
Prostate cancer patient-derived organoids: detailed outcome
from a prospective cohort of 81 clinical specimens
Raphaëlle Servant1,2 , Michele Garioni1,2, Tatjana Vlajnic2, Melanie Blind2, Heike Pueschel1, David C Müller1,
Tobias Zellweger3, Arnoud J Templeton4,5, Andrea Garofoli2,6, Sina Maletti7, Salvatore Piscuoglio2,6, Mark A Rubin7,8,
Helge Seifert1, Cyrill A Rentsch1, Lukas Bubendorf2 and Clémentine Le Magnen1,2*

1 Department of Urology, University Hospital Basel, Basel, Switzerland
2 Pathology, Institute of Medical Genetics and Pathology, University Hospital Basel, University of Basel, Basel, Switzerland
3 Department of Urology, St Claraspital, Basel, Switzerland
4 Division of Medical Oncology, St Claraspital, Basel, Switzerland
5 Faculty of Medicine, University of Basel, Basel, Switzerland
6 Visceral Surgery and Precision Medicine Research Laboratory, Department of Biomedicine, University of Basel, Basel, Switzerland
7 Department for BioMedical Research, University of Bern, Bern, Switzerland
8 Bern Center for Precision Medicine, University of Bern and Inselspital, Bern, Switzerland

*Correspondence to: C Le Magnen, Institute of Medical Genetics and Pathology, University Hospital Basel, Schönbeinstrasse 40, 4056 Basel,
Switzerland. E-mail: clementine.lemagnen@usb.ch

Abstract
Patient-derived organoids (PDOs) represent promising preclinical models in various tumor types. In the context of
prostate cancer (PCa), however, their establishment has been hampered by poor success rates, which impedes their
broad use for translational research applications. Along with the necessity to improve culture conditions, there is a
need to identify factors influencing outcomes and to determine how to assess success versus failure in organoid gen-
eration. In the present study, we report our unbiased efforts to generate PDOs from a cohort of 81 PCa specimens with
diverse pathological and clinical features. We comprehensively analyzed histological features of each enrolled sample
(Gleason score, tumor content, proliferation index) and correlated them with organoid growth patterns. We identi-
fied improved culture conditions favoring the generation of PCa organoids, yet no specific intrinsic tumor feature was
broadly associated with sustained organoid growth. In addition, we performed phenotypic and molecular character-
ization of tumor–organoid pairs using immunohistochemistry, immunofluorescence, fluorescence in situ hybridiza-
tion, and targeted sequencing. Morphological and immunohistochemical profiles of whole organoids altogether
provided a fast readout to identify the most promising ones. Notably, primary samples were associated with an initial
take-rate of 83% (n = 60/72) in culture, with maintenance of cancer cells displaying common PCa alterations, such
as PTEN loss and ERG overexpression. These cancer organoids were, however, progressively overgrown by organoids
with a benign-like phenotype. Finally, out of nine metastasis samples, we generated a novel organoid model derived
from a hormone-naïve lung metastasis, which displays alterations in the PI3K/Akt and Wnt/β-catenin pathways and
responds to androgen deprivation. Taken together, our comprehensive study explores determinants of outcome and
highlights the opportunities and challenges associated with the establishment of stable tumor organoid lines derived
from PCa patients.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

In the last decade, novel opportunities for in vitromodel-
ing have emerged with the establishment of three-
dimensional (3D) models derived from patients’ mate-
rial and referred to as patient-derived organoids
(PDOs) [1]. In the prostate, seminal studies have
reported the successful establishment of organoid lines
derived from benign tissue and from patients with

advanced prostate cancer (PCa) [2–6]. In particular,
organoids derived from advanced PCa recapitulated
molecular and phenotypic traits commonly observed in
PCa patients, as well as rare aggressive phenotypes such
as neuroendocrine prostate cancer (NEPC) [3,5,6]. With
about 16% for highly metastatic samples, these studies
have, however, highlighted poor success rates associated
with the generation of organoids derived from advanced
PCa that limit their broad use for personalized medicine
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applications; in contrast, other cancer types such as blad-
der, breast, and colorectal cancers have reported success
rates ranging from 70% to 90% [7–9].
In addition, the establishment of PCa organoid lines

