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Chapter 8

Abstract

Histone deacetylase inhibitors (HDACIs) are being tested in clinical trials for the treatment
of solid tumors. While most studies have focused on the re-expression of silenced tumor
suppressor genes, a number of genes/pathways are downregulated by HDAClIs. This provides
opportunities for combination therapy: agents that further disable these pathways through
inhibition of residual gene function are speculated to enhance cell death in combination
with HDACIs. A previous study from our group indicated that mitotic checkpoint kinases such
as PLK1 and Aurora A are downregulated by HDACIs. We used in vitro and in vivo xenograft
models of prostate cancer (PCa) to test whether combination of HDACIs with the pan-aurora
kinase inhibitor AMG 900 can synergistically or additively kill PCa cells. AMG 900 and HDAClIs
synergistically decreased cell proliferation activity and clonogenic survival in DU-145, LNCaP,
and PC3 PCa cell lines compared to single agent treatment. Cellular senescence, polyploidy
and apoptosis was significantly increased in all cell lines after combination treatment. In
vivo xenograft studies indicated decreased tumor growth and decreased aurora B kinase
activity in mice treated with low dose AMG 900 and vorinostat compared to either agent
alone. Pharmacodynamics was assessed by scoring for phosphorylated histone H3 through
immunofluorescence. Our results indicate that combination treatment with low doses of
AMG 900 and HDACIs could be a promising therapy for future clinical trials against PCa.
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Introduction

In recent years, the introduction of various novel therapies for prostate cancer (PCa), such
as taxanes, has significantly extended survival of patients.? Nevertheless, PCa remains the
second deadliest cancer in the Western world.? Therefore, research is needed to further
improve clinical outcomes by identifying therapies with improved antitumor efficacy and/
or reduced toxicities.

In the search for new molecular targets for PCa treatment, aurora kinases are a promising
candidate.? Three paralogous genes (aurora A, B, and C) comprise the aurora family of serine/
threonine protein kinases in mammalian cells. Aurora A and B are essential regulators of
mitosis, while aurora C primarily plays a role in meiosis. Aurora A is an oncogene upregulated
in several tumor types.® Its phosphorylation is required for cell cycle progression, centrosome
maturation, and spindle assembly.® 7 Aurora B, also overexpressed in tumor cells, is most
active during the G2/M-phase, and its phosphorylation is essential for the final steps of
cytokinesis.®®° Active aurora B phosphorylates histone H3 on serine 10, a molecular event
vital for chromosome condensation and mitotic progression.®® Inhibition of aurora A and
B inactivates the spindle assembly checkpoint, resulting in endoreduplication, polyploidy
and eventually, apoptosis.® 12 The orally bioavailable pan-aurora kinase inhibitor AMG 900
aborts cytokinesis by inhibition of autophosphorylation of aurora kinases.™ It is effective
in multidrug resistant models, possibly through circumvention of the drug efflux effector
P-glycoprotein.!

AMG 900 may yield enhanced antitumor activity in the presence of additional cancer
therapeutics.’ 1 Previous studies by our group have demonstrated that several genes
involved in mitotic checkpoints, including polo-like kinase 1 (Plk1) and aurora kinases, are
downregulated by HDACIs.** 1> Recently we have demonstrated that combination of HDACIs
with a Plkl1 inhibitor synergistically induced apoptosis, decreased cell proliferation, and
decreased clonogenic survival of PCa cells.’® Based on our success with Plk1 inhibitors,
we hypothesized that addition of HDACIs could potentiate apoptosis in PCa cells that
are treated with aurora kinase inhibitors. Further, HDACIs exhibit promising antitumor
effects in PCa in vitro and in vivo,*” *® and have successfully been used in concert with
other chemotherapeutics.> % Therefore, HDACIs could serve as a rational choice for
complementing the apoptotic effects of AMG 900. Hence, we combined AMG 900 with the
HDACIs VPA and vorinostat in PCa cells in our current study. We found that combination of
HDACIs with AMG 900 has a synergistic antitumor effect, the HDAClIs activating an apoptotic
mechanism in aurora kinase-inhibited PCa cells.
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Materials and methods

In vitro

Cell culture and treatment

PCa cell lines (DU-145, LNCaP, PC3) were obtained from ATCC. Cells were grown in RPMI-
1640 (Invitrogen) with 10% fetal bovine serum (FBS) (Gemini) and maintained in a 37°C
humidified incubator supplemented with 5% CO,. VPA (Sigma-Aldrich) was prepared in
RPMI at a 1M stock on the day of treatment of the cells. Vorinostat (AtonPharma) and AMG
900 (Amgen) were maintained in 10 mM DMSO stock solutions at -20°C and diluted in RPMI
upon use. Compounds were administered concomitantly in combination studies.

