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Accelerated growth and local
progression of radiorecurrent
prostate cancer in an orthotopic
bioluminescent mouse model
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Thomas Kislinger'*, Paul C. Boutros®3, Michelle Downes®® & Stanley K. Liu®%27>

Globally, prostate cancer is the second most common malignancy in males, with over 400 thousand
men dying from the disease each year. A common treatment modality for localized prostate cancer

is radiotherapy. However, up to half of high-risk patients can relapse with radiorecurrent prostate
cancer, the aggressive clinical progression of which remains severely understudied. To address this,

we have established an orthotopic mouse model for study that recapitulates the aggressive clinical
progression of radiorecurrent prostate cancer. Radiorecurrent DU145 cells which survived conventional
fraction (CF) irradiation were orthotopically injected into the prostates of athymic nude mice and
monitored with bioluminescent imaging. CF tumours exhibited higher take rates and grew more
rapidly than treatment-naive parental tumours (PAR). Pathohistological analysis revealed extensive
seminal vesicle invasion and necrosis in CF tumours, recapitulating the aggressive progression towards
locally advanced disease exhibited by radiorecurrent tumours clinically. RNA sequencing of CF and

PAR tumours identified ROBO1, CAV1, and CDH1 as candidate targets of radiorecurrent progression
associated with biochemical relapse clinically. Together, this study presents a clinically relevant
orthotopic model of radiorecurrent prostate cancer progression that will enable discovery of targets for
therapeutic intervention to improve outcomes in prostate cancer patients.

Prostate cancer is the second most common malignancy in men worldwide, with approximately 10 million
men currently living with the disease and over a million new cases being diagnosed each year!~. Unfortunately,
prostate cancer contributes to the deaths of over 400 thousand men annually, while causing a similar number
of men to live with significant disease-related morbidity for many years®. Men living with advanced prostate
cancer often experience markedly reduced quality of life, as evidenced by less vitality and poor mental health*".
Prostate cancer therefore remains a significant contributor to cancer-related death in men globally, while also
deleteriously impacting the lives of patients currently living with the disease.

External beam radiotherapy is an effective primary treatment modality for localized prostate cancer®.
However, half of high-risk patients will experience biochemical relapse (BCR) within ten years of radiotherapy
treatment, indicating a recurrence of their cancer in a form known as radiorecurrent prostate cancer’®.
Radiorecurrent prostate cancer is characterized by its rapid clinical progression towards incurable metastatic
disease and mortality. Approximately 50% of all men with radiorecurrent prostate cancer will develop metastases
within five years of biochemical relapse, with half of these men experiencing rapid onset of metastatic disease as
early as one year after recurrence®.

Despite the poor outcomes of high-risk patients who relapse after radiotherapy®, the mechanisms by which
radiorecurrent prostate cancer adopts an aggressive clinical phenotype continue to be understudied. Modeling
radiorecurrent disease in the preclinical setting remains a challenge, in large part due to the considerable
difficulty of obtaining tumour samples from a patient after relapse. To address the limited availability of
radiorecurrent specimens for preclinical research, isogenic radioresistant cell lines are often generated in the
laboratory setting for studying the development of radiorecurrent disease®. Previously, we generated an isogenic
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radioresistant model by treating the established DU145 prostate cancer cell line to daily 2 Gy doses of irradiation
for a total of 59 fractions, thereby simulating the clinical scenario of conventional fractionation. Consistent
with the aggressive, treatment-resistant phenotype of radiorecurrent prostate cancer observed clinically, our
conventionally fractionated DU145 cell line (CF) is more radioresistant, tumorigenic, and invasive than their
treatment-naive, parental control cells (PAR) in vitro'°.

Although the characterization of radioresistant cell lines in vitro is a significant first step in understanding
the mechanisms of radiorecurrence, these models nevertheless fail to fully recapitulate the clinical progression
of radiorecurrent cancer as it occurs within the context of the tumour microenvironment (TME). The
progression of locally advanced prostate cancer involves complex interactions between the tumour cells and
their local environment, resulting in changes to the tumour vasculature through angiogenesis, remodelling of
the extracellular matrix (ECM), and dysregulation of surrounding stromal cell types. These changes to the TME
—which occur in large part due to the effects of tumour cells on their local niche- work in concert to provide
improved conditions for tumour cell survival, while also enhancing the invasive capacity of tumour cells'!"14. To
better understand the dynamic interactions between tumour cells and the prostate TME preclinically, the past
several decades have borne witness to the establishment and refinement of orthotopic prostate cancer mouse
models, in which tumour progression occurs in vivo within the TME of the mouse prostate!>~1”. These models
have been integral to the preclinical study of tumour progression, drug testing, and therapy resistance within
the prostate TME'®!%; however, an orthotopic mouse model of radiorecurrent prostate cancer —one which uses
radiorecurrent tumour cells generated from a clinically relevant regimen of fractionated radiotherapy- has yet
to be established.