derived from primary tumors has not been successful
so far, which hinders their use for studies aiming at unco-
vering the functional relevance of specific factors in the
early-stage setting or at deciphering mechanisms under-
lying castration resistance [2,3]. Challenges associated
with the generation of such organoids may be attributed
to the frequent multifocal nature of primary PCa and the
potential selection and expansion in culture of minor cell
subsets, which do not well reflect the main features of the
original tissue [10]. In particular, investigators have
reported the frequent overgrowth of benign epithelial
cells concomitant with PCa clinical specimens,
highlighting the necessity to thoroughly characterize
organoid cultures [2–4]. This may be inferred by analy-
sis of markers associated with basal and luminal cells,
which predominantly compose the prostate epithelium
in the normal setting; in contrast, the majority of prostate
cancers are characterized by expansion of malignant
cells with luminal-like features and the absence of basal
epithelial cells [11,12].
Here, we sought to explore determinants of organoid

generation by attempting to establish organoid cultures
derived from a large and diverse cohort of PCa samples
and comprehensively characterizing the outcomes in
terms of growth efficiency and morphological, histolog-
ical, phenotypic, and genomic features. Along with these
analyses, we highlight improved culture conditions for
organoid generation and report the successful generation
of novel short-term and long-term organoid cultures.

Materials and methods

Patient samples and organoid culture
All PCa samples were obtained under approval by the
Ethics Committee of Northwestern and Central Swit-
zerland (EKBB 37/13) from patients operated at the
University Hospital of Basel (USB) and the St Claras-
pital Basel (SCB), Switzerland. Detailed clinical and
pathological characteristics of the patients and associ-
ated samples are described in Supplementary materials
and methods; Table 1; and supplementary material,
Table S1. Tissue pieces were finely cut with scissors
in Advanced Dulbecco’s Modified Eagle Medium/
Ham’s F-12 (Ad-DMEM/F-12) and processed to gen-
erate a cell suspension according to published proto-
cols [4]. Alternatively, PCa tissues were mechanically
cut to generate small tissue fragments referred to as
‘aggregates’. Aggregates or cell suspensions were
seeded in growth factor-reduced Matrigel (Corning,
Corning, NY, USA) domes at an approximate
25%:75% tissue:Matrigel ratio and cultured according
to published protocols [4] (see also Supplementary
materials and methods and supplementary material,
Table S2).

Imaging of organoids and assessment of growth
Images of organoids were captured once to twice a week
with an inverted cell culture microscope (Olympus
CKX53, Shinjuku, Tokyo, Japan), at 4�, 10�, and
20� magnification. To define organoid growth, two
4� images were analyzed at around 14 days of culture
(before passaging); three growth groups were defined:
group ‘–’: no significant organoid growth; group ‘+’:
between one and five organoids per well; and group ‘+
+’: more than five organoids per well. Short-term and
long-term organoid cultures were defined as organoids
that were expanded for less than five passages
(i.e. either failed to grow or were voluntarily stopped)
and for more than five passages, respectively.

Histology, immunohistochemistry, and
immunofluorescence
Histological analysis was performed by standard hema-
toxylin and eosin (H&E) staining. Immunohistochemis-
try (IHC) was conducted as previously described [13].
For all samples, the Gleason score (GS) was defined
and percentages of tumor cells and of Ki67-positive
tumor cells (proliferation index) were scored by a pathol-
ogist (LB). Analyses were blinded to the initial patholog-
ical assessment of the resection specimen and the
outcomes in terms of organoid generation. Immunofluo-
rescence staining was performed on 4-μm-thick sections,
following antigen retrieval with boiling citrate acid-
based antigen masking solution (Vector Labs, Burlin-
game, CA, USA), with a protocol adapted from [14].
Immunofluorescence images were captured using a
Nikon Ti2 microscope (DBM Imaging Facility). Details
of all antibodies and dilutions are provided in supple-
mentary material, Table S3.

Statistical analysis and data representation
Statistical analyseswere conducted using a two-tailedWelch
t-test, one- and two-way ANOVA, or Kolmogorov–
Smirnov tests as appropriate. P values less than 0.05
were considered significant. Prism software (version

Table 1. Characteristics of patients enrolled in organoid
experiments (n = 75).