Cell viability and synergy

MTS assays were performed with CellTiter 96™ Aqueous Non-Radioactive Cell Proliferation
Assay reagent (Promega) according to the manufacturer’s instructions. In brief, PCa cells
were plated in 96-well plates, allowed to adhere overnight and treated with the selected
compounds for 72 h. Subsequently, MTS reagent was added. Absorption at 490 nm was
measured after approximately 2 h using a colorimetric plate reader (Molecular Devices).

To compare the antitumor effect of single agent treatments with combination treatment,
synergy was determined using CalcuSyn software (Biosoft). CalcuSyn calculates a
combination index (Cl) at different levels of growth, using the formula for mutually non-
exclusive mechanisms: (D1/Dx1) + (D2/Dx2) + (D1*D2/(Dx1*Dx2)), where D1 and D2 are
the doses of drug 1 and drug 2 in combination required to produce x percentage effect, and
Dx1 and Dx2 are the doses of drug 1 and drug 2 alone required to produce the same effect.
Synergy levels (no synergy (CI>0.9), moderate synergy (0.7<CI<0.9, +), synergy (0.3<CI<0.7,
++), strong synergy (0.1<CI<0.3, +++), very strong synergy (CI<0.1, ++++)) were determined

from Cl ranges, using the Chou-Talalay method following the manufacturer’s instructions.?"
22

Cell survival

Clonogenic assays were performed to assess long-term cell survival. PCa cells were plated
in complete RPMI media. Upon reaching 50-60% confluency, drugs were added at the
appropriate concentration and dishes were incubated for 48 h. Then, cells (1.25x103® for
DU-145 and PC3 cells, 2x103 for LNCaP cells) were replated and grown in triplicate in 60 mm
dishes containing fresh, complete RPMI media. After 10-14 days (depending on the doubling
time of cell line), crystal violet stain (Sigma) was used to stain colonies and colonies were
counted. All dishes from one cell line were stained at the same time point. The average
number of colonies in DMSO-treated controls was considered 100% clonogenic survival in
each separate cell line and in each separate experiment. Student’s t-tests were performed
to assess whether clonogenic survival of a cell line differed significantly between doses
of a single agent; synergy was determined with CalcuSyn when comparing single agent
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treatment with combination treatment.?%2?

Cellular senescence

PCa cells were plated in 6-well plates (25-50x10° cells per well) and allowed to adhere
overnight. Compounds were added to the complete RPMI media for 48 h, after which
senescent cells were stained using the senescence B-galactosidase staining kit (Cell Signaling
Technology) according to the manufacturer’s instructions. In brief, cells were washed in
phosphate buffered saline (PBS) and fixed in Fixative Solution (2% formaldehyde and 0.2%
glutaraldehyde in 1X PBS). After fixing, cells were washed in PBS and incubated with Staining
Solution (containing 40 mM citric acid/sodium phosphate (pH 6.0), 150 mM NaCl, 2 mM
MgCl,, 5 nM potassium ferrocyanide, and 1 mg/ml X-gal in 5% dimethylformamide) in a 37°C
incubator for 24 h. Cells were washed in PBS and visualized under an Olympus IX70 inverted
microscope using an Uplan FL 10x phase contrast lens. Multiple images (>5) were taken
from each well. Senescent (blue) and total cells were counted in five fields of approximately
30 cells/field for each treatment. Student’s t-tests were performed to determine whether
cellular senescence significantly differed between combination treatment and single agent
treatment.

Fluorescence microscopy

Cells were drugged at 50-70% confluency for 48 h and fixed with neutral buffered formalin
for 10 minutes, followed by permeabilization with 0.125% Triton X-100 for 5 minutes.
Cells were blocked with 10% bovine serum albumin (BSA) overnight. Cells were probed
with a primary antibody against phosphorylated aurora kinase A/B/C (antibody #2914,
Cell Signaling Technology) at a 1:100 dilution followed by an Alexa Fluor-555 (Invitrogen)
conjugated secondary antibody at a 1:400 dilution in blocking buffer. Cells were washed
in PBS and further incubated with Alexa Fluor-488 conjugated phosphorylated histone
H3 antibody (antibody #9713 at a 1:100 dilution, Cell Signaling Technology). Cells were
counterstained with Hoechst 33258 and mounted on slides. Confocal images were taken
with the Zeiss LSM 510 meta-confocal microscope (Carl Zeiss) using a 63x objective.

