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The study of DNA damage repair response (DDR) in prostate cancer is restricted by the limited number of prostate can-
cer cell lines and lack of surrogates for heterogeneity in clinical samples. Here, we sought to leverage our experience
with patient derived explants (PDEs) cultured ex vivo to study dynamics of DDR in primary tumors following applica-
tion of clinically relevant doses of ionizing radiation (IR) to tumor cells in their native 3-dimensional microenviron-
ment. We compared DDR dynamics between prostate cancer cell lines, PDEs and xenograft derived explants (XDEs)
following treatment with IR (2Gy) either alone or in combination with pharmacological modulators of DDR. We
have shown that following treatment with 2Gy, DDR can be consistently detected in PDEs frommultiple solid tumors,
including prostate, kidney, testes, lung and breast, as evidenced by γ-H2AX, 53BP1, phospho-ATM and phospho-DNA-
PKcs foci. By examining kinetics of resolution of IR-induced foci, we have shown that DDR in prostate PDEs (complete
resolution in 8 h) is much faster than in prostate cancer cell lines (<50% resolution in 8 h). The transcriptional profile
of DDR genes following 2Gy IR appears to be distinct between PDEs and cell lines. Pre-treatment with drugs targeting
DDR pathways differentially alter the kinetics of DDR in the PDEs and cell lines, as evidenced by altered kinetics of foci
resolution. This study highlights the utility of PDEs as a robust model system for short-term evaluation of DDR in pri-
mary solid tumors in clinically relevant microenvironment.
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Introduction

Current concepts of DNA damage response (DDR) in prostate cancer are
largely derived from data from a small number of human prostate cancer
cell lines and non-primate animal models [1–3], which represent unsatis-
factory surrogates for the heterogeneity of primary prostate cancer clinical
samples. In addition, the high doses of ionizing radiation (IR) (typically
5–10 Gy/fraction) used for these studies contrast with the most common
clinically used ‘conventionally’ fractionated doses (1.8–2 Gy/fraction) and
may erroneously highlight repair pathways that are only activated at high
doses [4]. Further, prostate cancer cell lines in monolayer cultures lack
the appropriate three-dimensional structure or stromal interactions that
may modulate radio-responsiveness in the native human prostate microen-
vironment [5]. These findings strongly indicate the need for more biologi-
cally and clinically relevant models for understanding DDR of prostate
cancer.

In our laboratory, we have developed a rapid and cost-effective patient
derived explants (PDEs) ex vivo culture technique for evaluating the
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therapeutic response of fresh tissues from extirpated surgical specimens
[6–11]. The PDE tissue in 1–2 mm3 pieces are cultured ex vivo on top of
the gelatin sponge, which is half-submerged in medium. This PDE ex vivo
culture technique maintains cell viability in malignant tissues in their na-
tive three-dimensional tissue architecture over culture periods of up to a
week. PDE culture of prostate and breast cancers have been shown to faith-
fully recapitulate the native tumor, to maintain critical molecular driver
pathways and allow testing of treatment with therapeutic agents, such as
androgen deprivation. Further, these PDE tissues are amenable towhole ge-
nome expression analyses, which allow for genetic confirmation of on-
target activity and efficacy [12]. The relative technical simplicity, cost-
effectiveness and ability to study the heterogeneity of prostate cancer
allow for systematic evaluation of therapeutic strategies in prostate
cancer.

In this study, we used powerful PDE ex vivo culture technique to study
DDR of prostate cancer and other solid tumors. Importantly, we identified
that the kinetics of DDR in PDEs are significantly faster in PDEs than in
cell lines and may reflect better the responses to DNA damage in vivo.
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Materials and methods

Cell lines

Prostate cancer cell line C4-2 was a kind gift from Dr. Leland Chung
(Cedar-Sinai Medical Center, Los Angeles, CA) in 2013. Prostate cancer
cell lines 22Rv1, LNCaP, PC3, DU145 and breast cancer cell line MDA-
MB-231 were purchased directly from ATCC. Cell lines were obtained dur-
ing 2013–19 and cultures passaged for <3 months after thawing a given
frozen vial. Cells were irradiated using a 137Cs source (Mark 1-68 irradia-
tor; JL Shepherd and Associates) at a dose rate of 3.47 Gy/min.

