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Abstract

Abiraterone is a standard treatment for metastatic castrate-resistant prostate cancer (MCRPC)

that slows disease progression by abrogating androgen synthesis and antagonizing the androgen
receptor (AR). Here we report that inhibitors of the mitotic regulator polo-like kinase-1

(PIk1), including the clinically active third-generation PIk1 inhibitor onvansertib, synergizes with
abiraterone /in vitroand in vivoto kill a subset of cancer cells from a wide variety of tumor

types in an androgen-independent manner. Gene expression analysis identified an AR-independent
synergy-specific gene set signature upregulated upon abiraterone treatment that is dominated
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by pathways related to mitosis and the mitotic spindle. Abiraterone treatment alone caused

defects in mitotic spindle orientation, failure of complete chromosome condensation, and improper
cell division independently of its effects on AR signaling. These effects, while mild following
abiraterone monotherapy, resulted in profound sensitization to the anti-mitotic effects of PIk1
inhibition, leading to spindle assembly checkpoint-dependent mitotic cancer cell death and entosis.
In a murine patient-derived xenograft model of abiraterone-resistant metastatic castration resistant
prostate cancer (NCRPC), combined onvansertib and abiraterone resulted in enhanced mitotic
arrest and dramatic inhibition of tumor cell growth compared to either agent alone. Overall,

this work establishes a mechanistic basis for the phase 2 clinical trial (NCT03414034) testing
combined onvansertib and abiraterone in mMCRPC patients and indicates this combination may
have broad utility for cancer treatment.
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INTRODUCTION

Prostate cancer is largely driven by signaling through the AR, a member of the nuclear
receptor superfamily (1). Accordingly, for prostate cancer patients for whom surgical
resection or radiotherapy is contraindicated, first-line therapy targets AR signaling by
suppressing androgen production within the testes (androgen deprivation therapy; ADT).
While ADT is initially effective for the vast majority of men, patients invariably develop
mCRPC. This occurs through multiple mechanisms including AR gene amplification,
expression of AR splice variants (AR-v7), increased crosstalk between the AR and

other signaling pathways, and upregulation of intratumoral androgen synthesis (2).
Treatment of mMCRPC involves further suppressing AR signaling using the antiandrogens
abiraterone acetate or enzalutamide. Abiraterone, a synthetic derivative of pregnenolone,
abrogates residual adrenal and intratumoral androgen synthesis by inhibiting Cypl17A1l
(Supplementary Fig. S1A) (3,4). In addition, abiraterone directly antagonizes the AR (5).
Enzalutamide is a direct AR antagonist that inhibits AR signaling irrespective of androgen
synthesis (6). Treatment of CRPC patients with abiraterone or enzalutamide transiently
arrests tumor progression; however, most mCRPC patients acquire resistance to these
antiandrogens with median progression-free survival of 1-2 years (7,8).

Several signaling pathways cross-talk with the AR, including the PI3-kinase/Akt pathway,
the MAPK pathway, and WNT/g-catenin signaling, modulating tumor cell survival,
invasion, and metastasis, contributing to prostate cancer development and drug resistance
(9,10). In addition, Polo-like kinase 1 (PIk1) (11,12), and components of the DNA damage
response (DDR) contribute to prostate cancer susceptibility and progression (13), including
BRCAL, BRCA2, MSH2, MSH6, PMS2, NBS1, RAD51, ATM, CHEK2, and PALB2 (14—
16).

PIk1 is a serine/threonine kinase that plays a critical role in nearly every stage of
mitosis (17,18). PIk1 is overexpressed and associated with poor prognosis in many
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cancers including prostate cancer (19,20), and is thought to be particularly important for
mitotic cell division in cancer cells due to elevated replicative stress and chromosomal
instability (21,22). Overexpression of Plk1 in prostate epithelial cells results in malignant
transformation, enhanced migration and epithelial to mesenchymal transition (23) and is
clinically associated with higher grade disease (20). Furthermore, PIk1 suppresses the pro-
apoptotic function of the FOXO1 transcription factor (24) and postulated to cross-talk with
the Wnt/p-catenin pathway in CRPC (25).

Synergistic combination therapies are of particular interest due to their potential for
enhancing efficacy and cancer cell selectivity, overcoming drug resistance, and lowering
toxicity though decreased individual drug dosage (26). Given the emerging importance

of the PIk1 and DDR signaling pathways in prostate cancer, we sought to investigate
whether PIk1 inhibitors and other anti-mitotic drugs, or the induction of genotoxic stress, in
combination with inhibition of AR signaling, could be used to synergistically enhance anti-
tumor responses in MCRPC cells. Here we report the surprising discovery that synergistic
tumor-cell killing by combinations of PIk1 inhibitors and abiraterone was completely
independent of AR signaling, occurs in a variety of cancer cell types extending far beyond
prostate cancer, and was not recapitulated by combining abiraterone with inhibitors of
other mitotic kinases. We show that abiraterone treatment alone causes defects in mitotic
spindle orientation, chromosome condensation, and bipolar mitotic division, and results in
synergistic mitotic cancer cell death and entosis in a subset of cancer cells when combined
with inhibitors of PIk1.

MATERIALS AND METHODS

Culturing of cells

All cell lines were cultured in a 37°C humidified incubator supplied with 5% CO,,

were maintained subconfluent, and used for no more than 20 passages. All media

was supplemented with fetal bovine serum (FBS) unless explicitly stated as charcoal-
stripped FBS (csFBS), contained 2 mM glutamine, and lacked antibiotics. C4-2 (MD
Anderson; RRID: CVCL_4782), LNCaP (ATCC; RRID: CVCL_1379), 22Rv1 (ATCC,;
RRID: CVCL_1045), PSN-1 (KI High Throughput Sciences Core; RRID:CVCL_1644),
AU565 (ATCC; RRID: CVCL_1074), HCC1954 (KI High Throughput Sciences Core;
RRID:CVCL_1259), and NCIH661 (ATCC; RRID:CVCL_1577) were grown in RPMI-1640
with 10% FBS. LNCaP95 (Steven Balk Lab; RRID:CVCL_ZC87) was grown RPMI without
phenol red and with 10% csFBS (Gibco). Panc 10.05 (ATCC; RRID:CVCL_1639) was
grown in RPMI-1640 with 15% FBS, and 10 IU/ml human recombinant insulin (Gibco).
OAW?28 (Sigma Aldrich; RRID:CVCL_1614) was grown in Advanced DMEM (Gibco)

with 10% FBS and supplemented with insulin. PC-3 (ATCC; RRID: CVCL_0035) cells
were grown in F-K12 media with 10% FBS. DU145 (ATCC; RRID:CVCL_0105) and

Cal33 (DSMZ; RRID: CVCL_1108) cells were grown in DMEM media with 10% FBS.
SK-OV-3 (ATCC; RRID:CVCL_0532) cells were grown in McCoy’s 5A with 10% FBS.
MV-4-11 (DSMZ; RRID:CVCL_0064) cells were grown in IMDM with 10% FBS. Calu3
(ATCC; RRID:CVCL_0609) cells were grown in MEM with 10% FBS. OCI-AML-3
(DSMZ; RRID:CVCL_1844) cells were grown in MEM with 20% FBS. KYSE450 (DSMZ;
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RRID:CVCL_1353) cells were grown in 1:1 RPMI:Ham’s F12 with 2% FBS. G418 was
used at a concentration of 400 and 500 pg/ml for C4-2 and SK-OV-3 cells, respectively.
Puromycin was used at a concentration of 2 pg/ml for C4-2 and SK-OV-3 cells. All cell
lines used in this study were authenticated using short tandem repeat genotyping (Labcorp),
except for LNCaP95 which lack a reference STR profile, and confirmed to be negative for
mycoplasma contamination using MycoAlert™ PLUS Assay (Lonza).

Measurements of drug sensitivity and drug combination synergy

Cells were plated in 96- or 384-well plates at a density of 4000 or 1000 cells per

well in 22.5 or 95 pl media, respectively. For experiments using the suspension AML

cell lines, MV-4-11 and OCI-AML-3, 10,000 cells were plated in 384-well plates in

22.5 pl. The following day drugs, diluted in 5 pl or 2.5 pl media for 96- or 384-well

plates, respectively, were added to the wells. A constant amount of DMSO vehicle was
maintained in all wells. Unless otherwise stated, after 72-hour incubation, viability relative
to control was measured using CellTiter-Glo™ (Promega) according to the manufacturer’s
recommendations. Luminescence in individual wells in plates with opaque walls was
measured using and Infinite™ M200 Pro plate reader (Tecan Group Ltd.). Relative viability
was calculated by dividing the luminescent signal from each well by that measured in the
vehicle-control well on an individual replicate basis. All abiraterone used in this study

is specifically abiraterone acetate (Selleck Chemicals). For experiments examining cell
number and relative confluence, drug-treated cells were washed with PBS and fixed with 4%
formaldehyde for 1 hour, stained with 1 uM SYTO™ 60 (Molecular Probes) and imaged on
an Odyssey™ CLx scanner (LiICOR Biosciences).