Gleason scoreGleason score n (%)
6 1 (1.3%)
3 + 4 20 (26.7%)
4 + 3 18 (24.0%)
8 5 (6.7%)
9 23 (30.7%)
10 3 (4.0%)
NEPC 1 (1.3%)
Not available 4 (5.3%)

TypeType n (%)
Hormone-naïve (HN) 57 (76.0%)
Castration-resistant (CR) 18 (24.0%)

Age (years)Age (years)
Median (inter-quartile range) 67 (62–73)

Last PSA (Last PSA (μg/l)g/l)
Median (inter-quartile range) 152 (10–459)
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8.0; GraphPad Inc, San Diego, CA, USA) was used for
statistical analyses and data representation.

Further details of Patients and clinical samples, Tissue
processing and organoid culture, Imaging and quantifi-
cation of organoid number and size for comparative ana-
lyses, Fluorescence in situ hybridization (FISH)
analyses, DNA/RNA extraction and targeted sequenc-
ing, and Drug treatments and cell viability assays are
provided in Supplementary materials and methods.

Results

Generation of organoid cultures derived from
primary and advanced PCa
To improve culture conditions, we reasoned that it may be
crucial to preserve cellular interactions which are critical
for the maintenance of key properties characterizing tumor
cells [15]. To test this approach, PCa tissues were mechan-
ically disrupted to generate tissue aggregates (‘Ag’
method) or mechanically and enzymatically digested to
generate cell suspensions (‘Cs’ method), and further pro-
cessed similarly to the method of Drost et al [4]
(Figure 1A). Using these methods, we attempted to gener-
ate organoids derived from 81 PCa samples, which mainly
included radical prostatectomy (RP, n = 56), transurethral
resection of the prostate (TUR-P, n = 14), and metastasis
samples (MET, n = 9) with distinct clinical and patholog-
ical features (Figure 1B and Table 1). To determine the
rate of initial organoid growth, we assessed patterns of
growth at passage 0 after a minimum of 14 days in culture
according to specific criteria (++: n > 5;+: 1 < n < 5; or
�: n = 0 organoids per well). Notably, themajority of RP-
derived organoids grew with high efficiency, while TUR-
P-derived organoids exhibited the opposite trend (1/56 RP
versus 10/14 TUR-Pwith no growth, Figure 1C).Metastasis
samples exhibited variability, with 4/9 samples displaying
organoid formation at passage 0 (Figure 1C). Thus, orga-
noids derived from PCa patients initially grow with variable
efficiency, whichmay depend on the source and the intrinsic
characteristics of the samples.

In comparison with the Cs method, the Ag method
overall resulted in organoids more accurately recapitu-
lating the phenotype of the original tumor and was asso-
ciated with better maintenance of organoids in terms of
passages (n = 47 samples; supplementary material,
Figure S1). To understand the potential advantage of
growth in Ag- versus Cs-derived organoids, we investi-
gated the presence of stromal cells, which have been
shown to promote the viability and growth of prostate-
derived organoids [16]. In Ag and Cs conditions, orga-
noids were composed of pure epithelial cell populations,
as suggested by positivity for epithelial-specific markers
(i.e. E-cadherin, cytokeratin 5/8) and negativity for stro-
mal markers [alpha-smooth muscle actin (aSMA),
vimentin (supplementary material, Figure S2)]. In spe-
cific cases of Ag-derived cultures, however, we
observed aSMA and/or vimentin-positive cells within
aggregates adjacent to the organoids, indicating the

presence of stromal cells in proximity to organoids. In
contrast to Ag versus Cs, other variations of the culture
conditions, such as in the concentration of R-spondin-1
or dihydrotestosterone (DHT), had little effect on the ini-
tial efficiency of organoid formation but may affect their
maintenance at long term (supplementary material,
Figure S3).

PCa organoids display a wide range of morphological
and histological profiles
From the various generated organoid cultures, we identi-
fied five major subtypes that were associated with distinct
histological and morphological features (Figure 1D and
supplementary material, Figure S4A). To elucidate
whether these subtypes correlated with cellular pheno-
types, we analyzed the expression of CK5 as a basal
marker, CK8 as a luminal marker, and androgen receptor
(AR) in 18 selected organoid cultures (n = 141 analyzed
organoids from n = 16 patients). The ‘cystic’morphology
was characterized by a spherical mono- or bi-layer of cells
surrounding a large lumen, while ‘full’ organoids dis-
played a regular spherical shape filled with numerous
packed cells. In contrast, the ‘polycystic’ morphology
exhibited glandular-like structures with several lumina
containing secretions. Organoids with a cystic, full, or
polycystic morphology typically displayed a mix of
CK5- and CK8-positive cells (Figure 1D and supplemen-
tary material, Figure S4A,B). Within the same organoids,
CK8-positive luminal cells were characterized by higher
levels of AR comparedwith CK5-positive basal cells, sim-
ilar to what is observed in prostate tissue [11]. Based on
their histological and phenotypic features, these three sub-
types appeared to be more reminiscent of benign prostate
glands than PCa.
In addition, the ‘squamous’-like morphology was

