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INTRODUCTION: The combination of radiotherapy with bicalutamide is the standard treatment of prostate cancer patients with
high-risk or locally advanced disease. Whether new-generation anti-androgens, like apalutamide, can improve the radio-curability
of these patients is an emerging challenge.
MATERIALS AND METHODS: We comparatively examined the radio-sensitising activity of apalutamide and bicalutamide in
hormone-sensitive (22Rv1) and hormone-resistant (PC3, DU145) prostate cancer cell lines. Experiments with xenografts were
performed for the 22Rv1 cell line.
RESULTS: Radiation dose–response viability and clonogenic assays showed that apalutamide had a stronger radio-sensitising
activity for all three cell lines. Confocal imaging for γΗ2Αx showed similar DNA double-strand break repair kinetics for apalutamide
and bicalutamide. No difference was noted in the apoptotic pathway. A striking cell death pattern involving nuclear karyorrhexis and
cell pyknosis in the G1/S phase was exclusively noted when radiation was combined with apalutamide. In vivo experiments in SCID
and R2G2 mice showed significantly higher efficacy of radiotherapy (2 and 4 Gy) when combined with apalutamide, resulting in
extensive xenograft necrosis.
CONCLUSIONS: In vitro and in vivo experiments support the superiority of apalutamide over bicalutamide in combination with
radiotherapy in prostate cancer. Clinical studies are encouraged to show whether replacement of bicalutamide with apalutamide
may improve the curability rates.
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INTRODUCTION
Prostate cancer is the most common tumour in men, reaching a
pick incidence of 700–800 new cases per year, per 100,000 men
aged >65 years [1]. The mortality, however, is fivefold lower as
radical prostatectomy and radiotherapy provide high curability
rates in the early stages of the disease [2]. Radiotherapy provides
equivalent results to prostatectomy and is a widely applied
treatment for patients with high-risk localised (T2, Gleason 8–10)
cancer. Locally advanced (T3, T4, node-positive) stages of the
disease are preferably treated with radical radiotherapy combined
with androgen deprivation luteinising hormone-releasing hor-
mone analogues and bicalutamide. Randomised trials have shown
substantial prolongation of the overall survival time and
improvement of the quality of life [3–6].
This synergistic effect of radiotherapy with ADT implicates that

there is also a direct link between radio-resistance and androgen
receptor (AR) pathway in prostate cancer. As Polkinghorn et al.
demonstrated, AR signalling upregulates genes responsible for
DNA repair, boosting prostate cancer cell’s resistance to radiation
[7]. Radiotherapy also appears to activate the AR. Spratt et al.
showed that AR expression, nuclear localisation, and transcrip-
tional activity increased after radiotherapy in vitro and in vivo. The
induction of AR offered resistance to radiation and was associated

with lower levels of DNA damage [8]. In addition, Goodwin et al.
demonstrated that there is a positive loop between AR activity
and DNA-dependent protein kinase, catalytic subunit, therefore
DNA damage promotes faster DNA repair through AR [9]. These
observations make clear the importance of combining radio-
therapy with anti-androgens in clinical practice. Whether replace-
ment of bicalutamide with more potent anti-androgens, such as
enzalutamide [10] or apalutamide (ARN-509) [11], can improve the
efficacy of radiotherapy on histologically aggressive and locally
advanced prostate carcinomas is a question that is recently
emerging.
Apalutamide binds selectively to ARs, with a 7–10-fold higher

affinity than bicalutamide [12], preventing their nuclear transloca-
tion and activation of genes promoting tumour progression.
Previous studies have shown that bicalutamide may exhibit
androgen agonist effect in hormone-dependent prostate cancer
cells [13]. Apalutamide, unlike bicalutamide, does not exhibit
antagonist-to-agonist switch [12]. In 2018, Food and Drug
Administration approved apalutamide for the treatment of
asymptomatic non-metastatic castration-resistant prostate cancer,
following the ‘SPARTAN’ trial that showed improved metastasis-
free survival and longer time to develop symptoms [14]. More
recently, its approval was extended for the treatment of patients
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with metastatic castration-sensitive prostate cancer, following the
randomised ‘TITAN’ trial that confirmed significant improvement
in the radiographic progression-free survival over androgen
deprivation therapy [15].
This study aims to investigate comparatively the effects of

bicalutamide and apalutamide on the radiation sensitivity of
prostate cancer cells. The androgen-dependent 22Rv1 cell line was
studied in parallel with the DU145 and PC3 androgen-
independent cell lines [16].

MATERIALS AND METHODS
Cell lines
Three prostate cell lines are selected according to their response to
testosterone, as previously described [16] (the androgen-independent
DU145 and PC3 and the androgen-dependent 22Rv1 cell lines). The 22Rv1
cell line was purchased from ATCC (https://www.lgcstandards-atcc.org/
Products/All/CRL-2505.aspx). The PC3 and DU145 cell lines were purchased
from the CLS Germany (http://clsgmbh.de/p1699_PC-3.html and http://
clsgmbh.de/p708_DU-145.html). Additionally, a certificate of authentica-
tion of cell lines was granted by the Eurofins-Forensik, Germany.

