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Establishment and characterization of prostate organoids
from treatment-naive patients with prostate cancer
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Abstract. Three-dimensional (3D) organoid culture systems
are emerging as potential reliable tools to investigate basic
developmental processes of human disease, especially
cancer. The present study used established and modified
culture conditions to report successful generation and
characterization of patient-derived organoids from fresh
primary tissue specimens of patients with treatment-naive
prostate cancer (PCa). Fresh tissue specimens were collected,
digested enzymatically and the resulting cell suspensions
were plated in a 3D environment using Matrigel as an
extracellular matrix. Previously established 12-factor medium
for organoid culturing was modified to create a minimal
5-factor medium. Organoids and corresponding tissue
specimens were characterized using transcriptomic analysis,
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immunofluorescent analysis, and immunohistochemistry.
Furthermore, patient-derived organoids were used to assess
the drug response. Treatment-naive patient-derived PCa
organoids were obtained from fresh radical prostatectomy
specimens. These PCa organoids mimicked the heterogeneity
of corresponding parental tumor tissue. Histopathological
analysis demonstrated similar tissue architecture and cellular
morphology, as well as consistent immunohistochemical
marker expression. Also, the results confirmed the potential of
organoids as an in vitro model to assess potential personalized
treatment responses as there was a differential drug response
between different patient samples. In conclusion, the present
study investigated patient-derived organoids from a cohort
of treatment-naive patients. Derived organoids mimicked the
histological features and prostate lineage profiles of their
corresponding parental tissue and may present a potential
model to predict patient-specific treatment response in a
pre-clinical setting.

Introduction

Prostate cancer (PCa) is the second most leading cause of
mortality and morbidity among men worldwide, with an
estimated 248,530 new cases and 34,130 deaths in 2021 (1). For
the past decade, standard therapy has comprised chemotherapy,
radiation, secondary hormonal and targeted therapy; although
a multitherapy approach has been followed in PCa, the
heterogeneity of the disease prompts poor treatment outcomes
among the majority of patients (2). Large-scale genomic
rearrangements and extensive copy number alterations
involving multiple chromosomes within PCa cells contribute to
failure or resistance to therapy among a number of patients (3).
Intratumor heterogeneity renders choosing the best treatment
for a specific patient a clinical challenge (4). Therefore, it is
crucial to establish novel and more reliable in vitro models to
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understand the heterogeneity and progression of PCa, identify
new therapeutic targets, and empirically test personalized
treatment strategies in a pre-clinical setting.

Various in vitro and in vivo model systems have been
established to understand the biological mechanisms and
molecular alterations that underly PCa pathology; however,
these models are relatively scarce, clinically unreliable
and have limitations (5); for example, they include cell
lines, such as PC-3, DU-145 and LnCAP, and other in vivo
experimental models. PCa cell lines are difficult to culture
due to heterogeneity (6-11). Over the past 10 years, organoids
have been used following the development of an intestinal
organoid culture in 2009. This biotechnological advancement
was considered a breakthrough in stem cell research. This
method uses endogenous stem cell niche components to create
three-dimensional (3D), long term and near-physiological
culture systems that mimic the geno-/phenotypic features of
human disease (12-16). To date, organoids have been established
from a variety of organs, including the prostate (13,15,17-29).

Karthaus er al (30) and Gao et al (31) successfully adapted
this culture method to PCa and cultured normal human and
murine prostate epithelial cells without genetic manipulation
in an in vitro 3D system that modelled prostate glandular
structure (30,31). However, this system has been optimized
to use human metastatic-rather than primary-prostate
specimens to generate new organoid lines that express
previously identified common genetic alterations in advanced
PCa, such as PTEN, TP53 and TMPRSS2 (31,32). Using this
methodology, it has been shown that patient-derived PCa
organoids mimic the tumor of origin both genetically and
phenotypically (30,31). The advantage of this culture medium
is that it allows highly efficacious and unlimited proliferation
of both normal and tumor prostate cells without substantial
genetic aberrations (30,32). Nonetheless, culturing prostate
organoids with a high success rate remains a challenge as there
is a lack of knowledge in this area.

To the best of our knowledge, there are few studies
reporting successful establishment of patient-derived organ-
oids from PCa specimens (13,33-37), cell lines (38-40) or
transformed primary normal prostate cells (39,41). The
reported success rate using patient-derived PCa specimens
is <20% and the capacity for long-term maintenance is
variable and limited (31). Also, patient-derived organoids
have primarily been established from metastatic biopsies
or circulating tumor cells from patients with advanced PCa
and rarely from the primary tumor (31). Richards ef al (34)
developed and characterized PCa organoids from primary
tumors highlighting the role of stromal cells in this process
of organoid establishment via a co-culture model that incor-
porated the prostate stroma. The importance of modeling
PCa from primary tissue, particularly from treatment-naive
samples, is that the latter comprises a reservoir of extensively
heterogeneous and resistant clones (42,43). Subsets in primary
malignancy that may be masked in secondary lesions are the
seeds for tumor progression and metastasis and represent a key
target to develop efficacious therapies (44-46).

The aim of the present study was to derive organoids
from treatment-naive patients with PCa undergoing radical
prostatectomy and to characterize organoids at cellular and
molecular levels. The study also aimed to assess response to

different regimen of treatments, including hormonal-, chemo-
and radiotherapy. It was hypothesized that this methodology
may provide a cost- and time-effective approach to understand
the mechanisms involved in PCa development and progression.
In addition, the study aims included characterizing these PCa
organoid models through next-generation and RNA sequencing
(seq) to capture the wide spectrum of heterogeneity of PCa
and compare patient-derived organoids with parental tissue to
demonstrate the accuracy of this model (Fig. 1).

Materials and methods

Patients. A total of 70 fresh tissue samples (two per patient)
from distinct stages of human prostate adenocarcinoma
were obtained from consenting treatment-naive patients
undergoing radical prostatectomy at the American University
of Beirut-Medical Center (AUB-MC, Beirut, Lebanon).
Primary tissue samples were collected (between July 2016
and June 2019) only if it would not compromise the sample
for diagnosis or staging. A core biopsy was taken from the
area most likely to be involved with cancer according to a
pathologist's recommendation guided by imaging reports
of the prostate. A total of 35 primary tumor and 35 paired
healthy prostate specimens from patients aged 52-75 years
were included in the present study. Inclusion criteria: i) Proven
diagnosis of prostate cancer or undergoing a biopsy/prostate
surgery for diagnostic, treatment or follow-up purposes; and
i1) written, dated and signed informed consent. Exclusion
criteria. i) Patients who were or had suffered from any other
malignancy within the last 5 years, except completely excised
basal cell carcinoma of the skin; and ii) patients with clinically
significant co-morbidities that would be a contraindication to
tumor biopsy.

