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ARTICLE INFO ABSTRACT

Keywords: The bone-seeking radiopharmaceutical Xofigo (Radium-223 dichloride) has demonstrated both extended sur-

Prostate cancer vival and palliative effects in treatment of bone metastases in prostate cancer. The alpha-particle emitter Ra-223,

DNA damage targets regions undergoing active bone remodeling and strongly binds to bone hydroxyapatite (HAp). However,

za_jiigde the toxicity mechanism and properties of Ra-223 binding to hydroxyapatite are not fully understood. By exposing

ng 2D and 3D (spheroid) prostate cancer cell models to free and HAp-bound Ra-223 we here studied cell toxicity,
apoptosis and formation and repair of DNA double-strand breaks (DSBs). The rapid binding with a high affinity of
Ra-223 to bone-like HAp structures was evident (KD= 19.2 x 108 M) and almost no dissociation was detected
within 24 h. Importantly, there was no significant uptake of Ra-223 in cells. The Ra-223 alpha-particle decay
produced track-like distributions of the DNA damage response proteins 53BP1 and YH2AX induced high amounts
of clustered DSBs in prostate cancer cells and activated DSB repair through non-homologous end-joining (NHEJ).
Ra-223 inhibited growth of prostate cancer cells, independent of cell type, and induced high levels of apoptosis.
In summary, we suggest the high cell killing efficacy of the Ra-223 was attributed to the clustered DNA damaged
sites induced by a-particles.

Introduction radiation effect, the literature on basic properties and radiobiological

Targeted alpha therapy (TAT) using radium-223 is one of several
treatment options for metastatic castration-resistant prostate cancer
(CRPC). Ra-223 dichloride is a calcium analog that binds to hydroxy-
apatite (HAp) which is a natural bone mineral [1,2]. As the Ra-223
quickly localizes to the bone structures in the body [3], it is applicable
for patients with metastases only found in bone. The metastatic CRPC
patient undergoing Ra-223 treatment show an extended median survival
of 3.6 month and improved life quality due to reduced pain [4] The
Ra-223 is an a-emitter with half-life of 11.4 days and the high-linear
energy transfer (high-LET) o-particles originating from the decay
chain have a range of approximately 70 um in tissue [5]. In general,
DSBs induced by high-LET irradiation are complex and difficult to repair
[6], produce chromosomal aberrations and eventually induce cell death.
The cell killing effect of high-LET radiation is almost independent of the
oxygen level and cell cycle stage which is a significant challenge for
conventional radiotherapy [7]. Despite the above evidence of high-LET
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effects of Ra-223 are scarce, including data on the formation of clustered
DSB, activation of DNA repair and mechanisms of tumor cell killing.
Such information could be important for optimization of therapies
combining Ra-223 and drugs.

In this study, we show that free and HAp-bound Ra-223 treatment
reduced cell survival independently of prostate cancer cell type.
Furthermore, Ra-223 induced high levels of apoptosis and was able to
inhibit the growth of 3D-spheroids. The distribution and repair of DSBs
after exposure to the Ra-223 was consistent with a high-LET irradiation.
We conclude that the DNA damage induced by the a-particles from Ra-
223 decay chain is the major contributor to the cell killing effect.

Methods
Cell culture

Prostate cancer PC3 and brain metastatic prostate cancer DU145
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cells were kindly provided by Prof. Anna Orlova, Uppsala University,
Sweden. Prostate cancer 22RV1 cells were purchased from American
Type Culture Collection (Manassas, VA, USA). Cells were grown in RPMI
containing 9% FBS (Sigma Aldrich, MO, USA), 100 IU/ml penicillin and
streptomycin and 2 mM t-glutamine (Biochrom Kg, Berlin, Germany)
and maintained at 37 °C in 5% COs.