Flow cytometry

Cells were plated in 100 mm dishes and drugged at 50-70% confluency. Both floating
and attached cells were collected 48 h after treatment, washed in PBS and fixed with 4%
freshly-made paraformaldehyde. Cells were then permeabilized with 90% cold methanol.
Permeabilized cells were stained with Alexa Fluor-488 conjugated phosphorylated histone
H3 antibody (1: 100 dilution, Cell Signaling Technology). Nuclei were stained with propidium
iodide (Sigma) in PBS containing 1% BSA. Flow cytometry was performed on a FACSCalibur
flow cytometer (BD Biosciences). Cell cycle analysis was performed using BD FACSDiva
software and FlowJo.
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Immunoblotting

Western blotting was performed as described previously.'* Loading volumes equal to 20 pg
of total protein were used. Primary antibodies were diluted 1:1000 in blocking solution with
the exceptions of vinculin (Millipore) and phosphorylated aurora A/B/C (antibody #2914,
Cell Signaling Technology), which were diluted 1:4000 and 1:500, respectively. Conjugated
secondary antibodies were diluted 1:4000 in blocking solution. Blocking solution (5% milk
in TBST (100 mM Tris-HCI pH 7.4, 0.1% Tween 20, 150 mM NaCl in H,0)) was used to dilute
antibodies against p21 (BD Biosciences), cyclin B1 (Cell Signaling Technology), vinculin,
and cleaved PARP (Cell Signaling Technology), as well as all secondary antibodies. 5% BSA
was used for phosphorylated aurora A/B/C and phosphorylated and total histone H3 (Cell
Signaling Technology). Blots were developed with ECL (GE) or Femto (Pierce Biotechnology)
and scanned into a computer at a resolution of 300 dots per inch (dpi). Densitometric
analyses were performed using Image) (Research Services Branch, National Institute of
Mental Health); density of bands of the protein of interest was normalized to the density
of bands of the housekeeper (actin, vinculin or total aurora A), and protein expression of
treated cells was compared to the control.

In vivo

Animals

The animal protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) of Johns Hopkins University (JHU). AllIACUC guidelines and United States Department
of Agriculture regulations were followed. The mice used in this study were 8-week old JHU
Oncology NOD/SCIDs (JHU bred colony) and were housed under aseptic conditions on a 12
h light-dark cycle with food and water provided ad lib. Each cage contained < 5 mice, which
were differentiated by treatment groups.

Two million DU-145 PCa cells, suspended in complete RPMI media, were embedded in a
1:2 solution of Matrigel (BD Biosciences) and injected subcutaneously into the right flank
of the mice. The tumor inoculation success rate was approximately 90%. Following a 3
week growth incubation period, tumor volume was estimated with digital calipers, using
the standard formula: i/6*length*width*height. Before treatment initiation, mice were
stratified by tumor size and assigned into homogenous groups (8-9 per group). Once
average tumor volume was above 200 mm?3, treatment was initiated in all mice. Treatments
were administered 4 consecutive days per week for a total duration of 4 weeks. Vorinostat
(50 mg/kg) was administered once daily via intraperitoneal injections on mornings of days
1-4 of the dosing cycle. AMG 900 was administered through gavage on days 1 and 2 of each
dosing cycle. Mice were treated with vehicle (2% hydroxylpropyl methyl cellulose (HPMC)
and 1% Tween 80 in deionized water (pH 2.2) with methane sulfonic acid (MSA)), or AMG
900 at a concentration of 3.75 mg/kg or 7.5 mg/kg (provided weekly by AMGEN in glycerin).
Tumor size and mice bodyweights were measured on the day preceding each dosing cycle
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(day 0/7) and the final day of dosing (day 4) each week. Tumors were harvested when the
volume reached 1000 mm?3, which occurred 26 to 35 days after start of the treatment. For
histological assessment of the tumors, mice were perfused with 2% paraformaldehyde
through a cardiac catheter, and then tumors were excised, infiltrated in sucrose, embedded
in O.C.T. compound (Sakura Finetek) and stored at -80°C. Tissue sections were prepared for
hematoxylin-eosin staining by fixing the tissue in formalin and embedding in paraffin after
tumor excision.

Tumor growth analysis

In vivo data from the DU-145 xenograft model were analyzed with a random intercept
hierarchical linear model. The primary statistical outcome was tumor volume. To adjust for
the initial volume, tumor volumes on days 3 through 26 for each mouse were divided by the
volume on day 0 and then the log of these values was taken for analysis. The intercept in
this longitudinal model was specified such that it represented the log ratio of the final tumor
volume to the initial volume (time was coded using negative numbers and 0 for the final
day). The model had the formula: y, =B, +{, + B, time  +[,group + B, (group  * time ) +¢,
where v, denotes the log ratio tumor volume for mouse i at time t, B, is the intercept
representing the log ratio of the tumor volume on day 26 to the initial volume for the control
group, B, is the linear effect of time for the control group, B, is the group effect on day 26,
and B, is the group effect in terms of the linear effect of time. The mouse specific effect
¢, represented the deviation of each mouse from the group intercept. This corrected for
the correlation between measurements taken on the same mouse. Since the mice in this
experiment were considered a representative sample from a larger population, the effect
was considered random and it was assumed that the population distribution from which
they were sampled had a normal distribution.

