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Inhibition of Aurora-B Kinase activity confers
antitumor efficacy in preclinical mouse models of
early and advanced gastrointestinal neoplasia
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Abstract. The Aurora family of kinases, play a fundamental
role in cell division and are overexpressed in several cancers
including colon. The activity of barasertib-hQPA, a sele-
ctive inhibitor of Aurora-B kinase (ABK) was investigated
in a range of preclinical models of gastrointestinal cancer.
Treatment with barasertib-hQPA produced anti-proliferative
and cytotoxic effects across a panel of human colorectal cancer
(CRC) cell lines in vitro. Prodrug, barasertib [48-h subcuta-
neous (s.c.) infusion; 150 mg/kg/day] inhibited the growth of
SW620, Colo205, HCT116 human colorectal tumor xenografts
in nude mice significantly (Student's t-test, P<0.05, n=10-12
per group). Flow cytometric analysis of single cells from
disaggregated barasertib-treated SW620 tumors revealed a
decrease in phosphorylated histone H3 (phH3) and an increase
in tumor cells with 24N DNA content P<0.05). The activity of
barasertib was then examined in Apc™™* mice, a spontaneous
model of early intestinal neoplasia. Macroscopic evaluation of
the small intestine revealed that barasertib treatment [25 mg/kg
intra-peritoneal (i.p.) Q1Dx4 each week for 3 weeks] of 8-week
old ApcM™* mice produced a 39% reduction in macroadenoma
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number (P=0.02) and a 43% reduction in overall adenoma
burden (P=0.02) compared with vehicle-treated controls.
Quantification of microscopic adenomas revealed a >64%
reduction in the number of adenomas spanning more than
one villus. Histological analysis of these adenomas revealed
a number of distinct changes in barasertib-treated Apc™Mi™*
mice, including a 94% reduction in the proportion of phospho-
histone H3-positive cells (P<0.001) and a 53% reduction in the
number of cells per adenoma (P=0.001). These results provide
a scientific rationale for investigating ABK inhibitors as a
treatment for intestinal cancer.

Introduction

Colorectal cancer (CRC) is the second most common cause of
cancer-related death in the Western world. In the US, CRC is
the third most common cancer with nearly 150,000 new cases
and 50,000 deaths estimated in 2009 (1). After surgery, the
mainstay of systemic therapy is a cytotoxic regimen based
on 5-fluorouracil combined with folinic acid, oxaliplatin and/
or irinotecan. To this, targeted agents have been added such
as the cetuximab or bevacizumab monoclonal antibodies
directed against epidermal growth factor receptor (EGFR)
or vascular endothelial growth factor (VEGF), respectively.
Despite improvements in cytotoxic chemotherapy and the
introduction of novel agents, up to 50% of patients undergoing
apparently curative surgery relapse and die of metastatic
disease. Moreover, a substantial proportion of CRC patients
(~20%) present with metastatic disease for whom systemic
chemotherapy is palliative at best (2). Thus there is a sustained
need for new antitumor therapies that can be used either alone
or in combination with existing treatments.

The Aurora kinases are a family of three serine/threonine
kinases (Aurora A, B and C) that are important for the accurate
segregation of chromosomes into daughter cells during mitosis
(3). Aurora-A kinase (AAK) localizes to the centrosomes and
spindle poles where it is required for correct spindle assembly.
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In contrast, Aurora-B kinase (ABK) is a chromosome passenger
protein required for phosphorylation of histone H3 (phH3),
correct alignment of chromosomes on the metaphase plate and
cytokinesis. Expression of the third family member, Aurora-C
kinase, is mostly restricted to the testis where it may play a role
in meiosis (4). Expression of the Aurora kinases is frequently
elevated in human tumors including those of the colon and
rectum (5). In particular, increased ABK mRNA levels have
been shown recently to be associated with poor overall survival
(OS) in patients with metastatic CRC (6).

In CRC, one of the earliest molecular events is loss of func-
tion of the adenomatous polyposis coli (APC) gene product.
Somatic mutations in the APC gene occur in the majority
of sporadic CRC (7). Germline APC mutations are found
in the autosomal dominant condition, familial adenomatous
polyposis (FAP), where patients develop numerous colorectal
adenomas and early onset CRC (8). APC plays a central role
in the regulation of B-catenin, a key intracellular mediator
of the Wnt signaling pathway. In addition to its critical role
in the Wnt signaling pathway, the product of the APC gene
has been shown to be involved in multiple cellular functions
including chromosome segregation (9,10). Recent studies,
using CRC cell lines and patient samples, have shown mutated
APC upregulates expression of the anti-apoptotic protein
survivin (11) which in turn activates ABK leading to catalysis
of mitosis (12). This may explain the increase in mitotic figures
and cellular proliferation that is one of the hallmarks of CRC
pathology.