Surface functionalization with hydroxyapatite

Plastic 6-well and 12-well plates (Thermo Fisher Scientific, Sweden)
were functionalized by HAp according to the described procedure [8]. In
brief, plates were incubated with 0.5 mg/ml HSA (Sigma-Aldrich) in 1X
PBS for more than 3 h. Then 100 mM of CaCl; (Merck) in 50% ethanol
was added for 2 min, washed twice in 50% ethanol and incubated for 2
min with 100 mM Ky;HPO4 (Merck) in 50% ethanol. Then plates were
incubated in simulated body fluid for 24 h at 36.5°C before washing with
a MQ water and air drying on the next day. The plates were sterilized
under UV light before use. The surface uniformity varied over the HAp
plates (typically +/—25%) and the exact distribution of Ra-223 in the
HAp layers was not investigated.

Clonogenic assay

Free Ra-233

Cells (PC3, 22RV1, DU145) were pre-plated in 6 well plates
(100-200 cells for control and treatment) one day before the cell me-
dium was replaced with 2 ml of Ra-223 medium (0-500 Bq/ml) and
incubated for 8-14 days at 37°C. Cell were fixed and stained with crystal
violet (Sigma Aldrich). Colonies containing >50 cells were scored and
the survival was estimated as a ratio of the treatment group colony
number versus control.

HAp

The HAp coated 6 well plates, were pre-treated with 2 ml medium
containing 0 or 500 Bq/ml Ra-223 for 2 h at 37°C, and unbound Ra-223
was removed. Then cells (PC3, 22RV1) were seeded (control: 400 and
treatment: 8000 cells) on the radioactive HAp surface and incubated
with 2 ml of non-radioactive medium containing 9% FBS to grow at 37°C
for 8-14 days. The cells fixed, stained, and counted as described above.

Spheroid assays

Spheroid assays with free Ra-223

Spheroids of 22RV1 were produced by plating 1000 cells in the ultra-
low attachment 96 well plates (Corning) and incubated for 2-3 days
before adding 200 uL of 0- 500 Bq/ml Ra-223 medium. Images were
acquired every two days until day 18 and spheroid volumes were scored
using a custom Fiji macro [9], assuming spherical geometries.

Spheroid outgrowth assay on HAp coated plates

Spheroids from 22RV1 and DU145 cells were produced by plating
1000 and 500 cells, respectively, as described above. Spheroids were
transferred into HAp precoated 12-well plates to adhere for 24 h. Then
growth medium was exchanged with 2 ml of 0, 500 or 1000 Bq/ml Ra-
223 medium and incubated for two hours before replacing it with non-
radioactive media. Images were acquired every two days until day 10
and the areas were evaluated manually using Fiji. The outgrowing area
was normalized to the corresponding area at day 0.

Apoptosis

Cells (PC3, 22RV1, DU145) were plated in T25 flasks (VWR) 24 h
before incubation with or without 2 ml of 1 kBq/ml of Ra-223 medium
for 48 h. After the removal of Ra-223, cells were incubated with a non-
radioactive medium at 37 °C for 24 h. Apoptosis assay was performed
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using Alexa Fluor ® ©488 Annexin V/Dead Cell Apoptosis Kit with Alexa
Fluor 488 annexin V and PI for flow cytometry and CellEvent™ Caspase-
3/7 Green Flow Cytometry Assay Kit (Thermo Fisher Scientific) as pre-
viously described [10].

DSB detection by pulsed-field gel electrophoresis (PFGE)

DU145 cells were labeled with 2000 Bq/ml [methyl-C-14]thymidine
(Perkin Elmer) in a complete medium and embedded in 100 pl agarose
plugs at 37 °C (0.6% w/v, Sigma-Aldrich) at a concentration of 2 x 10
[6] cells per ml. 1.) X-rays: After gelling for 20 min at 0 °C, plugs with
cells were transferred to tubes and irradiated on ice with 100 Gy of 6 MV
X-rays (Elekta Precise Treatment System, Uppsala University Hospital)
at a dose rate of 4.5 Gy/min. II.) Ra-223: cells were incubated in ~ 1
MBgq/ml Ra-223 solution for 6 h on ice on an orbital shaker, followed by
3 washes in 1X PBS and embedded in agarose. After X-ray or Ra-223
exposure, cells were prepared for PFGE, and DNA fragments were
analyzed as described [8,11].