In this study, we report for the first time the establishment of an orthotopic xenograft mouse model of
radiorecurrent prostate cancer, using radiorecurrent CF cells generated through conventional fractionation
radiotherapy. Monitoring of tumour progression using bioluminescent imaging showed higher tumour take
rates and more rapid growth of CF tumours, which was confirmed by pathohistological examination. RNA
sequencing of extracted tumour RNA revealed widespread changes in transcriptional activity of CF tumours,
and identified candidate targets of in vivo radiorecurrent prostate cancer progression for further characterization
and therapeutic development.

Materials and methods

Bioinformatic patient analysis

ICGC PRAD-CA patients with pathologically confirmed prostate cancers were used in this study. Fresh-frozen
samples of treatment and hormone naive tumors were sequenced and processed as described before?’-23. Patients
were treated with either radiotherapy or radical prostatectomy. Following radiotherapy, BCR was defined as
an increase of more than 2.0 ng/mL above the nadir serum PSA abundance. Following radical prostatectomy,
BCR was defined as two consecutive measurements of more than 0.2 ng/mL after surgery. CNAs were defined
as previously described?* in 380 ICGC patients. A Cox proportional hazard model was used to assess the
relationship between ROBO1 or CAV1 amplification and BCR risk, using the survival R package v3.2-10. ICGC
PRAD-CA CNA data is made available in a previous publication?.

The rate of BCR was compared between patient samples with a high CDH1 RNA abundance (upper 50%), to
those with low RNA abundances (lower 50%) using a log-rank test. Analysis was conducted using a dataset from
a previous publication?’, accessed from the Gene Expression Omnibus (GEO) under the accession number GEO:
GSE70769 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70769) following counts per million
(CPM) normalization and log2 transformation (edgeR v4.0.16)*%%. Visualizations and statistical analysis were
conducted in the R statistical environment v4.2.0. Related plots were created using the BPG package v7.0.3%.

Cell culture

The human prostate adenocarcinoma cell line DU145 was purchased from the American Type Culture Collection
(ATCC), and tested negative for mycoplasma contamination. The CF cell line was generated as previously
described!?. Cells were grown on tissue-culture flasks in Dulbecco’s modified Eagle’s medium containing 4.5 g/L
D-glucose and GlutaMAX (DMEM; Gibco, USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1%
Penicillin-Streptomycin. The cells were kept at 37°C in a humidified incubator with 5% CO2 and passaged upon
reaching 80% confluency.

Creation of lentiviral plasmids

The pLUEF1-IRES-GFP (plasmid Lentivirus UCOE-containing EFla) vector was designed to include a
ubiquitous chromatin opening element (UCOE) inserted upstream of the EFla constitutively active promoter
to reduce epigenetic silencing of the desired transgene. The UCOE was PCR amplified from pMHO0006 plasmid
(a gift from Martin Kampmann & Jonathan Weissman (Addgene plasmid # 135,448; RRID:Addgene_135448))
using the following primers AAGACCACCGCACAGCAAGCGCGGCCGCTGATCTTCAGACCTGGAG
G forward and CAGGCACCAGAGCAGGCCGGGGCCGGCCAGCTTGAGACTACCCCCG reverse, then
cloned into pWPI vector (a gift from Didier Trono (Addgene plasmid # 12,254; RRID:Addgene_12254) between
Noti and Fsei restriction sites using the Gibson reaction (Gibson Assembly Mastermix, New England Biolabs
# E2611S). Luciferase2 (Luc2) was then PCR amplified from pFU Luc2-eGFP (a gift from Professor Jennifer
Prescher) using the following primers: cgagactagcctcgaggtttaaacATGGAAGATGCCAAAAAC forward,
attcctgcageccgtagtttaaac TTATTACACGGCGATCTTG reverse and Gibson cloned into pLUEF1-IRES-GFP
between the Pmei restriction site (this is detailed in Irmmunological tolerance to luciferase and fluorescent proteins
using Tol transgenic mice allows improved preclinical tumor models for immunotherapy and metastasis studies, a
manuscript by Khan et al. under revision at the time of preparing this manuscript).
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Production of lentivirus and transduction of PAR and CF cell lines

HEK293T cells (a gift from Dr David Andrew’s lab, Sunnybrook Research Institute) were used to produce
lentivirus containing Luc2-IRES-GFP transgenes. HEK293T cells in 10 cm plates (3 X 10°) were transfected with
PEI (Sigma-Aldrich #408,727, molecular weight ~ 25,000, branched) at a ratio of 1:4 DNA:PEIL A total of 9 ug
of DNA was transfected per plate including transgene, packaging and envelope vectors: pLUEF1 Luc2-IRES-
GFP, psPax2 and pMD2.G, at a ratio of 3.3:2.5:1. 24 h later, transfection media was changed, and lentivirus
was collected 48 h later. Lentivirus media was incubated with PAR and CF cells in the presence of 8 ug/mL of
polybrene. The top 10% GFP + cells were sorted and cultured (BD, FACS Aria).