Ex vivo cultures of tumor explants

For PDEs, tumor tissues were obtained from patients undergoing surgi-
cal resection from University of Texas Southwestern Medical Center
(UTSW) and Partners Institution. Tumor samples were processed for
ex vivo cultures adapting a previously published protocol [12]. Under this
protocol, tumor tissues not needed for pathological diagnosis were placed
into chilled PBS typically within 30 min of surgical resection and arrived
in the laboratory 30–60 min later. Specimens were dissected into approxi-
mately 1–2 mm3 pieces and cultured in quadruplicate, as described previ-
ously [12]. PDEs were cultured for overnight in the presence and absence
of vehicle control (DMSO), enzalutamide (10 μM) or Nu7441 (1 μM). Sam-
ples were mock treated or exposed to different doses of IR, followed by
1–48 hour incubation at 37 °C and 5% CO2. Following IR treatments,
tumor fragments were then formalin-fixed and paraffin-embedded, snap-
frozen, or preserved in RNAlater (Invitrogen, San Diego, CA, USA) depend-
ing on the desired downstream analysis. For xenograft derived explants
(XDEs), athymic nude mice (nu/nu, 5–6 weeks old) were injected (1
×106 cells in 100 μL 50%Matrigel) subcutaneously into the right posterior
flanks.Micewere sacrificedwhen tumor size reached 500mm3. After excis-
ing out the xenografts aseptically from mice, they were cut into 1–2 mm3

tissue fragments and cultured as XDEs in a similar manner to PDEs.

Immunohistochemistry and immunofluorescent staining

Prostate tissue immunohistochemistry staining for androgen receptor
(AR) and prostate-specific antigen (PSA) has been described previously
[12]. Tissue fragments were fixed overnight in 10% formalin and placed
in embedding cassettes. After, dehydration in 70% ethanol, formalin-fixed
tumors were processed using automated standard procedures and subse-
quently embedded in paraffin. Four-micrometer tissues sections obtained
with Leica microtome were mounted on coated microscope slides. For im-
munofluorescent staining, sections were deparaffinized using xylene and
hydrated with declining concentrations of ethanol. Target antigen retrieval
was performed using Vector Antigen Retrieval buffer (pH 6.0), which was
heated to 100 °C for 20 min. Cells were permeabilized using phosphate
buffered saline (PBS) with 0.2% Triton X-100 for 20 min. Blocking was
achieved using PBS with 2.5% horse and goat serum. Primary antibodies
[anti-p-ATM (abcam ab36801) 1/300, anti-γ-H2AX (Millipore 3292608)
1/300, anti-53BP1 (Novus Biologicals NB100-304) 1/300, anti-p-DNA-
PKcs (abcam ab18192) 1/300] were diluted in blocking buffer and incu-
bated over night at 4 °C cold room. Secondary Fluorescein or Texas Red
(1/500) antibodies were used to visualize the primary antibody. Sections
were mounted using Prolong Gold antifade reagent with DAPi.

Immunofluorescent analysis

For quantification of DNA damage associated immunofluorescent foci
in PDEs, cells with 5 or more foci (to reflect an estimate of induced damage,
based on the majority of cells at 0 Gy having 0–4 foci) were scored as pos-
itive. The number of cells containing foci (>4) were determined by manu-
ally counting 150–200 cells across 4 or more high-power (400×)
microscope fields. Percentages of foci–positive cells were calculated at
each time point. For foci quantification in XDEs and tumor cell lines, foci
2

numbers again were calculated from at least 150 cells from 4 or more
high-power fields at each time point. The number of foci from 150 to 200
cells was counted acrossmultiplemicroscope fields using Image J (National
Institutes of Health). Three independent experiments were performed. Im-
ages were acquired with a camera mounted on a Nikon Eclipse E600 fluo-
rescence microscope or Lionheart™ FX Automated Microscope.