Immunofluorescence and image acquisition of repair foci

Cells were plated in 4-well chamber slides (Nunc) were cooled on ice
for 20 min before incubating with ice-cold 1 ml of 100 kBq/ml Ra-223
for 1 h. After removing Ra-223 media, cells were washed three times
with ice-cold media. The cells were let repair for indicated time (0, 60,
240, 1440 min) at 37°C. Cells were then washed in 1X PBS and fixated in
99% methanol at —20°C. Staining with antibodies against yYH2AX (EMD
Millipore Merck Darmstadt, Germany) and 53BP1 (Abcam, Cambridge,
United Kingdom), image acquisition and analysis were performed as
described [10]. The volume rendering was performed in the Imaris
software (v 9.2, Bitplane AG).

DSB repair evaluation by flow cytometry

Cells seeded in 6-well plates were pre-cooled on ice for 20 min fol-
lowed by adding 2 ml of ice-cold medium containing 300 kBq/ml Ra-
223. After 1 h on ice to block DSB repair, the radioactive medium was
removed and the cells were washed three times with an ice-cold me-
dium. Then warm fresh medium were added to cells for repair in
different time points (0, 15, 30, 60, 240 min). DSB repair was analyzed
by measuring phosphorylation of DNA-PKcs (T2609) (Abcam, ab18356,
10B) as described before [12].

Western blot

Whole-cell lysates of cells were prepared as described [10]. Briefly,
samples were separated using SDS PAGE and transferred to a nitrocel-
lulose membrane (Immobilon-P Transfer membrane, Millipore, Merck)
by wet blotting. The membrane was blocked for 1 h in PBS with 5% BSA
and incubated with a monoclonal anti-Arv7 antibody (1:1000; #19,672,
E308L, Cell signaling, Beverly, MA, USA) and an anti-beta actin anti-
body (1:10,000) (Sigma-Aldrich), at 4 °C overnight. After several
washing steps, a species-specific Horse Radish Peroxidase-labelled sec-
ondary antibody was applied for 1 h at the room temperature. Immu-
noreactive bands were visualized with a CCD camera (SuperCCD HR,
Fyjifilm) after treatment with electrochemiluminescent solution
(Immobilon, Millipore).

Real-time affinity measurements

The HAp coated surface real-time affinity with Ra-223 and DU145
cells uptake and retention of activity was measure with LigandTracer
technology as described [13]. In brief Petri dishes (10 cm diameter)
were tilted to coat 1/8 of surface area with HAp for measuring Ra-223
binding using LigandTracer (LigandTracer White, Ridgeview AB).
After background measurements, 2 ml of 5 kBq/ml Ra-223 was added to
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the petri dish and the association was measured for 2 h. Then the
radioactive medium was replaced with 3 ml of non-radioactive media to
measure dissociation overnight. The affinity was estimated with the
TraceDrawer software (Ridgeview AB) using one to one binding model
with a constant dissociation constant and data acquired within 3 h after
the start of dissociation.

In the live-cell experiments, 1 million DU145 cells were plated on
inclined dishes one day before the experiments. The LigandTracer in-
strument was equilibrated in an incubator at 37 °C in 5% CO2 for at least
5 h before measurements. The dish was placed in the instrument and the
association was measured for 4 h when 2 ml of 5 kBq/ml Ra-223 me-
dium was added to the cells. The dissociation was measured overnight
when the cell medium was replaced with new non-radioactive media.

Statistical analysis

Statistical analysis was performed in GraphPad Prism v 6.07 (La
Jolla, CA, USA). p-values <0.05 were considered statistically significant.
Multiple comparisons were performed using a two-way ANOVA with
Bonferroni correction.
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Results
Cell survival using free Ra-233

The survival of all three cell lines significantly decreased after
increasing the activity concentration of free Ra-223 treatment. All cell
lines showed similar radiosensitivity in this assay (Fig. 1B) comparable
with our previous results for high-LET irradiation [14]. Expression of
ARv7 in prostate cancer cells is associated with ADT resistance and
decreased survival of patients [14]. Western blot analysis confirmed
ARv7 expression in 22RV1 cells while PC3 and DU145 cells had no
detectable ARv7 levels (Fig. 1A) and the results indicates that the
expression of ARv7 did not affect the survival of cells when exposed to
the Ra-223 (Fig. 1B).