In vitro bioluminescence assay

Luciferin stock solution for in vitro use was prepared by dissolving D-luciferin sodium salt (CAT# LUCNA-100;
Goldbio, USA) in molecular grade H,0 (Wisent, Canada) at a concentration of 15 mg/ml. PAR and CF cells
stably expressing Luc2 transgene were seeded in a 96-well plate at increasing cell concentrations: 2000, 4000,
6000, 8000, and 10 000 cells per well. Luciferin stock solution was added to the wells at a final concentration
of 150 pug/ml, and allowed to incubate for at least 5 min to allow the bioluminescent reaction to occur. The
plate was then placed inside the Newton FT500 imager (Vilber, France) and bioluminescent signal intensity was
recorded. Mean bioluminescent signal intensity in units of ph.sl.cm™.sr'! was collected from each cell-seeded
well demarcated by a region of interest (ROI) using Kuant imaging analysis software (Vilber, France).

Orthotopic injection of DU145 cells

6-week old immunodeficient athymic nude mice (Crl:NU(NCr)-FoxnI™ ; strain code: 490; Charles River Lab)
were anesthetized with isoflurane, and an open surgical procedure was performed as follows: a~ 1 cm incision
was made along the midline of the lower abdomen, and the bladder and seminal vesicles were externalized; the
seminal vesicles were retracted to expose the dorsal lobes of the prostate; 17.5 pul of cell suspension was injected
into each lobe of the prostate, for a total of 35 pul (7% 10° cells). PAR or CF cells in DMEM (Gibco, USA) were
mixed with 1mg/ml Matrigel (Corning, USA) at a 1:1 ratio to make the cell suspension for orthotopic injection.
After, the peritoneum was sutured, and stainless-steel staple clips were used to close the incisions. Meloxicam
was administered subcutaneously immediately post-procedure and on the following day. The stainless-steel
staple clips were removed approximately 1 week later once the incisions were fully healed.

Bioluminescent imaging of mice in vivo and mouse tissue ex vivo

Luciferin stock solution for in vivo use was prepared by dissolving D-luciferin sodium salt (CAT# LUCNA-100;
Goldbio, USA) in phosphate-buffered saline (PBS; Wisent, Canada) to a final concentration of 15 mg/ml.
Mice were injected intraperitoneally with 150 mg/kg of PBS-luciferin stock solution (200 pl total), then were
allowed to move freely for 8 min to promote circulation. Mice were then anesthetized and placed in the Newton
FT500 imager for bioluminescent imaging. Mean bioluminescent signal intensity in units of ph.s"l.cm2.sr'! was
collected from a standardized region of interest (ROI) placed on the lower abdomen of each mouse using Kuant
imaging analysis software. At 6 weeks post-implantation, all surviving mice were sacrificed and organs were
excised. To conduct ex vivo bioluminescent imaging, excised prostates were soaked in PBS-luciferin for 1 min,
imaged in the Newton FI500 imager, and bioluminescent signal intensity was quantified in units of ph.s.cm.

sr'! using Kuant imaging analysis software.

Histology and immunohistochemistry

When mice were sacrificed, excised tissue was fixed for 24 h in 10% formalin. Tissues were paraffin-embedded,
sectioned, and stained with hematoxylin and eosin (H&E). Histology was completed by the Histology Core
Facility at Sunnybrook Research Institute. For immunohistochemistry, paraffin-embedded tissue was sectioned
and immunostained with anti-GFP antibody (CAT# ab6556; Abcam, USA). Immunohistochemistry was
completed by the Pathology Research Program (PRP) Laboratory at the University Health Network (UHN).
Histopathological confirmation of tumour and seminal vesicle invasion in H&E slides was confirmed by a
genitourinary pathologist at Sunnybrook Health Sciences Centre.

RNA sequencing analysis

Samples for sequencing were prepared by extracting total RNA from PAR and CF tumour tissue using RNeasy
Mini Kit (Qiagen, USA). RNA library preparation, sequencing, and bioinformatic analysis was performed
by Novogene Co., LTD. (Sacramento, USA). Sample quality control and library preparation were conducted
according to their outlined protocols. Sequencing was performed using Illumina NovaSeq 6000 and clean reads
were obtained after quality control. Reads were mapped to the reference genome using Hisat2 v2.0.5. Gene
expression was quantified with featureCounts®® v1.5.0-p3, with the FPKM of each gene calculated based on gene
length and reads count mapped to the gene. Differential gene expression analysis comparing CF versus PAR
tumour tissue was conducted using the DESeq2Rpackage (1.20.0), with differential gene expression defined as
(Jlog2(FoldChange)|>=1 & padj < =0.05). Gene Ontology (GO)*! pathway enrichment analysis was performed
using the clusterProfiler R package, and GO terms were determined to be significantly enriched if the corrected
P value was less than 0.05.

Statistical analysis

Unless otherwise stated, statistical analysis was performed with GraphPad Prism 10.3 (GraphPad Software Inc.,
USA), with all data presented as mean values with standard deviation. Significance was defined as P <0.05. For
the in vitro bioluminescence assay, a simple linear regression test was used to assess correlation of cell density
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and bioluminescent signal intensity. To assess differences in mean bioluminescent signal intensity of PAR and
CF tumours at endpoint, the Mann-Whitney U test was used.

Ethics declarations

All animal experiments were conducted under a Sunnybrook Health Sciences Centre approved animal use
protocol (AUP#24,873). All experimental protocols were performed in accordance with the institutional
guidelines of Sunnybrook Health Sciences Centre. All authors complied with ARRIVE guidelines.