Ethics statement. The present study was approved by
the Institutional Review Board of AUB-MC prior to
commencement. All protocols were performed in accordance
with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving human
subjects. Written informed consent was obtained from all
patients and confidentiality was maintained.

Collection and dissection of PCa tissue specimens. The
collection and dissection of fresh tissue specimens was
performed as described previously (47). In brief, tissues were
placed in human prostate growth medium (Table I) and main-
tained at 4°C. The time between surgical resection and tissue
processing was <6 h to maximize the reliability of organoid
generation. Prostate tissue samples were 3-5 mm in size.

Prostate tumor tissue fragments were minced using sterile
scalpel blades into 0.1-0.5 mm diameter pieces and washed
with human prostate growth medium to remove cellular debris.
The majority of minced fragments was employed for organoid
culturing; remaining fragments were used for RNA extraction
or transferred directly to 4% methanol-free paraformaldehyde
(PFA) for histological examination.

Processing of PCa tissue specimens and establishment of
patient-derived PCa organoids. Processing of the PCa tissue
specimens was performed as described by Drost er al (13).
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Figure 1. Schematic diagram of the establishment and characterization of patient-derived prostate organoids.

Minced fragments for organoid culturing were digested in
2 ml 5 mg/ml collagenase type II (Gibco; Thermo Fisher
Scientific, Inc.; cat. no. #17101-015) in Advanced DMEM-F12
(adDMEM/F12; Gibco; Thermo Fisher Scientific, Inc.;
cat.no.#12634-010) with rho-associated coiled-coil containing
protein kinase (ROCK) inhibitor (Y-27632; Santa Cruz
Biotechnology, Inc.; cat. no. #sc-281642A) overnight at 37°C in
a humidified incubator containing 5% CO,. The next day, the
pellet was digested using TrypLE™ (Thermo Fisher Scientific,
Inc.; cat. no. #12605-010), resuspended in adDMEM/F12
and passed through a 40-ym cell strainer to remove tissue
debris and obtain single-cell suspensions. A specific cell
count (~5,000 cells) was frozen in fetal bovine serum (FBS;
Sigma-Aldrich; Merck KGaA; cat. no. #F9665) + 10% dimethyl
sulfoxide (DMSO; Scharlab, SL; cat. no. #SU01571000) as
passage zero cells to serve as a stock of patient-derived cells
for later use. All cells were maintained as a stock in liquid
nitrogen. The required cell count (20,000 cells) was resus-
pended in Matrigel (Corning Life Sciences; cat. no. #354230)
at a ratio of 20,000 cells/40 ul 90% Matrigel. The derived
cell count was estimated using trypan blue and cells were
resuspended in growth factor-reduced Matrigel in a master
mix at a ratio of 20,000 cells/40 ul 90% Matrigel. From this
master mix, droplets were plated in the center of a 24-well
culture plate at one droplet (40 ul) per well. The plate was then
placed upside down in a 37°C incubator for 30 min to allow
the Matrigel to solidify. Pre-warmed (37°C) human prostate
or modified growth medium plus ROCK inhibitor (Y-27632;
10 uM) was added into each well.

Propagation of patient-derived PCa organoids. Harvesting
and propagation of PCa organoids at each generation (G) was
performed after 18-22 days or more depending on the sample.
In brief, propagation of organoids was performed by adding
ice-cold adDMEM/F12 without factors, collecting the organ-
oids with a pipette tip, dissociating organoids enzymatically
using TrypLE, splitting cells at a ratio of 1:2 or 1:3, resus-
pending cells in 90% Matrigel and seeding as aforementioned.

PCa organoid proliferation and growth analysis. To measure
the growth of PCaorganoid over time,organoids were visualized
and counted manually under a Zeiss AG Axiovert inverted light
microscope, as previously described (48). The size and shape of
organoids were assessed using Carl Zeiss AG ZEN 2013 image
software. A total of =50 organoids/condition/experiment were

analyzed to calculate mean diameter. The organoid formation
count (OFC; number of organoids per 20,000 cells seeded)
was calculated by counting the number of organoids formed,
starting with the same number of input cells in all conditions
(20,000 cells) and in every generation (G; from G1 until >G7).

Human prostate growth medium components. The human
prostate growth mediumincludedadDMEM/F12 containing 1%
Penicillin/Streptomycin (v/v; Biowest; cat. no. #..0022-100),
0.2% Gentamicin/Amphotericin B (v/v; Thermo Fisher
Scientific, Inc.; cat. no. #R01510), 0.2% plasmocin
prophylactic (v/v; InvivoGen; cat. no. #ant-mpp), 10 mM
HEPES (cat. no. #15630-056) and 2 mM GlutaMAX
(cat. no. #35050-061; both Gibco; Thermo Fisher Scientific,
Inc.). Components specified in Table I were added fresh on a
weekly basis. For the first week after plating, ROCK inhibitor
(Y-27632) was added fresh to the culture medium on the same
days that medium was changed (every 2-3 days).

Immunohistochemistry (IHC). To embed organoids, droplets
of Matrigel containing organoids were fixed in pre-warmed
(to 37°C) 4% PFA (v/v) for 30 min to keep the Matrigel
intact, then the droplet of Matrigel was collected carefully
using a spatula. Histogel (Thermo Fisher Scientific, Inc.;
cat. no. #HG-4000-012) was liquefied at 60°C and used to
surround the droplet of Matrigel, then allowed to solidify on
ice for 10 min before transferring into a tissue cassette to be
incubated in 10% formalin (v/v) overnight at 37°C. Finally,
organoids and corresponding tissue specimens were processed
for paraffin embedding, sliced into 4-ym sections using a
cryostat (Leica Biosystems; cat. no. #CM1850) and melted onto
charged slides [Star Frost Microscope Slides Adhesive with
frosted end (76x26 mm); Servoprax GmbH; cat. no. #B4 0401].

Paraffin embedding, microtome sectioning and standard
hematoxylin and eosin (H&E) staining were all performed
by the Histology Laboratory at the Diana Tamari Sabbagh
building; all steps were performed at room temperature. For
THC staining, organoid and tissue sections were first outlined
with a hydrophobic pen (Vector Laboratories, Inc; Maravai
Life Sciences), washed with tris-buffered saline (TBS)
containing 0.1% Tween-20 (Sigma-Aldrich; Merck KGaA;
cat. no. #P1379; v/v; TBS-T), and deparaffinized. Antigen
retrieval was performed in a citrate buffer (for 30 min in
steamer at 95-98°C). Then, the Novolink™ polymer detec-
tion system (Leica Biosystems; cat. no. #RE7150-K) was
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Table I. Components and concentrations of human prostate growth medium.