often observed in PCa-derived organoids and
was mainly characterized by large cells with abundant
and dense cytoplasm consistent with squamous differen-
tiation (Figure 1D and supplementary material,
Figure S4A). Squamous-like organoids nearly exclu-
sively consisted of CK5-positive basal-like cells and
expressed very low or undetectable levels of AR, consis-
tent with a benign squamous phenotype (Figure 1D and
supplementary material, Figure S4A,B). Finally, orga-
noids with an irregular ‘foamy/acinar’ morphology dis-
played a delicate and finely vacuolar cytoplasm and
histological features more typical of PCa cells
(Figure 1D and supplementary material, Figure S4A).
Consistent with their histological features reminiscent
of PCa tissues, this subtype was enriched and often
exclusively composed of CK8-positive cells expressing
high levels of AR (Figure 1D and supplementary mate-
rial, Figure S4A,B). Notably, this morphology was more
frequently observed in Ag-derived than in Cs-derived
organoid cultures (supplementary material, Figure S4C).
Taken together, these analyses suggest that morpho-

histological features of PCa-derived organoids may
inform on their cellular phenotypes.
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Figure 1. Generation of organoids derived from PCa patients. (A) Schematic diagram depicting the experimental strategy and the distinct
conditions used to establish organoids derived from primary PCa or PCa metastasis. Aggregates (1) or cell suspensions (2) are seeded in Matri-
gel domes immersed in organoid medium. Scissors symbols indicate mechanical or enzymatic digestion. Created with BioRender.com.
(B) Summary of sample types used to establish organoid cultures (n = 81). RP, radical prostatectomy; TUR-P, transurethral resection of
the prostate; MET, metastasis. ‘Others’ corresponds to a primary PCa resection obtained from an autopsy of a man with metastatic CRPC
and one local progression of primary PCa obtained from a bladder resection. HN, hormone-naïve; CRPC, castration-resistant PCa.
(C) Growth efficiency for each sample category at passage 0 (P0). Group ‘–’: no significant organoid growth; group ‘+’: between one and
five organoids per well; group ‘++’: more than five organoids per well. (D) Bright-field images, corresponding H&E staining, and immuno-
fluorescence analysis for the indicated antibodies in selected organoids representative of five major morpho-histological subtypes. Insets
show higher magnification of a representative region indicated by a white asterisk on the original image. Scale bars: 100 μm for bright-field
images; 20 μm for H&E images; 50 μm for immunofluorescence images.
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Histological features of PCa primary samples do not
dictate organoid growth
Since primary PCa and PCametastases are clinically and
molecularly distinct entities, we considered them in an
independent manner in our detailed analyses of organoid
generation. We first focused on primary PCa samples
and assessed whether specific intrinsic pathological

features of the tumor tissues may determine the growth
of their derived organoids. We assigned a GS/ISUP
grade group and scored the percentage of tumor cells
and of Ki67-positive cells in each clinical sample
enrolled in the organoid experiments, independently of
whether their derived organoids grew or not (detailed
in supplementary material, Table S4). Out of 71 tissues

Figure 2 Legend on next page.
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obtained from primary samples (i.e. RP and TUR-P),
12 were found to be tumor-free and were therefore
excluded from subsequent analyses (n = 7 RP and 5
TUR-P, Figure 2A). Among the remaining 59 samples,
the majority were represented by GS 3 + 4 (ISUP grade
2, 26/59, 44.1%) and GS 4 + 3 (ISUP grade 3, 11/59,
18.6%) samples, followed by GS 8 (ISUP grade 4, 9/
59), and GS 9–10 (ISUP grade 5, 6/59). The only case
of NEPC was represented by the CRPC primary
resection collected at autopsy, which did not grow in
organoid culture.
The percentage of tumor cells (TCs) andKi67-positive