Results

Workflow for establishing an orthotopic bioluminescent mouse model of radiorecurrent
prostate cancer

Before establishing our orthotopic model of radiorecurrent prostate cancer, we sought a means by which to monitor
in vivo tumour growth in a minimally invasive manner. To this end, we introduced the Luc2 luciferase transgene
to our radiorecurrent DU145 cells (CF) and treatment-naive DU145 cells (PAR) via lentiviral transduction,
thereby enabling their in vivo detection by bioluminescent imaging (BLI). Before implementing this BLI system
to monitor tumour growth in vivo, we validated that bioluminescent signal intensity corresponded with cell
density using an in vitro bioluminescence assay. Luc2-expressing PAR and CF cells were seeded in a 96-well
plate at increasing densities with luciferin and imaged (Fig. 1A). Bioluminescent signal intensity was plotted,
displaying a highly linear relationship with cell density in both PAR and CF cell lines (Fig. 1B). Additionally,
there were no significant differences in bioluminescent signal intensity between the PAR and CF cell lines across
the range of cell densities tested. These results indicate that bioluminescent signal intensities are comparable
between PAR and CF cells, and can therefore be used to detect cell density as a measure of orthotopic tumour
growth in vivo.

To establish our orthotopic bioluminescent mouse model of radiorecurrent prostate cancer, implantation of
PAR and CF cells into immunodeficient athymic nude mice was conducted using an open surgical procedure.
First, an incision was made along the midline of the lower abdomen, revealing the seminal vesicles and bladder of
the mouse (Fig. 1C). The seminal vesicles were then gently retracted to reveal the dorsal prostate lobes (Fig. 1D).
Once the prostate was exposed, cells were injected bilaterally into each lobe of the prostate to achieve orthotopic
implantation (Fig. 1E). After orthotopic implantation of PAR and CF cells, mice were injected with 150 mg/kg of
luciferin through intraperitoneal route and placed in the Newton FT'500 imager to monitor orthotopic tumour
progression by BLI (Fig. 1F). Collectively, these results illustrate a workflow for establishing an orthotopic model
of radiorecurrent prostate cancer, that allows for monitoring of tumour growth in a minimally invasive manner
through BLIL

Radiorecurrent orthotopic prostate tumours have accelerated growth in vivo

After successful orthotopic implantation of PAR and CF cells into athymic nude mice (n=6 per group), BLI was
conducted 24 h later to assess variations in injection efficiency between mice, then once weekly thereafter to track
tumour growth until endpoint (Fig. 2A). To compare tumour progression between PAR and CF mice, the BLI
signals of each individual mouse was normalized to its respective BLI signal 24 h post-injection, and plotted over
time (Fig. 2B). Initially, both PAR and CF tumours grew rapidly within the first 4 weeks post-implantation, with
CF tumours displaying increased growth compared to PAR tumours. Notably, however, PAR tumours entered a
phase of regression at week 4, while CF tumours continued to grow steadily. CF mouse 6 succumbed to tumour-
related complications before week 5, and was therefore excluded from subsequent analysis. Overall, these results
demonstrate that radiorecurrent CF tumours exhibit more rapid and persistent growth than treatment-naive
PAR tumours in vivo, suggesting a greater potential for progression to locally advanced disease.

Radiorecurrent prostate tumours have higher implantation rates, grow more aggressively
and model locally advanced disease

At endpoint (week 6), all mice were sacrificed and prostates with intact seminal vesicles were excised. Prostates
were imaged ex vivo (Fig. 3A), and BLI quantification of ex vivo tumours, normalized to their respective BLI
signal 24 h post-injection, was conducted to assess tumour growth at endpoint. Although not statistically
significant, CF tumours displayed greater mean BLI signal intensity compared to PAR tumours at endpoint
(Fig. 3B). Bioluminescent imaging revealed the formation of large tumours concurrent with increased BLI signal
in PAR mice 2 and 4, and CF mice 1, 4, 5, and 6. There were no detectable tumours in the prostates of PAR mice 1
and 3, either visually or by ex vivo BLI. A small BLI focus was detected on the prostate of PAR mouse 5; however,
a larger and more intense BLI signal was detected in the excised abdominal smooth muscle wall adjacent to
the prostate, suggesting the formation of an extra-prostatic tumour (imaged in the panel above PAR mouse 5
prostate, Fig. 3A). Unfortunately, PAR mouse 6 succumbed to tumour-related complications before sacrifice
was possible, and the prostate could not be recovered. Ex vivo BLI of CF mouse 2 and 3 prostates revealed small
bioluminescent foci with relatively low and high signal intensities, respectively, requiring further confirmation
of tumour formation by histology.