Component Stock concentration Solvent Final concentration
B27 50.0X - 1.00X
Nicotinamide 10M PBS 10.00 mM
NAC 500.0 mM PBS 1.25 mM
EGF 500.0 pg/ml* PBS 10.00 ng/ml*
A83 5.0mM DMSO 500.00 nM
NOG 100.0 pg/ml* PBS +0.1% BSA* 50.00 ng/ml*
RSPO 500.0 pg/ml* PBS +0.1% BSA* 250.00 ng/ml*
DHT 10.0 uM Ethanol 1.00 nM
FGF2 100.0 pg/ml* PBS +0.1% BSA* 6.00 ng/ml*
FGF10 0.1 mg/ml PBS + 0.1% BSA 10.00 ng/ml
PGE2 10.0 mM DMSO 1.00 pM
SB 10.0 mM DMSO 10.00 uM
Y-27632 10.0 mM PBS +0.1% BSA 10.00 uM

“Modified from Drost et al (13). NAC, N-acetylcysteine; EGF, epidermal growth factor; A83, A83-01; NOG, noggin; RSPO, R-spondin; DHT,
dihydrotestosterone; FGF2, basic fibroblast growth factor; FGF10, fibroblast growth factor 10; PGE2, prostaglandin E2; SB, SB202190.

employed per the manufacturer's instructions; sections were
incubated overnight at 4°C with primary antibodies diluted in
TBS-T with 3% bovine serum albumin (BSA; v/v; Amresco,
LLC; cat. no. #0332-100G), 2% normal goat serum (NGS;
v/v; Thermo Fisher Scientific, Inc.; cat. no. #16210064)
and 0.1% Triton X-100 (v/v; Sigma-Aldrich; Merck KGaA;
cat. no. #T9284). The sections were incubated at 37°C
with Post Primary and Novolink Polymer for 30 min each,
before developing the peroxidase activity using ImmPACT
DAB peroxidase substrate (Vector Laboratories, Inc.;
cat. no. #SK-4105) for 1-10 min. Finally, sections were coun-
terstained with hematoxylin, dehydrated and mounted using
Permount medium (Invitrogen; Thermo Fisher Scientific, Inc.;
cat. no. #P36934). Images were acquired using an Olympus
CX41 light microscope and processed using Carl Zeiss AG
ZEN 2013 image software.

Immunofluorescence (IF) and morphological analysis of
organoids.Indirect IF analysis was used to characterize prostate
epithelial lineage and stem cell markers expressed by organoids.
IF analysis was performed on both paraffin-embedded
organoids and organoids in suspension to preserve the
3D architecture. To perform IF in suspension, organoids
were collected when they reached the appropriate size and
confluency for passaging (18-22 days after plating). Matrigel
was dissolved using ice-cold medium as aforementioned. The
pellet was fixed in 4% PFA for 30 min at room temperature. For
paraffin-embedded organoids, section thickness was 4-5 ym.
Antigen retrieval was performed in citrate buffer (for 30 min
in steamer at 95-98°C). Thereafter, the slides were left at room
temperature for 30 min to cool down, and then rinsed twice
in distilled water. Then, both paraffin-embedded organoids
and organoids in suspension were permeabilized with 0.5%
Triton X-100 (v/v) for 30 min at room temperature, followed by
incubation with blocking buffer [0.10 BSA, 0.20 Triton X-100,
0.05 Tween-20 and 10.00% NGS (all v/v) in PBS] for 1 h at

room temperature. Organoids were then incubated overnight
with primary antibodies at 4°C. Following gentle washing
with PBS containing 0.1% Tween-20 (v/v), organoids were
incubated with corresponding secondary antibodies for 1 h
at room temperature, the pellet was then washed gently and
mounted with anti-fade reagent Fluoro-gel II with DAPI
(Electron Microscopy Sciences; cat. no. #17985-51). Indirect
IF microscopic analysis was performed using Carl Zeiss
AG Axio Observer.Z1 and LSM710 laser scanning confocal
microscopes using 40X oil objective. Images were acquired
and analyzed using Carl Zeiss AG ZEN 2013 image software.

Antibodies. Antibodies used in IF staining were as
follows: Mouse monoclonal anti-cytokeratin (CK)8 (1:200;
cat. no. #MMS-162P; Santa Cruz Biotechnology, Inc.),
rabbit polyclonal anti-CK5 (1:200; cat. no. #PRB-160P;
BioLegend, Inc.), anti-CK14 (1:200; cat. no. sc-17104;
Santa Cruz Biotechnology, Inc.), anti-vimentin (VIM; 1:50;
cat. no. #sc-5565; Santa Cruz Biotechnology, Inc.), mouse
monoclonal anti-CD44 (1:50; cat. no. sc-7297; Santa Cruz
Biotechnology, Inc.), rat monoclonal anti-CD49f (1:50;
cat. no. 555734; BD Pharmingen; BD Biosciences), Alexa
568-conjugated goat anti-mouse IgG (cat. no. #A-11004)
and anti-rabbit IgG (both Thermo Fisher Scientific, Inc.;
cat. no. #A-11011), Alexa 488-conjugated goat anti-rabbit
(cat. no. A-11034), and anti-mouse IgG (cat. no. A-11001;
both Thermo Fisher Scientific, Inc.). All secondary Alexa
Fluor antibodies were used at 1:200. Fluorogel II with
DAPI (Electron Microscopy Sciences) was used for
mounting. Primary antibodies used in IHC staining included
rabbit monoclonal anti-androgen receptor (AR; 1:50;
cat. no. ab52615; Abcam), anti-prostate-specific antigen
(PSA; 1:200; Abcam; cat. no. ab224799), mouse monoclonal
anti-p63 (dilution 1:50; Leica Biosystems-Bond™;
cat. no. P63-L-CE), rabbit polyclonal anti c-MYC (dilution
1:50; cat. no. #9402; Cell Signaling Technology) and rabbit
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monoclonal anti-ETS transcription factor ERG (dilution
1:50; cat. no. ab92513; Abcam;).

RNA isolation and purification. Tissues and organoids were
washed once with 1 ml PBS then total RNA extraction was
performed using TRIzol® reagent (Thermo Fisher Scientific,
Inc.) and RNAeasy Mini kit (Qiagen GmbH) as per the
manufacturer's instructions. Then, 0.2 ml chloroform was
added and centrifugation at 8,000 x g was performed for
15 min at 4°C to isolate total RNA. The upper aqueous phase
containing isolated RNA was mixed with equal volume of
70% ethanol, then RNA purification was performed using
RNAeasy Mini spin column (Qiagen GmbH) according to the
manufacturer's protocol. NanoDrop 2000™ (Thermo Fisher
Scientific,Inc.) and BioAnalyzer 2100™ (Agilent Technologies,
Inc.) were used to determine the concentration and RNA
integrity number (RIN) of isolated RNA, respectively.