Exposure to testosterone and anti-androgens
Testosterone (Alpha-Pharma Healthcare, Chandivali, Mumbai, 400072,
India) was used at 10 nM. Bicalutamide (RAFARM, Athens, Greece) and
apalutamide/ARN-509 (Janssen Pharmaceutica NV) were dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 50mM and used at
10 μM for the in vitro experiments. A similar concentration was also
applied for bicalutamide (10 μΜ). Higher concentrations of 25 μM and
50 μM were also applied for apalutamide to investigate an eventual dose-
dependent radio-sensitising effect.
The concentration of 10 μM apalutamide was selected according to our

previous study, in which this concentration had a minor effect on cell
proliferation [16]. Concentrations of this range have been used in several
other studies with second-generation anti-androgens. Elsesy et al. used
apalutamide at concentration range of 20–40 μM, while Sekhar et al.,
Triggiani et al., and Ghashghaei et al. used enzalutamide at a concentration
of 10 μM [17–20]. Despite the in vitro data showing a higher binding
affinity of apalutamide over bicalutamide [12], the dose of apalutamide
established for the treatment of prostate cancer patients is 240mg/day
[14, 15], which is higher than the clinically used 50–150mg/day of
bicalutamide.

Post-irradiation proliferation-viability experiments
For proliferation experiments, cell viability was measured using Alamar-
Blue® assay, a method that has been previously validated by our group
[21]. AlamarBlue® assay is an easy, reliable non-toxic, and safe method to
measure cell viability. The method relies on the metabolic activity of the
cells to reduce resazurin (weakly fluorescent) to resorufin (highly red
fluorescent). The reduction is performed by mitochondrial enzymes. Briefly,
10% v/v AlamarBlue is added to each well, and after a 7-h incubation,
fluorescence is measured (excitation: 530–560 nm and emission: 590 nm)
with the FLUOstar Omega filter-based multi-mode microplate reader (BMG
Labtech). For each dose, six wells with irradiated cells are monitored, and
the mean value was used to plot the dose–response curves.
The viability of prostate cancer cells was initially characterised following

exposure to multi-dose irradiation (2–15 Gy). This range of doses starts
from the dose of 2 Gy applied clinically in standard fractionation
radiotherapy schemes and increases to 4–6 Gy used in hypofractionated
schemes and went up to 16 Gy, to achieve around 100% lethality for the
tested cell lines. Cells were seeded in a 96-well plate at a density of 250
cells per well. Following the protocol of multi-dose irradiation of the well
columns within the same 96-well plate [22], exposure of cells to radiation
was performed using a 6 MV beam of a Linear Accelerator (PRECISE,
ELEKTA) endowed with a MultiLeaf collimator.
Cells were incubated for 3 h to allow attachment on the surface of the

wells. Cells were then incubated with anti-androgens (at 10 μΜ) for 4 days
(1 day before the RT and 3 days after the RT) in culture medium with or
without testosterone (10 nM). For apalutamide, higher concentrations
(25μM and 50 μM) were also tested to assess the eventual dose-
dependence effect on radio-sensitisation. After the first 24 h, cells were
irradiated with 3, 6, 9, 12, and 15 Gy, and the viability of cells on day 7 (the

day of the nadir of cell counts) was used to create radiation dose–response
curves.
Although PC3 and DU145 cell lines are considered hormone indepen-

dent, we decided to also investigate the addition of testosterone in the
in vitro experiments. We believe it is important to simulate the human
body environment where testosterone levels are substantial. By simulating
this condition in in vitro experiments, we could obtain more reliable results
regarding the radio-sensitivity of these cell lines.

Clonogenic assays
Cells were trypsinised and seeded into 24-well plates at appropriate
density (25 cells per well) in triplicates. Cells were then incubated for 3 h to
allow attachment on the surface of the wells and then were treated with
apalutamide for 4 days (1 day before the RT and 3 days after the RT) (at
10 μM). Following 24 h treatment, cells were irradiated using 0, 3, 6, 9, and
15 Gy. Plates were then placed in the incubator, and the medium was
changed every 3 days. Irradiation of plates was performed using a 6MV
X-ray beam of a Linear Accelerator (Precise; Elekta, Stockholm, Sweden).
Fourteen days after irradiation, the medium was removed, and cells were
washed with 2 ml of phosphate-buffered saline (PBS). Subsequently, the
cells were fixed by adding 2ml of 100% methanol for 10min at −20 °C and
stained with 0.5% w/v Crystal Violet (Sigma-Aldrich, Taufkirchen, Germany)
in 25% methanol for 10min. The cells were then washed several times with
distilled water, and colonies with at least 50 cells were counted on an
inverted microscope. The plating efficiency, the percentage of seeded cells
producing colonies, was then calculated.

Apoptosis imaging
Apoptosis has been detected by Annexin V (green fluorescence Ex/Em=
490/525 nm), a phosphatidylserine indicator on the cell surface, using the
Apoptosis/Necrosis Detection Kit (blue, green, red) (ab176749) (Abcam, UK)
and Cell-IQ MLF live imaging system. The kit has been used according to
the manufacturer’s instructions. Untreated cells have been used as a
control and treated cells for 24 h with 1 µM Docetaxel, an anti-cancer
chemotherapy taxane drug, was used as a positive control for apoptosis
induction. DU145, 22Rv1, and PC3 cancer cell lines have been irradiated
with 4 Gy for DU145 and 22Rv1 and 10 Gy for PC3, and apoptosis has been
monitored at several time points. The fluorescence images have been
merged, and the fluorescence intensity has been quantified using ImageJ
1.47v (National Institute of Health, USA), and graph presentation has been
performed using the GraphPad Prism Version 5.01a statistical package
(GraphPad Software Inc., USA).