Targeting kinases, such as ABK, that are involved in
mitosis is an attractive therapeutic strategy, with the potential
to provide similar efficacy to conventional cytotoxic agents
but with fewer side effects, such as peripheral neuropathy.
Barasertib (formerly AZD1152) is a dihydrogen phosphate
prodrug which is rapidly converted to the hydroxyquinazoline
pyrazol anilide (barasertib-hQPA) in plasma. Barasertib-
hQPA is a highly potent and selective inhibitor of ABK
(Ki=0.36 nmol/l) compared to AAK (Ki=1369 nmol/l).
Consistent with what is known about the function of ABK,
treatment of tumor cells with barasertib hQPA either in vitro
or in vivo induces chromosome misalignment and failure of
cytokinesis resulting in polyploidy and cell death (13).

Most previous studies on the effects of barasertib on solid
tumor growth have been carried out in heterotopic tumor
xenograft models where CRC cell lines have been grown
subcutaneously and not within the context of the GI tract
microenvironment. An alternate model that enables GI lesions
that develop in sifu to be examined, is the Apc™™* model of
spontaneous intestinal neoplasia. Apc™™* mice carry a germ
line mutation in the APC gene comparable to the mutation
identified in patients with inherited FAP (14). Like patients with
FAP, Apc™™* mice develop multiple adenomas throughout the
intestine which progress to invasive tumors with a frequency
that depends on genetic background (15). Allowing for a close
association between the ApcM™ mouse model and human
CRC (14,16,17).

In the present report, we describe the antitumor results of
more extensive experiments evaluating barasertib activity in a
panel of human CRC cell lines grown in vitro and as xenografts
in immunocompromised nude mice; and in the autochthonous
ApcM™* mouse model. We confirm our preliminary observa-
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tions and show that barasertib-hQPA is a potent inhibitor of
CRC cell line growth both in vitro and in vivo. As expected,
growth inhibition is accompanied by reduced phospho-histone
H3 (phH3) levels, increased numbers of polyploid cells and an
increase in apoptotic cells. In the Apc™™* model, treatment
with barasertib significantly reduced adenoma burden in the
small bowel.

Materials and methods

Reagents. Chemicals were purchased from Sigma (Poole, UK),
unless otherwise stated. Barasertib-hQPA is an acetanilide
substituted pyrazole aminoquinazoline and barasertib is a dihy-
drogen phosphate prodrug of barasertib-hQPA (18). Both were
synthesized by AstraZeneca Pharmaceuticals, Alderley Park,
Macclesfield, Cheshire, UK.

Animals. All procedures, including breeding and pharma-
cology studies using Apc™™* mice (originally obtained from
Amy R. Moser, University of Wisconsin, Madison, WI, USA)
and Swiss nude mice (nu/nu genotype; AstraZeneca, UK),
were approved by the Cancer Research UK and AstraZeneca
animal ethics committees, respectively and carried out in
accordance with the UK Home Office Animals (Scientific
Procedures) Act, 1986.

Cell lines. The DMSI114, HCT116, RKO, SW620, Colo205,
WiDr, HCTS8, Colo320DM, and SW116 CRC cell lines were
obtained from the European Collection of Animal Cell
Cultures (ECACC) or American Type Culture Collection
(ATCC). Cells were cultured in RPMI-1640 medium (Sigma)
supplemented with 10% fetal calf serum and 2 mmol/l
L-glutamine and maintained at 37°C in a humidified atmo-
sphere of 5% CO,/95% air as described previously (13).

Proliferation assay. Cells in log-phase growth were seeded
in 96-well tissue culture plates and allowed to adhere over-
night. Cells were then exposed to increasing concentrations
of barasertib-hQPA ranging from 0.003 to 3 gmol/l. After
incubation for 96 h, cells were fixed in 2% formaldehyde
for 30 min, washed in PBS and stained with Hoechst dye to
visualize the nuclei. Replicate plates were also stained at the
start of dosing to provide a day zero reading. Cells were then
imaged on the ArrayScan II platform (Cellomics, Pittsburgh,
PA, USA) to determine cell number. Individual Gls, values
were calculated using the cell count readings at time zero and
at the end of the treatment period and the data were summa-
rized using the geometric mean (the average of the logarithmic
values converted back to a base 10 number, n=2-3).