Real-time reverse transcription PCR (qRT-PCR)

RNAwas isolated using RNeasyMini Kit (Qiagen, Valencia, CA) accord-
ing to the manufacturer's instruction and as previously described [13]. Tis-
sues (0.5–30 mg) preserved in RNAlater (Qiagen, Hilden, Germany) were
homogenizedwith a Precellys 24 TissueHomogenizer and lysing kit (Bertin
Technologies, Montigny-le-Bretonneux, France). Relative quantitation rela-
tive to GAPDH expression was calculated by ΔΔCt method following re-
verse transcription and quantitative real-time PCR as before [13]. qRT-
PCRwas carried out using specific oligonucleotide primers (Supplementary
Table 1).

Western blotting

Immunoblotting was performed as previously described [13]. Briefly,
whole cell or tissue samples were lysed in NP40 extraction buffer containing
50 mmol/L Tris-Cl, pH 7.6, 150 mmol/L NaCl, 5 mmol/L EDTA, 1% NP40,
2 mmol/L dithiothreitol (DTT), 1× Phosphatase Inhibitor Cocktail (Sigma),
and 1× Protease Inhibitor Cocktail (Roche). Snap-frozen tissues were ho-
mogenized inNP40 extraction bufferwith a Precellys 24 TissueHomogenizer
and lysing kit (Bertin Technologies, Montigny-le-Bretonneux, France). 10–30
μg total protein was fractionated by SDS-PAGE and transferred to PVDF
membranes (Millipore). Primary antibodies [anti-ATM, anti-p-ATM (abcam
ab36801), anti-KAP1 (abcam ab3472), anti-p-KAP1 (phospho S824) anti-
body (abcam ab70369), anti-CHK2 (Cell Signaling 2662), anti-p-CHK2 (Cell
Signaling 2661), anti-p-DNA-PKcs (abcam ab18192), anti-γ-H2AX (Millipore
3292608), anti-β-actin (Cell Signaling), anti-KU80 (abcam ab80592)] were
applied followed by horseradish peroxidase-conjugated goat anti-rabbit IgG
(H+L) and goat anti-mouse (H+L) (Jackson ImmunoResearch) as second-
ary antibodies. Pierce™ ECL (Thermal Scientific) or ECL™ prime (GE
Healthcare) were used as substrate using the Bio-Rad imaging system.

Statistics

The statistical results were obtained from at least three independent bi-
ological replicates. Detailed n values for each panel in the figures are stated
in the corresponding legends. All resultswere presented asmean±SEMun-
less otherwise stated. A 2-tailed unpaired Student's t-testwas used to analyze
data from experiments containing two groups, while one-way ANOVA was
used to analyze data from experiments containing more than two groups.
Appropriate posthoc test was used to analyze data that demonstrated signif-
icance in ANOVA. P < 0.05 was considered to be statistically significant.
Statistical analysis was performed using GraphPad Prism 8.0 software.

Study approval

The de-identified tumor tissueswere obtained frompatients undergoing
surgical resection and the entire study was approved under a protocol ap-
proved by the UTSW and Partners Institutional Review Board (IRB)
(STU102010-051). All animal experiments were conducted under Institu-
tional Animal Care and Use Committee of UTSW approved guidelines for
animal welfare (APN 2016-101380).