Confocal microscopy studies
For immunofluorescence staining and monitoring nuclear catastrophe and
double-strand DNA damage, DU145, 22Rv1, and PC3 cancer cell lines were
grown on No. 1.5 glass coverslips, treated with the appropriate drug, and
irradiated using 4 Gy for DU145 and 22Rv1 and 10 Gy for PC3. PC-3 cell line
exhibits high resistance to radiation in comparison to DU145 and 22Rv1
cell lines (see Fig. 1). For the assessment of γH2ax kinetics as well as for the
nuclear catastrophe study, we chose to expose each cell line to a single
radiation dose approximately equal to radiation dose producing 50% cell
viability reduction (RD50).
The cells were then fixed after set time points in 3.7% paraformaldehyde/

PBS pH 7.4 for 20min at 37 °C and then permeabilised in PBS/0.1% v/v
Triton X-100 pH 7.4 for 5 min at room temperature (RT). In addition, cells
were blocked in PBS/5% w/v bovine serum albumin pH 7.4 for 20min and
stained with various primary antibodies: anti-gamma H2AX (phospho S139)
antibody rabbit polyclonal (1:500; Abcam), anti- alpha-tubulin rabbit
polyclonal (1:1000;Abcam), and anti-Ki67 mouse monoclonal (1:150; DAKO)
for 1 h at RT. Cells were washed in PBS pH 7.4, incubated with appropriate
CF 488 and 564 secondary antibodies at RT, and DNA was counterstained
with Hoechst 33342 (1 µg/ml; Sigma-Aldrich). After final washes, coverslips
were mounted in a homemade Mowiol mounting medium. Imaging was
performed on a customised Andor Revolution Spinning Disk Confocal
System built around a stand (IX81; Olympus) with a ×60 lens and a digital
camera (Andor Ixon+885) (CIBIT Facility, MBG-DUTH). Image acquisition
was performed using the Andor IQ 2 software. Optical sections were
recorded every 0.3 µm. All confocal microscopic images presented in this
work are two-dimensional (2D) maximum intensity projections of z-stack
images, and image analysis for the obtained data sets has been performed
using ImageJ 1.47v (National Institute of Health, USA). Image analysis and
quantification of Ki67 and γΗ2Αx expression have been performed using
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custom-developed macros in the ImageJ software 1.47v (National Institute
of Health, USA). A population of n cells (n ≥ 30) has been analysed. The 2D
average projection of z-stack images was quantified while fold increase
compared to the control was measured in both cases. Graph presentation
has been performed using the GraphPad Prism Version 5.01a statistical
package (GraphPad Software Inc., USA).

Assessment of DNA double-strand break kinetics
The 22Rv1, PC3, and DU145 prostate cancer cell lines were cultured for 24
h, with and without anti-androgens (at 10 μΜ), and then irradiated. Given
the different radio-sensitivity noted for the three cell lines, a dose of 4 Gy
was applied to DU145 and 22Rv1 and a dose of 10 Gy to the PC3 cell line.
The formation and regression in time of γΗ2Αx nuclear foci was monitored
at 30min, 4 h, and 24 h after irradiation, using confocal microscopy.
Custom-developed macros in the ImageJ software 1.47v (National Institute
of Health, USA) were applied for quantification.

Western blot studies
Whole-cell lysates were prepared in lysis buffer with Triton X-100 (10mM
HEPES, 60 mM KCl, 1 mM EDTA, 0.1% (v/v) Triton X-100, pH 7.6) containing

fresh protease inhibitors and phosphatase inhibitors. Proteins of each
lysate were resolved by discontinuous sodium dodecyl sulfate gels and
transferred to polyvinylidene difluoride membranes. Following blocking in
5% non-fat dried milk for 2 h at RT, membranes were incubated at 4 °C
overnight with the appropriate primary antibodies. The membranes were
then incubated for 2 h at RT with the secondary antibody. For the
assessment of cell cycle arrest and apoptosis induction, we used an
antibody cocktail (ab139417, Abcam, UK) containing four primary
antibodies, targeting Cdk2 pTyr15 (G1/S arrest), Histone H3 pSer10 (M-
phase arrest), cleaved poly ADP-ribose polymerase (PARP), and Actin. The
secondary antibody was a mixture of horseradish peroxidase-conjugated
antibodies (anti-mouse and anti-rabbit) and is also provided by the kit
(ab139417). The images of the blots were captured utilising ChemiDoc™
MP imaging system (Bio-Rad, Hercules, CA); quantification was performed
using the Image J software (ImageJ 1.49v; National Institute of
Health, USA).

Development of 22Rv1 fluorescent cell line
The development of a stably transfected 22RV, PC3, and DU145 prostate
cancer cell line was achieved using a second-generation Lentiviral system.
In this procedure, we used a Lentivirus-based vector expressing the
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Fig. 1 Apalutamide radio-sensitises PCa cells in vitro. Viability radiation dose–response curves of the 22Rv1, PC3, and DU145 prostate
cancer cell lines, exposed to bicalutamide, apalutamide, or no drug (control), in standard medium (a, c, e) and testosterone-enriched medium
(b, d, f). Clonogenic radiation dose–response curves of 22Rv1, PC3, and DU145 prostate cancer cell lines exposed to apalutamide (g, h, i).
Viability radiation dose–response curves of 22Rv1, PC3, and DU145 prostate cancer cell lines exposed to escalated doses of apalutamide in
testosterone-enriched medium (j, k, l).
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mCherry protein, along with resistance genes for two antibiotics
(Puromycin and Ampicillin). The plasmid was purchased from GenePharma
(Shanghai GenePharma, China). The plasmid vector was amplified using
the DH5-Alpha competent bacteria cells, followed by antibiotic selection of
the successfully transformed clones using Ampicillin (Amp). Subsequently,
the extraction of plasmid DNA was performed using the NucleoSpin
Plasmid Miniprep Kit (REF# 740588.10, Macherey-Nagel, Germany).
Afterwards, the Lentivirus particles were produced by transient co-