Flow cytometry analysis of cell cycle distribution and apoptosis

The indicated cells were treated as described and then collected by centrifugation or
trypsinization for suspension or adherent cells, respectively. The media, trypsin, and PBS
wash were collected together to avoid loss of loosely attached or detached cells. Cells

were fixed in 4% formaldehyde in PBS for 15 minutes, washed with PBS containing 1%
bovine serum albumin (PBS-BSA), and then stored in methanol at —20°C overnight. Cells
were then washed twice in PBS-BSA 0.1% Tween-20, incubated with primary antibodies
overnight at 4°C, washed with PBS-BSA 0.1% Tween-20, and incubated for 1 hour with
fluorescent-dye conjugated secondary antibodies (diluted 1:200, Alexa Fluor, Molecular
Probes) at room temperature for 1 hour. The fixed cells were then washed with PBS-BSA
0.1% Tween-20, resuspended in PBS containing 1 ug/ml 4,6-diamidino-2-phenylindole
(DAPI, Molecular Probes) to stain DNA, and analyzed using a BD™ LSRII flow cytometer
(Becton Dickinson) and the FlowJo™ software package. Primary antibodies used included
anti-phospho serine 10 histone H3 (pHH3; EMD Millipore, 3H10; RRID:AB_310016) and
anti-cleaved capase-3 (BD Pharmingen, 599565; RRID:AB_397274). For cell-cycle analysis
post Cyp17A1 knockdown, prostate cancer cells were detached by treatment with Accutase
(Gibco), fixed in ethanol, resuspended in propidium iodide (PI) staining solution (50 ug/mL
PI, 0.1 mg/mL RNase A, and 0.05% Triton X-100), and analyzed on a FACSCanto Il (BD
Biosciences).
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Time-lapse live-cell microscopy

Live-cell microscopy for analysis of mitotic spindles, duration of mitosis, and phenotypes
associated with drug treatment was performed using C4-2, LNCaP, and SK-OV-3 cells
transduced with pLNCX2-H2B-mCherry and pLVX-Puro-mEmerald- TUBA1B (27). Cells
were plated in 12-well plates using 1.5 ml phenol red-free media. The following day

drugs were added as indicated and the cells were imaged on an EVOS™ FL Auto Cell
Imaging System (Invitrogen) equipped with an onstage incubator to maintain 37°C, adequate
humidity, and 5% CO». Images were acquired at 15-minute intervals for 72 hours using

a 20X objective lens. Images were compiled into movies and analyzed using the Fiji
distribution of ImageJ v2.1.0 (RRID:SCR_002285) (28). For image analysis of spindle
rotation, and cell fate post mitosis, cells to be analyzed per condition were picked at random
using only the first frame of the time lapse. Once the cell entered its first mitosis, the

angle of the spindle’s major axis was tracked starting from when it was first apparent,
prometaphase, until telophase. For each frame transition we calculated both the clockwise
and counterclockwise deviations and assumed that the actual rotation was the lesser of

the two (the shortest rotational path). Given the modest amount of rotation that occurred

in vehicle only treated cells, we believe this assumption would rarely, if ever, provide us
with the wrong conclusion. Clockwise rotation was considered positive rotation, whereas
counterclockwise rotation was negative. The net angular displacement is the total change in
angle of the spindle during mitosis from start until finish and is the absolute value of the
sum of all stepwise rotations. The cumulative angular distance is the total amount of rotation
regardless of direction that occurred during mitosis and is the sum of the absolute value of
all rotations.

Indirect immunofluorescence of fixed cells and tumor sections

For examining mitotic spindles in fixed cells, C4-2 cells were plated in 12-well plates
containing poly-L-lysine coated glass coverslips (Corning-BioCoat #354085) and subjected
to the indicated drugs the following day. After the indicated amount of time cells were
washed for 1 minute with microtubule stabilization buffer (MTSB: 4 M glycerol, 100

mM PIPES pH 6.9, 1 mM EGTA, 5 mM MgCly), 2 minutes with MTSB 0.5% Triton
X-100, 2 minutes with MTSB, 5 minutes with calcium buffer (100 mM PIPES, pH 6.8,

1 mM MgCl,, 1 mM CaCls, 0.5% Triton X-100) and then fixed for 10 minutes with

1% glutaraldehyde (Electron Microscopy Sciences) in PBS. Residual glutaraldehyde was
quenched with NaBH,4 (0.5 mg/ml in ddH20) for 12 minutes twice and then washed twice
with TBS-BSA (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 5% BSA) for 5 minutes. Fixed
cells were blocked for 1 hour in TBS-BSA containing 0.5% Triton X-100. TBS-BSA was
used for anti-a-Tubulin (Novus Biologicals, YL1/2; RRID:AB_10078394) and anti-CENP-
A (Thermo Fisher, PA5-17194; RRID:AB_10987425) antibody incubation overnight at
4°C, followed by a 5-minute wash, fluorescent secondary antibody (1:200, Alexa Fluor,
Molecular Probes) incubation 1 hour at room temperature, and an additional 5-minute
wash. Cells were stained using 5 ug/ml DAPI, washed in PBS for 3 minutes, and

coverslips mounted on glass slides using the antifade reagent ProLong Gold™ (Molecular
Probes). Images were acquired using a Deltavision™ Ultimate Focus microscope (Applied
Precision) using a 100X 1.40 NA objective. Z-stacks were deconvolved and maximum
intensity Z-stack projections were generated using softWoRx™ software (Applied Precision;
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RRID:SCR_019157). The Fiji distribution of ImageJ (RRID:SCR_002285) was used for
image analysis. For immunofluorescence analysis of DU145 cancer cells, 1 — 1.5 x 104
were seeded in each well of a 4-chamber slide in 500 mL of culture medium and treated as
indicated for 12 hours. Cell culture medium was removed and cells were rinsed with PBS
three times. Cell fixation was done using 4% paraformaldehyde (pH 7.4) for 10 minutes

at 37°C followed by 400 L of ice-cold methanol for 5 minutes at —20°C. Fixed cells
were permeabilized with 0.1% Triton X-100 in PBS (room temperature for 15 minutes),
and blocking was done with 2% BSA in PBS (room temperature for 60 minutes). The
anti-a-Tubulin primary antibodies incubation was performed overnight. Fluorescent dye—
labeled secondary antibody along with DAPI diluted in 500 uL of 0.1% BSA was added for
45 minutes in room temperature. Negative and positive controls were used. Z-stacks were
acquired and deconvolved as above but using a 60X 1.4 NA objective. The analysis using
ImageJ was done by two independent investigators.

For immunohistochemical staining of tumor samples, formalin-fixed paraffin-embedded
tumors were sectioned and mounted on charged slides. Sections (4 um) were quenched with
3% H,0, (UltraVision Hydrogen Peroxide Block, Epredia), blocked with Rodent Block M
(BioCare Medical), labeled with anti-phospho histone H3 antibody (pHH3; Cell Signaling
Technology, 9701S; RRID:AB_331535) and an Alexa Fluor® 488 conjugated secondary
antibody (Molecular Probes), and then stained with DAPI. Images were acquired using

a Deltavision™ Ultimate Focus microscope using a 40X 0.85 NA objective. Randomly
selected fields of cells were analyzed using QuPath v0.2.3 (RRID:SCR_018257) (29).
Images that contained very few cells or large necrotic regions were replaced with a new
randomly selected image. Cells were identified in DAPI images and then pHH3 positive
cells were quantified. Automated cell identification and pHH3 quantification was manually
inspected for accuracy to ensure accurate cell counting and avoidance of false positive and
negative pHH3 assignment to cells.

Preparation of lysates and immunoblotting

Cells were lysed directly on the plate after washing with PBS using lysis buffer (50

mM Tris-HCI pH 6.8, 2% SDS, 5% glycerol, 5 mM EDTA, 1 mM NaF, 10 mM
B-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM NazVO,4, cOmplete™
EDTA-free protease inhibitors, and PhosSTOP™ phosphatase inhibitors). The media and
PBS wash were reserved, centrifuged, and any cells present were combined with the lysate
to prevent loss of loose or unattached cells. After sonication and protein concentration
normalization, 6X sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer (208 mM Tris-HCI pH 6.8, 42% glycerol, 3 M B-mercaptoethanol,
10% SDS, 5 mg/ml bromophenol blue) was added and lysates were boiled for 5

minutes. Following SDS-PAGE, immunoblots were blocked with Odyssey™ blocking
buffer (LICOR Biosciences) and incubated with primary antibody overnight at 4°C and
then secondary antibody for 1 hour at room temperature. Immunoblots were scanned

on an Odyssey " CLx scanner (LiCOR Biosciences). Antibodies used included anti-AR
(Cell Signaling Technologies, D6F11; RRID:AB_10691711), anti-MAD?2 (Bethyl Labs,
A300-300A; RRID:AB_309443), anti-Cyp17A1 (Cell Signaling Technologies, E6Y3S;
RRID:AB_2797724), anti-Vinculin (Santa Cruz Biotechnology, 7F9; RRID:AB_1131294),
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anti-Plk1 (Cell Signaling Technologies, 208G4; RRID:AB_2167409), anti-TCTP (Cell
Signaling Technologies, D10F2; RRID:AB_11220419), anti-phospho serine 46 TCTP (Cell
Signaling Technologies, #5251; RRID:AB_10547143), and anti-p-actin (Sigma Aldrich,
AC-15; RRID:AB_476744).

siRNA knockdown and drug sensitivity analysis

Silencer® Select siRNAs (s8392 and s8393, Invitrogen) targeting Mad2 (gene name
MAD?2I 1) and the Negative Control No. 1 siRNA (#4390844, Invitrogen) were used

for Lipofectamine™ RNAIMAX (Thermo Fisher Scientific) based transfection at 10 nM
concentration according to the manufacturer’s recommendations. After 24 hours, cells were
replated into both 6- and 384-well plates for preparation of cell lysates and synergy
experiments, respectively. The following day cells in the 6-well plates were lysed for
immunoblots, whereas cells in the 384-well plates were treated with a combination

drug matrix that was assessed for synergy after 72 hours. For siCYP17A1 experiments
Dharmacon On-TARGETplus™ human CYP17A1 siRNA (LQ-008469-02-0005) were used.

Gene expression analysis by RNA sequencing

Cells were plated in 6-well plates, and 24 hours later treated with the indicated drugs.
After 16 hours cells were lysed and total RNA was isolated using NucleoSpin® RNA

Plus Mini Kit (Macherey-Nagel) according to the manufacturer’s recommendations. For
RNA sequencing of C4-2, LNCaP, LNCaP95, and 22Rv1 prostate cancer cells biological
triplicate samples were collected. For the non-prostate 12 cancer cell line panel single
samples were collected and results analyzed in a paired manner. Samples were submitted
to the MIT BioMicro Center for library preparation and sequencing. RNA quality

was assessed using a Fragment Analyzer (Agilent Technologies) and RNA sequencing
libraries were prepared using 400 ng of total RNA using the Kapa mRNA Hyperprep

kit (Roche) at 1/3rd reaction volume using 14 cycles of PCR. Libraries were analyzed
using the Fragment Analyzer and quantified by gPCR prior to pooling and sequencing

on a NextSeq® 500 System (Illumina) using 75 nt single end reads. Sequences were
aligned to the human transcriptome (Gencode v29 GRCh38.p12) followed by transcript
quantification using Salmon v0.14 (RRID:SCR_017036) (30). Transcript abundance was
transformed into gene set enrichment scores using GSVA v1.36 (RRID:SCR_021058) (31)
and MSigDB v7.0 (RRID:SCR_016863), the relevant contrasts performed using limma
v3.44 (RRID:SCR_010943) (32), and differentially expressed gene sets identified based on
an < 0.01 FDR cut off.