Histological examination by a genitourinary pathologist confirmed the presence of tumours in 60% of
PAR specimens (mice 2, 4, 5) and 83% of CF specimens (mice 1, 3, 4, 5, 6), thereby confirming higher rates
of CF tumour take (Fig. 3C). Tumours detected in PAR mouse 5 and CF mouse 3 were confirmed to be extra-
prostatic, with the tumour in PAR mouse 5 growing on the abdominal smooth muscle wall adjacent to the
prostate, and the tumour in CF mouse 3 developing in the periprostatic adipose tissue. Although small BLI foci
were detected on the prostates of PAR mouse 5 and CF mouse 2 ex vivo (Fig. 3A), there was no histological
evidence of tumour cells within these prostates. Seminal vesicle invasion, a defining feature of locally advanced
disease, was identified in 67% of PAR tumours (mice 2 and 4) and 80% of CF tumours (mice 1, 4, 5, and 6).
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Fig. 1. Workflow for establishing an orthotopic bioluminescent mouse model of radiorecurrent prostate
cancer. (A) Luc2-expressing PAR and CF cells are plated in a 96-well plate with luciferin at linearly increasing
densities, and bioluminescent signal intensity is measured. (B) Bioluminescent signals of PAR and CF cells are
quantified and fit to a simple linear regression model (PAR: r?=0.99, P=0.0004; CF: r>=0.9813, P=0.0011).
Means, standard deviations, and statistical significance of biological replicates are shown. (C) To orthotopically
implant cells into the prostates of athymic nude mice, a midline abdominal incision was made, revealing the
seminal vesicles (SV) and bladder (B). (D) The seminal vesicles were gently retracted to expose the dorsal
prostate lobes (P), contoured in white. (E) Cells were injected bilaterally into each lobe of the prostate via
needle (parallel to yellow arrow). (F) After orthotopic injection, mice were administered 150 mg/kg of luciferin
and placed in the Newton FT500 imager to monitor in vivo tumour growth with BLI.

Comedonecrosis, a characteristic of aggressive Gleason pattern 5 disease, was also present in all 4 intraprostatic
CF tumours (mice 1, 4, 5, 6) and both intraprostatic PAR tumours (mice 2 and 4). To summarize, these results
show that radiorecurrent CF tumours have higher rates of implantation and more rapid progression overall
than treatment-naive PAR tumours, supported by histological evidence of more locally advanced disease. These
findings therefore led us to investigate the expression profile of CF tumour cells, in order to explore the cellular
mechanisms driving their aggressive phenotype within the prostate TME.

Sequencing of tumour RNA reveals candidate targets of in vivo radiorecurrent progression

To investigate changes in gene expression driving local progression of radiorecurrent cancer within the prostate
TME, we sequenced RNA extracted from PAR or CF tumours and compared their expression. Differential
gene expression of CF versus PAR tumours was expressed as |log2(FoldChange)|>=1 and padj< =0.05
(Supplementary table 1). Radiorecurrent CF tumours exhibited widespread transcriptional changes in
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Fig. 2. Radiorecurrent orthotopic prostate tumours have accelerated growth in vivo. (A) BLI of athymic

nude mice orthotopically implanted with PAR or CF cells (n=6 per group). BLI was conducted 24 h post-
implantation, then conducted weekly until endpoint. (B) Quantified BLI signals of PAR and CF mice over time
(individual tumour BLI signals were normalized to their respective BLI signals 24 h post-implantation). Means
and standard deviations of biological replicates at each timepoint are shown.

comparison to treatment-naive PAR tumours, with 103 genes and numerous cellular pathways found to be
significantly dysregulated after false discovery rate (FDR) correction (Supplementary Fig. 1). In particular,
pathways involved in angiogenesis, ECM organization and remodeling, and cell migration and locomotion were
among the most upregulated GO pathways in CF tumours (Fig. 4A).
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Fig. 3. Radiorecurrent prostate tumours have higher implantation rates, grow more aggressively and model
locally advanced disease. (A) Ex vivo BLI of excised prostate tumours with intact seminal vesicles from PAR
and CF mice. The lower panel of PAR 5 shows the prostate, while the upper panel shows the extra-prostatic
tumour excised from the abdominal smooth muscle wall adjacent to the prostate. Scale bar=1 cm. (B) BLI
quantification of PAR versus CF tumours ex vivo at endpoint. Means of biological replicates are shown. (C)
Histology of PAR and CF mouse prostates stained with H & E. Tumour regions are contoured in yellow. “5
(SM)” denotes the extra-prostatic tumour of PAR mouse 5. Scale bar=2 mm.

To identify candidate targets of radiorecurrent progression, we selected significantly dysregulated genes
involved in these pathways, and validated their expression patterns with RNA>? and proteomic® sequencing
datasets previously generated from PAR and CF cells grown in vitro (Fig. 4B). Specifically, the significance
and direction of dysregulation of these gene candidates was validated against a dataset of dysregulated genes
from in vitro RNA sequencing of CF versus PAR cells®? (log fold change threshold parameter was 0.5 and
FDR <0.05 was set to identify significant changes), and a dataset of dysregulated genes from in vitro proteomic
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Fig. 4. Sequencing of tumour RNA reveals candidate targets of in vivo radiorecurrent progression. (A) Gene
Ontology (GO) pathways significantly enriched in orthotopic CF prostate tumours. Gene ratio on the x-axis