RNA-seq library preparation and sequencing of
patient-derived PCa organoids and corresponding parental
tissue. Total concentrations of >0.5 ng/ul RNA samples from
two patients (Table SI) were determined using NanoDrop™
2000/2000c¢ spectrophotometer (Thermo Scientific™),
whereas RNA integrity number (RIN) of >8 were determined
with the 2100 Bioanalyzer system (Agilent) using Bioanalyzer
RNA 6000 Nano assay chips (Agilent). An amount of 100 ng/ul
of total RNA with RIN >8 was used for RNA-seq library
preparation using Illumina TruSeq Stranded mRNA prep kit
(INlumina, Inc.; cat. no. RS-122-2101). RNA-Seq libraries prep-
arations, multiplex and sequencing were all performed with
100 bp pair-end after barcoding using Illumina Hi-Seq 2500
sequencing platform system at NYU Abu Dhabi (NYUAD)
Genomic Core Facility (Abu Dhabi, UAE).

Transcriptome data computational analysis. Raw count
reads aligned to the reference genome (49) were estimated via
DESeq2 computational pipeline [(Bioconductor version 3.13;
https://bioconductor.org/packages/release/bioc/html/DESeq2.
html) and R project-based package software (R version 4.1.1;
https://www.r-project.org/)]. NYUAD High Performance
Computing server platform Dalma was used to run the
computing methods on a Linux-based command system.
Principal component analysis (PCA) was performed using
RNA-Seq Shiny Transcriptome Analysis Resource Tool
application via the NYUAD Center of Genomic and Systems
Biology Bioinformatics Online Analysis and Visualization
Portal (https://tsar.abudhabi.nyu.edu/) (50). Data counts were
deposited at National Center for Biotechnology Information
Gene Expression Omnibus (51) (accession no. GSE148937,
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148937).

Gene array data analysis. Differentially expressed gene
(DEGs) were subjected to Gene Ontology (GO) term and gene
set enrichment analysis (GSEA) using Cytoscape (version 3.8.0
by The Cytoscape Consortium) and EnrichmentMap
(Cytoscape plugin version 3.3) bioinformatics tools (52). The
database of pathway gene sets used for pathway enrichment
analysis was downloaded from baderlab.org/GeneSets and
included eight data sources: MSigDB (C2 collection) (53),
National Cancer Institute (54), Institute of Bioinformatics,

NetPath (55), HumanCyc (56), Reactome (57), GO (58),
MSigDB (C3 collection; Specialty enrichment map gene set
microRNAs, transcription factors) (53) and Panther (59).

Treatments of patient-derived PCa organoids. Cell
suspensions derived from fresh digested tissue were plated in
Matrigel™ as aforementioned. Then, human prostate growth
medium with classical components (Table I) was added
to each well in the presence or absence of different drugs
(two replicates each). The organoid culture was maintained
at 37°C in a humidified incubator (5% CO,). The culture
medium was changed every 2-3 days and organoids were
counted after 18-22 days as aforementioned. All drugs were
dissolved in DMSO to a final concentration of 0.1% (v/v).
The control in all experiments was human prostate growth
medium with classical components + DMSO. Drugs tested
were as follows: Bicalutamide (Sigma-Aldrich; Merck KGaA;
cat. no. #B9061-50MG), AR signaling pathway, 1st generation
antiandrogen, 1 and 10 uM within the range of ICs, values;
concentrations were used as previously described (60,61);
Enzalutamide (Selleck Chemicals; cat. no. #MDV3100), AR
signaling pathway, 2nd generation antiandrogen, 1 and 10 xM
within the range of ICs, values, concentrations were used as
previously described (62,63); and Docetaxel (Sigma-Aldrich;
Merck KGaA; cat. no. #01885-25MG-F), common
chemotherapeutic agent used in the treatment of PCa; 1 and
50 nM within the range of ICy, values, concentrations were
used as previously described (64).

In addition, combinatorial therapy of Enzalutamide
(I uM) + Docetaxel (1 nM) was evaluated. The drugs were
added at the same time under the same conditions and for the
same duration as aformentioned before.

Organoids were subjected to radiation therapy. The
irradiator was a 225 kV Precision X-Ray (Pxi) X-RAD 225.
Irradiation was performed at a rate of 3 Gy/min and a 1.5 mm
aluminum filter was used. To assess the effect of irradiation
on organoids, irradiation was performed at 2 Gy (a clinically
achievable dose) on day 1 of plating cell suspensions in
Matrigel. Corresponding controls were sham irradiated, where
cultured cells were subjected to the same irradiation protocol
without turning on the irradiator. After 18-22 days, the effect
of drugs or irradiation on cell proliferation and survival was
analyzed. Diameter and number of organoids were assessed.
A total of =50 organoids was analyzed to calculate the mean
diameter using Carl Zeiss AG ZEN 2013 image software. Total
number of organoids was counted manually under bright-field
light microscopy (20X objective). OFC was estimated by
plating 20,000 cells/well in duplicate and counting the total
number of organoids formed per well after 18-22 days.

Optimization of PCa organoid culture conditions. Cell
suspensions derived from fresh digested tissue or fresh-frozen
PO cells were plated in Matrigel, as aforementioned. To
assess the importance of each of 12 components (Table I) in
the human prostate growth medium, different factors were
removed to generate media as follows: Control (CTRL), all
12 components; -N-acetylcysteine (NAC), all except NAC;
-noggin (NOG), all except NOG; -R-spondin (RSPO), all
except RSPO; -A83-01 (A83), all except A83; -prostaglandin
E2 (PGE2), all except PGE2; -dihydrotestosterone (DHT),
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all except DHT; -fibroblast growth factor (FGF)10, all except
FGF10; -FGF2, all except FGF2; -EGF, all except EGF; and
-SB202190 (SB), all except SB. Experiments were performed
on tumor samples derived from 3 random PCa patients with
similar clinical manifestations [grade group 2; Gleason score,
7 (3+4); 2 replicates/condition/patient].

For follow-up experiments, essential components, including
NOG, NAC, A83, B27 and nicotinamide were designated ‘5F’.
Human prostate growth medium was modified as follows:
CTRL, all 12 components; SF, essential components only;
SF + RSPO; 5F + SB; 5F + PGE2; 5F + FGF2; 5F + FGF10 and
5F + EGF. Experiments were performed using cells freshly
isolated from tumor tissue of one random patient [patient 29;
Gleason Score 7 (3+4)] and were frozen as P0. Cells were then
thawed and organoids were plated (two replicates/condition).

In both sets of experiments, at the end of G1 and before
propagation to G2 (after 18-22 days), size and number of
organoids were assessed to determine the effect of different
media on organoid proliferation and survival. To calculate the
mean diameter, =50 organoids were analyzed using Carl Zeiss
AG ZEN 2013 image software. Total number of PCa organoids
was counted manually and OFC was calculated.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 7 software (GraphPad Software, Inc.).
One-way ANOVA followed by post hoc Bonferroni's multiple
comparisons was used to analyze treatment response to
chemotherapy, androgen-deprivation therapy and irradiation
in vitro, single factor effects and the effect of withdrawal of
individual factors from human prostrate growth medium on
organoid growth and maintenance (propagation). P<0.05 was
considered to indicate a statistically significant difference.