Organoid generation, culture, and drug sensitivity measurements

Prostate cancer 3D organoids were derived from PDXs grown in castrated male NOD

scid mice (Taconic; RRID:IMSR_TAC:nodsc). Following euthanasia tumors were extracted.
Minced tumor fragments for organoid culturing were digested in Accumax'" - Cell
Aggregate Dissociation Medium (Thermo Fisher Scientific), resuspended in DMEM/F12
plus 10% FBS and passed through a 250-um cell strainer (Thermo Fisher Scientific, Pierce
Tissue Strainers, #87791) to remove tissue debris and obtain smaller cell clusters. Cells
were plated on Matrigel covered tissue cultured plates (Corning Matrigel®, Growth Factor
Reduced Basement Membrane Matrix, LDEV-free, # 354230) and prostate-organoid specific
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media (33). After 7 days, organoids were transferred to 96-well plates and treated with
onvansertib, abiraterone, and the combination for 6 days. Cell viability was assessed with
CellTiter-Glo® 3D Cell Viability Assay (Promega). Six biological replicates were assessed
per treatment group.

In vivo studies using a tumor-implantable microwell device

C4-2 CRPC and SK-OV-3 ovarian cancer xenograft tumors were grown in four- to six-week
old NCR nude mice (Taconic; RRID:IMSR_TAC:ncrnu), male or female, respectively. Five
million C4-2 or two million SK-OV-3 cells in serum free media were mixed one to one
with growth factor reduced Matrigel® (Invitrogen) in a total volume of 200 ul and injected
in the hind flank using a 23- or 27-gauge needle, respectively. Cells were found to be free
of murine pathogens by IMPACT rodent pathogen testing (IDEXX BioAnalytics) prior to
injection. Tumors took four to eight weeks to grow.

Microdose containing tumor-implantable devices were manufactured, implanted, and /n vivo
drug responses analyzed as previously described (34). The cylindrical microdevices (4 mm
x 820 um) micromachined from medical-grade Delrin® acetal resin blocks (DuPont) each
contain eighteen 200 um (diameter) x 250 um (depth) reservoirs. Abiraterone acetate and
B12536 were mixed with PEG 1450 at 12.5% by weight, and 1 pg of the dry powder
mixture then packed into a reservoir. Wells containing the combination of drugs contained
12.5% of each drug by weight. Implantation of the devices was accomplished using a
19-gauge spinal biopsy needle (Angiotech) with a retractable needle obturator. Tumors were
excised 24 to 36 hours after device implantation, fixed in 10% formalin for 24 hours,

and embedded in paraffin. Sections were stained with cleaved caspase-3 antibody (Cell
Signaling Technologies, 9664; RRID:AB_2070042) followed by detection with horseradish
peroxidase conjugated secondary antibody and diaminobenzidine with hematoxylin used as
a counterstain, following standard immunohistochemistry techniques. Images were acquired
using an EVOS® Cell Imaging System (Invitrogen) microscope, and scored using ImageJ
(RRID:SCR_002285) (28) in a blinded manner. If upon implantation a well was adjacent

to necrotic tissue then the response to the drugs could not be assessed. Because of this the
number of measurements is not the same between treatment groups and ranged from 5 to
13. The apoptotic index was calculated as the percentage of cells that stained positive for
cleaved caspase-3 within a 400 um radius of the microwell-tissue interface, as described in
(35).

All animal studies were approved by the Massachusetts Institute of Technology Committee
for Animal Care or Beth Israel Deaconess Institutional Animal Care and Use Committee,
conducted in compliance with both the Animal Welfare Act Regulations and other federal
statutes relating to animals and experiments involving animals, and adhered to the principles
set forth in the Guide for the Care and Use of Laboratory Animals, National Research
Council, 1996 (Institutional Animal Welfare Assurance #A-3125-01).

In vivo studies using LVCaP-2CR PDX

LVCaP-2CR PDXs were grown in castrated male NOD scid gamma mice
(RRID:BCBC_1262) obtained from an in-house colony at the Sidney Kimmel
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Comprehensive Cancer Center (SKCCC) at Johns Hopkins as described previously (36).
Twenty milligrams of LVCaP-2CR contained in 200 pl of 50% Matrigel® (Invitrogen) was
subcutaneously injected in the hind flank of the mice. After 4 weeks, 0.1 cm3 tumors had
formed and the animals were randomized into 4 groups. Onvansertib was suspended in 0.5%
methylcellulose 0.1% Tween 80 and administered at 60 mg/kg. Abiraterone acetate (Selleck
Chem) was administered at 0.5 mmole/kg (i.e. 196 mg/kg) in 200 pl of 5% benzl alcohol
95% safflower oil. Both were administered by oral gavage. Animals were treated in cycles
consisting of 5 consecutive days on treatment, followed by a 24 to 48-hour drug holiday.
Tumor size was measured at the indicated days and volume was calculated according to

the ellipsoid volume formula (length x width x height x 7t/6). All animal procedures for

the LVCaP-2CR PDX study were approved by the Johns Hopkins University School of
Medicine Institutional Animal Care and Use Committee.

Measurement of tubulin polymerization in vitro

In vitrotubulin polymerization was measured using a fluorescence-based porcine

tubulin polymerization kit (Cytoskeleton, Inc., BK011P) according to the manufacturer’s
instructions. Tubulin polymerization is initiated by addition of GTP in the presence of the
indicated drugs while maintaining a constant final concentration of DMSO. Polymerization
was tracked by fluorescence at 1-minute intervals over the course of 100 minutes using an
Infinite™ M200 pro plate reader (Tecan Group Ltd.).

Data availability

RESULTS

The data generated in this study are available within the article and its Supplementary data
files. The RNA sequencing data generated in this study are publicly available in the Gene
Expression Omnibus (GEO) at GSE217537.

The antiandrogen abiraterone acetate in combination with inhibitors of Polo-like kinase 1
synergistically kills CRPC cells

To explore pathways in CRPC cells that could be targeted to create abiraterone-based
synergistic drug combinations, we performed a combinatorial dose-response study with
abiraterone focused on anti-mitotic and DNA damaging agents that could be rapidly
translated into the clinic. The microtubule-stabilizing taxane docetaxel was investigated
because it is an alternative first-line treatment for mCRPC, and is a second-line agent

after development of antiandrogen resistance (37). Doxorubicin was explored because it
synergizes with docetaxel in prostate cancer (38). Furthermore, Polkinghorn et al. reported
that the AR regulates DDR pathways promoting resistance to DNA damage (39). A PIk1
inhibitor (B12536) was explored based on our lab’s long-standing interest in how this
kinase controls mitotic progression and silences the G2/M checkpoint after DNA damage
through phospho-priming and Polo-box dependent interactions (40-45). In addition, during
CRPC development the AR selectively activates genes involved in mitosis, CRPC cells are
particularly sensitive to Plk1 inhibitors, and AR splice variants associated with antiandrogen
resistance upregulate genes involved in mitosis including Plk1 (11,46,47). Based on our
previous work indicating that the timing of drug addition may be a critical parameter
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(48), we examined the effect of combinatorial dose matrices when abiraterone was added
simultaneously with a second drug, and when drugs were administered in a time-staggered
manner (Fig. 1A). To mimic androgen deprivation, C4-2 CRPC cells were screened in media
containing charcoal-stripped fetal bovine serum (csFBS).

Observed cell viability was compared to the results expected from drug additivity using the
Bliss independence model (27,49). These experiments revealed dramatic synergy between
the PIk1 inhibitor B12536 and abiraterone (Fig. 1B), particularly when the entire dose-
response matrix is analyzed (Fig. 1C). By comparison, expected and observed responses
following abiraterone co-treatment with docetaxel or doxorubicin essentially overlap (Fig.
1B, D, and E). Each dose matrix was quantified by plotting the observed and expected
response surfaces and synergy defined as the integrated volume between the observed

and expected surfaces (Fig. 1F) (27). Synergy was clearly observed when abiraterone

was combined with the PIk1 inhibitor, but not with docetaxel or doxorubicin, in these
matrices regardless of drug sequencing (Fig. 1G). A detailed time course readily confirmed
synergy between PIk1 inhibitors and abiraterone and this was further validated by direct
measurement of cell confluence (Fig. 1H and 11). The C4-2 cell line, a widely used model
for CRPC, was derived by passage of LNCaP androgen-dependent prostate cancer cells
through castrated mice (50). In contrast to C4-2 cells, co-treatment resulted in additivity in
the parental LNCaP cells (Fig. 1J).

Plk1 inhibitor-abiraterone synergistic killing of CPRC cells is independent of abiraterone’s
effects on AR signaling but specific to inhibition of the mitotic kinase Plk1

To assess the role of AR signaling and androgen levels in this synergistic response, we tested
whether abiraterone and Plk1 inhibitors synergistically killed C4-2 cells in the presence of
exogenous androgens. Unexpectedly, the observed synergy between abiraterone and Plk1
inhibitors appeared even more robust in non-charcoal-stripped FBS (Fig. 2A). In contrast,
the presence or absence of androgens did not alter the non-synergistic response of LNCaP
cells to this drug combination (Fig. 1J and Supplementary Fig S1B). We next tested
whether PIk1 inhibitors would synergize with another AR antagonist enzalutamide (Fig.

