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ABSTRACT

Functional impairment of the tumour suppressor
PTEN is common in primary prostate cancer and
has been linked to relapse post-radiotherapy (post-
RT). Pre-clinical modelling supports elevated CXC
chemokine signalling as a critical mediator of PTEN-
depleted disease progression and therapeutic resis-
tance. We assessed the correlation of PTEN defi-
ciency with CXC chemokine signalling and its associ-
ation with clinical outcomes. Gene expression analy-
sis characterized a PTENLOW/CXCR1HIGH/CXCR2HIGH

cluster of tumours that associates with earlier time
to biochemical recurrence [hazard ratio (HR) 5.87
and 2.65, respectively] and development of sys-
temic metastasis (HR 3.51). In vitro, CXCL signalling
was further amplified following exposure of PTEN-
deficient prostate cancer cell lines to ionizing radia-
tion (IR). Inhibition of CXCR1/2 signalling in PTEN-
depleted cell-based models increased IR sensitiv-
ity. In vivo, administration of a CXCR1/2-targeted
pepducin (x1/2pal-i3), or CXCR2-specific antago-
nist (AZD5069), in combination with IR to PTEN-
deficient xenografts attenuated tumour growth and

progression compared to control or IR alone. Post-
mortem analysis confirmed that x1/2pal-i3 adminis-
tration attenuated IR-induced CXCL signalling and
anti-apoptotic protein expression. Interventions tar-
geting CXC chemokine signalling may provide an ef-
fective strategy to combine with RT in locally ad-
vanced prostate cancer patients with known pres-
ence of PTEN-deficient foci.

INTRODUCTION

External beam radiotherapy (RT) constitutes a princi-
pal treatment modality for organ-confined prostate can-
cer (CaP) (1). Although the majority of tumours respond
favourably, over one-third of patients will experience re-
lapse post-RT, which has been attributed to intrinsic ra-
dioresistance of tumour cells, release and signalling of
stroma-derived survival factors or presence of occult micro-
metastases at the time of diagnosis (2–4). The cellular re-
sponse of tumour cells to DNA damage treatment can be
related to an underlying genetic background and can itself
markedly alter gene expression to effect differential pheno-
typic behaviour (5,6). Crucially, RT is no longer restricted to
use in the treatment of local disease but is becoming a viable
therapeutic option for advanced disease, with clinical trials
currently evaluating the potential use of stereotactic RT to
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treat oligometastatic CaP (7–9). The extended deployment
of radiation as an intervention across the continuum of the
clinical landscape accentuates the requirement to optimize
this treatment modality.

Improving the effectiveness of RT has typically followed
two distinct pathways: (i) altering standard treatment pro-
tocols with the intent to boost the overall radiation dosage
delivered to the tumour, including the recent introduction
of hypofractionated dose scheduling (10–12), and (ii) the
use of genetic markers to stratify patients and/or progress
combination-targeted therapy to attenuate associated sur-
vival mechanisms adopted by cells as a mechanism of resis-
tance to radiation-induced cell death. Zafarana et al. orig-
inally reported allelic loss of the tumour suppressor PTEN
and allelic gain of c-MYC as prognostic factors for relapse
following RT (13). Identifying the critical signalling path-
ways that underpin and confer PTEN-mediated resistance
is essential to defining actionable combinatorial drug–RT
treatment approaches that may be employed to improve RT
response in future patients (14,15).

PTEN, a potent negative regulator of the PI3K–Akt
signalling axis, is deleted or mutated in ∼30% of men
with localized CaP and in over 60% of patients exhibiting
metastatic progression (16,17). Moreover, impairment of
PTEN function is associated with clinico-pathological fea-
tures of aggressive and treatment-resistant prostate carci-
noma (13,18,19). Our initial studies confirmed the increased
expression of CXCL8 and its two receptors CXCR1 and
CXCR2 in the tumour epithelium of human CaP (20). Our
subsequent studies in human CaP cell lines and genetically
engineered mouse models associated the elevated expres-
sion of this chemokine signalling pathway with PTEN loss
(21). Intrinsic CXCL8 signalling underpins prostate cancer
cell survival through the activation of AR, HIF-1 and NF-
�B transcription factors, and increases expression of anti-
apoptotic proteins, including members of the Bcl family
(22). In addition to underpinning resistance to AR-targeted
therapy, induction of CXCL8 signalling modulates the sen-
sitivity of prostate cancer cells to several novel molecular
targeted therapies and chemotherapeutic agents, including
oxaliplatin that induces DNA double-strand breaks in CaP
cells (23). Thus, we adopted the hypothesis that exposure to
ionizing radiation (IR) would similarly induce chemokine
signalling and that this would have a profound impact in
modulating the sensitivity of PTEN-deficient tumours to
radiation.

The objective of this comprehensive study, employing
clinical datasets and established in vitro and in vivo mod-
els, was to characterize whether stress-induced potentiation
of CXCR1/2 signalling may underpin the adverse response
of PTEN-deficient prostate cancer to radiation and to po-
tentially explain biological mechanisms related to increased
clinical relapse reported in PTEN-deficient tumours.

MATERIALS AND METHODS

Cell culture

Authenticated DU145, LNCaP, C4-2, C4-2B, PC3 and
22Rv1 CaP cells were obtained from ATCC. DU145 cells
were manipulated as previously described to generate iso-
genic PTEN-expressing NT01 cells and PTEN-deficient

sh11.02 cells (21). PC3 cells were manipulated as previously
described so that PTEN expression can be reconstituted
following exposure to tetracycline (21). PTEN-depleted
22Rv1 cells were generated following lentiviral transfection
of HuSh-29 pre-designed PTEN shRNA pGFP-V-RS con-
structs (Origene, Rockville, MD, USA), and selected under
puromycin selection pressure at a final concentration of 0.5
�g/ml. Cell line authenticity was confirmed by STR geno-
typing (July 2019) and mycoplasma testing was performed
every 4–6 weeks (MycoAlert, Lonza).

Radiation treatments

The X-RAD 225 series irradiator was used to carry out all
in vitro experiments described. This cabinet contains a high-
voltage generator with a maximum output voltage of 225
kV. The X-ray tube is a metal ceramic fixed anode that is
water cooled and has a maximum potential of 225 kV. The
operating conditions of the machine were 225 kV and 13.3
mA. All experiments were performed using the 50 cm shelf
position, which resulted in an output of 0.588 Gy/min. Cell
treatments were therefore calculated using the following for-
mula:

time = required dose/0.588.

Radiation treatments were also administered to NT01,
sh11.02 and PC3 xenograft models using the X-RAD 225.
Lead shielding was used to minimize off-target effects. For
the C4-2 xenograft model, CT-guided RT was delivered us-
ing a Small Animal Radiation Research Platform (XStrahl,
Camberley, UK).

ELISA

Cells were plated into six-well plates at a density of 5 × 105

cells per well and allowed to adhere overnight. After 24 h,
cells were irradiated and media samples collected at vari-
ous time points. Cell counts were performed at each time
point. CXCL8 ELISA experiments were performed using
DuoSet® ELISA Development Kits (R&D Systems) ac-
cording to manufacturer’s instructions. CXCL8 secretion
was normalized to cell count to correct for differences in
confluency.

Immunoblotting

Whole cell lysates were prepared, resolved and blotted as
previously described (21). Membranes were probed with
primary antibodies at 4◦C overnight. Primary antibody in-
formation can be found in Supplementary Table S1. Fol-
lowing three TBST washes, membranes were incubated with
the appropriate horseradish peroxidase-labelled secondary
antibody (1:5000 dilution; GE Healthcare UK Ltd, UK).
Protein bands were detected using enhanced chemilumines-
cence (Luminata Crescendo, Merck Millipore). Membranes
were re-probed with �-Actin antibody to ensure equal load-
ing.