Tissue Immunostaining

Sections (20 um) were cut from frozen tissues and mounted on microscope slides (Fisher
Scientific). Sections were blocked in blocking buffer (5% goat serum, 0.5% BSA, 0.1% Triton
X-100 and 0.01% sodium azide in PBS) and probed overnight with the primary antibody
phosphorylated histone H3 in a 1:100 dilution (antibody #9713, Cell Signaling Technology).
Sections were washed in PBS containing 0.1% Triton X-100 and probed overnight with Alexa
Fluor-546 conjugated anti-rabbit antibody in a 1:500 dilution (Invitrogen). Subsequently,
sections were washed in PBS and fixed with 10% formalin, and nuclei were stained with
DAPI present in the mountant (Invitrogen). Coverslips were mounted on the slides and
sections were imaged with a Nikon Eclipse Ti microscope at 20x (Nikon). The percentage
of fluorescent cells was assessed in at least three fields of view per treatment group by
dividing the density of red (phosphorylated histone H3 positive cells) by the density of
blue (DAPI staining all nuclei) color with Image). Student’s t-tests were performed to assess
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for statistically significant differences in the percentage of cells that stained positively for
phosphorylated histone H3 and phosphorylated aurora A/B/C.

Results

AMG 900 and HDACIs inhibit aurora kinase expression and clonogenic survival of PCa cells.
After treatment of DU-145, PC3 and LNCaP PCa cells with AMG 900 for 12 h, the relative
decrease in protein expression of phosphorylated aurora A/B/C was compared to protein
levels of total aurora A. In all three cell lines, protein expression of phosphorylated aurora
decreased in a dose-dependent manner at concentrations above 1 nM (Fig. 1A). Next, long-
term clonogenic assays were performed to determine cell survival of PCa cells after AMG
900 treatment at 1 and 5 nM. At 5 nM, AMG 900 effectively inhibited clonogenic survival in
all PCa cell lines (>70%) (Fig. 1B). These results mirrored those of Payton et al., who reported
that the IC_, of AMG 900 in proliferation assays was around 5 nM for DU-145 and PC3 cells."*
Based on aforementioned results, we selected AMG 900 at 1nM (low dose, less effective)
and 5 nM (high dose, effective) for drug combination studies. VPA and vorinostat were
administered at concentrations of 1 mM and 1.5 mM, and 0.5 uM and 1 uM, respectively,
as at these concentrations the compounds downregulated phosphorylated aurora A/B/C
protein expression levels in DU-145 and PC3 cells (data not shown), while previous studies

A B

A
& S &
& ~°“ be“‘ o e

1.00 0.62 0.19 0.18 0.26 0.09

‘B‘ phosphorylated
aurora A-C
c
total aurora A 120%
e i bu-145
e i (0o 20728
100%
T 8%
1.00 0.67 0.60 0.58 0.57 0.32 % B Dpu-145
A phosphorylated 3 2
T
_ totataurora A g 40% B wosr
PC3 g
2
total aurora B [3)
20%
0%
1.00 0.54 0.38 0.34 0.26 0.06
A & === 555 phosphorylated
H - aurora A-C
LNCaP
tal aurora B

Figure 1. AMG 900 effectively targets PCa cells at concentrations above 1 nM. A) Western blot quantifying the
protein levels of phosphorylated aurora A (48 kDa), B (40 kDa) and C (35 kDa) after treatment of PCa cells with AMG
900 (concentrations indicated above each lane) for 48 h. Bands were normalized to total levels of aurora A. B) Bar

graph representing relative clonogenic survival after AMG 900 treatment of PCa cell lines.
Colonies were counted in triplicate.
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Figure 2. Combinations of AMG 900 with HDACIs VPA and vorinostat decrease the proliferation activity and long-
term clonogenic survival of PCa cells compared to single agent use. A-B) Proliferation activity of PCa cells after
treatment with AMG 900 and VPA (A) or vorinostat (B), as measured by MTS assays. C-D) Quantification of colonies
to assess clonogenic survival of PCa cells after treatment with AMG 900 and VPA (C) or vorinostat (D).