Apoptosis assay. The apoptotic effect was determined by
measuring the active form of BAK protein, an early marker of
apoptosis. Cells in 96-well plates were exposed to increasing
concentrations of barasertib-hQPA for 24 h. After treatment,
the compound was washed out and the cells left to recover for
48, 96, 120 or 144 h. Cells were then fixed and stained with
Hoechst dye (1:10,000, Molecular Probes, Eugene, CA, USA) to
assess cell number and with anti-Bak antibody (Y164)(1:1000,
Abcam, Cambridge, UK) that recognizes the active form of
BAK to determine the number of apoptotic cells. Images, from
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3-4 replicate wells, were taken and endpoints quantified using
the Cellomics Arrayscan II platform (Cellomics) as described
previously (19).

Human tumor xenografts. Human tumor xenografts were
established in 8- to 12-week old female nude mice by injecting
0.1 ml of a suspension of 3x10° cells (either SW620, Col0205
or HCT116) mixed 50:50 with Matrigel (BD Biosciences,
UK) into the dorsal flank. Once tumors were established
(0.2-0.3 cm®) animals were randomized into treatment groups
(n=8-11 per group); barasertib prepared in Tris buffer pH 9.0
or vehicle alone was administered either as a continuous
48-h infusion via subcutaneous (s.c.) implanted osmotic
mini-pumps (Model 2001D, Durect Corp, USA: two 24 h
pumps implanted sequentially) in accordance with the manu-
facturer's instructions or, in SW620, as an intra-peritoneal
(i.p.) injection daily for 4 consecutive days (Q1Dx4). Tumors
were measured up to three times per week with calipers,
tumor volumes were calculated and the data plotted using the
geometric mean for each group versus time. Tumor volume
and percentage tumor growth inhibition were calculated as
described previously (20).

For pharmacodynamic (PD) studies, mice (3 per group)

were humanely culled at the end of barasertib administra-
tion and tumor xenografts harvested and snap frozen. Cell
suspensions were prepared from the frozen tumors using a
tissue disaggregation system (Medimachine; BD Biosystems,
Oxford, UK). Estimation of cellular DNA content and phH3
expression and was undertaken using previously described
immunostain and flow cytometry protocols (13,21). In brief,
tumor cells were stained using propidium iodide (Sigma), a
rabbit polyclonal IgG anti-phH3 (Upstate Biotechnology,
Millipore, Abingdon, UK) and a fluorescein-conjugated goat
anti-rabbit IgG (Jackson ImmunoResearch, Stratech, Suffolk,
UK). Samples were run on a FACSCalibur flow cytometer and
assessed using CellQuest software (both Becton-Dickinson,
Oxford, UK).
In vivo adenoma model. Eight-week old Apc™™* mice were
randomized into groups of 15 animals and treated with either
vehicle (see above) or barasertib (25 mg/kg) Q1Dx4 each
week for 3 consecutive weeks. Samples were taken 2 h after
the last dose of barasertib or vehicle. To assess proliferation,
bromodeoxyuridine (BrdU, 50 mg/kg i.p.) was given 1 h
before mice were humanely culled.

Macroscopic assessment of tumor burden. At necropsy,
spleens were removed and weighed as a marker of tumor
load. The small bowel SB (duodenum, jejunum, and ileum),
and colon were removed and cleaned by rinsing with cold
PBS). The SB was divided into three equal sections: proximal
(SB1), middle (SB2) and distal (SB3). These sections and the
colon were dissected longitudinally using a recently described
cutting guide (22) and spread onto filter paper before being
fixed in Carnoy's fluid for 1 h and stored in 70% ethanol until
analysis. Macroscopic adenoma quantification was carried out
using a dissecting microscope as described previously (23) to
assess the number, size and overall tumor burden.

Microscopic adenoma assessment. After measurement of
adenoma number and diameter, fixed distal SB3 tissue from
six mice from each group were rolled and processed to paraffin
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blocks in a standard manner. Eight 4 zm step sections, taken at
200 pm intervals, were stained with haematoxylin and eosin
(H&E) and scored morphologically. Microadenomas were
assigned to a category from 1-4: adenomas that remained
within the limits of a single villus were classified as category 1;
those within the space of >1-5 villi were classified as category 2;
>5-10 villi as category 3, and >10 villi as category 4 (24).

Immunohistochemistry (IHC). Sections of formalin-fixed
paraffin-embedded tissue specimens (distal small bowel)
from vehicle and barasertib-treated mice were stained for
BrdU uptake using sequential incubation with a mouse anti-
BrdU monoclonal primary antibody (Abcam), corresponding
biotin-conjugated rabbit anti-mouse secondary antibody and
developed with streptavidin-peroxidase reagent and DAB as
previously described (24). Proliferation activity was quantified
using thirty well-oriented crypts per animal (n=6 per group)
also as described previously (23,25).