is the ratio of the number of differential genes linked with the GO term to the total number of differential
genes. The size of a point represents the number (count) of genes upregulated in the specified GO term, and
colour represents significance of enrichment after p-value adjustment. (B) Workflow for selecting candidate
targets of radiorecurrent progression. Integration of in vivo RNA analysis, and in vitro RNA and proteomic
analysis is leveraged to find gene targets consistently dysregulated in CF cells compared to PAR control cells.
(C) Expression heat map of significantly dysregulated candidate gene targets in CF tumour cells in vivo
(ROBO1: log2FC=2.03, Padj=0.008; CAV1: log2FC=2.01, Padj=0.003; CDH1: log2FC=-1.57, Padj=0.048).
Kaplan-Meier plots of biochemical relapse (BCR)-free survival rate for patients in the ICGC PRAD-CA
dataset with ROBO1 (D) or CAV1 (E) amplification copy number alteration (n=380). (F) Kaplan-Meier plot
of biochemical relapse (BCR)-free survival rate for patients in the GSE70769 dataset with high (upper 50%) or

low (lower 50%) CDH1 RNA expression (n=92).
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analysis of CF versus PAR cells*® (CF versus PAR cells with fold change>1 and p-value <0.05), from past
investigations. If a gene target was also significantly dysregulated in the same direction in either the RNA dataset,
the proteomic dataset, or both, it was considered a promising candidate target of radiorecurrent progression.
ROBO1, CAV1, and CDHI met these criteria, and therefore were investigated further for clinical outcomes
(Fig. 4C). Roundabout Guidance Receptor 1 (ROBO1) was consistently upregulated at the RNA level in CF
cells both in vivo and in vitro, although it was not detected in the proteomic analysis. Given the involvement of
ROBOL1 in angiogenesis and cellular chemotaxis GO pathways (both of which were enriched in CF tumours),
we investigated clinical outcomes in prostate cancer patients from the ICGC PRAD-CA dataset, revealing that
genomic amplification of ROBO1 was significantly associated with biochemical relapse (BCR; Fig. 4D). Caveolin
1 (CAV1), involved in angiogenesis-related GO pathways, was significantly upregulated in CF RNA in vivo,
and CF RNA and protein in vitro; consistent with these findings, its genomic amplification in ICGC PRAD-
CA patients was closely approaching statistically significant association with BCR (Fig. 4E). Finally, cadherin
1 (CDH1), the downregulation of which is well-known to promote the pro-invasive epithelial to mesenchymal
transition (EMT) of cancer cells**%, was significantly downregulated in CF tumour RNA in vivo, as well as in
RNA and protein in vitro. Although genomic deletion of CDH1 was not associated with any clinical outcomes in
ICGC PRAD-CA patients (Supplementary Fig. 2), reduced CDH1 RNA expression was significantly associated
with BCR in prostate cancer patients from the GSE70769 dataset (Fig. 4F). Overall, these results suggest that
CAV1, ROBO1, and CDHI1 are among many genes involved in mechanisms essential to tumour progression
such as angiogenesis, cell motility and invasion, which are upregulated in radiorecurrent tumours and associated
with poor clinical outcomes.

Discussion

The rapid clinical progression of radiorecurrent prostate cancer accounts for a significant proportion of cancer
related morbidity and mortality in men worldwide!®, yet innovation of novel therapeutic approaches to address
this treatment-resistant disease is severely stifled by a lack of preclinical research. Although reports of irradiation
promoting tumour progression and metastatic propensity have prompted concern in the field of radiation
oncology for the past several decades®*-3%, the molecular mechanisms conferring the aggressive radiorecurrent
phenotype observed clinically remain to be fully elucidated. To address this paucity in preclinical research on
radiorecurrence, our group had generated a radioresistant —and highly aggressive— prostate cancer cell line by
treating DU145 cells with a conventional fractionation (CF) radiation schedule'’, as delivered in the clinic.
Generation and characterization of the CF cell line was previously conducted in vitro; therefore, in this work we
sought to establish a methodology for orthotopic implantation of CF cells into immune-incompetent mice as a
clinically relevant model for studying radiorecurrent progression in the prostate TME. To our knowledge, this is
the first orthotopic mouse model of radiorecurrent prostate cancer that uses cells treated with a clinically derived
regimen of fractionated radiotherapy.

While numerous orthotopic mouse models of prostate cancer have been developed in pursuit of more
clinically applicable research discoveries'>~'?, in vivo monitoring of prostate tumour progression over time poses
a significant challenge due to the physical inaccessibility of the prostate. To address this issue, a variety of imaging
modalities have been adapted to visualize tumour growth in mice, such as positron emission tomography (PET),
magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound, among others***!. For our
orthotopic prostate model described herein, we used bioluminescence as an imaging modality to monitor in vivo
tumour progression as it is minimally invasive, and uses a methodology that is accessible to most researchers in
the field of oncology who come from different training backgrounds. Moreover, the simultaneous detection of
BLI signal in all organs harbouring tumour cells from a single whole-body image provides a rapid and efficient
means of tracking tumour cell dissemination in mice, making this model well-suited for future metastatic studies.