Ai, AMG 900; VPA, valproic acid; SAHA, suberanilohydroxamic acid (vorinostat); +, moderate synergy; ++, synergy; +++, strong
synergy.

suggested acceptable toxicities at these concentrations.® 8 23

Combinations of low dose AMG 900 with HDACIs decrease proliferation activity and
clonogenic survival of PCa cells.

We employed MTS and clonogenic assays to assess the effect of combinations of AMG 900
with VPA and vorinostat on the proliferation activity and long-term survival of PCa cells
compared to a single agent. In both assays, treatment of PCa cells with 1 nM AMG 900 did
not result in antitumor activity, similar to previous results (compare Fig. 1 to Fig. 2). In MTS
assays, low dose VPA combined with low dose AMG 900 showed enhanced inhibition of cell
proliferation compared to high dose AMG 900 used as a single agent in both DU-145 and
LNCaP cells (Fig. 2A). Moderate synergistic effects were observed in DU-145 cells treated
with combinations of AMG 900 (1 nM) and VPA (1 mM and 1.5 mM) (CI=0.796 and CI=0.777,
respectively), and in LNCaP cells treated with combinations of AMG 900 (1 nM) and VPA (1
mM) (CI=0.848). In PC3 cells the proliferation, as evaluated by MTS assays, was decreased
by 10% at the most after treatment with AMG 900 and/or VPA. Combinations of vorinostat
and AMG 900 enhanced the inhibition of cell proliferation in all three cell lines compared to
treatment with single agents, except when combining a low dose of vorinostat (0.5 uM) with
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a low dose of AMG 900 (1 nM) (Fig. 2B). Synergistic effects, as defined by CalcuSyn, were
observed in PC3 cells treated with combinations of 1 uM vorinostat and AMG 900 (1 nM and
5 nM) (CI=0.375 and ClI=0.558, respectively).?"??

Cell death through aurora kinase inhibition may involve aborted cytokinesis progressing
to apoptosis, which may not be registered as a change in a short-term proliferation assay.
Therefore, we assessed the long-term effect of combination treatment on clonogenic
survival in PCa cell lines. Treatment of PCa cells with 1 nM AMG 900 did not result in
decreased clonogenic survival; however, combinations of low dose AMG 900 with either
VPA or vorinostat resulted in a remarkably decreased clonogenic survival compared to single
agent treatment (Fig. 2C-D). Subsequent analyses performed with CalcuSyn demonstrated
that administration of AMG 900 (1 nM) combined with VPA (1 mM and 1.5 mM) resulted in
a strongly synergistic decrease in survival compared to the single compounds in DU-145 and
PC3 cells (0.171<CI<0.260) (Fig. 2C).?~ 22 In LNCaP cells a moderately synergistic decrease in
clonogenic survival was seen in combination treatments of low dose AMG 900 and low dose
VPA (CI=0.765). Treatment of cells with combinations of AMG 900 (1 nM) and vorinostat
(0.5 uM and 1 uM) resulted in a decrease in clonogenic survival that was synergistic or
moderately synergistic in all three PCa cell lines (0.340<CI<0.809) (Fig. 2D). The higher dose
of AMG 900 as a single agent severely inhibited clonogenic survival in all three cell lines. As
a result, virtually no synergy could be measured in combination treatments involving high
dose AMG 900.

Combinations of AMG 900 with VPA or vorinostat increase cellular senescence of PCa cells.

During MTS and clonogenic assays, we observed PCa cell phenotypes resembling a senescent
morphology after treatment with AMG 900 with or without HDAClIs. Treated cells displayed
a flattened morphology compared to untreated controls, and some treated DU-145 and PC3
cells showed cytoplasmic vacuoles and granularity. We performed a Western blot analysis for
p21 as a surrogate marker of cellular senescence in PCa cells treated with (combinations of)
AMG 900 and HDACIs.?* Protein levels of p21 were not assessed in combinations with high
dose AMG 900, as during the course of the treatment, cells treated with this combination
constituted mainly apoptotic cells confounding analysis. In line with previous studies,® %°
protein expression of p21 was significantly increased after HDACI treatment compared to
untreated controls; to a lesser extent AMG 900 treatment also resulted in an increase in
p21 protein levels (Fig. 3A). Combination treatment further increased p21 levels, suggesting
increased cellular senescence. To ascertain whether cellular senescence is indeed increased
after combination treatment compared to single agent use in PCa cells, we stained DU-
145, PC3 and LNCaP cells for senescence associated (SA) B-galactosidase enzyme activity
(Fig. 3B). Consistent with our previously observed morphological transformations, DU-
145 and PC3 cells treated with combinations of AMG 900 and HDACIs had increased SA
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Figure 3. AMG 900 combined with HDACIs VPA or vorinostat increases cellular senescence in PCa cell lines
compared to single agent use. A) Western blot for p21, a marker of cellular senescence or a G1/G2 phase cell cycle
arrest, after treating DU-145, LNCaP and PC3 cells as indicated above each lane. Bands were normalized to the
housekeeper vinculin. B) Representative images of PC3 cells after performing an SA B-galactosidase assay. Blue cells
are SA B-galactosidase positive cells, indicating cellular senescence. C) Quantification of SA B-galactosidase positive
staining after treatment of PCa cells with AMG 900 and/or HDAClIs.