transfection of HEK293 host cells with the Lentiviral vector [LV10N(U6/
mCherry&Puro&Amp)] together with the packaging plasmid (pCMVR8.74)
and the envelope plasmid (pczVSV-G). The supernatant containing
Lentiviruses was collected, centrifuged at 1000 × g for 10 min, followed
by filtration through a 0.22 μm filter and stored in aliquots at −80 °C or
immediately used to infect target cells. After a single round of infection,
the successfully infected cells were selected using Puromycin (4 μg/ml) and
further passaged in culture. Moreover, western blot for AR (ab9474, Abcam,
Cambridge, UK) was performed to confirm that the infected 22Rv1 cells still
express functional, testosterone-sensitive AR (Supplemental Fig. S1).

Animal handling
Two genetically engineered and mutated mice (GEMM) strains, the NOD
SCID (NOD.CB17-Prkdcscid/J, Genotype: HOM Homozygous for Prkdcscid)
and R2G2 (B6.129-Rag2tm1Fwa II2rg tm1Rsky/DwlHsd) were used for the
in vivo experiments. These are immunodeficient mouse models that lack
functional T cells and B cells. The R2G2 mouse model also lacks natural
killer cells and has a deficiency in lymphocyte development. On the other
hand, the NOD SCID model carries a DNA repair defect that makes it more
sensitive to ionising radiation.
Animal care and handling were carried out according to the guidelines

set by Directive 2010/63/EU. The study has been approved by the local
Animal Experimentation Research Committee and the Ethics Committee of
the Democritus University of Thrace. The Veterinary Direction also
approved all experimental procedures for Animal Research in the
Department of Experimental Surgery at the Democritus University of
Thrace. Mice were housed in ventilated cages (Easy Flow IVC Air Handling
Unit, Tecniplast) with standard rodent chow, water, and 12 h light–dark
photoperiod under an ambient temperature of 23 °C.
For the euthanasia, the animals were anaesthetised using ketamine

(70mg/kg via intraperitoneal injection) followed by cervical dislocation.
For the experiments, male 8-week-old mice were used. As xenografts

were implanted at the flank of mice, lower body (below thorax) irradiation
was applied using a LINAC 6MV (ELEKTA). The irradiation method of the
lower body that does not demand anaesthesia has been previously
published by our group [23].
Before proceeding with xenograft experiments, the radio-tolerance of

both strains was studied following a single fraction of 2, 4, or 6 Gy directed
to the lower mouse body. Supplemental Fig. S2 shows the survival curves
of mice plotted against the days of follow-up after irradiation. Following
abdominal irradiation with 2 Gy, 1/7 Nod SCID mice died vs. 0/7 of R2G2
mice. At 4 Gy, only 1/7 Nod SCID mice survived, while all R2G2 mice were
alive 20 days after irradiation. At 6 Gy, all Nod SCID mice died, while R2G2
mice exhibited remarkable survivability as all irradiated mice were alive at
20 days. The period of 20 days is the critical period beyond which no
deaths are expected.
Based on the above data, we decided to perform the experiments with

both NOD-SCID and R2G2 mice, delivering 2 and 4 Gy, respectively. This
would allow the study of radio-sensitisation of apalutamide with daily
radiation doses used in clinical standard fractionation regimens (2 Gy/day)
and in hypofractionated radiotherapy (4 Gy/day).

Xenograft experiments
Xenograft experiments were performed with the 22Rv1 hormone-sensitive
cell line only, which shows the best response to apalutamide. Hormone-
sensitive disease represents the majority of newly diagnosed prostate
carcinomas referred for radiotherapy. It was, therefore, suggested that
focussing on the 22Rv1 cell line and expanding experiments with two
different dose schedules in two distinct mouse strains (SCID and R2G2
mice) would be more relevant to the aims of the xenograft phase of the
study and would better comply to the 3R conditions of experimentation
with animals (replacement—reduction—refinement). The decision to
include two different strains of animals, including the very radio-
sensitive SCID strain, was made as this would allow the study of eventual
abdominal normal tissue damage or even out-of-radiotherapy field normal
tissue toxicity of apalutamide.