Expression of phH3 was determined in sections cut from
specimens of the distal small intestine, using sequential
incubation with a mouse anti-pHH3-(Ser10) monoclonal
primary antibody (Sigma, St. Louis, MO, USA), a biotin-
conjugated rabbit anti-mouse polyclonal secondary antibody
(DakoCytomation Ltd., Ely, UK), and a streptavidin-peroxi-
dase reagent that was developed in DAB followed by
counterstaining with haematoxylin. All cells within 25
hemi-crypts per animal in the distal intestine were examined
at high magnification (x40 objective) and DAB positive vs.
haematoxylin counterstained cells were counted (25). Six
animals per group were assessed.

Statistical analysis. All IHC measurements were scored with
the slide reader blinded to the treatment. Results are presented
as group mean =+ standard error of the mean (SEM). One-way
analysis of variance (ANOVA) and Student's t-tests were
carried out to test for statistical significance of any effects
in barasertib-treated group versus control (P-value of <0.05
was considered to be statistically significant). All statistics
were performed using Minitab Statistical Software, Release
10.5 Xtra (Minitab Ltd., Coventry, UK) and Graphpad Prism
version 4.0b, 2004.

Results

Effect of barasertib-hQPA on cell growth and survival in vitro.
It has been shown previously that barasertib-hQPA is a
potent and selective inhibitor of ABK which inhibits histone
H3 phosphorylation and induces polyploidy in CRC cell lines
(HCT116 and SW620) (13,26). Here, we investigated the
anti-proliferative and cytotoxic effects of barasertib-hQPA
in a panel of CRC cell lines in vitro, exposed to increasing
concentrations of barasertib-hQPA for 96 h. Barasertib-
hQPA treatment potently reduced the proliferation of tumor
cells as determined by cell number. In a panel of 9 tumor cell
lines, the concentrations of drug that reduced cell growth by
50% were <0.015 uM in 5 of the lines and between 0.015-
2.235 uM in the remainder (Table I). To determine whether
barasertib-hQPA could also induce apoptosis, a BAK assay
was performed on four of the lines which had shown greatest
sensitivity in the proliferation assay. Exposure to barasertib-
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Table I. Barasertib-hQPA inhibits the proliferation of a panel
of colon tumor cell lines.

Cell line Proliferation Gls,, uM
DMS114 0.003+0.001
HCT116 0.010+0.002
RKO 0.012+0.008
SW620 0.013+0.002
Colo205 0.014+0.008
WiDr 0.109+0.006
HCTS 0.503+0.076
Colo320DM 1.075+0.508
SW116 2.235+0.658

Cells were seeded in 96-well plates and exposed to a range of doses of
barasertib-hQPA for 96 h and then fixed and stained with Hoechst to
allow the assessment of cell number on the ArrayScan II. Data were
summarized using the geometric mean + SEM (n=2-3).

hQPA for 24 h, followed by washout for up to 144 h resulted
in significant inhibition of cell growth, at drug concentrations
=0.01 uM (Fig. 1A-D). This was accompanied by increased
BAK protein (Fig. 1E-H). Both the washout time required for
tumor cells to become apoptotic and the extent of apoptosis
varied across the cell lines tested. The induction of apoptosis
was particularly marked in the Colo-205 and RKO cell lines
(Fig. 1E and H, respectively) where 40-60% of cells stained
positive for BAK at drug concentrations =0.1 zM.

Barasertib treatment leads to antitumor and pharma-
codynamic effects in a range of human CRC xenografts.
Pharmacokinetic studies in rodents have previously indicated
that barasertib is rapidly converted in vivo to the active moiety
barasertib-hQPA (18). To further evaluate the antitumor poten-
tial in gastrointestinal malignancies, barasertib (150 mg/kg/day;
s.c. minipump infusion over 48 h) was tested in nude mice
subcutaneously implanted with CRC human tumor xenografts.
In SW620, HCT116 and Colo205 xenografts significant tumor
growth inhibitions of 79% (P<0.001, day 23), 60% (P<0.001,
day 25) and 81% (P<0.05, day 21) were observed, respectively
(Fig. 2A-C). Colo205 xenografts appeared the most sensitive
to treatment with a mean tumor volume (+ SEM) on day 21
after cell implantation, of 0.42+0.19 c¢cm?® for the barasertib
group compared to 2.24+0.75 cm?® (P<0.05) for the vehicle
control animals (Fig. 2C). A significant antitumor response
was also observed in SW620 xenografts when barasertib
was administered using a well-tolerated once-daily intra-
peritoneal (i.p) schedule (25 mg/kg; i.p. Q1Dx4): the mean
tumor volume (+ SEM) on day 24 after cell implantation
for barasertib-treated mice was 0.7420.07 cm?, compared to
vehicle control treated mice, which had a mean tumor volume
of 1.26+0.13 cm? (P<0.05) (Fig. 2D).