Results

Establishment and characterization of patient-derived PCa
organoids and corresponding tissue. Fresh radical prostatec-
tomy tumor specimens examined by expert pathologists were
obtained from treatment-naive patients and organoids were
successfully established (Fig. 2A). For certain patients, organ-
oids were not successfully established. Out of 70 specimens,
>90% were successfully established as organoids (Fig. S1). For
most unestablished samples, primary viable cells (P0) were
not successfully derived following initial tissue digestion,
indicating that the quality of tissue may be a factor that affects
organoid derivation. The OFC ranged from 142 (0.71%) to 607
(3.03%; Fig. 2B) and the diameter of PCa organoids ranged
from 61.8 to 106.0 ym (Fig. 2C).

Patient-derived PCa organoids and corresponding tissue
were characterized by assessing the expression of prostate
epithelial lineage markers using IHC and IF staining. The
sections were probed for different markers, including luminal
(CKS8), basal (p63 and CK5) and mesenchymal markers
(VIM), as well as AR and PSA. The expression of luminal
CKS8 and basal CK5 markers confirmed the presence of both
prostate epithelial lineages in the established organoid cultures
(Fig. 2D and E). Moreover, luminal CK8-positive cells were
detected around a lumen-like gland and surrounded by basal
CKS5-positive cells in parental tissue and organoids (Fig. 2E).
In addition, an intermediate cell population, referred to as

intermediate or transit amplifying cells, co-expresses luminal
and basal markers (65,66). This population was also detected
in organoids, including cells that co-expressed luminal CKS8
and basal CK5 (Fig. 2E). The results revealed strong p63 and
nuclear expression of AR in PCa organoids and corresponding
tumor tissue and high levels of PSA in the original tissue
(Fig. 2F). PSA was detected in a limited number of PCa
organoids (Fig. 2F). Strong expression of c-MYC and ERG
was noted in PCa organoids as well as corresponding tumor
tissue (Fig. S2).

Whole-transcriptome seq analysis of PCa organoids vs.
corresponding tissue. To understand the variance between
patients and established PCa organoids and tissue counter-
parts at the genome wide level, RNA was isolated. RNA-seq
libraries were prepared and the association between samples
was assessed via PCA. Comparison of tissue samples and
established organoids revealed high variance primarily at the
cellular structural level at PC1=90% and PC2=8%, indicating
variability between patients (Fig. 2G).

To assess the transcriptomic features that signify PCa
organoids vs. corresponding tissue, paired-end (100 bp)
RNA-seq was performed using the Hi-Seq 2500 Illumina plat-
form to identify DEGs between patient-derived PCa organoids
and corresponding tissue. Using P-adj<0.05 cut-off, 3,134
transcripts were significantly differentially expressed between
PCa organoids and corresponding tissue (792 up- and 2,342
downregulated; Table SII). The DEG expression volcano plot
is presented in Fig. S3A. Heatmap and hierarchical cluster
analysis demonstrated that the identified DEGs were able
to effectively distinguish PCa organoids and corresponding
tissue (Fig. S3B).

GSEA identifies enrichment of cell cycle and epithelial
lineage-associated signalling pathways in PCa organoids
relative to tissue. Enrichment maps were used to
evaluate DEGs and associated pathways (Fig. S4) using
Cytoscape 3.7.2 software (EnrichmentMap). GSEA identified
significantly altered pathways in PCa organoids relative
to corresponding tissue (Table SIIT). Results indicated
significant differences (FDR<0.01, NOM P-value <0.05) in
enrichment of gene sets. The 20 most significantly enriched
signalling pathways were selected based on normalized
enrichment score (Fig. S5). Results indicated the PCa
organoids were enriched for: i) Cell cycle pathways such as
‘cell_cycle_reactome’, ‘cell_cycle_checkpoints_reactome’,
and ‘m_phase_reactome’ among others; ii) e2f signaling
such as ‘hallmark_e2f_targets’; iii) mitosis reactions, such
as ‘mitotic_cell_cycle’, ‘mitotic_anaphase_reactome’,
and ‘sister_chromatid_segregation’, among others; and
iv) epithelial differentiation pathways, such as ‘epidermis
development’, ‘keratinization’, ‘keratinocyte differentiation’,
and ‘skin development’ among others.

Differential treatment response on established organoid
growth. Drug response was assessed in vitro. The therapeutic
response was evaluated by quantifying the total number (OFC)
and average size of organoids. The culture medium (with or
without drugs) was changed every 2-3 days and organoid
growth was assessed after 18-22 days.
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Figure 2. Establishment and characterization of patient-derived PCa organoids and corresponding tissue. (A) Representative bright-field image showing
established PCa organoids (G1) grown in culture. Scale bar, 100 gm. Mean, minimum and maximum (B) OFC and (C) diameter of patient-derived PCa
organoids (n=10). (D) Immunofluorescent images of organoids [patient 22; grade group 5; Gleason score, 9 (5+4)] stained with prostate lineage epithelial
markers CK8 and CKS5 revealing the presence of both prostate epithelial lineages in the established organoid cultures, with organoids expressing luminal- or
basal-only or luminal and basal double-positive cells. (E) Immunofluorescent images of organoids and corresponding tissue stained with prostate lineage
epithelial markers CK8 and CKS5 [patient 8; grade group 1; Gleason score, 6 (343)] and mesenchymal marker VIM [patient 25; grade group 3; Gleason score 7
(4+3)]. The nuclei were stained with anti-fade Fluorogel II with DAPI. Representative confocal microscopy images were acquired using a Zeiss LSM 710 laser
scanning confocal microscope and processed using Carl Zeiss ZEN 2013 image software. (F) Immunohistochemistry images of organoids and corresponding
tissue [patient 7; grade group 2; Gleason score 7 (3+4)] stained with H&E and prostate lineage epithelial markers p63, AR and PSA. Scale bar, 50 ym.
Representative microscopy images were acquired using an Olympus CX41 light microscope (x10 magnification). Inset magnification, x2.5. (G) RNA-seq
gene expression principal component analysis plot of PCa organoids and corresponding tissue for two patients [patient 1, grade group 1/Gleason score 6
(3+3); patient 2, grade group 2/Gleason score 7 (3+4)] . PCa, prostate cancer; G, generation; OFC, organoid formation count; CK, cytokeratin; VIM, vimentin;
H&E, hematoxylin and eosin; AR, androgen receptor; PSA, prostate-specific antigen.
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Figure 3. Differential treatment response of chemotherapy and androgen-deprivation therapy on G1 patient-derived PCa organoid growth. (A) Representative
brightfield images of G1 PCa organoids [patient 22; grade group 5; Gleason score, 9 (5+4)] grown in the presence or absence of different drugs. Scale bar,
100 ym. (B) OFC for patients 21 [grade group 3; Gleason score, 7 (4+3); treatment F sampling distribution (8,9)=10.1, P=0.0011], (C) 22 [grade group 5;
Gleason score, 9 (5+4); treatment F(8,9)=129.7, P<0.0001] and (D) 32 [grade group 3; Gleason score, 7 (4+3); treatment F(7,8)=6.454, P=0.0087]. Data are
presented as the mean = SD of duplicate experiments. Average diameter of =100 organoids from patients (E) 21 [treatment F(9,950)=175.8, P<0.0001], (F) 22
[treatment F(7,792)=5.515, P<0.0001] and (G) 32 [treatment F(7,792)=13.2, P<0.0001]. Data are presented as the mean + SEM of duplicate experiments.
One-way ANOVA followed by Bonferroni multiple comparisons. “‘P<0.05; “P<0.01; ““P<0.001 vs. CTRL. G, generation; PCa, prostate cancer; OFC, organoid
formation count; CTRL, control; DHT, dihydrotestosterone; Bica, Bicalutamide; Enza, Enzalutamide; Doc, Docetaxel.