Consistent with the aggressive clinical progression of radiorecurrent prostate cancer®, radiorecurrent CF
tumours in our orthotopic model had higher rates of tumour take and grew more rapidly than treatment-
naive PAR tumours. Furthermore, these results also validate our previous in vitro studies!”, in which CF cells
exhibited increased cellular proliferation and soft agar colony formation compared to PAR cells. Soft agar
assays are commonly used as an in vitro assessment of anchorage-independent growth that is considered to be
strongly associated with tumorigenicity in vivo*’ our in vivo observations thus corroborate the results of our
in vitro proliferation and tumorigenicity assays. Additionally, pathohistological examination by a genitourinary
pathologist confirmed high rates of seminal vesicle invasion —corroborating the increased invasive capacity of
CF cells observed in vitro!°- and extensive comedonecrosis in CF tumours. The presence of comedonecrosis
in prostate tumours is a hallmark of Gleason pattern 5, the most aggressive histopathological classification of
prostate cancer, and is an independent prognostic factor for BCR and metastasis-free survival*®. Therefore, our
orthotopic model of radiorecurrent prostate cancer is characteristic of high-grade, locally advanced disease,
recapitulating the aggressive clinical phenotype of radiorecurrence. Although CF mouse 2 was the only CF-
implanted mouse not to show histological evidence of tumour formation, ex vivo BLI of the prostate revealed
a small BLI focus, similar to the minor BLI focus found on the histologically tumour-negative prostate of PAR
mouse 5. Given that an extra-prostatic tumour was discovered on the abdominal smooth muscle wall adjacent to
the PAR mouse 5 prostate, it is reasonable to infer that the ex vivo BLI signal of the CF mouse 2 prostate was likely
indicative of an extra-prostatic growth that was lost during excision or subsequent sectioning for histological
analysis. These findings thus highlight the utility in using ex vivo BLI in future studies to localize visually subtle
tumour foci, to enable more selective histological analysis of regions of interest within a given tissue.

Tumour cells engage in an interactive relationship with their local niche, whereby tumour-induced
microenvironmental remodeling evokes the release of signaling cues that in turn can alter the gene expression
of tumour cells. These changes in expression alter their cellular phenotype, often resulting in further
microenvironmental remodeling, while also promoting their growth, survival, and invasion —features that are
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necessary for prostate cancer to progress to locally advanced disease!?>"!4. To investigate how radiorecurrence
changes the transcriptomic profile of prostate cancer specifically in the TME, we sequenced RNA extracted
from our PAR and CF tumours. Global transcriptomic changes were observed in CF tumours when compared
to their PAR counterparts, including significant upregulation in pathways known to drive local progression,
such as those related to ECM remodeling and cell motility. The most significantly enriched GO pathway,
however, was angiogenesis, a compelling process to explore in vivo as it is a prominent mechanism by which
tumour cells remodel their local milieu to support survival. Angiogenesis promotes the progression of highly
proliferative tumours that commonly outgrow their own vasculature, initiating the formation of new blood
vessels in response to hypoxic conditions. However, constitutive angiogenic signaling in tumour cells —occurring
due to prolonged hypoxic exposure- stimulates the formation of immature, abnormally formed blood vessels*‘.
The poorly organized and highly permeable vasculature that is formed in consequence facilitates tumour cell
intravasation to promote metastasis, while also further contributing to the formation of hypoxic niches that
promote therapy resistance and pro-invasive phenotypes in tumour cells*>°.

Given the significance of angiogenesis as a critical hallmark of tumour progression in vivo*”*’, we identified
significantly upregulated genes in the GO angiogenesis pathway of CF tumours, and cross-validated their
expression patterns with our RNA and proteomic datasets comparing CF and PAR cell expression in vitro; as a
result, we selected ROBO1 and CAV 1 as consistently upregulated candidate targets of radiorecurrent progression.
Roundabout guidance receptor 1 (ROBO1) is part of the immunoglobulin family of cell adhesion molecules
(CAMs), and is involved in axon migration guidance and tissue development, in addition to angiogenesis*>*".
Although there are conflicting reports regarding the role of ROBOLI in cancer®~, its activity in osteosarcoma,
colorectal and prostate cancers has been associated with increased tumour progression and metastatic
potential®34-%6, Furthermore, inhibition of its angiogenic signaling in vascular endothelial cells has been shown
to reduce microvessel densities and tumour growth in vivo®’. Caveolin 1 (CAV1) is a scaffolding protein and key
structural component required for the formation of caveolae at the plasma membrane of cells, thereby playing an
important role in endocytosis®®. While CAV1 can also act as both a tumour suppressor and promoter depending
on cancer type and stage®, its previous association with poor clinical prognosis in prostate cancer and its
involvement in tumorigenesis, tumour progression, and invasion have been well established®%!, Notably, it has
been shown that expression and secretion of CAV1 by prostate cancer cells functions to promote angiogenesis
within the prostate TME by eliciting endothelial cell migration and tubule formation, thereby driving tumour
progression and metastasis®?. Upregulation of pro-angiogenic factors such as ROBO1 and CAV1 might account
for the sustained growth of our orthotopic CF tumours beyond week 4 post-implantation, at which point the
PAR tumours began a phase of regression. Whereas the treatment-naive PAR tumours may begin to outgrow
their vasculature after 4 weeks of rapid growth, the radiorecurrent CF tumours might sustain their aggressive
progression through increased angiogenic neovascularization. Finally, in addition to ROBO1 and CAV1, we
also explored clinical associations with CDH1 in prostate cancer. Cadherin 1 (CDH1), or epithelial cadherin
(E-cadherin), was significantly downregulated at the RNA level in our CF tumours, as well as at the RNA and
protein levels in CF cells in vitro. CDHI1 is a junctional protein essential to the cell-cell adhesion of epithelial
cells, and loss of its expression is a critical step in the process of epithelial to mesenchymal transition (EMT), in
which cancer cells adopt a more invasive, mesenchymal cellular phenotype®*3>6364, Trradiation of cancer cells
has previously been reported to promote EMT-induced cell motility®®; therefore, reduction of CDH1 expression
in our CF tumour cells may be one mechanism by which radiorecurrence enhances cell motility to promote
locally advanced disease.