2B, Supplementary Fig. S1A). Surprisingly, no synergy was observed between enzalutamide
and PIk1 inhibitors in C4-2 cells regardless of androgen levels (Fig. 2C and Supplementary
Fig. S1C). Under these conditions, abiraterone and enzalutamide inhibit AR transcriptional
activity to equivalent extents (see below), suggesting that AR inhibition does not underlie
synergistic killing by the abiraterone-Plk1 inhibitor combination. Because abiraterone
inhibits Cyp17A1, preventing androgen, glucocorticoid and estrogen synthesis, abiraterone’s
AR-independent effects could be due to changes in other steroid hormones (Supplementary
Fig. S1A). However, the steroidal and non-steroidal Cyp17ALl inhibitors galeterone and
orteronel (Fig. 2B) did not synergize with Plk1 inhibitors (Fig. 2D and E). PIk1 inhibition
can induce AR protein degradation (51), suggesting an alternative AR-dependent synergistic
mechanism. We confirmed that PIk1 inhibition decreased AR abundance, however, this
occurred in both C4-2 and LNCaP cells (Supplementary Fig. S1D) while only the former
showed synergistic killing by this combination. To further demonstrate no AR role in

this synergy, we employed an AR-degrading PROTAC, ARV-110. PIk1 inhibition did not
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sensitize C4-2 CRPC cells to ARV-110 despite rapid and robust AR protein loss (Fig. 2F and
G).

Resistance to antiandrogens in CRPC can be caused by expression of AR-v7, a
constitutively active splice variant lacking the ligand binding domain that signals even

in the presence of antiandrogens (36,52). LNCaP95 and 22Rv1, two AR-v7+ CRPC cell
lines (Fig. 2H), were therefore tested. LNCaP95 demonstrated synergistic Killing by the
abiraterone- PIk1 inhibitor combination while 22Rv1 did not (Fig. 21). Similar to full-length
AR, the protein abundance of AR splice variants decreased in response to the combination
regardless of the cell’s synergistic phenotype (Supplementary Fig. S1D). We next examined
AR-negative DU145 and PC-3 prostate cancer cell lines (Fig. 2H). Both DU145 and PC-3
cells demonstrated synergistic Killing by combined abiraterone and PIK1 inhibitor treatment
(Fig. 2J) despite the lack of AR expression. Finally, to specifically address whether, in
AR-expressing CRPC cells, this synergy could be partially dependent on AR signaling,
abiraterone and PIk1 inhibitors were added to C4-2 cells in the presence ARV-110 (at a
dose that reduced AR protein 92%). The synergistic response was unaltered (Fig. 2G and
K). Taken together, these data firmly establish that PIk1 inhibitor-abiraterone synergy cannot
be ascribed to suppression of AR signaling or androgen synthesis, a conclusion that is
reinforced by multiple experiments described below.

We next explored whether this synergy was truly dependent on PIk1 using a panel of

PIk1 inhibitors (Fig. 2L). While BI12536 and volasertib have structural similarities and

can inhibit PIk2 and P1k3, GSK461364 and onvansertib are structurally disparate and
Plk1-specific inhibitors (53). All three Plk1 inhibitors sensitized C4-2 cells to abiraterone
regardless of androgen levels (Fig. 2M and Supplementary Fig. S1E). We further confirmed
lack of synergy between the Plk1-specific inhibitor onvansertib and other antiandrogens
(Supplementary Fig. S1F) as well as AR independence by demonstrating onvansertib-
abiraterone synergy in the presence ARV-110 (Supplementary Fig. S1G).

PIk1 is intimately involved in multiple stages of mitosis, and mitotic arrest is a well-
documented effect of PIK1 inhibition (17). It was therefore plausible that any anti-mitotic
agent would synergize with abiraterone. However, co-treatment with docetaxel, which
causes prometaphase and metaphase arrest, did not sensitize C4-2 cells to abiraterone (Fig.
1B). Furthermore, abiraterone in combination with inhibitors of the mitotic kinases Aurora
A (alisertib), Aurora B (barasertib), or a microtubule polymerization inhibitor (nocodazole)
did not cause synergistic tumor cell killing (Fig. 2N). These data argue that synergy between
abiraterone and PIk1 inhibitors involves some unique aspect of Plk1 function that is not

a generic effect of mitotic arrest. However, neither PIk1 abundance nor kinase activity
alone were biomarkers for prostate cancer cell line synergistic responses to combined

PIk1 inhibition and abiraterone based on western blotting for PIk1 or phosphorylation of

a canonical Plk1 substrate, TCTP (Supplementary Fig. S1H) (54).

We next evaluated the effect of combined onvansertib and abiraterone in BIDMC PC4 and
LuCaP70CR 3-D organoids generated from CRPC PDXs (55), which express high levels
of AR and grow in androgen-deprived media. Onvansertib or abiraterone monotherapy
inhibited cell growth compared to control, but the combination treatment elicited a
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synergistic response (Bliss independence CI of 0.82 and 0.77, respectively) demonstrating
that this synergy is not confined to 2-D cell line models (Figure 20).

Abiraterone treatment upregulates mitosis and mitotic spindle related gene sets in a
synergy-specific and AR-independent manner

To gain insight into the mechanism of abiraterone-PIk1 inhibitor synergy, we designed

a comprehensive RNA sequencing experiment (Fig. 3A) using C4-2 and LNCaP cells
following treatment with abiraterone or enzalutamide alone, and in combination with
onvansertib, a highly PIk1-specific inhibitor being investigated in human cancer patients.
Enzalutamide served as a control to identify AR-independent transcriptional effects of
abiraterone, while LNCaP cells allowed identification of transcriptional signatures specific
to a synergistic phenotype. Gene set variation analysis (GSVA) was then used to generate
pathway-level quantification so that biologically meaningful gene sets could be readily
compared between conditions (31). First, the effects of abiraterone and enzalutamide on
AR-dependent transcription was determined using a curated list of androgen responsive
genes (Hallmark Androgen Response gene set) (56). Both antiandrogens suppressed AR-
dependent transcription equivalently in both cell lines (Fig. 3B), yet only abiraterone
synergizes with onvansertib, and only in C4-2 cells (Fig. 1B and J), supporting the

notion that this synergy is not due AR inhibition. Importantly, combined abiraterone and
onvansertib did not synergistically repress AR-dependent transcription, and the small effect
that onvansertib treatment had on AR-dependent genes (Fig. 3B) and AR transcript levels
(Supplementary Fig. S2A) occurred in both cell lines. In addition, abiraterone treatment did
not alter PIk1 transcript levels (Supplementary Fig. S2B) indicating that synergy is not due
to transcriptional inter-regulation between these pathways.

AR-independent transcriptional effects of abiraterone in C4-2 cells that might contribute

to synergy were identified by isolating gene sets that were regulated by abiraterone but

not enzalutamide, thereby defining an abiraterone-specific gene set signature. While the
majority of gene sets altered by enzalutamide treatment were also altered by abiraterone
treatment, the converse was not true (Fig. 3C). Notably, among the most statistically
significant upregulated abiraterone-specific gene sets, many were related to mitosis and
PIk1 function or were gene neighborhoods (57) of mitotic genes (Fig. 3D), indicating that
the abiraterone-specific effects likely overlap with the consequences of PIk1 inhibition.

We therefore identified gene sets that were both abiraterone-specific and differentially
regulated by onvansertib treatment (Fig. 3E). In C4-2 cells, among 904 gene sets that

were differentially expressed after onvansertib treatment, 109 were in common with the
abiraterone-specific gene set signature, in sharp contrast to LNCaP cells where only two
gene sets met these criteria. When unsupervised hierarchical clustering was performed

on these 109 gene sets (Fig. 3E), three clusters emerged (Clusters A-C, Fig. 3F and
Supplementary Fig. S2C). The largest of the three, cluster A, was composed almost entirely
of gene sets related to mitosis or mitotic spindle assembly (Fig. 3G). Cluster A gene sets
were then mapped back onto the LNCaP and C4-2 expression data revealing upregulation
by both abiraterone and onvansertib treatment in C4-2 cells, but only by onvansertib in the
LNCaP cells (Fig. 3H). These gene sets were not significantly upregulated by enzalutamide
in either cell line. Interestingly, combination treatment with abiraterone and onvansertib very
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strongly upregulated the Cluster A mitotic gene set, while the enzalutamide and onvansertib
combination did not (Fig. 2H).

To confirm that this AR-independent synergy-specific mitotic gene set signature was not
limited to C4-2 cells, similar RNA sequencing analysis was performed using LNCaP95

and 22Rv1 AR-v7+ CPRC cells (Fig. 2I). Due to AR-v7 expression, the repression of the
Hallmark Androgen Response gene set by abiraterone or enzalutamide treatment was muted
in 22Rv1 cells and entirely absent in LNCaP95 cells. Nonetheless, combined abiraterone-
onvansertib treatment synergistically killed LNCaP95 cells despite having no effect on AR-
dependent gene expression. In contrast no synergistic killing was observed in 22Rv1 cells
that showed mild repression of the Hallmark Androgen Response gene set (Supplementary
Fig. S3A). Similar to that seen in C4-2 and LNCaP cells, the mitotic gene set signature was
upregulated by abiraterone, but not enzalutamide, and increased synergistically by combined
abiraterone and onvansertib, but not combined enzalutamide and onvansertib treatment, only
in LNCaP95 cells (Fig. 31 and Supplementary Fig. S3B). Taken together, this abiraterone-
and synergy-specific gene set signature indicates that abiraterone has AR-independent
effects resulting in upregulation of gene sets related to mitosis, suggesting that abiraterone
itself may directly affect one or more mitotic processes.