G1 PCa organoids from 3 random patients with different
clinical gradings were maintained under different treatment
regimens. Patients 21 and 32 both exhibited International
Society of Urological Pathology grade group 3 [Gleason
score, 7 (4+3)]; patient 22 exhibited grade group 5 [Gleason
score, 9 (5+4)]. The effect on the count (OFC) and size of
cultured organoids was observed following drug treatment
(Fig. 3A). While both Enzalutamide (10 M) in patient 22
and Bicalutamide (10 M) in patients 21 and 22, significantly
decreased the size and the count of organoids, no effect was
observed on OFC of patient 32 for both drugs (Fig. 3B-G). The
chemotherapeutic drug Docetaxel exhibited an inhibitory effect
on organoid formation in patients 21 and 22 at a concentration

of 1 uM (though less prominent than the effect of androgen
deprivation drugs in both patients), but no effect was observed
in patient 32. Combinatorial treatment of Enzalutamide
(1 uM) + Docetaxel (1 uM) elicited a statistically significant
inhibition on both OFC and size of organoids in all three
patients.

After propagating organoids from G1 to G2, dissociated PCa
organoids from two patients were maintained under different
irradiation regimens (1, 2 and 4 Gy; Fig. 4A). Patients 6 and 13
both exhibited grade group 2 [Gleason score, 7 (3+4)]. As with
chemotherapeutic treatment, irradiation showed differential
effects between patients. For patient 6, increasing irradiation
dose led to asignificant decrease in organoid size while no effect
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Figure 4. Treatment response to different doses of irradiation of G2 patient-derived PCa organoid growth. (A) Representative brightfield images of G2 PCa
organoids [patients 6 and 13; both grade group 2; both Gleason score, 7 (3+4)]. Scale bar, 100 ym. (B) OFC was calculated in duplicate wells per treatment
[patient 6; treatment F(3,4)=0.6917, P=0.6032]. Bonferroni post hoc analysis was performed to determine simple factor effects. (C) Quantification of the
average diameter was calculated using =30 organoids from duplicate wells/treatment [patient 6; treatment F(3,136)=22.11, P<0.0001]. (D) OFC was calculated
in duplicate wells/treatment [patient 13; treatment F(3,4)=29.7, P=0.0034]. (E) Quantification of the average diameter of =30 organoids from duplicate
wells/treatment (patient 13). One-way ANOVA followed by Bonferroni multiple comparisons [treatment F(3,136)=18.89, P<0.0001]. The data are reported as
mean + SD of duplicate experiments. “P<0.05; “P<0.01, ““P<0.001 vs. CTRL. G, generation; PCa, prostate cancer; CTRL, control.

on OFC was observed (Fig. 4B and C). For patient 13, however,
both PCa organoid size and OFC decreased significantly with
increasing doses of irradiation from 1 to 4 Gy (Fig. 4D and E).
Although both patients exhibited similar tumor grade [Gleason
score. 7 (3+4)], there was a notable difference in response to
irradiation. This variability in treatment effect may be due to
underlying genetic and epigenetic alterations in each patient.

Withdrawal of NAC, NOG and A83 from human prostate
growth medium significantly decreases organoid growth. To
assess the components of human prostate growth medium
that are are essential to culture PCa organoids, the effect
of withdrawal of each component from the culture medium
on the formation of PCa organoids was assessed (Fig. 5).

Organoid growth was detected and evaluated by quantifying
the number of PCa organoids formed (OFC), calculating the
average diameter and assessing maintenance (propagation
of organoids) in culture (days). Preliminary data (not shown)
indicated that B27 and nicotinamide were essential and thus
were not excluded from medium. Each of the 10 components
(NAC, EGF, NOG, RSPO, A83, FGF10, FGF2, PGE2, SB and
DHT) were removed from the culture medium one at a time
and the effect on organoid formation efficiency was assessed.
Of these components, three (NAC, NOG and A83) induced a
robust inhibitory effect on organoid growth following removal
from the human prostate growth medium (Fig. 5). This effect
was notable in all six samples from three patients (Fig. S6). For
patient 1, withdrawal of the three aforementioned components
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Figure 5. Withdrawal of individual factors from human prostate growth medium boosts organoid growth and maintenance. (A) Representative bright-field
images of G2 PCa organoids [patient 29; grade group 2; Gleason score, 7 (3+4)]. Organoids were grown in adDMEM/F12 including all 12 components
(CTRL) or in the absence of one component at a time. Scale bar, 200 gm. (B) OFC [condition F(10,11)=31.83, P<0.0001]. Data are presented as the mean + SD
of duplicate experiments. "P<0.05; “P<0.01; ““P<0.001 vs. CTRL. (C) Quantification of the average diameter of =50 G1 PCa organoids from duplicate
wells/condition using Carl Zeiss ZEN 2013 image software. One-way ANOVA followed by Bonferroni multiple comparisons: Condition F(10,539)=10.71,
P<0.0001. Data are presented as the mean = SEM. “P<0.01 vs. CTRL. (D) Withdrawal of EGF from media results in maintenance of PCa organoids beyond
G3 and up to G7 (equivalent to 5 months). Scale bar, 100 ym. G, generation; PCa, prostate cancer; ad, advanced; CTRL, control; OFC, organoid formation
count; EGF, epidermal growth factor; DHT, dihydrotestosterone; FGF, fibroblast growth factor; NOG, noggin; RSPO, R-spondin; PGE2, prostaglandin E2; SB,
SB202190; A83, A83-01; NAC, N-acetylcysteine.
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significantly decreased OFC from 405.00+14.14 organoids in
the CTRL to 227.00+19.10 (-NAC), 259.00+10.61 (-NOG), and
328.00+23.34 (-A83; Fig. 5). A similar effect was observed on
the size of cultured organoids (Fig. 5) following withdrawal
of NAC, NOG and A83. Patients 2 and 3 demonstrated
comparable effects, although results were not consistent for all
factors (Fig. S6). For example, withdrawal of FGF2 affected
the count and size of patient 2 organoids, but not those of
patient 3 (Fig. S6). Despite inter-patient variability, removal
of PGE2 resulted in an increase in both diameter and organoid
count for all three patient samples (Fig. S6) but did not enhance
maintenance beyond G3 (Fig. 5D). In addition, SB removal
increased the diameter of organoids derived from 2 out of
3 patient samples (Fig. S6). Consequently, it was hypothesized
that these components were undesirable factors, and that
their effect was further assessed in combination with B27
and nicotinamide. It was also hypothesized that these factors
(NAC, NOG, A83, B27 and nicotinamide) would be sufficient
to establish patient-derived prostate organoids. In our previous
study on the role of EGF in the maintenance of prostate
epithelial cells isolated from patient-derived organoids, results
demonstrated a significant decrease in cell viability and
proliferation when EGF was removed from the medium of
2D cultured cells (47). Here, there was enhanced growth and
long-term maintenance of PCa organoids in culture reaching
G7 following withdrawal of EGF. It was hypothesized that
this effect was due to survival mechanisms and long-term
stem cell maintenance of luminal prostate epithelial cells
within organoids, similar to what has been previously found
in mammary organoids where removal of EGF results in an
increase in the relative proportion of mature luminal cells with
a concomitant decrease in basal cells (67).