Quantitative real-time PCR

Total RNA was collected and isolated as previously de-
scribed (21). Quantitative real-time polymerase chain reac-
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tion (qRT-PCR) was performed using pre-validated Real-
Time ready custom assays for CXCR1, CXCR2, CXCL8
and BCL2 used in combination with FastStart TaqMan®

Probe Master solutions (Roche Diagnostics, Sussex, UK).
Individual sample mRNA levels were analysed in triplicate
in a 96-well plate using an LC480 light cycler instrument
(Roche Diagnostics). Gene expression levels were normal-
ized against 18S.

siRNA

siRNA transfections for CXCR1 and CXCR2 oligonu-
cleotides (Dharmacon, Lafayette, CO, USA) were car-
ried out using Lipofectamine® RNAiMAX Transfec-
tion Reagent (Life Technologies, Paisley, UK) when cells
reached 60–70% confluence. Briefly, for a p90 Petri dish, 10
�l RNAiMAX was combined with 25 nM pooled CXCR1
and CXCR2 oligonucleotides (12.5 nM CXCR1/12.5 nM
CXCR2) and added in a drop-wise fashion to 2 ml Opti-
MEM. Transfection complexes were then incubated at
room temperature for 20 min, after which the siRNA
complexes were added to 8 ml of complete medium.
Cells were then maintained at 37◦C for 48 h. Non-
targeting sequences were used at the same concentration
(25 nM) as the total combined CXCR1 and CXCR2 siRNA
sequences.

Flow cytometry

Cells were seeded at a density of 5 × 104 per well in a
six-well plate and left to adhere overnight. Cells were then
transfected with the appropriate control or siRNA oligonu-
cleotides and returned to the incubator. After 72 h, all
groups received either a 3 Gy radiation dose or sham irra-
diation. Cells were analysed 72 h post-radiation treatment.
Whole culture medium was collected and pooled with the
trypsinized cells, and then centrifuged at 1500 rpm. Cell pel-
lets were resuspended in 100 �l of 1× binding buffer. An-
nexin V (Life Technologies, Paisley, UK) antibody (5 �l)
was added to each sample along with 5 �l of propidium io-
dide (PI) stain (50 �g/ml). Samples were then incubated in
the dark, at room temperature for 15 min. After incubation,
320 �l of 1× binding buffer was added to each sample be-
fore analysis on the EPICS XL flow cytometer (Beckman
Coulter, Buckinghamshire, UK).

Clonogenic assays

Reverse clonogenic assays were performed as follows. In
CXCR1/2-targeting experiments, cells were transfected, ir-
radiated 48 h post-transfection and reseeded to assess
colony-forming ability. In PC3-PTEN cells, transfections
were performed 24 h prior to PTEN reconstitution us-
ing tetracycline (1 �g/ml). Surviving fractions were calcu-
lated relative to non-irradiated cells and fitted using a lin-
ear quadratic function [S = exp(−αD − βD2)] using least-
squares regression (Prism 7.0; GraphPad Software, San
Diego, CA, USA). Area under the curve representing the
mean inactivation dose (MID) was obtained and dose en-
hancement factor (DEF) calculated by dividing the MID

of the CXCR1/2-depleted cells by that of non-targeting
siRNA-treated cells.

PC3 and DU145 xenograft tumour growth delay models

CXCR1/2-blocking pepducins (CXCR1/2 x1/2pal-
i3 pepducin––sequence pal-RTLFKAHMGQKHR-
NH2; non-targeting x1/2pal-con––sequence pal-
TRFLAKMHQGHKR-NH2) that target the highly
conserved third intracellular loop were used to block
chemokine receptor-mediated signalling in vivo. Pepducin
targeting and efficacy were confirmed in vitro prior to in
vivo use. PC3, NT01 or sh11.02 cells [2 × 106 in phosphate-
buffered saline (PBS)] were implanted by intradermal
injection on the rear dorsum of BALB/c SCID mice
(Envigo). Animals with palpable tumours (100 mm3) were
randomized to treatment groups (N = 7 per group): no
treatment, x1/2pal-con, x1/2pal-i3, 3 Gy, x1/2pal-con + 3
Gy and x1/2pal-i3 + 3 Gy. Pepducins, reconstituted in PBS,
were administered by intratumoural injection (2 mg/kg) on
days 1, 2, 3, 4 and 5. Radiation was administered on day
3. Animals were restrained in a Perspex jig and protected
from non-target radiation damage using lead shielding. Ra-
diation treatments were delivered as two parallel-opposed
fields using a Precision X-RAD 225. Due to the increased
radiation sensitivity of DU145 cells, radiation dose was
reduced to 2 Gy. Tumour dimensions were measured using
callipers and tumour volumes calculated using the fol-
lowing formula: (width2 × length)/2. Tumour and weight
measurements were performed every Monday, Wednesday
and Friday for the duration of the study. Animals were
culled when the tumour volume quadrupled (400 mm3).
Additional mice (N = 4 per group) were culled on study
day 5 to enable collection of tumours for pharmacokinetic
analysis. Tumours were cut into two halves and stored in
either formalin or liquid nitrogen.

C4-2 xenograft model

SCID male mice (7 weeks old) were obtained from Envigo.
C4-2 cells were injected subcutaneously, 1 × 107 cells in 100
�l PBS:Matrigel (50:50) in the right flank. Once palpable
tumours formed, tumour volume was measured by digital
callipers, as described earlier. When tumours reached 100
mm3, mice were randomized to treatment groups (N = 8 per
group): vehicle control, AZD5069, 3 Gy or AZD5069 + 3
Gy. AZD5069 was prepared in 1× PBS/0.1% Tween 20 and
administered by oral gavage at 2 mg/kg daily. Radiation was
administered on day 3, as described earlier. Tumour and
weight measurements were performed thrice weekly for the
duration of the study. Animals were culled when the tumour
volume reached maximum (1000 mm3). Additional mice (N
= 4 per group) were culled on study day 5 to enable col-
lection of tumours for pharmacokinetic analysis. Tumours
were cut into two halves and stored in either formalin or
liquid nitrogen.

53BP1 foci immunofluorescence

Cells (1 × 104) were seeded onto four-well chamber slides
(Fisher Scientific, Leicestershire, UK) and left overnight
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to adhere. For PTEN-depleted damage repair studies, cells
were irradiated with 1 Gy (to prevent damage satura-
tion) and analysed at indicated time points ranging for
0.5 to 24 h post-radiation to observe repair kinetics. For
CXCR1/CXCR2 knockdown experiments, transfections
were performed 72 h prior to irradiation. Cells were fixed
4 h post-radiation treatment with 50% methanol:50% ace-
tone, and permeabilized in 0.5% Triton X-100 (Sigma,
Dorset, UK). After an overnight incubation in blocking
buffer (PBS, 0.1% Triton X-100, 5% FCS, 0.2% milk), cells
were incubated with rabbit anti-53BP1 antibody (Abcam,
Cambridge, UK) at 1:2000 concentration and incubated
with secondary anti-rabbit Alexa Fluor 488 (Life Technolo-
gies, Paisley, UK). Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (0.1 mg/ml). Foci were counted
using a fluorescence microscope (Zeiss Axiovert 200M,
UK); typically, 100 cells were counted per treatment con-
dition.

Immunohistochemistry

Sections were cut from tumour tissue blocks for haema-
toxylin and eosin (H&E) staining and immunohistochem-
istry (IHC). The initial section was used for H&E staining to
assess histology and appropriate tumour content for subse-
quent IHC localization and analysis. Sections for IHC were
cut at 4 �M on a rotary microtome, dried at 37◦C overnight
and used for IHC tests, performed on an automated im-
munostainer (Leica BOND-MAX™). Validated and opti-
mized protocols, used in local diagnostics, were selected for
each biomarker with inclusion of carefully selected con-
trol tissues during antibody application. Antigen binding
sites were detected with a polymer-based detection system
(Bond cat. no. DS 9800). All sections were visualized with
3,3′-diaminobenzidine, counterstained in haematoxylin and
mounted in DPX. Biomarker conditions were as follows:
Ki-67 (clone MM1 DO-7 mouse monoclonal antibody, Le-
ica) was used at a 1:200 dilution with epitope retrieval so-
lution 2 pre-treatment for 30 min. Bcl-2 (clone 3.1 mouse
monoclonal antibody, Leica) was used at a 1:100 dilution
with epitope retrieval solution 2 pre-treatment for 20 min.