Abiraterone treatment causes multiple mitotic defects in a manner that is distinct from its
AR blockade effects

Abiraterone’s potential AR-independent effects on mitosis and mitotic spindle morphology
were investigated using indirect immunofluorescence. C4-2 and LNCaP cells were treated
with DMSO, abiraterone, or enzalutamide, fixed and stained for tubulin, the centromeric
histone CENP-A, and DNA (DAPI). In contrast to PIk1 inhibitors or mitotic spindle

poisons (27), abiraterone treatment did not grossly alter spindle organization. Close
examination, however, revealed an altered chromatin morphology in C4-2 cells, but

not in LNCaP cells, after abiraterone treatment. In DMSO- and enzalutamide-treated

cells, metaphase chromosomes displayed highly condensed chromatin with discrete easily
observable chromosome arms. Following abiraterone treatment, the majority of metaphase
C4-2 cells, but not LNCaP cells, had insufficiently condensed chromatin to define individual
chromosome arms (Fig. 4A and B; Supplementary Fig. S4A and B). This is most clearly
seen in Supplementary Movies S1, S2, and S3 comparing Z-stacked images of treated

C4-2 cells. To quantify reduced chromatin condensation, intercentromeric distance between
sister chromatids was measured using CENP-A staining (Supplementary Movie S4) (58,59).
This revealed that abiraterone, but not enzalutamide treatment, increased intercentromeric
distance in C4-2 but not LNCaP cells (Fig. 4C and D and Supplementary Fig. S4C),
consistent with chromosome condensation defects.

Time-lapse microscopy was then used to analyze impacts of abiraterone treatment on the
dynamic process of mitosis in C4-2 and LNCaP cells expressing histone H2B-mCherry
and mEmerald-tubulin. Abiraterone, but not enzalutamide, caused a statistically significant
but small increase in the duration of mitosis in both cell types (Supplementary Fig.

S4D). Furthermore, abiraterone, but not enzalutamide, caused significant defects in mitotic
spindle orientation in both cell types. Spindles in abiraterone-treated cells failed to form
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a stable axis with respect to the cell cortex, and displayed continual rotation during
progression from prometaphase through telophase (Fig. 4E, Supplementary Movie S5).
The angle of the spindle’s major axis was tracked from when it was first apparent until
telophase. This allowed calculation of the net displacement and cumulative spindle rotation
that occurred throughout mitosis (Fig. 4F). A clear increase in the net displacement and
cumulative rotational angle was observed throughout mitosis in abiraterone-treated, but not
enzalutamide-treated, C4-2 and LNCaP cells (Fig. 4G—H and Supplementary Fig. S4E and
S4F), indicating that this is not a consequence of AR inhibition or prolonged mitotic arrest
(Supplementary Fig. S4G).

Abiraterone treatment did not result in the formation of multipolar spindles in either cell
type (Supplementary Fig. S4H). However, C4-2, but not LNCaP, cells demonstrated a
substantial increase in out-of-plane cell division (i.e. non-parallel to the plane of growth)
following abiraterone, but not enzalutamide, treatment (Fig. 41, Supplementary Movies
S6 and S7). Taken together, we interpret this as evidence that abiraterone treatment
induces multiple mitotic defects independent of its effects on AR signaling, and that these
mitotic defects were more pronounced in a cell line that showed synergistic killing by the
abiraterone-PIk1 inhibitor combination.

Abiraterone in combination with PIk1 inhibition causes synergistic mitotic arrest followed
by cell death in a SAC-dependent manner

The above findings, indicate that abiraterone’s effects on mitosis, while mild in isolation,
could render a subset of cancer cells more susceptible to the anti-mitotic effects of PIk1
inhibition. To examine this, C4-2 cells were treated with abiraterone, onvansertib, or the
combination, and cell cycle distribution analyzed by flow cytometry using DAPI, and
antibodies against phospho-histone H3 (pHH3), a marker of mitotic cells. Abiraterone
caused a small but statistically significant increase in the percentage of mitotic cells, while
onvansertib markedly increased pHH3+ population consistent with mitotic arrest (Fig. 5A—
C). Interestingly, combined onvansertib plus abiraterone induced a two-fold increase in
mitotic arrest compared to onvansertib monotherapy.

To determine whether this synergistic mitotic arrest was independent of abiraterone’s

effect on AR signaling, C4-2 cells were treated with vehicle, abiraterone, or enzalutamide;
alone or in combination with onvansertib, and analyzed as above. As shown in Fig. 5B,

the combination of enzalutamide and onvansertib showed essentially the same extent of
mitotic arrest as that obtained with onvansertib treatment alone, whereas the abiraterone
plus onvansertib combination resulted in strong synergistic mitotic arrest. Importantly, in
non-synergistic LNCaP cells, onvansertib-induced mitotic arrest was not enhanced by co-
treatment with either enzalutamide or abiraterone (Fig. 5B). Similar results were obtained in
the two AR-v7+ CPRC cell lines, with a synergistic accumulation of mitotically-arrested
LNCaP95 cells, but not 22Rv1 cells, following abiraterone, but not enzalutamide, co-
treatment with onvansertib (Fig. 5C). Furthermore, siRNA knockdown of Cyp17A1 failed
to enhance mitotic arrest caused by onvansertib, indicating synergistic mitotic arrest was
not due to androgen synthesis inhibition or altered steroidal hormone levels (Supplementary
Fig. S5A and B). When assessed over time, the combination treatment-induced mitotic arrest
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peaked at 24 hours, followed by synergistic apoptotic cancer cell death as judged by cleaved
caspase-3 (CC3) staining (Fig. 5D and Supplementary Fig. S5C). These data indicate that
AR-independent effects of abiraterone synergize with Plk1 inhibition to cause enhanced
mitotic arrest, followed by markedly increased apoptosis consistent with mitotic catastrophe
(60).

To acquire a more granular understanding of this synergistic mitotic phenotype and

assess overall cell fate, time-lapse microscopy of C4-2 cells expressing H2B-mCherry and
mEmerald-tubulin was performed. Individual cells were tracked following treatment with
vehicle, abiraterone, or enzalutamide; alone and in combination with onvansertib (Fig. 5E).
Onvansertib at this dose elicited a heterogeneous response, with a subset of cells displaying
prolonged mitotic arrest (~24 hours) while others progressed through mitosis unabated.
Prolonged mitotic arrest was frequently followed by cell death (Supplementary Movie S8).
Combined abiraterone-onvansertib markedly increased the frequency of severe mitotic arrest
compared to onvansertib treatment alone, whereas enzalutamide treatment did not enhance
onvansertib induced mitotic arrest.

While prolonged mitotic arrest caused by combined abiraterone-onvansertib was frequently
followed by cell death, we additionally observed a marked increase in entosis (Fig.

5E and Supplementary Movie S9). Entosis is a form of cell death that involves one

cell invading another, and has been reported to be a consequence of mitotic arrest in

certain situations (60,61). While entosis occurred occasionally among C4-2 cells treated
with onvansertib alone, it was commonly seen in cells co-treated with abiraterone and
onvansertib. This was not seen following combined enzalutamide and onvansertib treatment.
Rock1 kinase activity is required for mitotic entosis (61), an observation we confirmed in
this context (Supplementary Fig. S5D). Notably, Rock1 inhibition did not reduce the total
synergistic cancer cell killing following combined abiraterone and onvansertib treatment
(Supplementary Fig. S5E). Thus, while the observed entosis may be a consequence of
abiraterone-onvansertib induced mitotic arrest, it is not causal for synergistic cell Killing.

To further confirm that combined abiraterone and PIk1 inhibitors synergistically disrupt
mitosis in prostate cancer cells in an AR-independent manner, DU145 AR-negative cells
were treated with onvansertib, abiraterone, or the combination. Despite lacking detectable
AR protein (Fig. 2H), these cells demonstrated synergistic G2/M arrest upon combination
treatment when analyzed by flow cytometry (Supplementary Fig. S5F) or quantification of
mitotic figures by microscopy (Fig. 5F and G). Moreover, entotic figures were observed
among co-treated cells indicating that induction of entosis is AR-independent (Fig. 5H).

Our observation that abiraterone impairs mitosis, rendering some cancer cells more
susceptible to mitotic arrest following Plk1 inhibition implies that this synergy should
depend on a functional SAC. The SAC inhibits anaphase progression by inhibiting
APC/C-Cdc20 until chromosome biorientation is achieved though proper microtubule-
kinetochore attachments and tension between opposite spindle poles (62). Mad2 is an
essential component of the SAC, and loss of this protein prevents mitotic arrest caused

by spindle assembly defects. When we examined onvansertib-abiraterone synergy in C4-2
cells after Mad2 knockdown by two distinct siRNAs, synergy was eliminated (Fig. 51
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and Supplementary Fig. S5G). Mps1 is a dual-specificity kinase required for kinetochore
localization of multiple SAC components, including Mad2, and Mps1 inhibition abrogates
SAC activity (63). Loss of SAC activity through Mps1 inhibition eliminated synergy
between abiraterone and onvansertib (Supplementary Fig. S5H). Tubulin is a common
off-target binding partner of drugs (64), and we have previously shown that microtubule
polymerization inhibitors synergize with PIk1 inhibition causing SAC-dependent synergistic
mitotic arrest and cancer cell death (27). However, /n vitro tubulin polymerization was
unaffected by excessive concentrations of abiraterone (Supplementary Fig. S51) indicating
that synergy with PIk1 inhibitors was not due to abiraterone binding directly to tubulin to
inhibit microtubule polymerization.

The abiraterone/Plk1 inhibitor combination synergistically kill cancer cells from diverse
tumor types in culture and in vivo

The observation that AR-independent abiraterone-induced mitotic defects sensitize a subset
of prostate cancer cells to PIk1 inhibition raised the possibility that the efficacy of this
combination was not limited to AR-driven cancers. We therefore examined a set of acute
myeloid leukemia (AML), pancreatic, and ovarian cancer cell lines for synergy between
abiraterone and onvansertib. As shown in Fig. 6A and B, MV-4-11 AML cells, PSN-1
pancreatic cancer cells, and SK-OV-3 ovarian cancer cells were synergistically killed by
the combination, while OCI-AML-3 AML, Panc 10.05 pancreatic cancer cells, and OAW?28
ovarian cancer cells were not. In general, synergistic cell lines displayed a greater fold
change in mitotic arrest as a result of combination treatment compared to onvansertib

alone (purple bars in Fig. 6C and see Supplementary Fig. S6A). In addition, similar to the
prostate cancer cell lines, there was no correspondence between a synergistic phenotype
and PIk1 protein abundance or activity (Supplementary Fig. S6B). Importantly, none of

the non-prostate cancer cell lines expressed detectable levels of the AR (Fig. 6D), clearly
demonstrating that synergistic mitotic arrest and cell death caused by the combination of
abiraterone and PIk1 inhibition is AR independent.