Ai, AMG 900; VPA, valproic acid; SAHA, suberanilohydroxamic acid (vorinostat); *, combination treatments with a significantly
increased percentage of senescent cells (p<0.05).
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B-galactosidase staining. LNCaP cells had a baseline level of blue SA B-galactosidase staining
in untreated controls; combination treatment of LNCaP cells with AMG 900 and HDACIs
resulted in increased SA B-galactosidase staining. Quantification of B-galactosidase positive
cells confirmed that the percentage of senescent cells was significantly increased in PCa cells
treated with combinations of AMG 900 and HDACIs (35-60% SA B-galactosidase positive
cells) compared to cells treated with single agents alone (<25% SA B-galactosidase positive
cells) (p<0.05), except for combination treatment of LNCaP cells with AMG 900 (1 nM) and
vorinostat (0.5 pM) compared to cells treated with vorinostat alone (p=0.116) (Fig. 3C).

Combination treatment with AMG 900 and HDACIs increases PCa cells with multipolar
spindles and polyploidy as compared to single agent treatment.

Since aurora kinases localize to distinct subcellular structures in mitotic cells, we probed
DU-145 and PC3 cells with an antibody against phosphorylated aurora kinase A/B/C to
investigate whether treatment results in differences in localization of these enzymes (Fig.
4). We co-stained the cells for phosphorylated histone H3 as histone H3 is phosphorylated at
serine 10 by aurora B during mitosis and can thus be used as a marker for aurora B activity.?®
After treatment with AMG 900, alone or in combination with HDACIs, localization of aurora
was limited to the spindle poles. It was further observed that PC3 cells treated with low dose
AMG 900 and HDACIs exhibited multipolar spindles, similar to 5 nM of AMG 900, suggesting
endoreduplication and polyploidy. Both cell lines showed a near complete loss in aurora
staining after a combination treatment with 5 nM of AMG 900 and HDACIs. Of note, addition
of AMG 900 also caused a decrease in histone H3 phosphorylation in a dose-dependent
manner in both PCa cell lines, with DU-145 demonstrating a greater decrease compared
to PC3 cells. These results demonstrate that AMG 900 inhibits aurora kinases in PCa cells,
potentially causing an increase in multipolar polyploid cells.

To further quantify the effects of combining HDACls and AMG 900 in PCa cells, we performed
cell cycle analysis after treatment (Figs. 5A-B). Cells were stained with phosphorylated H3
as a marker of aurora kinase activity. It is also a marker for cells in mitosis. DU-145 cells
exhibited the greatest dose-dependent decrease in phosphorylated histone H3 positive cells
upon AMG 900 treatment (Fig. 5A). In both cell lines combination treatment resulted in
an additional decrease in phosphorylated histone H3 positive cells, most evidently after
combination therapy with the HDACI vorinostat. As expected, flow cytometry showed AMG
900 alone induced polyploidy in a dose-dependent manner with DU-145 cells exhibiting
increased polyploidy as compared to LNCaP and PC3 (Fig. 5B). Combinations of vorinostat
and low dose AMG 900, again to a greater extent than VPA and low dose AMG 900, led to
a much greater increase in polyploidy as compared to single agents across PCa cell lines
investigated.
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Figure 4. Confocal analysis of DU-145 and PC3 PCa cells treated with AMG 900 and HDACIs VPA and vorinostat
stained for phosphorylated histone H3 (green) and phosphorylated aurora kinase A/B/C (red).
Ai, AMG 900; VPA, valproic acid; SAHA, suberanilohydroxamic acid (vorinostat).

All above data pointed to enhanced antitumor effects after treatment with a combination
of low concentration of AMG 900 with HDACIs. To investigate whether combinations led
to increased apoptosis, we probed PCa cells for cleaved PARP, a marker for apoptosis. As
expected, combination treatments with low dose AMG 900 resulted in an increase in PARP
cleavage (Fig. 5C). DU-145 cells exhibited a greater increase in PARP cleavage as compared
to PC3 cells. These data demonstrate that AMG 900 can effectively inhibit aurora kinase
activity in PCa cells, although the degree of inhibition may differ between cell types. Addition
of an HDACI further potentiates apoptosis.