Four cohorts of seven R2G2 mice and of seven SCID mice each were
established, and mice were injected with 5 × 106 cells at their flank. Animals
were monitored every 3 days after implantation, and when the tumour size
reached about 0.75 cm2, animals were treated with placebo (solvent without
drug) or anti-androgens (bicalutamide 50mg/kg, apalutamide 50mg/kg, and
apalutamide 250mg/kg). Apalutamide was dissolved in DMSO and then were
further diluted with corn oil to a final ratio of 10% DMSO and 90% corn oil.
Dilution in corn oil solution prevented skin reactions to apalutamide.
Bicalutamide was dissolved in water-for-injections. Although in other in vivo
studies second-generation anti-androgens were administered at lower
concentrations over longer periods of time [19, 24], in this study we decided
to simulate the daily dose delivered to humans (240mg/day equivalent to 4
mg/kg for a 60 kg man) in the mouse condition. This is achieved by dividing
the animal dose by 12.3 [25], so that the dose of 50mg/kg in mice gives an
equivalent of 4mg/kg in man.
Placebo (DMSO in corn oil) or drugs were injected for 4 consecutive days

(day −2, −1, 0, and 1). Lower body irradiation with 2 Gy and with 4 Gy was
delivered on day 0 (without anaesthesia) for SCID and R2G2 mice,
respectively. The growth of xenografts was recorded on days 0 (day of
irradiation; immediately before irradiation), 3, 7, 10, and 14 with the IVIS
kinetic imaging system (Real-Time Fluorescent & Bioluminescent Fast
Imaging; Perkin Elmer-Caliper Life Sciences, USA), using fixed settings for
every imaging session (Exposure time: 0.042 s, Binning Factor: 4, Excitation
Filter: 560 nm, Emission Filter: 620 nm, f Number: 2, Field of View: 10, EM
Gain: 50). The tumour area in each image was defined as the region of
interest detected with a threshold of 10–30% radiant efficiency using the
Living Image® 4.7.4 software (Caliper Life Sciences). The relative growth
rate was calculated using the measurements (area in cm2) of day 0 and
scoring the obtained dimensions as 1. The ratio of ‘day x’/‘day 0’ provided
the tumour’s relative growth on each day ‘x’.

Pathology studies
Four SCID and R2G2 mice from each above-described treatment groups
were sacrificed on day 10. Tumours were excised, placed in formalin for
fixation, and sent to our Pathology department for inclusion in blocks of
paraffin and histological examination. Sections were cut at 3 μm and
stained with haematoxylin and eosin. The percentage of tissue with
necrosis was assessed in all ×10 optical fields, and the mean value of all
fields was calculated to score each tumour. The number of optical fields
per tumour ranged from 5 to 8 depending on size.

Statistical analysis
Statistical analysis and graph presentation were performed using GraphPad
Prism 7.0 (GraphPad Software Inc., USA). The unpaired two-tailed t test or the
Wilcoxon matched-pairs test were used to compare groups with continuous
variable data, as appropriate. One-way analysis of variance non-parametric
analysis (Kruskal–Wallis test) was also performed to test differences among
groups of continuous variables. A p value of <0.05 was used for significance.
All in vitro experiments were repeated three times.

RESULTS
Radiation dose–response curves in the presence of anti-
androgens
The response of cancer cells to radiation was compared to cells
incubated for 4 days with apalutamide or bicalutamide (10 μM for
1 day before irradiation and 3 days thereafter). Same experiments
were performed with cells growing in testosterone-containing
medium (10 nM). The presence of testosterone was allowed for all
4 days of incubation together with the drugs.
22Rv1 cells growing under standard culture medium showed a

radiation dose-dependent reduction of viability (AlamarBlue®
assay), while bicalutamide per se had no effect on the growth
kinetics (Fig. 1a). On the contrary, cells incubated with apaluta-
mide showed a significant reduction of post-irradiation viability (p
< 0.001). The RD50 was reduced from 6.1 Gy down to 4.3 Gy.
22Rv1 cells growing under the presence of testosterone (10 nM)

also showed radiation dose-dependent reduction of viability (Fig. 1b).
Viability of cells was slightly increased compared to the one noted in
cells growing in testosterone-free medium (RD50 6.8 vs. 6.1 Gy).
Post-irradiation viability was not affected by the incubation with
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bicalutamide. On the contrary, cells incubated with apalutamide
showed a significant reduction of viability (p < 0.001). The RD50 was
reduced from 6.8 Gy down to 5.2 Gy (p < 0.001).
Similar results were obtained in experiments with the PC3 and

DU145 cell lines (Fig. 1c–f). Bicalutamide produced a marginal
non-significant effect on post-irradiation cell viability. For the PC3
cell line, apalutamide reduced the RD50 from 12.3 to 10.1 Gy and
from 13.2 down to 9.7 Gy in the absence or in the presence of
testosterone, respectively (p < 0.001). For the DU145 cell line, the
effect was less intense; still, apalutamide reduced the RD50 from
5.83 to 4.60 Gy and from 5.87 to 4.83 Gy in the absence or in the
presence of testosterone, respectively (p < 0.001). Bicalutamide
also produced a significant reduction (p < 0.01).
Clonogenic assays were performed further to test the efficacy of

apalutamide as a radio-sensitiser. Cell lines were subsequently
irradiated with 3, 6, and 9 Gy, and the development of colonies
was studied 14 days after irradiation. Apalutamide significantly
reduced all irradiated cell lines’ clonogenic capacity, the maximum
effect shown for 22Rv1 cells (p < 0.0001); Fig. 1g–i.

Radiation dose–response viability curves under apalutamide
dose escalation
To further investigate the eventual dose effect of apalutamide on
the combined apalutamide/radiotherapy efficacy against the three
prostate cancer cell lines, we further increased the dose of
apalutamide to 25 and 50 μM and obtained relevant radiation
dose–response curves (Fig. 1).
For the 22Rv1 cell line, the escalation of apalutamide dose to

50 μΜ produced a significant enhancement of the combination’s
efficacy (Fig. 1j). The same effect was evident for the PC3 cell line
(Fig. 1k), while a smaller, still significant effect was noted in the
DU145 one (Fig. 1l).