Statistical analysis

Unless otherwise stated, experiments were performed in
triplicate and results expressed as mean ± standard error
(SE). Data were analysed using a two-tailed unpaired t-test
or two-way ANOVA (clonogenic survival curves) with a P-
value of <0.05 considered to be statistically significant.

RESULTS

Correlation of PTEN and CXC chemokine signalling to clin-
ical parameters of progression

PTEN deficiency increases CXCL8, CXCR1 and CXCR2
gene expression in human CaP cell lines in vitro and that
of the orthologous pathway in the prostate epithelium of
PTEN+/− mice (21). We conducted in silico analysis of
publicly available CaP datasets to confirm this association
in human prostate cancer and its association with clin-
ical outcomes. Our initial analysis was conducted using

the MSKCC radical prostatectomy cohort, focusing on the
140 patients with relevant clinical follow-up data (24). This
dataset derived from radically resected tumours demon-
strated that PTENLOW (P = 0.0014), CXCR1HIGH (P =
0.017) and CXCR2HIGH (P = 0.035) expression each in-
dependently correlated with accelerated biochemical recur-
rence (BCR; Figure 1A). We observed that the PTENLOW

and CXCR1/2HIGH tumours formed a distinct cluster or
subgroup constituting 74 (52.9%) of the 140 tumours repre-
sented in this resection cohort (Figure 1B). Kaplan–Meier
analysis revealed that the PTENLOW/CXCR1/2HIGH clus-
ter was associated with a highly significant reduction in
time to BCR [P < 0.001; hazard ratio (HR) 5.87; Figure
1C]. Similar analysis was performed on the TCGA dataset
that confirmed the prognostic effect of PTEN loss and
the combined PTENLOW/CXCR1/2HIGH signature (Sup-
plementary Figure S5).

Further analysis was performed on a third dataset to de-
termine the direct relevance of this gene cluster with re-
spect to RT response. Analysis was conducted on a tran-
scriptomic profile derived from the FASTMAN retrospec-
tive RT patient sample cohort (25). This cohort of 248 diag-
nostic biopsy samples has a median follow-up data of >100
months. Kaplan–Meier analysis confirmed that PTENLOW

and CXCR1/2HIGH tumours were associated with a signif-
icantly reduced time to BCR (Figure 1D; P < 0.001; HR
2.65) and importantly with the development of metastasis
(Figure 1E; P = 0.002; HR 3.51) after RT treatment. Taken
together, these results establish the clinical relevance of the
PTENLOW/CXCR1/2HIGH cluster in two distinct cohorts
and, furthermore, reveal the downstream significance of this
biology in locally advanced prostate cancer to adverse out-
comes after both surgery and RT interventions.

Expression of PTEN modulates radiation-induced CXCL
chemokine signalling

RT is a major treatment modality for locally advanced
and increasingly for oligometastatic prostate cancer. Ex-
periments were therefore performed across a range of CaP
cell models representative of different androgen sensitiv-
ity, different metastatic potential and exhibiting differen-
tial expression of PTEN: we used PTEN-null LNCaP and
LNCaP-derived C4-2 and C4-2B cells and isogenic PTEN-
expressing and -null cell lines (DU145, PC3 and 22Rv1)
(21). Their PTEN expression and resulting downstream
PI3K–Akt signalling axis activity were confirmed by im-
munoblot analysis for PTEN and phosphorylation status
of AKTS473 (Figure 2A).

The role of radiation in modulating CXC chemokine sig-
nalling was investigated using PTEN-expressing and -null
CaP cells, exposed to clinically relevant doses of radiation
(2–3 Gy). qRT-PCR analysis was used to quantify alter-
ations in CXCL8, CXCR1 and CXCR2 gene expression
(Figure 2B). While CXCL8 expression remained unchanged
in cell lines that retained sufficient levels of PTEN (DU145-
NT01, PC3-PTEN and 22Rv1-NT), PTEN-deficient cells
demonstrated an increase in CXCL8 mRNA 2 h post-
radiation that was sustained out to 8 h. However, treat-
ment with IR induced the expression of chemokine recep-
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Figure 1. PTENLOW, CXCR1HIGH and CXCR2HIGH tumours are associated with poor prognosis. (A) Kaplan–Meier curves examining the relevance of
PTEN, CXCR1 and CXCR2 expression independently in the Taylor (MSKCC) dataset for BCR. High and low expressions of each gene were determined
based on differences from the median threshold (PTEN: 8.63; CXCR1: 6.27; CXCR2: 6.59). Sample sizes were as follows: PTENHIGH (N = 114); PTENLOW

(N = 26); CXCR1HIGH (N = 35); CXCR1LOW (N = 105); CXCR2HIGH (N = 50); CXCR2LOW (N = 90). (B) Cluster analysis of PTEN, CXCR1 and
CXCR2 in the MSKCC dataset. (C) Kaplan–Meier survival curves in 140 patients from the MSKCC dataset in relation to sample clustering by three genes
(PTEN, CXCR1 and CXCR2). Sample sizes were as follows: PTENHIGH |CXCR1/2LOW (N = 66); PTENLOW |CXCR1/2HIGH (N = 74). (D, E) Analysis
of the FASTMAN retrospective RT patient sample cohort (N = 248) showing the impact of previously defined clusters on time to recurrence and time
to metastasis, respectively. Sample sizes were as follows: PTENHIGH|CXCR1/2LOW (N = 203); PTENLOW |CXCR1/2HIGH (N = 45). Data information:
significant differences were determined by the log-rank test. Abbreviations: BCR, biochemical recurrence; HR, hazard ratio.
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Figure 2. IR induces CXC chemokine expression and secretion in PTEN-deficient prostate cancer models. (A) Immunoblots showing expression of PTEN,
pAKT (Ser473) and AKT in a panel of prostate cancer cell models. PTEN expression was depleted in DU145 and 22Rv1 cells using a lentiviral-based
protocol. PTEN expression was reconstituted in PC3 cells under the control of a tetracycline-inducible promoter. Equal loading was confirmed by re-
probing blots for �-Actin. (B) Heat map showing fold increase of CXCL8, CXCR1 and CXCR2 gene expression from 0 to 8 h following exposure to 3
Gy IR. PTEN expression of each cell line is indicated in the left panel (white: PTEN-null; black: PTEN-expressing; grey: partial PTEN depletion). (C,
D) Immunoblots showing expression of CXCL8, CXCR1 and CXCR2 at 0–24 h following treatment LNCaP, NT01 and sh11.02 cells with 3 Gy IR.
Equal loading was confirmed by re-probing blots for �-Actin. (E) Graph showing CXCL8 secretion from LNCaP, C4-2 and C4-2B cells from 0 to 24 h
following treatment with 3 Gy IR. (F) Graph showing CXCL8 secretion from NT01 and sh11.02 cells from 0 to 24 h following treatment with 3 Gy IR.
Data information: all data presented are a representation of N = 3 independent experiments. (E, F) Statistical analysis is a comparison of each time point
to the 0 h control within the same cell line (*P < 0.05; **P < 0.01; ***P < 0.001).
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tors CXCR1 and CXCR2 in tumour cells independent of
PTEN status (Figure 2B).

Similar experiments were performed to assess the impact
of IR on CXC chemokine protein expression using LNCaP
and DU145-NT01 and sh11.02 cells. Treatment with 3 Gy
increased CXCL8 expression in PTEN-null LNCaP and
PTEN-depleted sh11.02 cells, but did not modulate ex-
pression in PTEN-expressing NT01 cells. Confirming our
qRT-PCR analysis, IR-induced expression of CXCR1 and
CXCR2 at the protein level was independent of intrinsic
PTEN status (Figure 2C and D).

We further assessed the effect of IR on CXCL8 secretion.
Exposure to IR induced a 3–4-fold increase in the secretion
of this chemokine from PTEN-null LNCaP, C4-2 and C4-
2B cells. This was evident 2 h post-IR exposure, with levels
returning to baseline within 24 h (Figure 2E). Similarly, in
PTEN-expressing DU145-NT01 cells and PTEN-depleted
DU145-sh11.02 cells, treatment with 3 Gy resulted in signif-
icantly increased CXCL8 secretion in sh11.02 cells, but had
no effect in NT01 cells (Figure 2F). Interestingly, baseline
secretion was already 3.06-fold greater (P < 0.0001) in the
PTEN-depleted sh11.02 cells (Figure 2F). Crucially, we ob-
served these increases in CXCL8 secretion across androgen-
dependent and -independent models signifying the impor-
tance of this biology across the disease spectrum.