Cell survival using HAp-coated plates
The survival of PC3 and 22RV1 cells on the Ra-223 pre-treated HAp

surface (500 Bq/ml) showed a drastic reduction (100-fold) compare to
free Ra-223 treatment at the same administered activity (Fig. 5C and D).
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Fig. 1. Ra-223 reduces the cell survival independently of ARv7 status. (A) The expression of ARv7 in the PC3, DU145 and 22RV1 cells. Representative image from 3
Western blot measurements. (B) The DU145, PC3 and 22RV1 cell colony forming ability is reduced when exposed to Ra-223. Cells were treated with 0- 500 Bq/ml Ra-
223 and colonies with >50 cells were scored. Mean values with SEM from 3 to 4 independent experiments are shown. (C) 22RV1 spheroids were treated with 0- 500
Bq/ml Ra-223 and their volume was measured every 2 days. Mean values with SEM from 3 independent experiments are shown. (D) Representative images of 22RV1

spheroids at day 0, 10 and 18 with 500 ym scale bar.
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Spheroid growth

22RV1 spheroid growth was significantly reduced after 6 days of
exposure to 250 Bq/ml (p = 0.0248) and 500 Bq/ml free Ra-223 (p =
0.0019). Treatment with 100 Bq/ml Ra-223, showed significantly
reduced growth (p = 0.0182) after 8 days (Fig. 1C). At the end of
treatment (18 days), 250 and 500 Bq/ml groups showed complete
growth inhibition, and the lowest activity (100 Bq/ml) reduced the
growth by 50% compared to control. Representative spheroid images
are shown in Fig. 1D. PC3 cells did not form spheroids and untreated
DU145 spheroids lost viability over time (data not shown).

To mimic in vivo conditions, we tested how spheroid’s outgrowth was
affected when plated on a HAp surface pre-treated with or without Ra-
223 (Fig. 5A, B, and Suppl. Fig. 3). 22RV1 spheroid outgrowth was
significantly reduced by day 4 in 0.5 kBq/ml and 1 kBq/ml groups
(Fig. 5A; p < 0.04) with persistent effect until day 10 (end of the
experiment). DU145 spheroid outgrowth was not affected by Ra-223
treatment (Suppl. Fig. 3). Yet, the treatment reduced the density of
the cells in the center and periphery, thus rendering the scoring of
cellular outgrowth difficult at later stages.

Apoptosis induction

Cells were treated with 1000 Bq/ml Ra-223 for 48 h to quantify cell
apoptosis by flow cytometric analysis of caspase 3/7-sytox and Annexin
V/PI double staining. The representative graphs and data analysis in
three cell lines are shown in Fig. 2. After exposure to Ra-223, more than
55% of the PC3 and 22RV1 cells were apoptotic as detected by Annexin
V, whereas fewer DU145 cells were positive for Annexin V. These initial
results were confirmed by analysis of Caspase 3/7 (Fig. 2, Suppl. Fig. 1)
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DSB detection (PFGE)

The DU145 cell’s DNA fragmentation pattern was analyzed by irra-
diation on ice using PFGE to test the consistency of Ra-233 with high-
LET radiation DNA damage (Fig. 3B). DSB distribution was random
for X-ray and non-random for Ra-223 with a high excess of small DNA
fragments (<1 Mbp sizes). The induction of an excess of relatively small
DNA fragment (<1 Mbp) is a hallmark of high-LET radiation, but
because of the low frequency of these fragments, high doses are needed.
Cells were here irradiated at 0 °C to avoid any repair of DSB.

DNA damage foci formation

Unrepaired or misrepaired DSBs are the major cause of radiation-
induced cell death. The yH2AX and 53BP1 foci were analyzed as DNA
damage and repair biomarkers (Fig. 3A). Structured-illumination mi-
croscopy and volume rendering showed that a-particles induced track-
like distribution of 53BP1 foci (Supp. Fig. 2).

Flow cytometry analysis of DSB repair

DNA-PKcs phosphorylation at T2609 was analyzed by flow cytom-
etry to score DSBs repair. PC3 and DU145 cells quickly repaired DSBs
and in 4 h post-irradiation only ~ 6-11% of the initial DSBs were left
unrepaired, whereas repair in 22RV1 cells was less evident (Fig. 3C).

