scheduling sequences. Contrary to
our work, SNS-314 on a biweekly schedule needed to be
dosed first, followed 24 h later by docetaxel in order to
show significant tumor growth inhibition [24]. On a
biweekly schedule, docetaxel dosed first followed 24 h
later by SNS-314 failed to result in any significant activity.
Further, dosing of SNS-314 at its maximally tolerated dose
was not tolerated in combination with docetaxel and dose
reductions were required for combination studies.

Additionally, there are other reports of Aurora inhibitors
in combination with taxanes, though optimal scheduling
and sequencing were not explored. MK-0457 was shown to
enhance docetaxel activity when MK-0457 was dosed
twice daily for 2 days and docetaxel given on the second
day [25]. The authors of this study suggested that differ-
ences in treatment schedule between MK-0457 and doce-
taxel was irrelevant, though data to support this notion was
not presented. On the other hand, MK-5108 was found to
enhance docetaxel activity when dosed twice daily for
2 days 24 h post-docetaxel [26]. AT-9283 showed
enhanced efficacy with paclitaxel when paclitaxel was
dosed weekly followed 24 h later with bid dosing of AT-
9283 for 4 consecutive days [17]. Our findings demonstrate
enhanced activity on all scheduling combinations tested,
with the best efficacy observed when the taxane is dosed
12 h prior to SCH 1473759. This time point coincides with
maximal induction of Histone H3 and MPM2 phosphory-
lation by taxanes and KSP inhibitors.

In conclusion, we have characterized a novel Aurora
inhibitor. In vitro and in vivo, the compound demonstrates
potent mechanism-based activity and activity was shown to
be enhanced in combination with taxanes and KSP inhib-
itors. This information may be useful for optimizing the
clinical efficacy of Aurora inhibitors.
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