Inhibition of CXCR1/2 signalling promotes PTEN-
dependent radiosensitization

CXCR1- and CXCR2-targeted siRNA was used to knock
down expression of both receptors in order to assess the sur-
vival advantage afforded by hyperactive CXC chemokine
signalling. Validation of these siRNAs confirmed their abil-
ity to successfully reduce expression of the respective re-
ceptors by >90% in LNCaP and C4-2 cells (Figure 3A).
Knockdown of both receptors was also validated in PTEN-
expressing DU145-NT01 cells and PTEN-depleted DU145-
sh11.02 cells (Figure 3B), providing a range of experimental
models to evaluate the impact of targeting CXCL8/CXCR
signalling.

The impact of PTEN depletion and/or repression of
CXCL8 signalling on cell proliferation was determined ini-
tially by cell growth curve analysis. Knockdown of CXCR1
and CXCR2 alone had limited impact on the cell pro-
liferation kinetics of either the PTEN-expressing DU145-
NT01 or PTEN-depleted sh11.02 cells. However, siRNA-
mediated suppression of CXCR1/2 enhanced the effects of
IR in both the NT01 and sh11.02 cells, increasing the ob-
served cell doubling time by 2.2- and >3-fold, respectively
(Supplementary Table S2).

Due to the inherently poor colony-forming ability of
LNCaP cells, we used an Alamar Blue assay to assess the
impact of CXCR1/2 knockdown upon the viability of these
cells at 7 days post-radiation. Compared to cells treated
with non-targeting siRNA, knockdown of both receptors
significantly decreased cell viability in LNCaP and C4-2
cells once exposed to doses >3 Gy (Figure 3C and D).

Cells derived from the DU145 lineage have excellent
colony-forming ability and so clonogenic survival assays
were used to confirm the survival advantage associated with
sustained CXCR1/2 signalling. Knockdown of these recep-

tors in PTEN-expressing NT01 cells resulted in no signifi-
cant difference in survival following exposure to IR (DEF
= 0.93; Figure 3E). However, siRNA-mediated CXCR1/2
knockdown in PTEN-depleted sh11.02 cells increased sen-
sitivity to IR with a calculated DEF of 1.2 (Figure 3F). Con-
versely, we employed a PTEN-inducible PC3 cell model,
whereby the radiosensitizing effect of CXCR1/2 siRNA de-
tected in the PTEN-null parental cell line was completely
ablated following reconstitution of PTEN expression (Sup-
plementary Figure S1).

Combined, these results confirm that a CXCR1/2-
targeted therapeutic approach can drive radiosensitivity in
PTEN-depleted prostate cancer models.

PTEN depletion combined with knockdown of CXCR1/2 im-
pairs tumour cell proliferation and promotes apoptosis

We have previously shown that CXCR1/2-mediated sig-
nalling results in upregulation of the anti-apoptotic, pro-
survival protein, Bcl-2, suggesting that CXCR1/2 knock-
down may confer radiosensitivity through modulation of
the apoptotic pathway (21). Immunoblotting confirmed
that exposure to IR induced Bcl-2 expression in androgen-
dependent LNCaP cells. We also observed increased
JAK2Y1007/1008 and STAT3Y705 phosphorylation providing
a potential mechanism for potentiation of anti-apoptotic
pathways (26). However, knockdown of CXCR1/2 prior
to IR treatment repressed the ability of LNCaP cells to
induce JAK/STAT phosphorylation and subsequent Bcl-2
expression (Figure 4A). This coincided with increased de-
tection of cleaved PARP and caspase 9, confirming the in-
duction of apoptosis. Similar immunoblotting profiles were
observed when experiments were repeated in the androgen-
independent PTEN-deficient DU145-sh11.02 cells (Figure
4B).

Increased apoptotic signalling was validated by analysis
of apoptotic fractions using Annexin V/PI staining proto-
cols in LNCaP and DU145-sh11.02 cells. Treatment with 3
Gy IR increased the apoptotic fraction of LNCaP cells from
3.53% to 6.90% (P = 0.0174) and non-targeting siRNA-
treated LNCaP cells from 4.16% to 7.93% (P = 0.0305).
However, the most significant effect was observed in cells
transfected with CXCR1/2 siRNA, where concurrent expo-
sure to IR increased the apoptotic cell fraction from 4.20%
to 21.76% (P = 0.0097; Figure 4C). Similar results were ob-
tained in DU145-sh11.02 cells, where the addition of IR in-
creased the apoptotic fraction of CXCR1/2 siRNA-treated
cells from 17.66% to 27.70% (P = 0.0071; Figure 4D).

Additional experiments were performed to assess
the DNA damage response following IR exposure and
CXCR1/2 inhibition. Interestingly, PTEN-deficient
sh11.02 cells had higher basal levels of 53BP1 foci and
a slower rate of repair following exposure to 1 Gy IR
compared to PTEN-expressing NT01 cells. However, at-
tenuation of CXCR1/2 signalling had no additional effect
on the DNA damage response (Supplementary Figure S2).

PTEN loss and combined CXCR1/2 inhibition with radiation
slows tumour growth in androgen-independent xenografts

Further experiments were conducted to evaluate the im-
pact of CXCR1/2 inhibition upon the response of growing
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Figure 3. Radiosensitivity of PTEN-deficient prostate cancer via CXCR1/2 knockdown. (A, B) Immunoblots showing CXCR1 and CXCR2 expression
following treatment with non-targeting siRNA (siNT), CXCR1 siRNA (siCXCR1), CXCR2 siRNA (siCXCR2) or a combination of both CXCR1 and
CXCR2 siRNA (siCXCR1/2). Final siRNA concentration was 25 nM. Equal loading was confirmed by re-probing blots for �-Actin. (C, D) Bar charts
showing relative viability of LNCaP and C4-2 cells, respectively, as determined by Alamar Blue assay. Cells were pre-treated with 25 nM non-targeting
siRNA (siNT) or CXCR1 and CXCR2 siRNA (siCXCR1/2) for 48 h prior to treatment with IR (0–6 Gy dose range). Samples were analysed 7 days follow-
ing IR treatment. (E, F) Clonogenic survival curves generated from NT01 and sh11.02 cells, respectively. Cells were pre-treated with 25 nM non-targeting
siRNA (siNT) or CXCR1 and CXCR2 siRNA (siCXCR1/2) for 48 h prior to IR treatment. Data information: all data presented are a representation of
N = 3 independent experiments. All survival curves are fitted to a linear quadratic model and DEF was calculated using the MID based on the area under
the curve at a surviving fraction of 0.1. Statistically significant differences were determined using t-tests (*P < 0.05; **P < 0.01; ***P < 0.001).

prostate tumours to RT. In these experiments, rather than
using siRNA to deplete CXCR1/2 signalling potential,
we employed CXCR1/2-targeted peptidomimetics termed
‘pepducins’ that have been shown to uncouple the recep-
tors from activating the intrinsic G proteins, blocking signal
transduction in both in vitro and in vivo cancer models (27).
We validated the efficacy of the CXCR1/2-targeted pep-
ducin, x1/2pal-i3, to attenuate CXCL-mediated tumouri-
genicity in PTEN-modulated prostate cancer cells, using an
appropriate non-targeting peptide as the relevant control.