Future studies comparing our in vitro and in vivo CF RNA datasets will be conducted to identify expression
changes that occur as a direct result of the TME. Indeed, previous comparative expression analyses between in
vitro and in vivo cancer culture has highlighted the significant changes in expression that occur due to growth in
an orthotopic environment, and the oncogenic consequences this imparts on the phenotype of the cancer cell®.
By comparing the pathway analyses of CF vs PAR tumours (in vivo; Fig. 4A) and CF vs PAR cells (in vitro)*,
we observed that angiogenesis, cell motility, and ECM organization are enriched in vivo, whereas MYC targets,
G2M checkpoints, E2F targets, and EMT are enriched in vitro. This implies that there are distinct molecular
changes resulting from the tumour microenvironment that are not captured in the in vitro model.

There are several limitations to this study that warrant addressing in future research. Firstly, the immune
component of the TME is missing from our immune-deficient xenograft mouse model. To this end, our group is
currently investigating the role of the immune compartment within the prostate TME using a syngeneic mouse
model. Secondly, although BLI is an ideal modality to track progression of distant metastases, the aggressive
growth of our tumours resulted in termination of our experiments before the formation of distant metastases,
due to complications from urinary retention caused by malignant obstruction of the urethra. Orthotopic models
of metastatic progression are more clinically representative than other in vivo metastatic models such as tail vein
injection, since tumour cells must successfully overcome all stages of the metastatic cascade, including invasion
and intravasation at the primary site. Future work using a small animal irradiator, for example, could provide
a clinically relevant means of controlling primary tumour growth to allow sufficient time for tumour cells to
metastasize. During in vivo BLI of our mice, weak bioluminescent foci did in fact appear in distant organs
such as the testes, liver, spleen, and lungs; however, IHC staining confirmed there were no GFP-luciferase-
expressing tumour cells in these tissues (Supplementary Fig. 3). This indicates that non-specific BLI signals can
occur away from the primary tumour site, which could confound studies of metastatic spread. Future metastatic
experiments will need to be optimized to account for this, such as setting a BLI signal threshold for detecting
tumours forming at secondary sites. Furthermore, although the mean BLI signal intensity of CF tumours was
greater than PAR tumours ex vivo at endpoint, this difference was not statistically significant, likely due to the
small sample size. Additional studies using a greater number of mice in each group will improve the statistical
power, to allow for a fully quantitative assessment of tumour growth using BLI It would also be beneficial
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to conduct histological analysis of tumours at earlier timepoints —before total replacement of the prostate by
tumour cells- since this may reveal microenvironmental changes known to promote tumour progression and
invasion, such as ECM remodeling. Pathways involved in ECM remodeling were significantly enriched in our
RNA sequencing analysis of CF tumours, and previous work by our group has revealed that CF cells upregulate
collagen remodelling proteins such as PLOD2, which was shown to promote their invasive and metastatic
potential®’. Finally, the DU145 cell line is castrate-resistant, and thus cannot fully model the earlier stage of
hormone-sensitive radiorecurrent prostate cancer. Future studies should focus on generating radiorecurrent
models from either established hormone-sensitive prostate cancer lines, or primary patient-derived prostate
cancer cells.

In conclusion, we have established an orthotopic, bioluminescent mouse model of radiorecurrent prostate
cancer that exhibits aggressive progression towards locally advanced disease, recapitulating the clinical reality
of radiorecurrence. Using this model, we have identified candidate targets of radiorecurrent progression such as
ROBO1, CAV1, and CDH], all of which are shown to be prognostic for biochemical relapse in prostate cancer
patients. Overall, this study provides a clinically relevant model for elucidating potential therapeutic targets for
future development, to ultimately suppress the aggressive clinical progression of radiorecurrent prostate cancer
and improve outcomes in our high-risk patients.

Data availability

The significant differentially expressed genes from our RNA sequencing analysis are uploaded as a separate Mi-
crosoft Excel file in the supplementary information files (Supplementary table 1). RNA sequencing data has been
deposited to the Sequence Read Archive (SRA) at the National Center for Biotechnology Information (NCBI)
under PRJNA1168545. Otherwise, all data generated or analyzed during the current study are included in this
published article.
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