Real-time affinity measurements of HAp and DU145 cells with Ra-223

Ra-223 binds strongly to active bone remodeling sites [5].To char-
acterize binding, a part of a petri dish coated with HAp and Ra-223
binding was quantified (Fig. 4A). Ra-223 bound quickly to the
HAp-coated surface with >99% of maximum signal achievement within
2 h. After removal of Ra-223, almost no dissociation was detected within
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Fig. 2. Ra-223 induce high levels of apoptosis in prostate cancer cells. Annexin V/PI and Caspase 3/7-sytox flow cytometric analysis of apoptosis after 48 h in-
cubation with 1000 Bq/ml Ra-223 followed by 24 h incubation without Ra-223. (A) DU145, (B) PC3, and (C) 22RV1 cells. The lower right quarter shows apoptotic
cell’s percentage. Live cells are captured in the lower-left square. Means and SE from three independent experiments are shown. Student t-test was used to analyze the
statistical differences between samples with * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Fig. 3. Ra-223 induces DNA damage consistent with high-LET irradiation. (A) Ra-223 exposure induces track-like 53BP1 (red) and yH2AX (green) foci distribution
(white arrows). PC3, DU145, and 22RV1 cells were treated for 1 h on ice with 100 kBq/ml Ra-223 and allowed to repair for indicated time. Representative images
from 3 independent experiments are shown. (B) Ra-223 induces DNA fragmentation and accumulation of small DNA fragments. DU145 cells were exposed to
~1MBq/ml of Ra-223 for 6 h (purple line) or irradiated with 100 Gy of X-rays (black line) on ice and distribution of DNA fragments were analyzed. In comparison,
the normal distribution of 0.5 DSB/ Mbp is shown (brown, dashed line). The data represents the mean values from two independent experiments and error bars
correspond to SEM. (C) Ra-223 induced damage activates NHEJ repair. The PC3 (green line), DU145 (blue line), and 22RV1 cells (red line) were exposed to 300 kBq/
ml Ra-223 for 1 h and the pDNA-PKcs T2609 levels were assessed by flow cytometry at 15- 240 min post irradiation. Data from 3 independent experiments are shown

and mean values with SEM are displayed.

the following 24 h. The affinity was estimated to be 19.2 + 6.5 x 10718
M (mean 4 SD; n = 9). The small fraction of Ra-223 associated with the
surface of cells quickly dissociated when a non-radioactive medium was
introduced, indicating that no Ra-223 was taken up in cells within 2 h
(Fig. 4B).

Discussion

The DNA double-strand break (DSB) is considered as the most critical
DNA damage induced by ionizing radiation and unrepaired or mis-
repaired DSBs may lead to cell death or changes in the genome stability.
Although quantification of DNA damage induced by Ra-223 has been
attempted [15], the use of conventional DNA damage foci counting
methods is questionable as several DSBs induced by the a-particles are
distributed in close proximity and thus one focus could represent many

DSBs [16]. By using PFGE to analyze DNA fragmentation distributions,
we here show that Ra-223 induces clustered DSBs and an excess of small
DSBs fragments (<1 Mbp sizes) in prostate cancer cells, consistent with
studies measuring DNA damage after high-LET ion irradiation [11,17].
Such clustering is partly due to the increased probability of the high-LET
particles producing track-like, multiple DSBs, when intersecting folded
chromatin structures in the cells [18]. These data were also supported by
the track-like distributions of yH2AX and 53BP1 foci. As scoring of DNA
repair after high-LET irradiation is not possible using standard foci
scoring assay and analysis with PFGE has difficulties to detect very small
fragments which are produced in excess after the high-LET irradiation,
we scored DSB repair using the relative fluorescence intensity of phos-
phorylated (T2609) DNA-PKcs, a key protein in DSB repair by
non-homologous end-joining (NHEJ), as a marker of the DSBs [12].
Clearly, these clustered DSB activated NHEJ repair and the early repair
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Representative images from 3 independent experiments are shown. (D) Survival of PC3 and 22RV1 cells from 3 independent experiments are shown for HAp-coated
surface (500 Bq/ml, 2 h) and compared to the Ra-223 treatment in media (500 Bq/ml data from Fig. 1 B).

kinetics measured by flow cytometry was comparable to results from
previous PFGE analysis measuring rejoining of DNA after ion irradia-
tions [19], suggesting that the high toxicity of the DNA damage
prompted by the high-LET irradiation stems from the clustering of

highly complex DSBs.