We initially validated the ‘pepducin’ approach in vitro;
as expected, using our DU145-NT01 and sh11.02 models,
we observed that the addition of x1/2pal-i3 only increased
radiation sensitivity in vitro in the PTEN-deficient context
(Figure 5A; Supplementary Figure S3C). Experiments were
extended in vivo following implantation of sh11.02 cells in
the flank of SCID mice. Tumours (100 mm3) were sub-
jected to daily injections of either the x1/2pal-i3 target-

ing peptide or the control peptide (x1/2pal-con) for five
consecutive days and a single 2 Gy radiation exposure on
day 2. On day 21, mice treated with the control pepducin
(x1/2pal-con) displayed a mean tumour volume of 369.6
± 22.3 mm3. Treatment with x1/2pal-i3 alone resulted in
a tumour growth delay after 21 days (226.1 ± 16.0 mm3),
which was comparable to mice treated with 2 Gy IR (249.9
± 15.9 mm3). However, the combined treatment consisting
of 2 Gy IR and x1/2pal-i3 was most efficacious, resulting
in a mean tumour volume of 166.6 ± 10.9 mm3 (Figure
5B). This combined therapy extended the median quadru-
pling time by 52% compared to tumours treated with IR
tumours alone (P < 0.001; Figure 5C). Treatment of PTEN-
expressing NT01 tumours with x1/2pal-i3 offered no addi-
tive effect in combination with IR (Supplementary Figure
S3D).

Further experiments were conducted in a second tumour
model of PTEN-null PC3. As anticipated, administration
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Figure 4. Knockdown of CXCR1 and CXCR2 enables the induction of apoptosis following treatment with radiation. (A, B) Immunoblots examining
expression of an apoptotic protein panel in LNCaP and DU145-sh11.02 cells, respectively. Cells were pre-treated with 25 nM non-targeting siRNA (siNT)
or CXCR1 and CXCR2 siRNA (siCXCR1/2) for 48 h prior to treatment with 3 Gy IR. Equal loading was confirmed by re-probing blots for �-Actin.
(C, D) Bar charts summarizing Annexin V/PI flow cytometry analysis of LNCaP and sh11.02 cells, respectively. Cells were pre-treated with 25 nM non-
targeting siRNA (siNT) or CXCR1 and CXCR2 siRNA (siCXCR1/2) for 48 h prior to treatment with 3 Gy IR. Cells were analysed 72 h following IR
treatment alongside non-irradiated control cells (black bars). Data information: all data presented are a representation of N = 3 independent experiments.
Statistically significant differences were determined using t-tests (*P < 0.05; **P < 0.01; ***P < 0.001).

of the x1/2pal-i3 pepducin increased sensitivity to IR and
repressed CXCL8-induced Bcl-2 expression in vitro, while
use of a non-targeting pepducin (x1/2pal-con) had no ef-
fect (Supplementary Figure S3A and B). Once again, we
observed a profound effect of the CXCR1/2-targeting pep-
ducin upon the growth of PTEN-null PC3 xenograft tu-
mours. Relative to tumours treated with the control pep-
ducin (x1/2pal-con; mean tumour volume of 303.0 ± 27.8
mm3 after 21 days), treatment with either IR (3 Gy) or the
receptor-targeted x1/2pal-i3 pepducin produced a similar
tumour growth delay with 21-day mean tumour volumes of
198.7 ± 21.7 and 186.8 ± 6.7 mm3, respectively. However,
the combined use of radiation and administration of the
x1/2pal-i3 pepducin attenuated tumour growth to a mean
volume of 111.8 ± 11.1 mm3 after 21 days (Figure 5D). Ex-
periments were extended post 21 days and the tumour qua-
drupling time for each cohort was calculated (Figure 5E).
There was no difference in tumour growth between the un-
treated control group (26.5 ± 1.9 days) and those treated
with the non-targeting x1/2pal-con peptide (26 ± 1.3 days).

Relative to x1/2pal-con-treated tumours, treatment with
the CXCR1/2-targeting x1/2pal-i3 pepducin attenuated tu-
mour growth (34.7 ± 0.91 days; P = 0.0003), producing a
comparable growth delay to radiation (3 Gy; 35.7 ± 2.008
days). Combined treatment of 3 Gy plus x1/2pal-i3 pro-
duced a mean tumour growth delay of 43 ± 1.23 days,
extending the time to reach the experimental endpoint by
20.4% over radiation alone. No acute toxicity was observed
between the treatment groups as determined by changes in
body weight in either the DU145 or PC3 models (Supple-
mentary Figure S4A–C).

Pharmacodynamic markers were assessed in PC3
xenografted tumours harvested from additional mice
within each experimental cohort at day 5 (48 h post-IR).
As predicted by our prior in vitro data, qRT-PCR analysis
of the tumours confirmed that exposure to IR exposure
elevated gene expression of CXCL8 and BCL2; this induc-
tion of gene expression was attenuated in the presence of
the receptor-targeted x1/2pal-i3 pepducin (P = 0.005 and
P = 0.031, respectively; Figure 5F and G). Furthermore,
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Figure 5. Inhibition of CXCR1/CXCR2 signalling delays tumour growth and potentiates RT-mediated growth delay of PTEN-null prostate cancer models.
(A) Clonogenic survival curves showing DU145-sh11.02 survival fractions following treatment with increasing doses of IR. Cells were pre-treated 4 h prior
to IR exposure with either control pepducin (x1/2pal-con) or CXCR1/2-targeted pepducin (x1/2pal-i3). (B) Tumour growth curves showing sh11.02
xenograft tumour volumes. Mice were randomized into four groups (N = 7 per group): x1/2pal-con, x1/2pal-i3, x1/2pal-con + 2 Gy and x1/2pal-ie + 2
Gy. Days in which pepducin (2 mg/kg) and IR treatments were performed are indicated. (C) Bar chart showing the mean time for PTEN-expressing NT01
and PTEN-deficient sh11.02 tumours to quadruple in size following treatment with the interventions modelled in (B). (D) Tumour growth curves showing
PC3 xenograft tumour volumes. Mice were randomized into four groups (N = 7 per group): x1/2pal-con, x1/2pal-i3, x1/2pal-con + 3 Gy and x1/2pal-ie
+ 3 Gy. Days in which pepducin (2 mg/kg) and IR treatments were performed are indicated. (E) Bar chart showing the mean time for PC3 tumours to
quadruple in size following treatment with the interventions modelled in (D). (F, G) Bar charts showing gene expression of CXCL8 and BCL2 following
treatment of PC3 xenografts with the interventions modelled in (D). Tumours were harvested on study day 5 before extracting RNA for qRT-PCR analysis.
Both graphs show mice treated with pepducin but no IR (grey bars) or a combination of pepducin and IR (black bars). (H, I) Images depicting Bcl-2 and
Ki-67 IHC analysis of PC3 xenografts harvested on study day 5. Scale bars indicate 200 �m. Data information: all data presented are in the format of
mean ± SE. For (A), statistically significant differences for individual dose points were determined using t-tests. For tumour growth analysis, statistically
significant differences between radiation alone and combination treatment on specific study days were determined using t-tests (*P < 0.05; **P < 0.01;
***P < 0.001).

IHC performed on tumour sections confirmed that IR ex-
posure increased Bcl-2 in these PTEN-null tumours, which
was again reversed by x1/2pal-i3-mediated inhibition of
CXCR1/2 signalling (Figure 5H). Moreover, inhibition of
CXCR1/2 signalling impaired the proliferative capacity of
irradiated PC3 tumours as shown by reduction in the Ki-67
positive cell population (Figure 5I).