Results

IR-induced foci formation of DDR proteins in PDE culture of solid tumors

We first evaluated if we could demonstrate the canonical DNA double-
strand break (DSB) response to IR in PDE cultures of prostate cancer.
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Following IRB approval, we obtained de-identified tumor tissue from pa-
tients undergoing a radical prostatectomy at UTSW for clinically localized,
National Comprehensive Cancer Network intermediate or high-risk pros-
tate cancer. Tissue cores from these patients were grown using PDE
ex vivo culture technique, and then subjected to IR or mock treatment. We
investigated the induction and decay of IR-induced foci of DDR proteins
in distinct prostate cancer PDE using clinically relevant fractional dosage
(2 Gy) IR. The DNA damage and the rate of DNA repair were determined
using γ-H2AX (Serine 139) and 53BP1 foci staining before and at different
time points after IR. The majority of tumor cells in mock treatment control
group had 0–4 nuclear γ-H2AX and 53BP1 foci, suggesting a low basal level
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Fig. 1. IR-induced foci formation of DDR proteins in PDE culture of solid tumor tissues.
indicated times. Tissues were fixed and stained for DDR proteins by immunofluorescenc
150–200 cells per time point from four or more fields of each specimen from 12 patien
(blue) of PDE culture of organ-confined prostate cancer before and at 1 and 8 h after
Top panel of images represent magnifications of cells in white boxes. B, quantification
(green) in the nucleus (blue) of PDE culture of other types of solid tumors. D, represen
in PDE ex vivo culture of prostate cancer incubated for the indicated times following exp
PKcs foci. Scale bar, 50 μm. Box and-whisker plots represent values within the interqua
box shows the median. *P < 0.001, by 1-way ANOVA with Tukey's multiple compariso
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of DNAdamage in treatment-naïve primary tumors (Fig. 1A).Wequantified
DNA DSB as the number of cells with >4 foci, to reflect an estimate of in-
duced DNA damage. Less than 5% of cells in mock treatment control had
>4 nuclear γ-H2AX or 53BP1 foci. In contrast, at 1 h following exposure
to 2 Gy IR, the number of cells in irradiated tumor tissues containing γ-
H2AX and 53 BP1 foci ranged from 70% to 90% (Fig. 1B), demonstrating
recognition of DSBs in prostate cancer PDEs. Importantly, we observed
complete resolution of IR-induced γ-H2AX and 53BP1 foci to basal levels
within 8 h following exposure to 2 Gy IR, indicating DNA repair kinetics
was maintained in prostate cancer PDEs (Fig. 1B). To evaluate the applica-
bility of this PDE culture for other solid tumors, we irradiated fresh surgical
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removed treatment-naïve solid tumor tissues obtained from patients with
breast, kidney, lung and testicular cancers, cultured as PDEs in a similar
manner to prostate cancer. Indeed, we observed similar IR-induced foci for-
mation of DDR proteins and repair kinetics (Fig. 1C).

Mammalian cells have complexmechanisms to repair damagedDNA. IR
induced DSBs are repaired by two major competing pathways: error-free
homologous recombination (HR), or the error-prone canonical non-
homologous end-joining (NHEJ) [14,15]. Since the ataxia telangiectasia
mutated (ATM) kinase, the major kinase responsible for modifying γ-
H2AX upon irradiation [16], is recruited to and activated primarily at
DSBs in conjunction with the MRE11:RAD50:NBS1 (MRN) sensor complex
[17], and plays critical role in initiation and completion of error-free HR
[18,19], we assessed phospho-ATM (p-ATM) levels following IR in prostate
cancer PDEs. IR-induced p-ATM foci (Ser1981) were observed in all 5
tested tumors (Fig. 1D) and may serve as a surrogate for activated HR in
prostate cancer PDEs. Similarly, since DNA dependent protein kinase cata-
lytic subunit (DNA-PKcs)'s autophosphorylation in response to DNA dam-
age is a prerequisite for NHEJ, we assessed phospho-DNA-PKcs (p-DNA-
PKcs) (Ser2056) levels following IR in prostate cancer PDEs. While basal
level of p-DNA-PKcs was low without IR (Fig. 1D), we observed that a
rapid induction of p-DNA-PKcs in the epithelial cells within 1 h of 2 Gy IR
(Fig. 1D), demonstrating strong activation of DNA-PKcs-mediated NHEJ re-
pair of DSBs. Importantly, these IR-induced p-ATM and p-DNA-PKcs foci
also decreased to background levels within 8 h after IR, suggesting that re-
pair of DSBs using both pathways was virtually complete at this stage in
ex vivo cultures of PDE (Fig. 1E). These results were further validated at
the protein level of γ-H2AX, p-ATM, and p-DNA-PKcs bywestern blots (Sup-
plementary Fig. 1). Consistent with the strong induction of γ-H2AX, p-ATM
and p-DNA-PKcs foci, protein levels of γ-H2AX, p-ATM and p-DNA-PKcs in-
creased after 2 Gy radiation but returned to baseline levels at 8 h post-
radiation. Together, these data indicate that the PDE system can be used
to both follow kinetics of DDR and to delineate specific pathways involved
in DDR.