To confirm that barasertib inhibited ABK activity in vivo
the CRC human tumor xenografts were analyzed 2 h after
termination for biomarker effects including phH3 expression, a
proximal downstream marker of ABK signaling (27) and DNA
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ploidy. The barasertib infusion schedule (150 mg/kg/48 h) led
to a significant reduction in the proportion of phH3 positive
tumor cells in all three CRC xenografts (SW620, HCT116 and
Col0205) when compared to respective controls (Fig. 2E).
Flow cytometric analysis of the DNA content of SW620 and
HCT116 tumors also revealed an increased proportion of cells
with a 4N and >4N DNA content from animals that received
barasertib versus vehicle control treated mice (Fig. 2F and G).
This accumulation of cells with a 4N and >4N DNA content
is consistent with failed cytokinesis and continued cell cycle
progression and endoreduplication following inhibition of
ABK activity. Such a trend of increased DNA content was
not as clear in the Colo205 xenografts receiving barasertib,
perhaps related to their propensity to undergo apoptosis. A
similar pharmacodynamic trend (i.e. reduction in tumor PhH3
but increase in 4N and >4N cells treated with barasertib versus
control) was also observed in the SW620 xenograft model
following daily intraperitoneal administration of barasertib
(25 mg/kg/day) for 4 days (data not shown).

Barasertib significantly reduces adenoma burden in Apc™™"*
mice. To investigate the efficacy of inhibiting ABK activity
over time in the Apc™™* model we adapted the i.p. barasertib
schedule previously shown to be efficacious in the SW620
tumor xenograft model. Apc™™* mice were treated for three
consecutive weeks with either barasertib (25 mg/kg/day i.p.
Q1Dx4 weekly, for 3 cycles) or vehicle alone, and at the end of
the treatment phase, intestinal tissue was examined for adenoma
formation/development. Barasertib, compared with vehicle-
treated mice, reduced adenoma number in each of the small
bowel (SB) segments SB1, 2 and 3 (data not shown). When the
whole SB was considered (SB All) barasertib reduced the mean
number of adenomas by 39% from 52.31+6.18 to 31.87+5.64
(P<0.05); Table II. There were much fewer adenomas in the
colon than in the SB, due to the lower incidence of adenomas
occurring in the colon in this model (22). Although a similar
reduction in the number of adenomas in the colon (38%) was
seen in barasertib versus vehicle-treated mice, this did not
reach statistical significance (Table II).

When compared with vehicle-treated controls, the mean
adenoma diameter in barasertib-treated mice appeared
smaller in both the SB and colon, although in neither case
was this statistically significant. Adenoma burden (a measure
derived from tumor number and diameter) in the small
bowel was significantly reduced by 43% from 22.09+3.14 to
12.67+2.13 mm? (P<0.05) (Table II). Whilst there was also
a reduction in adenoma burden with barasertib in the colon
versus vehicle-treated Apc™™* mice of 55% this was again not
statistically significant.

In addition to analyzing the effects of barasertib on macro-
scopic adenoma formation and growth, a survey of microscopic
adenomas was undertaken in which tumors were categorized
according to size: category 1 represented an adenoma remaining
within the limits of a single villus; category 2, adenomas within
the space of >1-5 villi; category 3, adenoma size >5-10 villi;
category 4, adenomas >10 villi in size. In barasertib-treated
animals there were significantly fewer larger microadenomas
(by 64, 68, 67% in categories 2, 3, 4, respectively) suggesting
that there are significant effects of barasertib on all, but the
very smallest adenomas (Table III).
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Figure 1. Anti-proliferative and apoptotic effect of barasertib-hQPA in a panel of CRC cell lines. CRC cells were seeded in 96-well plates and exposed to a
range of doses of barasertib-hQPA for 24 h [C0l0205 (A and E), HCT-116 (B and F), SW620 (C and G) and RKO (D and H)]. The compound was washed out
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standard Dunnett's multiple comparisons tests, ‘p<0.03, 'p=<0.01, *p=<0.001, where applicable.
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Table II. Macroadenoma analysis after a 3-week treatment cycle of barasertib in Apc
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Min/+ mice.