Assessment of DNA double-strand break kinetics
The formation and regression in time of γΗ2Αx nuclear foci were
monitored at 30 min, 4 h, and 24 h after irradiation (4 Gy to the
22Rv1 and DU145 cell lines and 10 Gy to the PC3 cell line, as
reported in ‘Materials and methods’). All cell lines showed a
significant increase of γΗ2Αx foci 30 min after irradiation (with and
without the presence of anti-androgens). The intensity of the
spots declined rapidly at 4 and 24 h (Fig. 2a–c).
In the 22Rv1 cancer cell line, there was a significant higher

formation of γΗ2ΑΧ foci in the presence of all anti-androgens

compared to radiation alone (p < 0.0001) (Fig. 2a). At 24 h, there
was a remnant presence of γΗ2Αx foci, only when cells had been
irradiated under the presence of anti-androgens (p < 0.05). No
difference was noted between apalutamide and bicalutamide.
In the PC3 cancer cell line, there was a significant higher

formation of γΗ2Αx foci in the presence of apalutamide compared
to radiation alone and bicalutamide (p < 0.001). Bicalutamide did
not alter the patterns of γΗ2Αx kinetics compared to radiation
alone (Fig. 2b). At 24 h, there was a small remnant presence of
γΗ2Αx foci, which was, however, similar whether the cells received
radiation with or without anti-androgens.
In the DU145 cancer cell line, there was a higher formation of

γΗ2Αx foci in the presence of apalutamide, but this did not reach
significance (Fig. 2c). No difference was noted at 4 and 24 h
between cells that received radiation with vs. without anti-
androgens.

Karyorrhexis and pyknosis after irradiation with apalutamide
An unexpected finding was recorded in all three cell lines
receiving radiation with apalutamide. At 30 min and 4 h after
irradiation, there was a striking abundance of cells with clearly
disorganised nuclei and strong localisation of γΗ2ΑΧ in large
round ‘pearl-like’ structures that corresponded to fragmented
parts of the nuclei (Fig. 3). This pattern is also evident in Fig. 2.
Such cells persisted 24 h after irradiation, although the γΗ2Αx
presence vanished. This observation suggested the induction of
a specific death pattern, starting as early as 30 min after
irradiation when this latter was combined with apalutamide.
Neither the radiation alone nor radiation combined with
bicalutamide provided a cell-damaging and death pattern of
this type.
We further investigated the above recorded apalutamide-

specific radiation-induced death pattern by performing double
immunostaining for the Ki67 nuclear antigen (widely used as a
proliferation nuclear marker) and tubulin (a protein expressed in
the cytoskeleton of the cytoplasm, but not in the nuclei). Prostate
cancer cells from the three cell lines were cultured for 24 h with or
without the presence of apalutamide and then irradiated (4 Gy for
the DU145 and 22Rv1 and 10 Gy for the PC3 cell line). Twenty-four
hours later, cells were fixed, undergone double immunostaining
for Ki67 and tubulin, and examined under confocal microscopy.
An abundant presence of dying cancer cells, sharing the ‘pearl-
like’ morphological and immunocytochemical characteristics, was
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recorded (Fig. 3). These characteristics can be summarised as
follows:

1. Pyknosis with shrinkage and condensation of the cell size by
around 50% of initial dimensions;

2. Karyorrhexis with nuclear fragmentation;
3. Intense expression of the Ki67 protein in the nuclear fragments;
4. Dislocation of the nuclear fragments to the cell periphery;
5. Engulfment of cytoplasm expressing the tubulin in central cell

areas or among the nuclear fragments.

Quantification of these cells exhibiting karyorrhexis (Fig. 3)
showed that these were absent in untreated cells or cells treated

with radiation alone or with bicalutamide in all three cell lines.
Exposure of cells to apalutamide alone resulted in a significant
increase of this cell subpopulation from 0 to 16 ± 4, 23 ± 5, and
23 ± 5% in the 22Rv1, PC3, and DU145 cells, respectively (p <
0.0001). The addition of radiotherapy to apalutamide-incubated
cells resulted in a sharp, significant increase of the cell population
with karyorrhexis, to 50 ± 8, 36 ± 5, and 45 ± 5% in the 22Rv1, PC3,
and DU145 cells, respectively (p < 0.0001).

Apoptosis after irradiation with apalutamide
Cell lines were subsequently irradiated as above (4 Gy for 22Rv1
and DU147 and 10 Gy for PC3) and the rate of apoptotic cells was
recorded at 2 h, 4 h, 24 h, and 4 days, thereafter. The Apoptosis
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Fig. 3 γH2Ax abnormal localisation and nuclear catastrophe following apalutamide exposure and cell irradiation. Immunofluorescent
confocal microscopy images and quantification analysis: a, c, e show γΗ2Αx red immunostaining for 22Rv1, PC3, and DU125 prostate cancer
cells 24 h after exposure to apalutamide and radiation, respectively, while b, d, f show the same DAPI (blue nuclear staining) images. Arrows point
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Detection Kit (ab176749) (Abcam, UK) and Cell-IQ MLF live
imaging system were used for the detection of cells with Annexin
V expression. These experiments showed that prostate cancer cell
lines exhibit a delayed onset of the apoptotic process following
irradiation. After 4 days, the percentage of cells with apoptotic
features was 35 ± 7, 18 ± 5, and 27 ± 7% in the 22Rv1, PC3, and
DU145 cells, respectively (Fig. 4a, b).