We next evaluated our AR-independent synergy-specific mitotic gene set signature defined
in Fig. 3 in a variety of disparate non-prostate cancer cell lines. We identified additional
pairs of cells lines (derived from Her2+ breast cancer, lung adenocarcinoma, and head

and neck tumors), in which one member of the pair responded synergistically to the
abiraterone-onvansertib combination and one did not (Supplementary Fig. S6C). This 12-
cell line panel was then used for RNA sequencing analysis after treatment with abiraterone,
onvansertib, or the combination (Fig. 6E and Supplementary Fig. S6D). Expression data was
transformed into gene set enrichment scores using GSVA, and the previously defined 109
gene set signature used for unsupervised hierarchical clustering (Fig. 6F and Supplementary
Fig. S6E), resulting in two clusters (A and B). Cluster A contained a multitude of gene

sets related to mitosis and the mitotic spindle (Fig. 6G). As seen in the prostate cancer

cell lines, abiraterone treatment resulted in upregulation of cluster A, and combined
abiraterone-onvansertib treatment further enhanced their expression only in the synergistic
cell lines (Fig. 6H). This confirmation of AR-independent upregulation of a mitosis- and
mitotic spindle-related gene set signature following abiraterone monotherapy and combined
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abiraterone-onvansertib treatment in non-prostate cancer cells demonstrates its specificity
for a synergistic phenotype.

We next examined effects of abiraterone treatment on mitotic phenotypes in AR-negative
SK-OV-3 ovarian cancer cells that had demonstrated pronounced synergy (Fig. 6A). SK-
OV-3 cells were analyzed by live-cell microscopy and indirect immunofluorescence in an
identical manner to Fig. 4C—H. Similar to C4-2 and LNCaP cells, abiraterone but not
enzalutamide treatment caused a mild increase in the duration of mitosis (Supplementary
Fig. S6F) as well as increased spindle rotation (Fig. 61), albeit less pronounced. However, in
these cells abiraterone treatment did not cause defects in chromosome condensation or out-
of-plane cell division (Supplementary Fig. S7A and B). Instead abiraterone treatment alone
resulted in a marked increase in multipolar spindle formation and cell division (Fig. 6J and
K), consistent with abiraterone’s induction of multiple cell type-specific AR-independent
mitotic defects.

To examine the potentially greater-than-additive effects of these drugs on apoptotic cancer
cell death /in vivo, we examined C4-2 CRPC xenografts grown in non-castrated mice using
a tumor-implantable device capable of achieving multiplexed drug sensitivity testing within
tumors (Fig. 6L) (27,34). The device consists of a small cylinder containing multiple drug-
loaded microwells that is implanted into a tumor, generating spatially distinct concentration
gradients in the adjacent tissue. Following incubation, tumors were excised, and stained

for CC3 as a marker of apoptotic cancer cell death. As shown in Fig. 6M, little apoptotic
cell death was observed in C4-2 tumor sections adjacent to wells containing abiraterone

or the PIk1 inhibitor alone. In contrast, significant apoptotic cell death was seen in tumor
sections adjacent to wells containing the abiraterone/PIk1 inhibitor combination (3.6 fold
higher relative to abiraterone alone). We next used this implantable device in AR-negative
SK-0V-3 ovarian cancer xenografts which showed little apoptosis in response to treatment
with either monotherapy, but substantial apoptosis in response to combined abiraterone-PIk1
inhibitor treatment (8.3-fold relative to abiraterone alone) (Fig. 6N).

Plk1 inhibition in combination with abiraterone acts synergistically in patient-derived
CRPC tumor xenografts.

To more closely model the pharmacokinetics, tumor biology, and antiandrogen resistance
of mCRPC patients, an AR-v7+ PDX model of CRPC, LVCaP-2CR was utilized (36). As
shown in Fig. 7A, relative to vehicle control, abiraterone and onvansertib monotherapy
had modest effects on tumor growth. The combined abiraterone and onvansertib, however,
reduced tumor growth to a much greater extent (see Supplementary Fig. S7C for animal
weights). These responses were analyzed using a version of Bliss independence adapted to
tumor volume data (65), and abiraterone-onvansertib synergy confirmed /n vivo (Fig. 7B).

Finally, we sought to determine if combined abiraterone and onvansertib causes synergistic
mitotic arrest /n vivo. End-of-study tumor sections were stained with DAPI and anti-pHH3
antibodies (Fig. 7C). Onvansertib and the combination treatment clearly increased the
abundance of mitotic cells. Moreover, mitotic cells in these tumor sections contained
decondensed and dispersed chromatin (Fig. 7D), resembling collapsed/monopolar spindles
observed after prolonged PIk1 inhibition (27,66). We quantified mitotic cells in tissue
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sections from all tumors. As expected, onvansertib-treated tumors had increased frequency
of mitotic cells. Despite no effect from abiraterone monotherapy, co-treatment resulted

in ~30% increase in pHH3-positive cells compared to onvansertib alone (Fig. 7E). These
CRPC PDX data confirm that abiraterone enhances the antimitotic effects of PIk1 inhibition
resulting in synergistic mitotic arrest /n vivo. Taken together, these organoid and human
PDX data demonstrate clear synergistic anti-tumor activity of combined abiraterone and
PIk1 inhibition, and provides strong preclinical support for the clinical trial (NCT03414034)
testing the combination of onvansertib and abiraterone in mCRPC patients.

DISCUSSION

Our early finding of synergistic CPRC cell death in response to combined abiraterone

and PIk1 inhibition, and those of Liu and colleagues (67,68), led to a phase 2 clinical

trial (NCT03414034) in mCRPC patients (69). However, the mechanism of action of the
combination has remained unknown until now. Here we report a cell-biological mechanism
for synergistic cancer cell killing, demonstrate it is AR-independent, and applicable to a
variety of AR-negative cancer types. Consistent with our findings, Zhang et al. showed
strong synergy between abiraterone and PIk1 inhibitors in prostate cancer cells, especially
with regard to /n vivo efficacy of combined PIk1 inhibitor volasertib with abiraterone in

the LUCAP35CR AR-v7+ CRPC PDX. In that study the authors concluded that synergy
was AR-dependent, and resulted from Plk1-dependent potentiation of androgen signaling
and synthesis. In contrast, our work shows this drug combination causes AR-independent
synergistic mitotic arrest and cancer cell death both in culture and /n vivo, through a process
that appears to involve abiraterone-induced mitotic defects. The fact that abiraterone-PIk1
inhibitor synergy was observed in two AR-v7+ PDX models (LUCAP35CR: Zhang et al.
and LVVCaP2-CR: Fig. 7), supports the AR-independence of this synergy /in vivo since
AR-v7-expressing tumors are poorly responsive to abiraterone (36,52), and suggests this
combination could remain useful in the context of antiandrogen resistance, a clinical setting
with significant and increasing unmet need (70).

Abiraterone’s mitotic effects beyond AR antagonism and Cyp17A1 inhibition likely stem
from its resemblance to endogenous steroids. Additional abiraterone binding partners

may be protein(s) that bind steroidal molecules, and this will be investigated in future
studies. These AR-independent effects likely do not contribute significantly to abiraterone’s
monotherapy efficacy, since there is fairly strong cross-resistance between abiraterone

and enzalutamide in mCRPC patients (71). Nonetheless, the AR-independent target(s)
specifically synergize with PIk1 inhibition (Fig. 2M and N) in a subset of cancer cells.

PIk1 is known to play important roles in centrosome maturation, spindle assembly, and
kinetochore-microtubule interactions (72-74). Interestingly, among gene sets in our AR-
independent synergy-specific signature were numerous related to centromeres/kinetochores,
microtubules and pathways that regulate kinetochore-microtubule attachments (Fig. 3F-G).
Together with our data showing that synergistic killing by this combination occurs in
metaphase and is SAC-dependent (Fig. 51; Supplementary Fig. S5G and H), these findings
argue that stabilization of kinetochore-microtubule attachments is one of the key Plk1
functions whose compromise contributes to synergistic cell death.
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Notably, we found that that AR-independent effects of abiraterone result in multiple cell-
type specific mitotic defects. In both synergistic and non-synergistic cell lines abiraterone
treatment impaired stable spindle orientation. Additional abiraterone-induced mitotic defects
were seen in synergistic cell lines: chromatin decondensation and out-of-plane cell division
in C4-2 cells, and multipolar spindle formation and cell division in SK-OV-3 cells. Because
only synergistic cell lines had aberrant abiraterone-induced cell division, their synergistic
response may stem from an inability to cope with these more severe mitotic events prior to
cell division. Together with the mitotic spindle-enriched AR-independent synergy-specific
gene set signature, we interpret this as evidence that abiraterone induces more severe mitotic
phenotypes in a subset of cancer cells that enhance their response to PIk1 inhibition. The
direct target of abiraterone responsible for these mitotic defects, and further elucidating the
manner of SAC-dependent synergistic cell death will be the subject of future investigation.

In summary, our data demonstrates a cellular mitotic mechanism rationalizing the use of
combined abiraterone and onvansertib in patients with mCRPC, and provides a compelling
opportunity for repurposing of abiraterone as a novel antimitotic agent, that can be combined
with Plk1 inhibitors to synergistically kill a subset of cancer cell types. Importantly, our
finding of AR-independent effects of abiraterone and significant synergy in non-prostate
cancer tumor types provides scientific justification for this combination outside the context
of mCRPC. Abiraterone is an exceptionally well-tolerated drug in the field of oncology

(7). Co-treatment with abiraterone could be an attractive way to enhance the utility of Plk1
inhibitors as anti-cancer agents in a wide variety of tumor types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

Abiraterone treatment induces mitotic defects that sensitize cancer cells to PIk1
inhibition, revealing an AR-independent mechanism for this synergistic combination that
is applicable to a variety of cancer types.
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Figure 1. The combination of Plk1 inhibitorsand abiraterone synergistically kill CRPC cells.
(A) Schematic indicating abiraterone-based synergy analysis in a time-staggered and non-
staggered manner.