Low dose AMG 900 in combination with vorinostat inhibits histone H3 phosphorylation and
suppresses growth of DU-145 xenografts.

The effect of combination treatment with AMG 900 and HDACIs on in vivo tumor growth
inhibition was evaluated in mice bearing DU-145 xenografts. Vorinostat was selected as
HDACI in these experiments, as it is already approved for the treatment of cancers in humans
and the treatment administration does not require continuous administration as does VPA
in mice.’® Mice were treated with vehicle alone, with AMG 900 at 3.75 (low dose) or 7.5
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Figure 5. AMG 900 combined with HDACIs VPA or vorinostat (SAHA) decreases phosphorylated histone H3, and
increases polyploidy and apoptosis in PCa cells. A-B) Flow cytometry analysis of PCa cell lines treated with AMG
900 and/or HDACIs. Cells were sorted by phosphorylated histone H3 expression (A) and by the number of sets of
chromosomes (B). C) Western blot analysis for cleaved PARP in PCa cells treated with AMG 900 and/or HDAClIs.
Bands were normalized to the housekeeper actin. Ai, AMG 900; VPA, valproic acid; SAHA, suberanilohydroxamic acid (vorinostat).

mg/kg (high dose), and/or with vorinostat at 50 mg/kg, corresponding to doses that had
been used previously with limited toxicity.'>  The mean tumor growth during treatment
is depicted in Figure 6A. We used the random intercept model to assess the overall effects
for time, group, and the time by group interaction, which were all significant (interaction
p-value <0.0001). Specifically, the tumor growth rate in mice after single agent treatment
with high dose AMG 900 and combination treatment with either low- or high dose AMG 900
and vorinostat was significantly reduced compared to the tumor growth rate in control mice
(p-values 0.020, 0.014 and 0.036, respectively). In the group treated with a combination
of low dose AMG 900 and vorinostat the average tumor growth rate was also lower than
the tumor growth rate in groups treated with low dose AMG 900 alone or vorinostat alone
(p=0.003 and p=0.008, respectively). Tumor growth rates in mice treated with low dose
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AMG 900 and vorinostat combination treatment were similar to tumor growth rates in mice
treated with high dose AMG 900 (p=0.833) and in mice treated with high dose AMG 900 and
vorinostat (p=0.721).

These data are in concordance with our in vitro findings that the combination of low dose
AMG 900 and HDACIs enhances inhibition of tumor cell growth. As the groups receiving
combination treatment did not exhibit a significant difference in overall bodyweight
compared to vehicle-treated controls and did not show signs of severe toxicity (no diarrhea
or lethargy), our data suggest that combination treatment resulted in few toxicities in mice
with stable weight.

Tumors from sacrificed mice were stained for phosphorylated histone H3 to assess
aurora B inhibition (Fig. 6B). Vehicle and vorinostat treated tumors displayed about 4%
phosphorylated histone H3 positive staining (p=0.713), while treatment with low dose AMG
900 decreased the percentage of phosphorylated histone H3 positive cells to about 2%
(p=0.004) (Fig. 6C). Both combination treatment with low dose AMG 900 and vorinostat,
and treatment with high dose AMG 900 alone or in combination with vorinostat resulted in
0.5% of the DU-145 cells being stained positively for phosphorylated histone H3, indicating
significantly inhibited aurora B kinase activity in these tumors compared to vehicle treated
tumors (p<0.001 and p=0.001, respectively). Inhibition of aurora B kinase activity did not
differ between the combination treatment with low dose AMG 900 and vorinostat and high
dose AMG 900 alone (p=0.806).