IR induces distinct DNA damage repair kinetics in prostate cancer PDEs and cell
lines

We compared IR-induced DNA damage repair kinetics in prostate can-
cer PDE and two well-established prostate cancer cell lines C4-2 and
22Rv1. Although the observed IR-induced foci in prostate cancer PDEs
are morphologically similar to IR induced foci seen C4-2 (Fig. 2A) and
22Rv1 (Supplementary Fig. 2A), the repair kinetics in prostate cancer
PDEs differ significantly compared with the prostate cancer cell lines. Com-
plete resolution of IR-induced γ-H2AX and 53BP1 foci was observed within
8 h in prostate cancer PDEs (Fig. 1A). In contrast, only 50–60% resolution of
foci was observed at 8 h in C4-2 (Fig. 2B) and 22RV1 cell lines (Supplemen-
tary Fig. 2B), indicating prostate cancer cell lines have slower DNA repair
kinetics in two-dimensional culture.

Given that tumor microenvironment and tumor-stromal interactions
produce profound changes in tumor phenotype [20], we next sought to de-
termine whether these factors in ex vivo cultured explants would reduce or
augment DDR induced by IR. We reasoned that if prostate cancer cell lines
were allowed to form xenograft tumors in mice and tested as explants, they
would then exhibit distinctive responses to radiation than they did in two-
dimensional culture, due to the influence of the tumor-stromal interactions
on DDR within the tumor microenvironments. To this end, xenograft de-
rived explants (XDEs) were developed using mouse xenograft tumors
grown from the prostate cancer C4-2 cell line. Tissue fragments derived
from C4-2 XDEs were cultured and irradiated ex vivo as PDE culture of
solid tumors. The foci were analyzed after different time points after 2 Gy
IR to assess the induction of DSBs as well as repair kinetics responses. We
observed similar number of foci 30 min post 2 Gy in C4-2 XDEs compared
to cell lines in two-dimensional ex vivo culture (Fig. 2C), indicating tumor
microenvironment and tumor-stromal interactions have limited impact on
initial DNA damage induction. In contrast, we observed a significantly
faster rate of DSB repair in XDEs compared with two-dimensionally
4

cultured C4-2 cells (Fig. 2B). More than 90% repair was completed at 8 h
following IR in C4-2 XDEs (Fig. 2C and D), whereas two-dimensional cul-
tured C4-2 cells still retained nearly 50%, 30% and 10% of foci at 8, 16
and 24 h, respectively (Fig. 2B), suggesting that the tumor-stromal interac-
tions potentially promote DNA repair in tumor explants. Similarly, com-
plete foci resolution was observed within 8 h in breast cancer MDA-MD-
231 XDEs (Supplementary Fig. 3A and B), but not in two-dimensionally cul-
tured MDA-MD-231 cells (Supplementary Fig. 3C and D). This result was
further validated in C4-2 cells and C4-2 XDEs at the protein level of γ-
H2AX by western blots (Fig. 2E). Consistent with the studies of others
[21,22], the presented results suggest that tumor-stromal interactions
would likely influence radiation-induced DDR of tumor cells. All these re-
sults imply that the kinetics of DNA damage-related proteins at DNA lesions
can vary among different microenvironments.

IR induces a distinct transcriptional program in prostate cancer PDE and cell lines