Since the karyorrhexis and pyknosis identified following
irradiation of cancer cells under the presence of apalutamide
occur as early as 30 min and persists for 24 h, we investigated
whether an early apoptotic response is involved in the
phenomenon. Apoptosis was, therefore, assessed at 24 h after
irradiation vs. irradiation under the presence of apalutamide.
In accordance with the above mentioned results, there was
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no apoptotic features detectable by the Annexin V method
(Fig. 4c).
We further assessed the apoptotic effect at 24 h after irradiation

with apalutamide or bicalutamide, by using western blot analysis
for cleaved PARP protein, in the 22Rv1 cell line. Again, cleaved
PARP was clearly increased after incubation of cells with docetaxel
(used as positive control), while radiation whether or not
combined with anti-androgens did not show any change (Fig. 4d).

Cell cycle arrest effect
In order to further investigate the pearl-like death effect of
combined exposure of prostate cancer cells to radiation and
apalutamide, we performed western blot analysis of the
expression of Cdk2 (pTyr15) that shows G1/S distribution and
of the HH3 (pSer10) that shows G2/M distribution in the cell
cycle. Analysis was performed 24 h after irradiation (4 Gy for
22Rv1 and DU147 and 10 Gy for PC3). The effect of docetaxel
(5 μΜ for 24 h) that blocks cells in the G2/M phase was used as a
control, and indeed, phosphorylated pCdk2 was decreased and
phosphorylated pHH3 was increased in all three cell lines
exposed to docetaxel (Fig. 5).
Radiation per se had a minor effect on the cell cycle markers in

the 22Rv1 (Fig. 5a) and DU145 cells (Fig. 5c), while a reduction of
pHH3 was noted in the PC3 cell line (Fig. 5b). When, however,
radiation was combined with apalutamide, a significant increase
of the pCdk2 expression was noted, in all three cell lines,
compared to the radiation alone (Fig. 5). This shows that

combination of the radiation with apalutamide results in G1/S
cell cycle arrest, within 24 h after irradiation. This combination had
no effect on the G2/M distribution in the cell cycle.

Effect of radiation and anti-androgens on xenografts
Experiments in SCID mice, using 2 Gy irradiation, showed a
significant reduction of xenograft growth rate in mice treated
with anti-androgens; Fig. 6a. On day 14, xenografts reached a
mean fold increase (compared to day 0) of 2.10, 1.72, 1.53, and
1.50 in the 4 groups (control, bicalutamide 50 mg/kg, apaluta-
mide 50 mg/kg, apalutamide 250 mg/kg), respectively. Apaluta-
mide had a significantly stronger radio-sensitising effect
compared to bicalutamide (p < 0.05). There was no significant
difference between the 50 and 250 mg/kg dose schedules of
apalutamide. Moreover, these experiments also supported the
concept that apalutamide did not further sensitise the already
extremely radio-sensitive normal tissues of SCID mice, as mice
tolerated equally the 2 Gy dose, whether with or without
apalutamide. The shrinkage and necrosis of prostate xenografts
is a result of a direct effect of radiation and apalutamide on
human cancer cells implanted and not in radio-sensitive SCID
mouse fibroblast, as xenografts were growing with minimal
evidence of stroma formation.
The experiments in R2G2 mice, using 4 Gy irradiation, showed

similarly to the above-mentioned experiments, a significant
reduction of xenograft growth rate in mice treated with
anti-androgens; Fig. 6b, c. On day 14, xenografts reached a mean
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fold increase (compared to day 0) of 2.00, 1.70, 1.34, and 1.29
in the 4 groups, respectively. Apalutamide had a significantly
stronger radio-sensitising effect compared to bicalutamide (p <
0.001). There was no significant difference between the 50 and
250mg/kg dose schedules of apalutamide.
Pathology examination of the irradiated xenografts showed that

the percentage of xenograft necrosis was significantly increased in
irradiated tumours in the presence of bicalutamide (p < 0.01),
while a dramatic increase of necrosis was evident in mice

receiving apalutamide (p < 0.0001), regardless of its dose level
(Fig. 6d, e). In SCID mice treated with 2 Gy, the mean percentage
of necrosis increased from 10% in radiotherapy only tumours to
25, 50, and 55% in the tumour when mice received bicalutamide,
apalutamide 50mg/kg, and apalutamide 250 mg/kg, respectively.
In R2G2 mice treated with 4 Gy, the mean percentage of necrosis
increased from 15% in radiotherapy only tumours to 30, 60, and
65% in the tumour when mice received bicalutamide, apalutamide
50mg/kg, and apalutamide 250 mg/kg, respectively.
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DISCUSSION
The aim of the current project was to investigate, in vitro and
in vivo, the hypothesis that the novel anti-androgen apalutamide
is superior to bicalutamide when combined with radiotherapy for
the treatment of prostate cancer. Combination of radiotherapy
with androgen ablation and bicalutamide is considered the
standard of care for patients with high-risk localised (T2, Gleason
8–10) or locally advanced (T3, T4, node-positive) stages of the
disease [3–6]. Replacement of bicalutamide with a more potent
anti-androgen may provide significant clinical benefits.
Several studies have investigated the mechanisms by which anti-