The CXCR2 antagonist AZD5069 combined with radiation
slows tumour growth in a PTEN-null xenograft model

To further validate our observations using a molecular ap-
proach to abrogate CXCR2 signalling, we sought to use a
pharmacological approach. AZD5069 is a selective, small-

molecule CXCR2 receptor antagonist that has shown toler-
ability in respiratory medicine conditions and is currently
undergoing clinical evaluation in solid tumours, includ-
ing advanced metastatic castration-resistant prostate can-
cer (NCT03177187; ‘ACE’ Trial) (28). Accordingly, we used
AZD5069 to determine whether a CXCR2-selective antag-
onist would phenocopy the impacts observed following ad-
ministration of the receptor targeting pepducin. C4-2 tu-
mours were established in SCID mice and treatment with
either vehicle or AZD5069 started when tumours reached a
volume of 100 mm3. Radiation (3 Gy) was delivered on day
3 of this treatment regime. Combined therapy resulted in a
tumour growth delay compared to either AZD5069 alone
or 3 Gy IR alone (Figure 6A). Tumour quadrupling times
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Figure 6. AZD5069-mediated CXCR2 inhibition increases C4-2 tumour
radiosensitivity. (A) Tumour growth curves showing C4-2 xenograft tu-
mour volumes. Mice were randomized into four groups (N = 8 per group):
vehicle control, AZD5069, 3 Gy IR and AZD5069 + 3 Gy IR. (B) Bar
chart showing the mean time for C4-2 tumours to quadruple in size follow-
ing treatment with the interventions modelled in (A). Data information: all
data presented are in the format of mean ± SE. For tumour growth analy-
sis, statistically significant differences between radiation alone and combi-
nation treatment on specific study days were determined using t-tests (*P
< 0.05; **P < 0.01; ***P < 0.001).

were calculated to determine the benefit of combined ther-
apy. Mice treated with vehicle control had a tumour quadru-
pling time of 6.33 ± 2.04 days compared to 8.07 ± 2.29 days
in mice treated with AZD5069 (ns; P = 0.181). Treatment
with a single 3 Gy of IR resulted in a quadrupling time of
9.083 ± 2.94 days. However, the greatest response was seen
in mice exposed to combined therapy (16.92 ± 3.31 days;
P = 0.0014), extending the time to reach experimental end-
point by 86.31% (Figure 6B). Importantly, no acute toxicity
was observed between the treatment groups as determined
by changes in body weight over the course of the experiment
(Supplementary Figure S4D).

DISCUSSION

The use of radiation (external beam RT in locally ad-
vanced prostate cancer, stereotactic RT in the treatment of
oligometastatic prostate cancer or radionuclides for resolu-
tion of bone disseminated castration-resistant prostate can-
cer) is a major treatment modality across the clinical land-
scape of prostate cancer. Technological advancements in
the delivery and concentration of radioactivity to malignant
zones of interest and use of devices to reduce radiation ex-
posure to neighbouring tissues have greatly improved the
response and tolerability of RT. However, over one-third of
patients with organ-confined disease experience distant re-
lapse, while radionuclides can extend survival but not over-
come the incurable aspect of metastatic disease (29,30). To
further improve the efficacy of RT, it is important to under-
stand the biological mediators of RT resistance as founda-
tional knowledge to characterize potential drug–RT com-
bination regimens.

PTEN status has prognostic value in identifying patients
at high risk of relapse post-RT (13). However, biological
drivers underpinning PTEN-associated relapse are yet to
be characterized or evaluated clinically. We have previously
shown that PTEN loss selectively potentiates CXCL8 sig-
nalling in pre-clinical human and genetically engineered
murine models of prostate cancer (21). The association of
PTEN status with elevated chemokine signalling was con-
firmed by analysis of the MSKCC, TCGA and FASTMAN
transcriptomic databases, which identified the presence of
a PTENLOW/CXCR1/2HIGH cluster, which correlated with
increased rates of BCR following either radical prostatec-
tomy (MSKCC and TCGA) or radical RT with curative in-
tent (FASTMAN). Moreover, we were able to establish the
relationship of this PTENLOW/CXCR1/2HIGH cluster with
distant metastasis in the FASTMAN cohort.

Several published studies have helped us to under-
stand mechanisms by which PTEN-deficient cells escape
radiation-induced cell death. These studies have mainly fo-
cused on the role of PTEN in the DNA damage response.
McCabe et al. confirmed efficacy when combining RT with
an ATM inhibitor (15), while other groups have debated the
relationship between PTEN and Rad51 (31). In the present
study, we sought to examine whether PTEN-mediated in-
flammatory signalling could potentiate the radiation re-
sponse in prostate cell models. Our data confirm that ex-
posure of PTEN-deficient but not PTEN-expressing cells
to clinically relevant doses of IR increases the expression of
CXCL8, a chemokine that induces the activation of CXCR1
and CXCR2 receptors. Moreover, expression of both recep-
tors was shown to increase in prostate cancer cell lines, al-
beit independent of their PTEN status.

Subsequent cell colony assays confirmed that the pro-
motion of increased chemokine signalling was coupled to
an adverse response of irradiated PTEN-deficient prostate
cancer cells, and consequently, that the inhibition of this
chemokine signalling pathway markedly increased the sen-
sitivity of three distinct models of prostate carcinoma to
IR. The use of isogenic cells with siRNA-, shRNA- or
tetracycline-induced differential expression of PTEN con-
firmed that the abrogation of chemokine signalling only
conferred radiosensitization in the context of PTEN defi-
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ciency. Furthermore, a more pronounced effect of inhibiting
chemokine signalling was observed at higher doses of IR.
This is consistent with the clinical scenario that is rapidly
shifting toward hypofractionated or stereotactic RT proto-
cols and utilizes higher doses of IR (10).

Due to the well-established role of PTEN in the DNA
damage response, we sought to determine whether elevated
chemokine signalling could modulate DNA damage re-
pair. Interestingly, inhibition of CXCR1/2 signalling in vitro
did not modulate the magnitude of DNA foci formation
or the rate of DNA repair in these cells. Recent research
has confirmed that elevated CXCR2 expression can facil-
itate unfavourable prognosis and tumourigenesis via acti-
vation of the JAK2/STAT3 pathway (32). Our data sug-
gest that radiation-induced CXCR1/2 signalling sustains
the viability of PTEN-depleted cells using this exact mech-
anism. Inhibition of CXCR1/2 signalling prior to IR ex-
posure in PTEN-null LNCaP and PTEN-depleted DU145
cells significantly induced apoptosis, characterized by An-
nexin V/PI flow cytometry analysis and the induction of
caspase and PARP cleavage. Targeting CXCR1/2 prevented
JAK2 and STAT3 phosphorylation, consistent with the ob-
servations of Wei et al. (32). These findings are in line with
our prior studies confirming that inhibition of CXCR2 sig-
nalling potentiated oxaliplatin-induced apoptosis in PC3
cells (23).

Our in vivo experimentation in three distinct prostate tu-
mour models provides further compelling evidence for the
contribution of CXCR1/CXCR2 signalling in adversely af-
fecting RT outcome. Administration of a dual CXCR1/2-
targeted antagonistic peptide alone inhibited the growth of
PTEN-deficient but not PTEN-expressing DU145 and PC3
xenograft tumours, consistent with our prior and current
demonstration of CXCL8 functioning as a key survival fac-
tor in this genetic context (21). Interestingly, the CXCR1/2-
targeted pepducin was equi-effective in enabling an anti-
tumour response as a clinically relevant dose of radiation
in both PTEN-depleted DU145 and PC3 tumours. How-
ever, of even greater significance, we observed that peptide-
mediated inhibition extended the growth delay afforded by
exposure of both PTEN-depleted DU145 and PC3 models
to IR. These observations were further validated by exper-
imentation in a third model, wherein the sensitivity of the
LNCaP C4-2 to IR was increased by the administration
of the small-molecule antagonist of the CXCR2 receptor,
AZD5069. Therefore, we have shown consistent responses
across three distinct PTEN-deficient prostate cancer mod-
els, using both molecular and pharmacological interven-
tions.

The pronounced effect of targeting CXCR1 and CXCR2
signalling observed in our in vivo models is consistent with
the multifactorial role of chemokines within the tumour mi-
croenvironment. The baseline and radiation-enhanced se-
cretion of CXCL8 (and its orthologues CXCL1, CXCL2
and CXCL5) from PTEN-deficient prostate tumour ep-
ithelial cells exerts both autocrine and paracrine actions
within the tumour microenvironment given the expression
of CXCR1 and CXCR2 upon multiple cell types (33,34).
First, our in vitro data confirm a radiation-induced potenti-
ation of CXCR1 and CXCR2 signalling in PTEN-deficient
cells, which increases anti-apoptotic gene and protein ex-

pression. Analysis of pharmacodynamic markers within
harvested PTEN-deficient tumour samples similarly indi-
cated IR to induce the expression of Bcl-2, a known me-
diator of RT resistance in a number of cancer models, but
that this was attenuated by inhibition of CXCR1/CXCR2
signalling (35). Second, tumour-derived CXCL signalling
is likely to exert paracrine activation on surrounding stro-
mal fibroblasts and monocyte-derived immune cells (14).
Recent studies have confirmed that inhibition of CXCR2
signalling can repress the activity of myeloid-derived sup-
pressor cells and re-educate the differentiation of tumour-
associated macrophages in genetically engineered mouse
models (36). The broader significance of inhibiting CXCR
signalling upon the constitution and activity of the tumour
microenvironment following exposure to RT is worthy of
future targeted and more comprehensive investigation.