We assessed time and dose-dependent association between IR and IR in-
duced transcriptional changes of a panel of DDR genes in PDEs by RT q-
PCR. We observed a time and dose-dependent response to IR, with a maxi-
mum effect noted around 4 h at 2 Gy (Supplementary Fig. 4A and B). We
measured the expression level of a panel of canonical DDR related genes
(RAD21, RAD51, RAD54B, DNA PKc, KU70, XRCC4, XRCC5, CHK1,
CHK2, ATM, ATR, and P21) in 12 prostate cancer PDEs andmultiple cancer
cell lines by RT q-PCR at 4 h after 2 Gy IR. Significant upregulation in the
expression of all tested DDR-related genes were noted in prostate cancer
PDEs (Fig. 3A). As would be expected with tumor heterogeneity, the fold
change at 4 h for some of these DDR-related genes varied greatly between
individual tumors. In contrast, majority (>90%) of these canonical DDR
genes are not significantly induced following 2 Gy IR of prostate cancer
(C4-2, 22RV1, DU145 and PC3) and breast cancer (MDA-MD-231) cell
lines (Fig. 3B and Supplementary Fig. 5). In these cell lines, we only ob-
served significant upregulation <50% of these canonical DDR-related
genes even after high-doses of RT (10 Gy). To document DDR signaling fol-
lowing exposure to IR, wemeasured the expression levels of total and phos-
phorylated ATM, KAP1, and CHK2 by immunoblotting in prostate cancer
PDE and two representative prostate cancer cell lines (C4-2 and 22Rv1).
Total ATM, KAP1, and CHK2 did not vary significantly in PDE and cancer
cell lines (Fig. 3C and D). 2 Gy IR induced classic DDR signaling including
the phosphorylation of ATM at position Ser1981, KAP1 at position
Ser824 and Chk2 at position Thr68 in PDE (Fig. 3C). Relative to the vehicle
control, high-doses of IR (10 Gy) induced classic DDR signaling including
the phosphorylation of ATM at position Ser1981, KAP1 at position
Ser824, and CHK2 at position Thr68 in these prostate cancer cell lines. In
contrast, the 2 Gy IR induced modest increases in phosphorylation of
ATM at position Ser1981 and KAP1 at position Ser824 in C4-2 cells, and
did not result in altered phosphorylation of KAP1 at position Ser824 and
CHK2 at position Thr68 in 22Rv1 cells, which may in part explain the
slower kinetics of DDR responses in cancer cell lines (Fig. 3D).

DNA-PKcs inhibition blocks IR-induced DDR in prostate cancer PDE

We had shown that the DNA-PKcs inhibitor (Nu7441) sensitizes pros-
tate cancer to IR in prostate cancer cell lines [13]. We next sought to deter-
mine whether inhibition of DNA-PKcs would reduce or augment DNA
damage induced by IR in prostate cancer PDEs. Treatment of prostate can-
cer PDEs with Nu7441 significantly attenuated the p-DNA-PKcs (pS2056)
foci resulting from IR exposure (Fig. 4A), indicating target engagement.
Pretreatment of the prostate cancer PDEs with Nu7441 for 24 h did not af-
fect the basal level of DNA damage as evidenced by the similar number of γ-
H2AX foci in both Nu7441 and vehicle control treated PDEs (Fig. 4B and
Supplementary Fig. 6). Importantly, at 1 h after IR, pretreatment of prostate
cancer PDE with Nu7441 did not affect the DNA damage caused by IR, as
evidenced by the similar number of γ-H2AX and 53BP1 foci in both
Nu7441 and vehicle control treated PDEs (Fig. 4B). Further, at 8 h after
IR, pretreatment with Nu7441 substantially reduced nuclear γ-H2AX foci
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resolution. Consistent with γ-H2AX foci staining, we observed similar result
at protein levels of γ-H2AX by western blot (Supplementary Fig. 7),
supporting previous studies demonstrating the role for DNA-PKcs enhanc-
ing DDR in prostate cancer [23]. While these data corroborate the role of
DNA-PKcs in both prostate cancer PDEs and cell lines, the altered kinetics
of repair are still noteworthy.

Inhibition of AR impairs NHEJ in prostate cancer PDEs

Given that AR plays a critical role in repairing of radiation-induced po-
tentially lethal DSBs in prostate cancer, and PDE ex vivo culture sustains en-
docrine signaling and therapeutic response to established clinical agents
[12], we sought to confirm that combining the second-generation AR
5

inhibitor enzalutamide with IR impairs repair of DSBs. We first confirmed
that pretreatment of the prostate cancer PDEs with enzalutamide (10 μM)
for 24 h attenuated the AR signaling, as evidenced by reduced AR and
PSA expression (Fig. 5A). Pretreatment of prostate cancer PDE with
enzalutamide did not affect the DNA damage caused by IR, as evidenced
by the similar number of γ-H2AX and 53BP1 foci in both enzalutamide
and vehicle control treated PDEs (Fig. 5B). However, in the presence of
enzalutamide, γ-H2AX and 53BP1 foci were persistent for up to 48 h after
2 Gy IR (Fig. 5B and C). Further evaluation indicates that the NHEJ path-
way is influenced by enzalutamide, as shown by the significantly decreased
ability of IR to induce p-DNA-PKcs foci in enzalutamide treated prostate
cancer PDEs versus vehicle-treated controls (Fig. 5D and E). These data
build on prior observations from prostate cancer cell lines that AR
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inhibition may regulate DNA repair through a DNA PK-dependent mecha-
nism [24], and indicate that the repair kinetics with these drugs is signifi-
cantly prolonged in PDEs rather than in cell lines.