androgens and androgen deprivation enhance the activity of
radiotherapy. First Polkinghorn et al. and Goodwin et al. showed
that AR signalling activation induces the expression of DNA repair
enzymes and anti-androgens can cause significant radio-
sensitisation of prostate cancer cells [7, 9]. Since then, several pre-
clinical studies using the second-generation anti-androgen enzalu-
tamide confirmed those findings, pointing out the potential use of
newly discovered anti-androgens in combination with radiotherapy
for better clinical outcomes [17–20, 26]. Moreover, in a recent study
Zhang et al. found that exposure to apalutamide of cell lines and
prostate cancer tissues results in reduced non-homologous end-
joining repair, supporting the use of apalutamide for the localised
radiotherapy of prostate cancer patients [27].
Viability and clonogenic assays showed that apalutamide, when

combined with radiation at clinically relevant concentrations,
significantly suppresses the viability of prostate cancer cells. A
strong interaction was noted in the 22Rv1 hormone-dependent
cell line. Of interest, a significant potentiation of the combination,
although of a lesser magnitude, was noted in the PC3 and DU145
cell line, known to have a hormone-independent behaviour [16].
These findings are in contrast with some studies that found no
effect of enzalutamide or apalutamide on the radio-sensitivity of
AR-negative cell lines [20, 26, 27]. However, Sekhar et al found that
enzalutamide radio-sensitises the DU145 cell line, which is in
accordance with our results [19]. Apalutamide induced a higher
amount and long persisting DNA double-strand breaks when
combined with radiation, as compared to radiation alone. This
effect, however, was similar to the one produced by bicalutamide
and radiotherapy combination. These findings are in overall
agreement with a recently published study by Elsesy et al., where
second-generation anti-androgens, like apalutamide and enzalu-
tamide, suppressed the cell growth of irradiated prostate cancer
cells (2 Gy) in hormone-sensitive and castration-resistant cell lines
[17]. This effect was more prominent compared to bicalutamide.
Authors also found that second-generation anti-androgens sup-
press DNA double-strand break repair better than bicalutamide.
Our experiments that applied a much higher dose of radiation
(4–10 vs. 2 Gy) did not, however, confirm this latter finding, which
may show that, in hypofractionated regimens of radiotherapy, the
differential radio-sensitising efficacy between the first- and
second-generation anti-androgen is diminished.
The higher efficacy of apalutamide (vs. bicalutamide) combina-

tion with radiotherapy against hormone-sensitive and hormone-
resistant prostate cancer cells paralleled an early appearance (as
early as 30 min from irradiation) of dying cells with karyorrhexis,
pyknosis, and pearl-like distribution of fragmented nuclei in the
periphery of the cell. Combination of radiation with bicalutamide
did not provide any similar effect. This type of cell death has not
been reported in other studies. Although in their studies Zhang
et al. and Elsesy et al. used apalutamide, they did not report such
observations, which may be indicated in the different doses of
radiation and apalutamide that were used in the present study
[17, 27]. This apalutamide-triggered death pathway was not in the
context of an early apoptotic effect and was not related to mitotic
catastrophe. Cell cycle experiments did not show a pre-mitotic
arrest but rather a G1/S phase cell cycle arrest within 24 h after
irradiation. The fact that this death pathway was triggered in all

cell lines suggests that a mechanism of apalutamide activity
independent of hormone interactions may underlie and may be
the key response explaining the superiority of apalutamide as a
radio-sensitiser. This death pathway is presumably a different cell
death pathway compared to the traditional ‘mitotic catastrophe’
[28], a process widely recognised as a death pathway induced by
radiation that occurs when cells enter mitosis. Whether apaluta-
mide may also have an effect against non-prostate cell lines
demands further investigation.
In vivo experiments with immunofluorescent 22Rv1 xenografts

implanted on two strains of GEMM were performed. Apalutamide
or bicalutamide was delivered with radiotherapy at 2 Gy (the
standard dose per fraction used in conventionally fractionated
radiotherapy) and at 4 Gy (a dose applied in novel hypofractio-
nated radiotherapy schemes). These two radiation dose levels
were applied in xenografts growing in SCID and R2G2 mice,
respectively. SCID mice do not tolerate doses >2 Gy delivered to
the abdominal area. Both bicalutamide and apalutamide pro-
duced a radio-sensitising effect, suppressing the growth rate of
xenografts compared to controls. The effect of apalutamide was,
however, significantly more robust. The growth suppression was
more prominent in R2G2 mice as the radiotherapy dose was 4 Gy
compared to the 2 Gy delivered to SCID mice. Of interest, the
radio-sensitising effect of apalutamide was more prominent when
combined with 4 Gy of radiation, implying a potential robust effect
of apalutamide when combined with hypofractionated radio-
therapy. Interesting findings were provided after the pathological
examination of the irradiated xenografts. The extent of tumour
necrosis was threefold higher in tumours treated with apaluta-
mide together with radiation compared to controls and twofold
higher than the extent of necrosis noted in tumours treated with
bicalutamide.
Our in vitro and in vivo results strongly support the superiority

of apalutamide over bicalutamide for combinations of radio-
therapy with anti-androgens. Replacement of bicalutamide with a
more potent anti-androgen, like apalutamide, shown to better
potentiate the activity of radiotherapy, may provide significant
clinical benefits for locally advanced disease. Combination of
apalutamide with hypofractionated or ultra-hypofractionated
radiotherapy [29] may improve prostate cancer curability. Clinical
ongoing trials (e.g. NCT03503344) are expected to provide
important conclusions regarding the combination of apalutamide
with radiotherapy in localised prostate cancer.
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