In conclusion, we have characterized a distinct clus-
ter of primary prostate cancer defined by PTENLOW,
CXCR1HIGH and CXCR2HIGH expression that associates
with adverse downstream clinical outcome. We have pro-
vided further experimental evidence using established mod-
els of disease that this biology may be a functional driver of
the impaired RT response observed in PTEN-deficient tu-
mours. Combined, our in vitro and in vivo data demonstrate
that subjecting PTENLOW cancer cells or tumours to clin-
ically relevant doses of IR amplifies chemokine signalling,
potentiating autocrine and paracrine signalling throughout
the microenvironment that supports the survival of PTEN-
deficient cells and facilitates the acquisition of a myeloid-
enriched and potentially immunosuppressive microenviron-
ment. Molecular-mediated and pharmacological-based in-
hibition of CXCR1/CXCR2 signalling sensitized each of
the three PTEN-deficient tumour models to clinically rel-
evant doses of IR. Consequently, we propose that targeting
this chemokine signalling pathway may constitute a rele-
vant therapeutic strategy to enhance the response of PTEN-
deficient prostate carcinomas to radiation therapy. Given
that functional impairment of PTEN is reported in up to
30% of all primary prostate cancers and that radical RT
is a major treatment option for locally advanced high-risk
disease, CXCR1/CXCR2-targeted therapeutics may have a
significant impact across a large cohort of patients.

Furthermore, the observation that chemokine receptor
inhibition may have greater impacts at even higher radiation
doses suggests that this intervention may have even greater
significance in respect of the use of stereotactic RT in resolu-
tion of oligometastatic disease, and potentially, where there
is further enrichment in the prevalence of PTEN gene aber-
ration. CXCR2 antagonist AZD5069 is currently undergo-
ing clinical evaluation in a prostate cancer setting. Pending
initial results relating to both toxicity and efficacy, we pro-
pose that further examination is warranted alongside RT.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Cancer Online.

ACKNOWLEDGEMENTS

The samples used in this research were received from the
Northern Ireland Biobank, which is funded by HSC Re-
search and Development Division of the Public Health

D
ow

nloaded from
 https://academ

ic.oup.com
/narcancer/article/2/3/zcaa012/5867116 by guest on 22 Septem

ber 2020

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaa012#supplementary-data


NAR Cancer, 2020, Vol. 2, No. 3 13

Agency in Northern Ireland and Cancer Research UK
through the Belfast CR-UK Centre and the Northern Ire-
land Experimental Cancer Medicine Centre (ECMC); addi-
tional support was received from the Friends of the Cancer
Centre. The Northern Ireland Molecular Pathology Lab-
oratory that is responsible for creating resources for the
NIB has received funding from Cancer Research UK, the
Friends of the Cancer Centre and the Sean Crummey Foun-
dation. Ian Mills is supported by the John Black Charitable
Foundation.

FUNDING

Cancer Research UK [A4106/C11512]; Medical Research
Council [MR/J007641/1]; Movember/Prostate Cancer UK
Centre of Excellence Award [CEO 13-002]; Prostate Cancer
UK Travelling Prize Fellowship [TLD-PF16-002].
Conflict of Interest statement. None declared.

REFERENCES
1. Resnick,M.J., Koyama,T., Fan,K.H., Albertsen,P.C., Goodman,M.,

Hamilton,A.S., Hoffman,R.M., Potosky,A.L., Stanford,J.L.,
Stroup,A.M. et al. (2013) Long-term functional outcomes after
treatment for localized prostate cancer. N. Engl. J. Med., 368,
436–445.

2. Darwish,O.M. and Raj,G.V. (2012) Management of biochemical
recurrence after primary localized therapy for prostate cancer. Front.
Oncol., 2, 48.

3. Miyake,M., Tanaka,N., Asakawa,I., Morizawa,Y., Anai,S.,
Torimoto,K., Aoki,K., Yoneda,T., Hasegawa,M., Konishi,N. et al.
(2014) Proposed salvage treatment strategy for biochemical failure
after radical prostatectomy in patients with prostate cancer: a
retrospective study. Radiat. Oncol., 9, 208.

4. Barker,H.E., Paget,J.T., Khan,A.A. and Harrington,K.J. (2015) The
tumour microenvironment after radiotherapy: mechanisms of
resistance and recurrence. Nat. Rev. Cancer, 15, 409–425.

5. Kumareswaran,R., Ludkovski,O., Meng,A., Sykes,J., Pintilie,M. and
Bristow,R.G. (2012) Chronic hypoxia compromises repair of DNA
double-strand breaks to drive genetic instability. J. Cell Sci., 125,
189–199.

6. Taiakina,D., Dal Pra,A. and Bristow,R.G. (2014) Intratumoral
hypoxia as the genesis of genetic instability and clinical prognosis in
prostate cancer. Adv. Exp. Med. Biol., 772, 189–204.

7. Patel,P.H., Chaw,C.L., Tree,A.C., Sharabiani,M. and van As,N.J.
(2019) Stereotactic body radiotherapy for bone oligometastatic
disease in prostate cancer. World J. Urol., 37, 2615–2621.

8. Muldermans,J.L., Romak,L.B., Kwon,E.D., Park,S.S. and
Olivier,K.R. (2016) Stereotactic body radiation therapy for
oligometastatic prostate cancer. Int. J. Radiat. Oncol. Biol. Phys., 95,
696–702.

9. Ost,P., Jereczek-Fossa,B.A., As,N.V., Zilli,T., Muacevic,A.,
Olivier,K., Henderson,D., Casamassima,F., Orecchia,R., Surgo,A.
et al. (2016) Progression-free survival following stereotactic body
radiotherapy for oligometastatic prostate cancer treatment-naive
recurrence: a multi-institutional analysis. Eur. Urol., 69, 9–12.

10. Dearnaley,D., Syndikus,I., Mossop,H., Khoo,V., Birtle,A.,
Bloomfield,D., Graham,J., Kirkbride,P., Logue,J., Malik,Z. et al.
(2016) Conventional versus hypofractionated high-dose
intensity-modulated radiotherapy for prostate cancer: 5-year
outcomes of the randomised, non-inferiority, phase 3 CHHiP trial.
Lancet Oncol., 17, 1047–1060.

11. Catton,C.N., Lukka,H., Gu,C.S., Martin,J.M., Supiot,S.,
Chung,P.W.M., Bauman,G.S., Bahary,J.P., Ahmed,S., Cheung,P. et al.
(2017) Randomized trial of a hypofractionated radiation regimen for
the treatment of localized prostate cancer. J. Clin. Oncol., 35,
1884–1890.

12. Arcangeli,G., Saracino,B., Arcangeli,S., Gomellini,S.,
Petrongari,M.G., Sanguineti,G. and Strigari,L. (2017) Moderate

hypofractionation in high-risk, organ-confined prostate cancer: final
results of a phase III randomized trial. J. Clin. Oncol., 35, 1891–1897.

13. Zafarana,G., Ishkanian,A.S., Malloff,C.A., Locke,J.A., Sykes,J.,
Thoms,J., Lam,W.L., Squire,J.A., Yoshimoto,M., Ramnarine,V.R.
et al. (2012) Copy number alterations of c-MYC and PTEN are
prognostic factors for relapse after prostate cancer radiotherapy.
Cancer, 118, 4053–4062.

14. Armstrong,C.W., Maxwell,P.J., Ong,C.W., Redmond,K.M.,
McCann,C., Neisen,J., Ward,G.A., Chessari,G., Johnson,C.,
Crawford,N.T. et al. (2016) PTEN deficiency promotes macrophage
infiltration and hypersensitivity of prostate cancer to IAP
antagonist/radiation combination therapy. Oncotarget, 7, 7885–7898.