In this study, we used three prostate cancer cell lines, including the
ARv7 expressing 22RV1, with different sensitivity to low-LET radiation
[20]. We show that Ra-223 reduced cell survival independently of the
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cell type, suggesting the potential use of Ra-223 treatment in bone
metastases exhibiting ADT resistance. Exposure to Ra-223 distributed in
the growth media was able to decrease the cell survival in monolayers
and 3D spheroids and induce high levels of apoptosis, even though,
a-particles from Ra-223 decay have a maximum range of 70 um in tissue
[5]. However, in the experimental settings where Ra-223 is distributed
evenly in the media, only a small fraction of the a-particles will hit the
cells, which does not reflect the actual situation in vivo. To address this
issue we quantified Ra-223 binding to HAp surface and results were
consistent with previous observations that Ra-223, when injected into
the bloodstream, is redistributed to the bones within 2 h [21]. Ra-223 is
not taken up in cells, indicating that all damages are induced by decay
events outside the cell. Cells and spheroids deposited on a HAp surface
with bound Ra-223 displayed reduced cell growth compared to exposure
to Ra-223 in the media. However, whereas the outgrowth of 22RV1
spheroids was dramatically reduced, the effect on DU145 spheroids was
less evident, indicating that Ra-233 may not be able to inhibit cell
migration in all cases. Independently of the cellular outgrowth charac-
teristics, it is possible that at early stages, upper layers of the 3D cell
structure are not damaged due to the limited range of a-particles,
rendering the treatment less efficacious in larger lesions. Alternatively,
it is possible to speculate that cells undergo apoptosis at later stages,
several days post-treatment. The HAp surface loaded with Ra-223
decreased cell survival more than unbound Ra-223 in monolayers,
possibly further reducing the ability of the circulating tumor cells to
attach and form new metastatic sites in the bones and illustrating the
efficacy of Ra-223 to reduce the growth of single cells and smaller le-
sions. However, a direct comparison of results from the different expo-
sure conditions needs proper dose estimates, taking all Ra-223 decays
into account (i.e. alpha, beta and gamma). The absence of cellular up-
take of Ra-223 and the several-fold higher cell toxicity when Ra-223 is
enriched on dish surface, suggests that the majority of the absorbed dose
in vivo is deposited around the bones, which is consistent with bio-
distribution measurements [21,22]. The biological effects of
alpha-particles are relatively insensitive to modifications of the
radiation-response seen after low-LET X-ray exposure. However, recent
studies indicate that patients resistant to PSMA-targeted alpha-radiation
often harbor DNA damage repair-related gene mutations [23] and that
anti-beta 1 integrin targeting can enhance Ra-223 treatment outcomes
in pre-clinical models [24]. Although such effects could be due to se-
lection bias or tissue targeting properties, recent findings suggesting
indirect bystander effects [25] highlight the complexity of the biological
response to these treatments.

Taken together, our data indicate that the DSBs induced by high-LET
irradiation can be repaired, yet the repair of highly complex DNA
damage results in errors. These errors subsequently lead to chromo-
somal abnormalities which eventually induce mitotic catastrophe,
apoptosis, or senescence. The high levels of apoptosis in all three cell
lines are in line with previous investigations [26] correlating high-LET
induced clustered DNA damage with an early onset of apoptosis.

ARv7 expression in circulating prostate tumor cells, giving rise to
metastases, leads to disease progression and ADT response reduction
[27]. Our results demonstrated that cell survival of three cell lines with
and without ARv7 expression was decreased after Ra-223 treatment, but
further studies are needed to investigate the role of ARv7 expression in
the response to a-particles. Furthermore, it is worthwhile to consider in
future studies of Ra-223 direct media exposure, to add beta and gamma
irradiation control to be able to refine the net effect of alpha particles
attenuation in solution.
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