Adenoma survey

Control Barasertib Student's t-test
(25 mg/kg/day) P-value
No. of adenomas (SB All) 52.31+6.18 31.87£5.64 0.02
No. of adenomas (Colon) 1.92+0.33 1.20+0.30 NS
Diameter of adenomas (mm) (SB All) 0.94+0.02 0.78+0.08 NS
Diameter of adenomas (mm) (Colon) 1.14+0.20 0.79+0.22 NS
Tumor burden (mm?) (SB All) 22.09+3.14 12.67+2.13 0.02
Tumor burden (mm?) (Colon) 7.68+3.58 3.49+1.72 NS

Macroscopic lesions were surveyed across the gastrointestinal track of

Min/+

Apc mice after 3 weeks of treatment with either control (n=13)

vehicle or barasertib (n=15). Data were summarized using the mean + SEM.

Table III. Effects of barasertib on microscopic adenoma burden in Apc

Min/+ mice .

Microadenoma no.

Gut Adenoma Control Barasertib Student's t-test Percentage
segment category (25 mg/kg/day) P-value reduction (%)
Small 1 20.0+4.5 17.0+£3.7 NS 15
bowel 2 352+6.4 12.8+£3.5 0.01 64

3 19.5+4.2 6.3+1.7 0.01 68

4 7.5+2.1 2.5+0.7 0.04 67

Microscopic adenomas were counted across the distal segment of the small bowel, visualized under H&E staining, measurements performed
with a stage calibrated graticule. Data were summarized using the mean + SEM.

Effect of barasertib on pharmacodynamic endpoints and
cell proliferation in vivo. Aurora-B phosphorylates histone
H3 at Serl0, exclusively during mitosis in mammalian cells
(28). Samples for pharmacodynamic endpoints were collected
2 h post the last dose of barasertib (i.p. ApcM™*). Absent IHC
staining of phH3 (Serl0) was taken as direct evidence of inhi-
bition of ABK activity (Fig. 3).

In the adenomatous tissue, the number and proportion (%)
of phH3-positive cells in the barasertib versus the vehicle-
treated group were markedly reduced by 97% (P<0.001) and
94% (P<0.001), respectively; Table IV, Fig. 3. Adenomas were
53% smaller on average (P<0.001, Table IV) in the barasertib
versus vehicle-treated group and the adenomas displayed
a noticeable trend of a greater number of apoptotic bodies
when examined after H&E staining. Further, a similar trend
was observed following cleaved caspase-3 staining (data not
shown). BrdU uptake in the adenomas experienced a decrease
of 51% (P=0.01, Table 1V), indicating a possible lower divi-
sion rate in the adenoma. The comparison of BrdU labeling
indices across treated and control group did not reveal much
difference in BrdU uptake, but this could be explained by the
smaller overall size of barasertib-treated adenomas (Table I'V).
Normal non-adenomatous tissue displayed similar effects but
with no major changes in tissue renewal (data not shown).

Discussion

Previous research has shown that Aurora kinase levels are
elevated in several cancer types, including CRC and that
the Aurora kinase family may represent potential targets for
therapeutic intervention (29). Studies in in vitro and in vivo
tumor models support this view, and have shown that inhib-
iting ABK activity produces significant antitumor effects in
both hematological (30) and solid tumors including hepatocel-
lular cancer (31). Recent work in CRC has pointed towards a
role for mutant APC in activating ABK, via survivin; leading
to increased mitotic rates and a mechanism by which colon
tumorigenesis is promoted (12). Here we investigate further
the potential of targeting GI tract cancers using the selective
ABK prodrug, barasertib. Barasertib-hQPA (the active moiety
of barasertib) inhibits tumor cell growth and induces apoptosis
in a concentration- and time-dependent manner across a panel
of CRC cell lines. Consistent with previous reports (32,33),
barasertib-hQPA caused a lower induction in apoptosis in
HCT116 cells and required prolonged exposures (Fig. 1F).
A similar effect was observed in SW620 cells whereas in
Colo205 and RKO cells the extent of apoptosis was more
pronounced, reaching 40-60% at concentrations of 0.1 xmol/l
barasertib-hQPA. The fact that cell growth was inhibited after
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Figure 3. Barasertib pharmacodynamic effects on phH3 levels in small intestine of Apc™™* mice. Normal tissue (A and B) and adenomas (C and D) from
small intestines following 3 weeks of treatment with vehicle (A and C) or barasertib (B and D), stained for phH3 expression by IHC. Scale bars, 200 ym (A, B
and D) and 500 ym (C).