15. McCabe,N., Hanna,C., Walker,S.M., Gonda,D., Li,J., Wikstrom,K.,
Savage,K.I., Butterworth,K.T., Chen,C., Harkin,D.P. et al. (2015)
Mechanistic rationale to target PTEN-deficient tumor cells with
inhibitors of the DNA damage response kinase ATM. Cancer Res.,
75, 2159–2165.

16. Phin,S., Moore,M.W. and Cotter,P.D. (2013) Genomic
rearrangements of PTEN in prostate cancer. Front. Oncol., 3, 240.

17. Suzuki,H., Freije,D., Nusskern,D.R., Okami,K., Cairns,P.,
Sidransky,D., Isaacs,W.B. and Bova,G.S. (1998) Interfocal
heterogeneity of PTEN/MMAC1 gene alterations in multiple
metastatic prostate cancer tissues. Cancer Res., 58, 204–209.

18. Ferraldeschi,R., Nava Rodrigues,D., Riisnaes,R., Miranda,S.,
Figueiredo,I., Rescigno,P., Ravi,P., Pezaro,C., Omlin,A., Lorente,D.
et al. (2015) PTEN protein loss and clinical outcome from
castration-resistant prostate cancer treated with abiraterone acetate.
Eur. Urol., 67, 795–802.

19. Khemlina,G., Ikeda,S. and Kurzrock,R. (2015) Molecular landscape
of prostate cancer: implications for current clinical trials. Cancer
Treat. Rev., 41, 761–766.

20. Murphy,C., McGurk,M., Pettigrew,J., Santinelli,A., Mazzucchelli,R.,
Johnston,P.G., Montironi,R. and Waugh,D.J. (2005) Nonapical and
cytoplasmic expression of interleukin-8, CXCR1, and CXCR2
correlates with cell proliferation and microvessel density in prostate
cancer. Clin. Cancer Res., 11, 4117–4127.

21. Maxwell,P.J., Coulter,J., Walker,S.M., McKechnie,M., Neisen,J.,
McCabe,N., Kennedy,R.D., Salto-Tellez,M., Albanese,C. and
Waugh,D.J. (2013) Potentiation of inflammatory CXCL8 signalling
sustains cell survival in PTEN-deficient prostate carcinoma. Eur.
Urol., 64, 177–188.

22. Maxwell,P.J., Gallagher,R., Seaton,A., Wilson,C., Scullin,P.,
Pettigrew,J., Stratford,I.J., Williams,K.J., Johnston,P.G. and
Waugh,D.J. (2007) atHIF-1 and NF-kappaB-mediated upregulation
of CXCR1 and CXCR2 expression promotes cell survival in hypoxic
prostate cancer cells. Oncogene, 26, 7333–7345.

23. Wilson,C., Purcell,C., Seaton,A., Oladipo,O., Maxwell,P.J.,
O’Sullivan,J.M., Wilson,R.H., Johnston,P.G. and Waugh,D.J. (2008)
Chemotherapy-induced CXC-chemokine/CXC-chemokine receptor
signaling in metastatic prostate cancer cells confers resistance to
oxaliplatin through potentiation of nuclear factor-kappaB
transcription and evasion of apoptosis. J. Pharmacol. Exp. Ther., 327,
746–759.

24. Taylor,B.S., Schultz,N., Hieronymus,H., Gopalan,A., Xiao,Y.,
Carver,B.S., Arora,V.K., Kaushik,P., Cerami,E., Reva,B. et al. (2010)
Integrative genomic profiling of human prostate cancer. Cancer Cell,
18, 11–22.

25. Jain,S., Lyons,C.A., Walker,S.M., McQuaid,S., Hynes,S.O.,
Mitchell,D.M., Pang,B., Logan,G.E., McCavigan,A.M., O’Rourke,D.
et al. (2018) Validation of a metastatic assay using biopsies to
improve risk stratification in patients with prostate cancer treated
with radical radiation therapy. Ann. Oncol., 29, 215–222.

26. Dai,H., Wang,C., Yu,Z., He,D., Yu,K., Liu,Y. and Wang,S. (2018)
MiR-17 regulates prostate cancer cell proliferation and apoptosis
through inhibiting JAK–STAT3 signaling pathway. Cancer Biother.
Radiopharm., 33, 103–109.

27. Jamieson,T., Clarke,M., Steele,C.W., Samuel,M.S., Neumann,J.,
Jung,A., Huels,D., Olson,M.F., Das,S., Nibbs,R.J. et al. (2012)
Inhibition of CXCR2 profoundly suppresses inflammation-driven
and spontaneous tumorigenesis. J. Clin. Invest., 122, 3127–3144.

28. De Soyza,A., Pavord,I., Elborn,J.S., Smith,D., Wray,H., Puu,M.,
Larsson,B. and Stockley,R. (2015) A randomised, placebo-controlled
study of the CXCR2 antagonist AZD5069 in bronchiectasis. Eur.
Respir. J., 46, 1021–1032.

D
ow

nloaded from
 https://academ

ic.oup.com
/narcancer/article/2/3/zcaa012/5867116 by guest on 22 Septem

ber 2020



14 NAR Cancer, 2020, Vol. 2, No. 3

29. Agarwal,P.K., Sadetsky,N., Konety,B.R., Resnick,M.I., Carroll,P.R.
and Cancer of the Prostate Strategic Urological Research Endeavor.
(2008) Treatment failure after primary and salvage therapy for
prostate cancer: likelihood, patterns of care, and outcomes. Cancer,
112, 307–314.

30. Heidenreich,A., Gillessen,S., Heinrich,D., Keizman,D.,
O’Sullivan,J.M., Carles,J., Wirth,M., Miller,K., Reeves,J., Seger,M.
et al. (2019) Radium-223 in asymptomatic patients with
castration-resistant prostate cancer and bone metastases treated in an
international early access program. BMC Cancer, 19, 12.

31. Fraser,M., Zhao,H., Luoto,K.R., Lundin,C., Coackley,C., Chan,N.,
Joshua,A.M., Bismar,T.A., Evans,A., Helleday,T. et al. (2012) PTEN
deletion in prostate cancer cells does not associate with loss of
RAD51 function: implications for radiotherapy and chemotherapy.
Clin. Cancer Res., 18, 1015–1027.

32. Wei,L., Liu,Y., Ma,Y., Ding,C., Zhang,H., Lu,Z., Gu,Z. and Zhu,C.
(2019) C-X-C chemokine receptor 2 correlates with unfavorable
prognosis and facilitates malignant cell activities via activating

JAK2/STAT3 pathway in non-small cell lung cancer. Cell Cycle, 18,
3456–3471.

33. Acosta,J.C., O’Loghlen,A., Banito,A., Guijarro,M.V., Augert,A.,
Raguz,S., Fumagalli,M., Da Costa,M., Brown,C., Popov,N. et al.
(2008) Chemokine signaling via the CXCR2 receptor reinforces
senescence. Cell, 133, 1006–1018.

34. Singh,S., Wu,S., Varney,M., Singh,A.P. and Singh,R.K. (2011)
CXCR1 and CXCR2 silencing modulates CXCL8-dependent
endothelial cell proliferation, migration and capillary-like structure
formation. Microvasc. Res., 82, 318–325.

35. An,J., Chervin,A.S., Nie,A., Ducoff,H.S. and Huang,Z. (2007)
Overcoming the radioresistance of prostate cancer cells with a novel
Bcl-2 inhibitor. Oncogene, 26, 652–661.

36. Di Mitri,D., Mirenda,M., Vasilevska,J., Calcinotto,A., Delaleu,N.,
Revandkar,A., Gil,V., Boysen,G., Losa,M., Mosole,S. et al. (2019)
Re-education of tumor-associated macrophages by CXCR2 blockade
drives senescence and tumor inhibition in advanced prostate cancer.
Cell Rep., 28, 2156–2168.

D
ow

nloaded from
 https://academ

ic.oup.com
/narcancer/article/2/3/zcaa012/5867116 by guest on 22 Septem

ber 2020