Discussion

Tumor cell resistance and dose-limiting toxicities frequently result in administration of
molecularly targeted agents below the efficacy threshold in patients. The efficacy of
treatment could be increased by rationally combining antitumor therapies. Previously,
we applied Analysis of Functional Annotation (AFA) to analyze data from a microarray
experiment with VPA- or vorinostat-treated PCa cells that demonstrated HDACI-induced
changes in gene expression in these cells.?® These data highlighted multiple pathways
that were up- or downregulated by vorinostat and VPA in PCa cells.’> One can envisage
pathways downregulated by HDACIs as opportunities for combining treatment modalities
that are ineffective in the pathways’ presence. Several genes involved in the mitotic spindle
checkpoint were downregulated by HDACI treatment, such as aurora kinase inhibitors,
pointing to combinations of HDACIs with mitotic spindle checkpoint inhibitors as a promising
anticancer strategy.’* Combination therapy of aurora kinase inhibitors with HDACIs had
promising results in preclinical experiments with blood cancers;? ?° such combinations have
not been assessed in solid tumors. For this purpose, we successfully combined AMG 900, a
pan-aurora kinase inhibitor, with HDACIs VPA and vorinostat in PCa cells in this study. AMG
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Figure 6. Low dose AMG 900 combined with vorinostat enhances growth suppression of DU-145 xenografts and
inhibits histone H3 phosphorylation in vivo, similar to treatment with high dose AMG 900. A) Tumor growth curves
of NOD/SCID mice bearing established DU-145 tumors treated with vehicle, AMG 900 and/or SAHA for a maximum
of four weeks. B) Representative images of tumor sections stained for phosphorylated histone H3 (red) and DAPI
(blue). C) Bar graph displaying the percentage of phosphorylated histone H3 positive cells per treatment group.
Tumor volumes are represented as mean + SEM (n=9). *, groups with a significantly decreased tumor growth rate (A) or less
phosphorylated histone H3 (C) compared to the control group (p<0.05). pH3, phosphorylated histone H3; Ai, AMG 900; SAHA,
suberanilohydroxamic acid (vorinostat).

900 is currently being tested in phase | clinical trials in patients with advanced solid tumors
and in patients with acute leukemias;*° vorinostat is FDA-approved with a primary indication

for cutaneous T-cell lymphoma.

Our data indicate that combining aurora kinase inhibitors with HDACIs yields additive and
even synergistic effects in inhibiting growth of both androgen-dependent (LNCaP) and
androgen-independent (DU-145, PC3) PCa cell lines. We propose that multiple factors
contribute to the observed synergy: (1) HDACIs target cells in different stages of the cell cycle
(interphase) than AMG 900 (mitosis).*3! It is conceivable that cells which escape targeting
by AMG 900 and progress through mitosis would be inhibited by HDACIs. (2) HDACIs may
complement the action of the aurora kinase inhibitor by directly upregulating expression
of genes that trigger the apoptotic/senescence pathway, such as p21, p27, and Bcl-2.2% 32
(3) HDACIs also target aurora kinases but from a transcriptional angle instead of by direct
catalytic inhibition; therefore, the aurora kinase pathway is targeted more effectively with
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combination therapy.3*3> Furthermore (4), our data indicate that combinations of HDACIs
and AMG 900 could trigger senescense. Senescence is known to be induced by activation
of p21/Cip1 via p53.2* However, AMG 900 induces p21/Cip1 proteins in LNCaP, which has a
wild type p53, and PC3 and DU-145 cells, which are p53 null and mutant, respectively. This
indicates that p21 is induced independently of p53. In line with this observation, HDACIs
are known to induce p21 and senescence independently of the p53-p21 pathway.? 3¢ 37
Intriguingly, the antitumor effect of AMG 900, enhanced with HDACls, was more pronounced
in clonogenic assays than in MTS assays. In line with previous studies with aurora kinase
inhibitors, we hypothesized endoreduplication to be the mechanism of action.’® %38 Though
this process inexorably leads to cell death, it may, prior to that point, leave mitochondrial
activity unaffected. Our cell cycle and microscopic imaging analysis results demonstrated
an increase in polyploidy and senescence after AMG 900 treatment, supporting this theory.

Consistent with our in vitro observations, tumor growth rates were lower in mice with
a DU-145 xenograft model that were treated with a combination of low dose AMG 900
and vorinostat, than in comparable mice treated with each individual agent at low doses.
Growth rates in mice given combination treatment were equivalent, however, to those
found in mice treated with high dose AMG 900 alone. Prior research noted that AMG 900
blocks phosphorylated histone H3 in a dose-dependent manner in multiple human tumor
xenograft models.!* Pharmacodynamic analysis in our study demonstrated that low dose
AMG 900 in combination with low dose vorinostat blocks phosphorylated histone H3 with
efficacy similar to that of high dose AMG 900.

In conclusion, combination treatment of low dose AMG 900 with HDACIs could prove to
be a viable mode of therapy in solid tumors such as PCa. Clinically, a regimen combining
lower concentrations of HDACIs and AMG 900 could thereby yield 1) increased efficacy
through synergistic or additive mechanisms, and/or 2) decreased toxicity. As VPA, vorinostat
and AMG 900 differ in dose-limiting toxicities, the combination is not expected to severely
increase the odds of a dose-limiting toxicity.3% 3°4! Therefore, this combination of targeted
therapies could be a candidate for clinical trials as forward-seeking translational research
aimed at improving clinical outcomes in cancer patients.
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