Table IV. The effects of barasertib treatment on proliferation markers in adenomas of the small bowel of Apc™i™*,

Proliferation assessment

Control Barasertib Student's t-test

(25 mg/kg/day) P-value
BrdU* per adenoma 241.23+36.05 117.01£31.66 0.015
Mitoses per adenoma 7.24+1.10 5.98+1.60 NS
phH3"* per adenoma 37.76£5.19 1.00+0.34 <0.001
Cells per adenoma 1143.44+156.75 537.17+67.67 0.001
BrdU labeling index (%) 21.10x1.18 21.78+1.34 NS
Mitotic index (%) 0.63+0.10 1.11+0.27 NS
phH3 labeling index (%) 3.30+0.34 0.19+0.09 <0.001

Proliferation in the adenomas was analysed by immunohistochemistry staining for BrdU incorporation, phH3 and mitoses present in the tissue
of interest of barasertib and vehicle treated mice. Data were summarized using the mean + SEM.

a 24 h exposure to barasertib-hQPA followed by extended cell lines could also be responsible; previous studies on the
washout periods suggests that an intermittent schedule may effects of barasertib in AML cells have indicated expression of
be an effective treatment in CRC. The difference in response  the transporter proteins P-glycoprotein and BCRP1 can have a
rates to barasertib between the CRC cell lines may underlie = negative impact on barasertib-hQPA efficacy (34).

differences in the expression of proteins involved in cell We also demonstrated that short-term treatment (48 h,
cycle checkpoint/apoptotic pathways as well as differences in ~ osmotic minipump) with barasertib produced durable anti-
growth rate, % of polyploidy and /or DNA content of poly- tumor effects in vivo in three established subcutaneous CRC
ploidy cells. Differences in intracellular drug uptake between  xenograftsinnudemice.Similar preclinical activity hasrecently
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been documented in both a CRC cell line-derived xenograft
(HT29) and 3 patient-derived explants with ENMDA-2076,
a multi-targeted anti-angiogenic and Aurora kinase inhibitor
(35). Whilst Colo205 cells more readily underwent apoptosis
following barasertib treatment in vitro and also appeared to
be the most sensitive model in vivo, barasertib induced signifi-
cant antitumor activity in both SW620 and HCT116 models.
Differences between in vitro and in vivo barasertib data may
reflect the multi-cellular contribution of the tumor microenvi-
ronment (including stroma) found in tumor xenografts versus
the mono-cellular conditions of cell culture assays used in this
study. Pharmacodynamic analysis in CRC xenografts indi-
cated the antitumor effects were associated with reduced phH3
expression and accumulation of cells with 4N and >4N DNA
content. These findings are consistent with failed chromosome
separation and thus failed cytokinesis but continued cell cycle
progression following inhibition of ABK activity. These data
indicate that the mechanism of action of barasertib in vivo
recapitulates that observed with barasertib-hQPA in vitro and
with other ABK inhibitors (13,36). Interestingly, pharmacody-
namic analysis of barasertib-treated Colo205 xenografts did
not indicate such a strong trend for enriched 4N and ploidy
(>4N) tumor cells. Colo205 cells were observed to be very
pro-apoptotic in in vitro assays and sensitive in in vivo growth
inhibition studies. The weaker trend in increased DNA content
following barasertib treatment in vivo may have reflected cells
undergoing early apoptosis rather than endo-reduplication.
Consistent with this, flow cytometric analysis of tumor cells
from Colo205 xenografts showed there to be a higher propor-
tion with a sub-G1 DNA content, a marker of apoptosis in this
model (data not shown).

Inhibition of ABK activity in an autochthonous model of
CRC, such as the ApcMi™* mouse which is considered as well
validated model of intestinal cancer, has not yet been reported
(37,38). The ApcM™* mouse has several advantages over stan-
dard CRC in vivo models, such as human tumor xenografts, in
that the mouse strain is immunocompetent and the adenomas
grow in situ within the context of the complex intestinal
mucosal microenvironment. In the Apc™™* mouse model we
found a marked reduction in the number of detectable adenomas
throughout the SB following the three-week treatment with
barasertib, with the most pronounced effect being seen in the
distal segment where most of the lesions occurred. In addition
to the reduction in the number of adenomas, the sizes of the
lesions in the SB were also reduced leading to a significant
reduction in tumor burden. Tumor burden in the colon was also
reduced, but this did not reach statistical significance and is
most likely due to the relatively small number of adenomas
that are found in the colon. The number of colonic adenomas
was low in the current study, but it is known that the number of
colonic adenomas in the Apc™™* mouse is variable, and may
be in part be a reflection the inflammatory environment in the
intestines which can be affected by gut micro-flora which in
turn can be influenced by specific pathogen-free conditions of
a vivarium (39,40).