Culturing in 5F medium increases efficiency of organoid
propagation. To confirm the hypothesis whether patient-
derived organoids can be cultured and maintained using
only 5F (NAC, NOG, A83, B27 and nicotinamide), frozen PO
patient 1 cells were thawed and cultured using this minimal
medium. The present study validated the role of each of the
remaining factors (EGF, RSPO, FGF2, FGF10, PGE2 and SB)
in combination with 5F (Fig. 6). Under 5F, organoid diameter
and count increased significantly compared with the CTRL
containing all 12 components (Fig. 6B and C). Addition
of RSPO, FGF10 and FGF2 each boosted organoid growth.
The presence of S5F alone also enhanced the establishment of
prostate organoids: OFC increased from 207.0+17.6 organ-
oids in the CTRL to 394.0+19.8 in the 5F group (Fig. 6B;
P<0.0001). A similar effect was observed on the size of
cultured organoids, as the diameter significantly increased in
the S5F group compared with the CTRL (Fig. 6C). Organoids at
G5 in the presence of FGF10 reached 350 xm while organoids
growing under 5F only reached a maximum size of 150 ym
(Fig. 6D). As FGF10 is an essential growth factor for prostate
development (68), it was hypothesized that FGF10 was a key
component for long-term maintenance beyond G5.

Organoids were derived from frozen cells of patient 1.
Efficiency of organoid formation decreased significantly
under CTRL; OFC decreased from >300 organoids with a
fresh sample to <150 with frozen cells derived from the same
patient. Culturing with 5F medium salvaged organoid growth

from a frozen sample and the OFC was restored to >300
organoids (data not shown).

The addition of EGF, PGE2, and SB, previously predicted
as undesirable components, 5SF medium decreased OFC and
diameter significantly compared with CTRL (P<0.0001) (data
not shown). These results further confirmed the hypothesis
about their undesirable effect on the culture medium.

To characterize the prostate epithelial lineages in the
established organoid cultures, organoids were stained for
luminal-(CK8) and basal-specific markers (CK14). The expres-
sion of luminal CK8 and basal CK14 markers confirmed the
presence of both prostate epithelial lineages in the established
organoid cultures, with organoids expressing luminal- or
basal-only or luminal and basal double-positive cells (Fig. 6E).
Co-expression of both stem cell markers, CD44 and CD49f,
has been shown to identify putative prostate stem-like
cells (69,70). Positive staining of CD44 and CD49f stem cell
markers further demonstrated the existence of stem-like cells
within the bulk of patient-derived organoids (Fig. 6F).

Withdrawal of EGF from human prostate growth medium
enhances organoid growth and maintenance. Following
withdrawal of EGF, OFC of Gl PCa organoids increased
(Figs. 5 and S6). To validate this, organoids of patient 29 were
cultured in the absence of single components and compared
with the CTRL (full components). Only organoids grown
in the absence of EGF survived beyond G3, reaching G7
(equivalent to 5 months; Fig. 5D). Hence, EGF may be a key
negative regulatory factor for long-term growth of organoids.

Discussion

Despite published protocols (13,27,30,31,33,34,38) describing
the establishment of PCa organoids, the successful culture and
maintenance of those organoids in culture remains a challenge.
The present study obtained treatment-naive patient-derived PCa
organoids from fresh radical prostatectomy specimens. These
PCa organoids mimicked the heterogeneity of corresponding
parental tumor tissue; histopathological analysis demon-
strated similar tissue architecture and cellular morphology,
as well as consistent IHC marker expression. The majority
of PCa organoids consisted of solid 3D structures, with a
minority having luminal-like hollow structures as detected by
bright-field microscopy and H&E staining of sectioned organ-
oids. Gao et al (2014) (31) demonstrated that human organoid
cultures mostly comprise solid basal cell-derived organoids.
The existence of prostate luminal and basal lineages was
confirmed in the established cultures by positive expression
of luminal- (CK8, AR and PSA) and basal-specific markers
(CKS5, CK14 and p63).

Since patients respond differently to PCa treatment, the
present study used patient-derived PCa organoids to assess their
potential use in predicting patient drug response and testing
personalized treatment strategies. There was a substantial
variability in organoid formation efficiency between patient
samples, reflected by the large deviation in both OFC and
organoid size. A previous study observed that samples derived
from advanced PCa exhibit inconsistent growth rate (13).
While Bicalutamide and Enzalutamide induced a robust
inhibitory effect on growth of PCa organoids from certain
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patients, a more prominent significant inhibitory effect was
observed with chemotherapeutic agent Docetaxel in others.
Irradiation was not equally effective in impeding PCa organoid
growth in all patient samples, which is an expected effect from
a clinical perspective (28). The ability to grow PCa organoids
from patients enables clinical screening of drug combinations
that selectively target diseased tissue and may identify more
effective therapies with minimal side effects (28,36,37,71).
In a previous study, Puca er al (33) used PCa organoids
from metastatic lesions with a neuroendocrine phenotype
for therapeutic assessment. The results showed concordance
between drug response in vitro and patient response in the
clinic, which corresponded to the molecular background of
the tumor (33). Similarly, Beshiri et al (38) used organoids
from 20 models of LuCaP metastatic castration-resistant PCa
patient-derived xenograft cohort to demonstrate conserved
genomic heterogeneity between PDXs and organoids. Further
validation is essential, including advanced genetic ananlysis
to compare in vitro and clinical drug response and their
association with genetic mutation profiles (72).