Discussion

Understanding DDR of primary cancer cells is important to developing
strategies for overcoming radiation resistance and enabling better out-
comes for patients undergoing radiation therapy. In this manuscript, we
have shown that PDEs of multiple primary tumors can server as a clinically
relevant model to study the biological effects of IR on primary cancers. In
primary localized prostate cancer PDEs, we have noted DNA damage, tran-
scriptional changes, engagement of specific DDR signaling pathways and
kinetics of DNA repair following 2 Gy IR. We have seen that the DNA repair
kinetics are much faster in PDEs of primary prostate cancer rather than in
6

cancer cell lines, indicating a role for the stromal microenvironment in fa-
cilitating DDR: impressively, we have noted distinct repair kinetics in a can-
cer cell line cultured in vitro and the same cell line cultured as a XDE from a
xenograft. Our study strongly indicates a significant influence of the tumor
stroma on the DDR response to radiation therapy.

One of the great challenges in cancer treatment is the individual varia-
tion in response to therapy. Similarly, we observed wide variation in IR-
induced transcription of DDR related genes in PDE tissues, reflecting the di-
verse genetic heterogeneity of prostate tumors. In contrast, established
tumor cell lines and genetically engineered mouse models do not represent
the variation and heterogeneity observed in cancers from patients. More
importantly, all commercially available prostate cancer cell lines are de-
rived from metastatic deposits of prostate cancer and therefore might not
accurately reflect cellular response in primary prostate cancer, as there is
substantial evidence for altered expression profiles of androgen-regulated
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genes in metastatic versus primary prostate cancer [25,26]. Recently, the
development of organoid cultures from advanced metastatic heavily
pretreated prostate cancer specimens provides new tools for evaluating
therapies and making important discoveries [27,28]. However, cultur-
ing prostate organoids from localized, treatment-naïve organ-confined
prostate cancer has not proven feasible. In part, the derivation of
organoids from localized prostate cancer may be limited by current pro-
tocols for organoid culture which are focused on epithelial cells and do
not include other cells of the tumor microenvironment such as stroma,
immune, and neuronal cell populations [29]. For the determination of
DNA repair of human cancer cells, an ex vivo approach can provide a
more accurate result compared with in vitro cell cultures, since the
7

DNA repair ability is measured directly without the influence of
prolonged culture time.

The primary advantage of the PDE approach is that it enables rapid eval-
uation of the effect of IR on primary tumors- the very tumors that would be
treatedwith radiation therapy. The primary limitation of this approachmay
be related to the heterogeneity of solid tumors, which may complicate the
data interpretation. The utility of PDEs as a surrogate for tumor response
is not proven and does not adequately address the role of the immune sys-
tem inmediating RT response. However, the ex vivo culture systems recapit-
ulate the structural complexity and heterogeneity of human solid tumors in
a laboratory setting, making them an important adjunct to current cell-line-
based and animal-based models. We have validated our published data
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indicated that AR inhibition and DNA-PKc inhibition sensitized prostate
cancer cells to radiotherapy in primary tumors using our ex vivo cultures
[13]. These data indicate that inhibition of DNA-PKc and AR acts similarly
in prostate cancer cell lines, PDEs and XDEs and strongly suggest that drugs
targeting AR and/or DNA-PKc may enhance the utility of radiation in pa-
tients with prostate cancer.
8

Taken together, PDEs enables short-term evaluation of DDR in pri-
mary solid tumors in their clinically relevant microenvironment, and
enable evaluation of the utility of DDR modulators for PDEs. These
PDEs show a distinct repair kinetics than cell lines, and may offer a
more biologically relevant model for studying DDR responses in pros-
tate cancer.
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