Microscopic analysis refined the quantification of
adenomas and confirmed that the Apc™™* model developed
adenomas of various sizes, and demonstrated that the inci-
dence of all but the smallest adenomas (those occupying space
within a single villus) were substantially reduced by treatment
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with barasertib. It is important to note that under treatment
larger adenomas were less numerous (category 3 and 4) poten-
tially due to the pro-apoptotic and anti-proliferative effects of
barasertib. It is also possible that barasertib treatment could
de-bulk larger adenomas to smaller sizes (e.g. from category 3
or 4 to category 1), and therefore account for the reason why
the difference in category 1 adenomas between barasertib and
vehicle control Apc™™* mice was not statistically significant in
this study. From these data we cannot fully ascertain whether
the effects of barasertib are to prevent adenoma growth, to
shrink adenomas, or both. Further work (including short-term
exposures) would be required to investigate this further.

Scoring the histological sections of SB from barasertib
treated Apc™i"* mice revealed a substantial suppression
of ABK activity in both histologically normal crypts and
adenomas, as measured by phH3 immunostaining. Mitotic
index was also increased in both normal crypts and adenomas.
Taken together, the in vivo data indicate that the biological
response of intestinal tissue in ApcM™* mice parallels the
response of SW620 and HCT116 xenografts following inhi-
bition of ABK activity by barasertib. Although not directly
comparable, it is noteworthy that the extent of reduced phH3
staining following barasertib in the SW620 xenograft by
flow cytometry appeared substantially less than that seen in
the adenomas/crypts from ApcM™* mice. However, this may
have reflected differences in the methodologies used and the
duration of barasertib treatment which was much shorter in
the CRC xenografts. Furthermore, the tumor burden was
much larger in the CRC xenograft studies compared with
the Apc™™* mouse study, which could in part contribute to
a smaller effect on phH3 levels. Recent work by Zhang et al
address the relationship of APC regulating ABK activity and
its effect of phH3 distribution in colonic crypt via survivin,
an increase in ABK activity leads to higher phH3 position
within APC mutated crypts and adenoma (12). Interestingly,
the THC phH3 staining pattern in the vehicle control sections
of the Apc™™* mice (Fig. 3) was reminiscent of the clinical
counterparts described the Zhang er al study (12). Namely,
phH3 staining confined to lower intestinal crypts in the
normal tissue and a more stochastic distribution throughout
the adenomas.

The lack of an apparent effect of barasertib on BrdU
labeling index is likely to have resulted from smaller adenomas
and the rapid apoptosis of cells undergoing aberrant mitosis.
Since apoptotic cells are likely to be promptly eliminated from
the adenoma tissue (and therefore not contribute significantly
to the assessment of labeling index), the overall proportion
of cells in S-phase could appear relatively unaffected, in
particular if the tumor was shrinking in response to drug treat-
ment. Although we did not directly assess tumor shrinkage
in the present study, the number of cells per adenoma was
significantly lower in barasertib-treated animals compared
with controls. Assessment of cleaved caspase-3 showed a trend
in apoptosis accumulation following treatment although this
effect was not significant (data not shown). The later may be
explained due to the nature of the intestinal gut, being a site of
high cell turnover, which would have allowed for the clearing
of apoptotic cells prior to analysis. Future work taking earlier
samples for analysis may give additional insights into these
results.



1484

Our data in CRC cell lines and xenografts and in ApcMi™*
mice provide supportive evidence that barasertib treatment
inhibits ABK and reduces phH3 levels in dividing tumor
cells. This results in aberrant mitosis, aneuploidy, polyploidy
and apoptosis thereby suppressing the growth of tumor
xenografts or intestinal adenomas. The results of the present
study confirm that ABK activity plays a substantial role
in the growth of established CRC tumor models, but more
interestingly it also plays a role in the growth of very early
pre-carcinogenic lesions in the intestinal tract of Apc™™ mice.
Selective ABK inhibitors are currently being evaluated in
various clinical trials and the present study provides a rationale
for extending the scope of clinical evaluation to include earlier
stages of CRC. Barasertib has been tested in both solid and
hematological cancer patients. In the case of solid tumors a 2-h
infusion schedule, every 7 or 14 days, was investigated (41).
Neutropenia was the most frequently reported adverse event/
dose-limiting toxicity and the best observed responses in this
trial were prolonged disease stabilizations in some patients.
As with other therapies targeted against cycling cells, care
and attention will be needed to identify the optimum dosing
regime in order to achieve a good therapeutic margin.
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