To minimize the costly requirements of previously
established organoid culture systems, the present study devel-
oped an assay system to assess the effect of withdrawal of
individual components on formation efficiency. The present
study reported the establishment of a cost-effective protocol
by identifying the key components needed to grow prostate
organoids with a high success rate and long-term maintenance
in culture. The present results demonstrated the ability to
culture 3D patient-derived PCa organoids using 5 components,
instead of 12 included in the initial protocol. The decreased
cost and increased efficiency widen the potential use of
patient samples in understanding disease mechanisms and
personalized medicine.

In 2014, Gao et al (31) reported the successful generation
of fully-characterized organoid lines from six metastatic
tissue biopsies and one circulating tumor cell specimen (31).
The method adopted by Gao et al provided a success of 20%
and maintenance in culture for 1-2 months. Here, removing
EGF from culture medium enhanced survival of organoids for
>G7 (equivalent to 6 months). Similarly, minimal SF medium
allowed maintenance of organoids for =G5 FGF10 further
enhanced growth and maintenance of organoids in culture. In
addition, the efficiency was doubled for PCa organoids in 5F
medium compared with the previously published protocol, in
which the reported formation efficiency was ~1% (30).

FGF signaling serves a key role in maintaining the stem-
ness of prostate cells (73) and is important for enhanced
maintenance of PCa organoids in culture. FGF10 is a highly
expressed growth factor in the mesenchyme of the devel-
oping prostate gland, while its deletion has been shown to
impede branching morphogenesis (68). The present study
demonstrated the importance of FGF10 in maintenance of
organoids in culture. Both luminal and basal markers were
observed >G6 using a minimal and less expensive medium.
In line with previously published data (71,74-77), NOG and
A83-01 were key to sustaining PCa organoid cultures. Bone
morphogenetic protein (BMP) antagonist NOG is essential
for stem cell expansion and serves a key role during prostate
development by counteracting BMP-4 inhibitory effect on cell
proliferation (71,74). TGF-f signaling blocks proliferation of

prostate cells and serves as a defense mechanism to suppress
tumorigenesis in various types of cancer, such as pancreatic,
colorectal, breast and head and neck cancers (75-77). Therefore,
the Alk4/5/7 inhibitor A83-01 serves a key role for enhancing
organoid growth by obstructing the TGF-p} signaling pathway.

Although EGF is considered to be an essential component
for establishing and maintaining prostate organoids in
culture (30), the present study demonstrated successful
derivation and sustained PCa organoid growth in the absence
of EGF. The removal of EGF enhanced organoid plating
efficiency and maintenance by preventing the dissociation of
organoids and migration of epithelial cells from 3D Matrigel
to 2D compartment (47). The derivation and maintenance
of primary 2D cells derived from 3D organoid culture were
further enhanced in the presence of EGF (47). The present
results demonstrated a significant decrease in viability
and proliferation of 2D cells when EGF was removed from
the medium, while adding EGF supports the growth of 2D
cells (47). These data are consistent with the role of EGF in
stimulating cell motility and migration of epithelial cells from
various types of tumor, including PCa (78,79).

The present study has several limitations. The interpatient
variability hinders the ability to obtain consistent results
between patient samples. The conclusion that SF key factors
are necessary to grow and maintain prostate organoids in
culture was based on a holistic interpretation of OFC and
organoid diameter results. In addition, immunophenotypical
characterization of organoids via staining with prostate
lineage epithelial markers CK8 and CK14, AR and p63 and
stem cell markers CD44 and CD49f relied on subject inter-
pretation. Advanced genetic analysis is needed to elucidate
PCa organoid niche requirements and their association with
genetic mutation profiles. Further genetic studies, such as copy
number variations and targeted sequencing, are needed in the
future to elucidate the genetic signature of PCa organoids. A
prostate gland that harbors a tumor cannot be normal in any
way; this was supported by assessment of phosphorylated-AKT
expression-a reporter for PTEN aberrations-in G1 tumor
organoids via immunofluorescent staining that demonstrated
high expression (data not shown). The present study did not
sort cells into luminal and basal prostate epithelial cells due to
the small sample size and number of cells. The results revealed
both basal and luminal CK staining, indicating a mix of basal,
luminal and double-positive organoids. Cell surface marker
CD49f was abundant in basal cells, which are present at the
periphery of organoids as well as glands (27), hence the strong
stain. Certain samples exhibited luminal organoids and cells
that stained positive for AR and CK8.

It remains essential to compare patient clinical response to
in vitro drug response; therefore, patients are being followed
up to collect clinical data regarding disease progression and
drug response in case they receive drug treatment following
radical prostatectomy. Further in-depth studies are warranted
to assess expression levels of different genes and proteins
implicated in PCa pathogenesis and progression (including AR
and transmembrane serine protease 2) before and after treat-
ment in both patient samples and corresponding organoids.
Moreover, the present method used factors such as Matrigel
as ECM substitute and various growth factors and molecule
inhibitors were included in the culture medium. These factors
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may interfere with drug response. Organoid culture systems
do not mimic the in vivo microenvironment since they do not
include stromal, immune or endothelial cells (80). As a result,
substantial efforts are dedicated to developing co-culture
systems. Although it is hypothesized that organoids can be
cultured indefinitely without genetic manipulation (30), organ-
oids could not be maintained in culture beyond G3-5.

The results of the present study demonstrated the
successful establishment of 3D organoids from fresh
specimens of treatment-naive patients with PCa. The
presence of prostate luminal and basal epithelial lineages
was confirmed in the derived models. Notably, principal
component analysis plots for clustering transcriptomic gene
expression of the different organoids, and their parental
tissue, revealed distinct clusters, denoting a variation
between the specimens. There was a differential drug
response between different patient samples. Moreover,
the present study established a robust method to generate
prostate organoids in a reduced 5-factor culture medium
directly from fresh primary tumor specimens. The present
study identified EGF as a key negative regulatory factor
for the long-term growth of organoids. Establishing
treatment-naive patient-derived PCa organoid cultures from
radical prostatectomy tissue specimens (from a Middle
Eastern cohort) which resemble parental tissue provides a
unique avenue for various future applications. In addition to
their use in understanding the etiology of disease, organoids
can be used for drug testing and screening of traditional and
novel PCa therapeutic strategies to identify personalized
treatment response, as well as for broad applications in
basic and translational research. By modifying a previously
established PCa organoid culture system, the present study
provided an optimized cost-effective culturing platform with
fewer components (5, instead of 12) that increased organoid
formation efficiency and long-term maintenance in culture.
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