(B) Assessing synergy between abiraterone and a Plk1 inhibitor B12536 (4 nM) or docetaxel
(5 nM). C4-2 CRPC cells growing in media containing csFBS were subjected to abiraterone
in the absence (black line) or presence (red line) of the second drug for 72 hours. The
concentration of the second drug was chosen based on a 20-30% decrease in relative
viability when used alone. Mean £ SEM (n = 3) is shown. Expected viability (dashed black
line) is calculated according to the Bliss independence model of drug additivity. Synergy,
depicted by the green area, is a decrease in viability beyond the expected additive effect.
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(C-E) C4-2 cells grown using csFBS were subjected to dose matrices of abiraterone (0, 1,
5, 10, and 20 uM) and either BI12536, or docetaxel (0, 1, 10, and 50 nM ), or doxorubicin
(0,1, 10, and 50 uM) as depicted in (A). Observed viability, expected viability, and synergy
(expected minus observed) are shown.

(F) Graphical representation of volumetric measurement of synergy. The observed relative
viability response matrix is plotted as a dose response surface (middle). Deviation from

the expected response surface (top) generates an expected minus observed response surface
(bottom). The total synergy present is calculated as the integrated volume beneath the
expected minus observed response surface.

(G) Synergy volume measurements calculated as in (F) from dose-response matrices in
(C-E). Mean = SEM (n = 3).

(H) C4-2 cells in media containing csFBS were treated with 5 nM BI12536, 10 uM
abiraterone, and the combination. Shown is relative viability, expected viability, and synergy
in green. Mean + SEM (n = 3).

(1) C4-2 cells were grown using csFBS, subjected to the indicated drugs for 72 hours, and
confluence assessed by SYTO 60 staining.

(J) LNCaP androgen-dependent cells were grown using non-stripped FBS to assess synergy
between BI2536 (5 nM) and abiraterone as in (B).
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Figure 2. PIk1 inhibitor-abiraterone synergy isindependent of AR signaling, occursin multiple
prostate cancer cell lines, and is specific to PIk1 activity.

(A) C4-2 cells were grown in media containing FBS and subjected to increasing
concentrations of abiraterone in the presence (red line) or absence (black line) of the Plk1
inhibitor BI2536 (3 nM) for 72 hours. Mean + SEM (n = 3). Expected viability (dashed
black line) was calculated according to the Bliss independence model of drug additivity.
Synergy, depicted by the green area, is a decrease in viability beyond the expected additive

effect.
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(B) Comparison of the chemical structures of the antiandrogens abiraterone acetate,
enzalutamide, galeterone, and orteronel.

(C) C4-2 cells were grown using csFBS and synergy between the antiandrogen enzalutamide
and BI2536 (2.5 nM) was assessed and plotted as in (A).

(D-F) Synergy experiments between the antiandrogens orteronel, Galeterone, and ARV-110,
and BI12536 (6 nM) performed and plotted as in (A).

(G) AR protein immunoblot of lysates from C4-2 cells treated with ARV-110 for 24 hours.
The highest dose was 100 nM followed by four 1.5-fold serial dilutions and are the same
doses used in (F).

(H) AR protein immunoblot of lysates from the indicated cell. The lower bands are AR
splice variants, including AR-v7.

(1-J) LNCaP95 and 22Rv1 AR-v7+ CRPC, and DU145 and PC-3 AR-negative prostate
cancer cells were assessed for synergy between abiraterone and B12536 (4, 3, 5, and 7.5 nM,
respectively) as in (A).

(K) C4-2 cells were assessed for synergy between abiraterone and B12536 (4 nM) in the
absence (top) or presence (bottom) of ARV-110 as in (A).

(L) Chemical structures of the panel of PIk1 inhibitors used.

(M) Synergy between abiraterone and volasertib (5 nM), GSK461364 (5 nM), or onvansertib
(10 nM) was assessed as in (A).

(N) C4-2 cells were subjected abiraterone in the presence or absence of alisertib (20 nM,
left), barasertib (200 nM, middle), or nocodazole (200 nM, right). Doses were chosen

based on a ~20% decrease in viability when these antimitotic drugs were used in isolation.
Synergy between these drugs was assessed as in (A).

(O) BIDMC PC4 CRPC organoids were treated with onvansertib (200 nM) and abiraterone
(10 uM) for 8 days and then relative viability was assessed. LUCaP70CR CRPC organoids
were treated with onvansertib (40 nM) and abiraterone (10 uM) for 5 days and then relative
viability assessed. Mean £ SEM (n = 3) is shown. n.s. not significant, * p < 0.05, ** p <
0.01, and *** p < 0.001 by Student’s two-tailed t-test.
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Figure 3. Abiraterone treatment induces an AR-independent synergy-specific gene expression
signature dominated by mitosis and mitotic spindle related gene sets.

(A) Diagram of the RNA sequencing experiment. C4-2 and LNCaP cells were grown

in FBS-containing media, treated for 16 hours with 5 UM abiraterone (Abi), 10 uM
enzalutamide (Enz), onvansertib (15 or 30 nM, respectively; Onv), or the indicated
combinations.

(B) AR-dependent transcription was investigated using the Hallmark Androgen Response
gene set. Bars indicate mean enrichment score + SEM.
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(C) Identification of abiraterone-specific gene sets. Venn diagram depicts overlap of
differentially expressed gene sets (FDR < 0.01) in the two conditions.

(D) Volcano plot of abiraterone-specific gene sets in C4-2 cells. The A enrichment score
represents the difference in mean enrichment scores between drug and control treatment.
Several gene sets related to mitosis and the SAC are indicated by red arrows. GNF2 gene
sets represent cancer gene neighborhoods (57). Members of these gene sets have expression
patterns highly covariant with the seed gene listed in the name.

(E) Venn Diagram comparing abiraterone-specific and onvansertib differential gene set
expression (FDR < 0.01). Onvansertib and abiraterone share a large number of significant
gene sets in C4-2, but not LNCaP, cells.

(F) Unsupervised hierarchical clustering of A enrichment scores using all treatments
(columns) and the 109 gene sets (rows) identified in (E) using C4-2 cells. Columns depicting
LNCaP and C4-2 gene set expression are marked at the top with grey and purple boxes,
respectively. For labelled heatmap see Supplementary Fig. S2C.

(G) Expanded view of cluster A that is induced by abiraterone but not enzalutamide in C4-2
but not LNCaP cells, organized and displayed as in (F). Nearly all of the gene sets in cluster
A are related to mitosis or the mitotic spindle.

(H) Box and whisker plot of cluster A gene set expression in C4-2 and LNCaP cells. Boxes
depict the median and upper and lower quartiles. Whiskers extend to the most extreme
value located less than 1.5 times the interquartile range from the upper or lower quartile.
Individual gene sets are overlaid as circles.

(1) RNA sequencing analysis of LNCaP95 and 22Rv1 CPRC cells performed and analyzed
as in A-H. Doses used were 10 pM abiraterone, 20 uM enzalutamide, and 15 nM onvansertib
for LNCaP95 cells, and 5 uM abiraterone, 10 UM enzalutamide, and 20 nM onvansertib

for 22Rv1 cells. The 109 gene set signature was isolated and A enrichment scores were
hierarchically clustered (Supplementary Fig. S3B). Shown is a box and whisker plot of gene
sets contained in cluster A, which contains many gene sets related to mitosis and the mitotic
spindle.
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Figure 4. Abirateronetreatment prevents stable mitotic spindle orientation and impairs
chromosome condensation independently of effects on AR signaling.

(A) C4-2 cells were treated with DMSO, abiraterone (5 uM), or enzalutamide (10 uM)

for 24 hours prior to fixation and staining with DAPI (blue) and antibodies against tubulin
(green). Additional examples in Supplementary Fig. S4A. DMSO and enzalutamide treated
cells had well-defined chromosome arms in contrast to decondensed chromosome arms seen
in abiraterone-treated cells. Scale bar lower right 10 um. See Supplementary Movies S1-S3
for deconvolved Z-stacked images.
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(B) Enlarged micrographs of cells treated and analyzed as in (A). Scale bar lower right 10
pm.

(C) C4-2 cells treated as in (A) stained for CENP-A (red). Centromeres on sister chromatids
were identified by their paired orientation in three-dimensional space and microtubules
emanating from opposite spindle poles. See Supplementary Movie S4 for more information.
Intercentromeric distance was measured between paired centromeres (white arrows). Scale
bar lower right of top and bottom images 10 and 1 pm, respectively.

(D) Violin plots depicting intercentromeric distances observed in DMSQO, abiraterone and
enzalutamide treated cells. The median (red line) and upper and lower quartiles (dotted
white lines) are shown. N=50, *** p < 0.001, n.s. not significant using a two-tailed Mann-
Whitney U test.

(E) C4-2 cells expressing H2B-mCherry and mEmerald-tubulin were treated with DMSO,
abiraterone (5 uM), or enzalutamide (10 uM), and analyzed by live-cell microscopy at
15-minute intervals. Individual cells (rows) were tracked as they progressed from prophase
(a single cell with condensed chromatin), to cytokinesis (two daughter cells containing
decondensed chromatin). The dashed white arrows represent the major axis of the mitotic
spindle. Scale bottom right 10 um. Related to Supplementary Movie S5.

(F) The vector axis (a;) of the mitotic spindle was tracked from when it was first apparent
until telophase. Frames numbers (starting at zero) are denoted by the subscript i. The
rotation between each frame was calculated (grey to black arrows; 8;). Clockwise rotation
was positive, counterclockwise rotation negative. Net angular displacement defined as

the absolute value of the total rotation that occurred between the initial and final angle.
Cumulative angular distance is the sum of the absolute values of all stepwise rotations - the
total spindle rotation that occurred throughout mitosis.

(G, H) Violin plots comparing net angular displacement and cumulative angular distance
in DMSO versus abiraterone or enzalutamide treated cells, with distributions plotted and
analyzed as in (D). N = 92, ** p < 0.01, **** p < 0.0001, n.s. not significant.

(1) The frequency of mitotic divisions that occurred nonparallel to the growth surface.
Nonparallel division was apparent when one daughter cell left the focal plane during
cytokinesis. See Supplementary Movies S6 and S7 for examples.
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Figure 5. The combination of abiraterone and PIk1 inhibitor s causes synergistic mitotic arrest
followed by tumor cell death in a SAC-dependent manner.
(A) C4-2 cells were subjected to DMSO, abiraterone (5 uM), onvansertib (15 nM), or the

combination for 24 hours, cell cycle distribution analyzed by flow cytometry. Red boxes

indicate mitotic cells.

(B) Mitotic arrest, measured as in (A), in C4-2 and LNCaP cells after 16-hour treatment with
abiraterone (5 pM), enzalutamide (10 uM), or onvansertib (15 nM and 30 nM, respectively)
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or the indicated combinations. Mean = SEM (n = 3). n.s. not significant, * p < 0.05, ** p <
0.01, and **** p < 0.0001 by Student’s two-tailed t-test.

(C) LNCaP95 cells were treated with 10 uM abiraterone, 20 UM enzalutamide, 15 nM
onvansertib, or the indicated combinations. 22Rv1 cells were treated with 5 UM abiraterone,
10 uM enzalutamide, 20 nM onvansertib, or the indicated combinations. Data was collected
and analyzed as in (B).

(D) C4-2 cells were treated as in (A) over a 120-hour time course. The percentage of mitotic
and CC3-positive apoptotic cells was measured by flow cytometry. Mean + SEM (n = 3).
See Supplementary Fig. S5C for other cell-cycle stages.

(E) Time-lapse microscopy of C4-2 cells treated with DMSO, abiraterone (5 uM), and
enzalutamide (10 pM); alone and in combination with onvansertib (15 nM). Sixty cells were
analyzed per condition Each row begins by tracking a cell until initiation of mitosis (red),
daughter cells were then tracked possibly initiating mitosis (red) to create up to four cells.
Prolonged mitotic arrest was often followed by cell death (black) or entosis (green). See
Supplementary Movies S6, S8, and S9 for examples.

(F) AR-negative DU145 prostate cancer cells were treated with onvansertib (10 nM),
abiraterone (10 uM), or the combination for 12 hours, then fixed. Tubulin (green) and DNA
(DAPI, blue) were examined by microscopy. Scale bar at bottom right 20 pm.

(G) Quantification of mitotic cells from microscopy presented in (F). Mean + SEM.

(H) Entosis of DU145 mitotic cells after cotreatment with abiraterone and onvansertib. Scale
bar at bottom right 10 pm.

(1) C4-2 cells were transfected with a control or Mad2-targeting siRNA and 48 hours later
assessed for synergy. Shown is onvansertib sensitivity in the presence of 8 uM abiraterone
(top) and abiraterone sensitivity in the presence of 15 nM onvansertib (bottom). Viability
relative to control 72 hours after drug addition, mean + SEM (n = 3). The dotted black

line represents the Bliss independence expected response and synergy is shown in green.
Immunoblot inset (upper right panel) confirmed Mad2 knockdown 48 hours after SiIRNA
transfection. For an independent Mad2-targeting siRNA see Supplementary Fig. S5G.
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Figure 6. Synergistic mitotic arrest and cancer cell killing by combined abiraterone and Plk1
inhibitor treatment occursin multiple AR-negative non-prostate cancer cell linesin vitro and in
Vivo.

(A, B) Six tissue-paired non-prostate cancer cell lines were tested for abiraterone-
onvansertib synergy. Shown is relative viability in response to abiraterone in the absence
(black lines) or presence (red lines) of onvansertib (MV-4-11, OCI-AML-3, and PSN-1 22.2
nM; Panc 10.05, and SK-OV-3 33.3 nM; OAW?28 15 nM) after 72 hours. Mean + SEM (n

= 3). Dotted line indicates the Bliss independence expected result and green areas indicate

synergy.
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(C) Shown for six cell lines, paired by tissue, are the percentage of mitotic cells after
16-hours drug treatment and cell-cycle analysis by flow cytometry. Purple bars indicate

the fold-change in %pHH3+/mitotic cells between onvansertib monotherapy and the
abiraterone-onvansertib combination. See Supplementary Fig. S6A for other cell cycle
stages. Abiraterone treatment was 10 uM for all cell lines except OAW?28, which was 5

UM. Onvansertib concentrations used were 20 nM for MV-4-11, OCI-AML-3, and PSN-1,;
30 nM for Panc 10.05 and SK-OV-3; 15 nM for OAW?28. Mean = SEM (n = 3).

(D) AR protein immunoblot using the indicated cell lysates.

(E) RNA sequencing experimental design among six non-prostate cancer cell lines that show
synergy and six that do not (See panel A, B and Supplementary Fig. S6C). For drug doses
used see Supplementary Fig. S6D.

(F) The AR-independent synergy-specific gene set signature derived in Fig. 3 was applied
to the non-prostate cancer RNA-seq data. The mean A enrichment scores among synergistic
(purple boxes) and nonsynergistic (grey boxes) cancer cell lines were used for unsupervised
hierarchical clustering. For labelled heatmap see Supplementary Fig. S6E.

(G) Cluster A mitosis- and spindle-related gene sets that are induced by abiraterone only in
the synergistic cell lines

(H) Box and whisker plot comparing expression of cluster A gene sets in synergistic and
non-synergistic cell lines plotted as in Fig. 3H.

(I SK-OV-3 ovarian cancer cells expressing H2B-mCherry and mEmerald-tubulin were
treated with DMSO, abiraterone (10 pM), or enzalutamide (20 pM), and imaged at 15-
minute intervals for 72 hours. As in Fig. 4E-H, the vector axis of the mitotic spindle

was tracked. Violin plots comparing the distribution of net angular displacement (left)

and cumulative angular distance (right) in DMSQO versus drug treated cells. The red line
represents the median and dotted white lines are upper and lower quartiles (n = 141). *p <
0.05, ***** pn < 0.00001, n.s. not significant using a two-tailed Mann-Whitney U test.

(J) Micrographs from live-cell microscopy of SK-OV-3 cells demonstrating normal/bipolar
division (top row) and multipolar division (bottom row). Scale bar bottom right 10 um.

(K) Quantification of bipolar and multipolar division of SK-OV-3 cells treated as in (1).

(L) Diagram of the tumor-implantable device used to examine synergy between abiraterone
and PIk1 inhibitors /in vivo. Colored gradients represent drug concentration gradients created
upon device implantation. On the top is the implantable device with respect to the tumor
bearing mouse, on the bottom is a depiction of a microwell and drug gradient corresponding
to the tumor sections shown in (M) and (N).

(M) C4-2 CRPC tumors in non-castrated male mice were implanted with drug-loaded
devices. Microwells were loaded with drug at 12.5% by weight in isolation or 12.5% by
weight each when combined. Tumor sections adjacent to the microwells containing the
indicated drugs were stained with anti-CC3 antibodies to detect apoptotic cells (left). Clear
sections at the bottom of each image are where the implantable device was previously
located. On the right is the percentage of apoptotic cells within a 400 um radius of wells.
Mean + SEM; n = 9; n.s. not significant and **** p < 0.0001 by a Student’s two-tailed t-test.
(N) SK-OV-3 ovarian cancer tumors in female mice were implanted with devices, processed,
analyzed, and quantified as in (M). N = 5; n.s. not significant and * p < 0.05 by Student’s
two-tailed t-test.
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Figure 7. Abiraterone and Plk1 inhibitors synergizein vivo and cause enhanced mitotic arrest in
amurine PDX model of CRPC.

(A) Castrated male mice carrying LVCaP-2CR PDXs were administered the indicated drugs.
Each tumor’s volume was normalized to day 0. Mean £ SEM where n = 6; *, ** and ***
indicate p < 0.05, 0.01, and 0.001, respectively, relative to vehicle control using Tukey’s
multiple comparisons test.

(B) Drug combination interaction indices according to (65) where values < 0 indicate
synergy. * p < 0.05 and ** p < 0.01, using a bootstrap-t method with 10,000 random
samples.

(C) End-of-study tumors were fixed and sections were stained with DAPI (blue) and anti-
pHH3 antibodies (green). Scale bar bottom right 20 pm.

(D) Examples of mitotic figures in tumor sections stained with DAPI (blue). Bottom
micrographs include pHH3 staining (green). Scale bar bottom right 5 um.

(E) Quantification of pHH3+/mitotic cells in tissue sections. Plotted is the mean + SEM, n =
6 tumors per condition and > 6724 cells per tumor. Data from individual tumors are overlaid
as circles. P values were calculated using a Student’s two-tailed t-test; n.s. not significant.

Cancer Res. Author manuscript; available in PMC 2023 July 18.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Culturing of cells
	Measurements of drug sensitivity and drug combination synergy
	Flow cytometry analysis of cell cycle distribution and apoptosis
	Time-lapse live-cell microscopy
	Indirect immunofluorescence of fixed cells and tumor sections
	Preparation of lysates and immunoblotting
	siRNA knockdown and drug sensitivity analysis
	Gene expression analysis by RNA sequencing
	Organoid generation, culture, and drug sensitivity measurements
	In vivo studies using a tumor-implantable microwell device
	In vivo studies using LVCaP-2CR PDX
	Measurement of tubulin polymerization in vitro
	Data availability

	RESULTS
	The antiandrogen abiraterone acetate in combination with inhibitors of Polo-like kinase 1 synergistically kills CRPC cells
	Plk1 inhibitor-abiraterone synergistic killing of CPRC cells is independent of abiraterone’s effects on AR signaling but specific to inhibition of the mitotic kinase Plk1
	Abiraterone treatment upregulates mitosis and mitotic spindle related gene sets in a synergy-specific and AR-independent manner
	Abiraterone treatment causes multiple mitotic defects in a manner that is distinct from its AR blockade effects
	Abiraterone in combination with Plk1 inhibition causes synergistic mitotic arrest followed by cell death in a SAC-dependent manner
	The abiraterone/Plk1 inhibitor combination synergistically kill cancer cells from diverse tumor types in culture and in vivo
	Plk1 inhibition in combination with abiraterone acts synergistically in patient-derived CRPC tumor xenografts.

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