cells was highly variable in TUR-P (n = 48) and RP
patients’ specimens (n = 10) but TUR-P displayed a sig-
nificantly higher proliferative index and a trend towards
higher tumor content compared with RP samples
(p = 0.03, p = 0.14, respectively; two-tailed Welch t-
test; supplementary material, Figure S5). For both
TUR-P and RP specimens, well-growing samples (++)
were not associated with specific Gleason patterns
(Figure 2A,B, left panels). While no difference was
found in terms of Ki67-positive cells (p = 0.60), the per-
centage of TCs was significantly higher in TUR-P sam-
ples that grew than in those that did not grow (� versus
++, p = 0.02, two-tailed Welch t-test, Figure 2B). Out
of three TUR-P samples which initially grew well in
organoid culture (n = 3/10), two were further passaged
but could not be maintained after passage 2 (supplemen-
tary material, Figure S6A).
In contrast to TUR-P samples, organoid growth was

observed for almost all RP samples (n = 47/48) but
could be distinguished by high (++) versus low (+)
growth (n = 36 and n = 11, respectively). We did not
observe any significant difference in terms of the per-
centage of TCs or Ki67-positive cells in RP samples that
grew very well and the ones that grew less well (+ ver-
sus++, p = 0.66 and p = 0.13, respectively; two-tailed
Welch t-test, Figure 2C,D). In contrast to TUR-P sam-
ples, RP specimens were passaged with high efficiency
and a subset of them was maintained after passage 5
(n = 12/19, Figure 2E and supplementary material,
Figure S6B). Samples that ‘failed’ before passage 5
(n = 7/19) were not associated with specific histological
features (i.e. GS, TC, Ki67+), compared with samples that

were maintained for at least five passages (Figure 2F,G).
Thus, histological parameters such as GS, percentage of
TCs, and proliferative index do not seem to predict how
organoids will grow in the RP cohort.

Primary prostate cancer cells are progressively lost in
organoid culture
It is critical to determine whether organoids derived from
tumor specimens truly comprise malignant cells, which
may be greatly facilitated by analysis of cancer-specific
markers. ERG and PTEN alterations represent the most
frequent genomic events in primary PCa (n = 333,
cBioPortal [17–19], Figure 3A). At the protein level,
overexpression of ERG and loss of PTEN expression
are robust surrogate markers for TMPRSS2–ERG fusion
and homozygous PTEN deletion, respectively [20–22].
Therefore we assessed ERG and PTEN expression status
by IHC in a large subset of our primary PCa cohort.
Compared with the TCGA cohort, we observed a higher
incidence of samples presumably harboring genomic
alterations in either one gene or both, as evident by either
PTEN loss or ERG overexpression or both (n = 23/30,
76.7% in the organoid cohort versus 49.7% in TCGA,
Figure 3A). Out of these 30 tested samples, 23 were
associated with high organoid growth and were almost
equally distributed in the four molecular subtypes
(22% of PTENpos ERGneg samples, 26% for all other cat-
egories, Figure 3B).

To easily track down cancer cells in culture, we
focused particularly on analyzing organoids derived
from samples harboring at least one alteration
(i.e. PTEN, ERG, or both). We compared the ERG and
PTEN status of tumors and their matched organoids at
an early time-point in IHC (passage 0, 30 days in culture
maximum, Figure 3C–E). Notably, none of the four
organoid cultures derived from samples with ERG over-
expression (ERGpos PTENpos subtype) exhibited positiv-
ity for ERG (Figure 3E). Out of six organoid cultures
derived from samples with loss of PTEN expression
(PTENneg ERGneg subtype), one displayed similar
PTEN negativity, three were mixed (i.e. comprising both
PTEN-negative and PTEN-positive organoids), and two
showed intact PTEN expression (Figure 3E). Finally, out

Figure 2. Histological determinants of organoid growth for primary PCa samples. (A) Summary of pathological features associated with pri-
mary PCa samples enrolled in organoid studies (n = 71). GS, Gleason score. (B) Gleason score (GS, left), percentage of tumor cells (TCs, mid-
dle), and percentage of Ki67-positive cells (right) according to growth efficiency in transurethral resection (TUR-P) primary samples and
(C) radical prostatectomy (RP) samples. Analyses were performed using a two-tailed Welch t-test (*p < 0.05; n.s., not significant). Means with
SEM error bars. Group ‘–’: no significant organoid growth; group ‘+’: between one and five organoids per well; group ‘++’: more than five
organoids per well. Whenever two methods were tested, the most efficient method was taken into account. (D) Representative bright-field
images and matched Ki67 staining for two RP samples (P20-15 and P19-27) with distinct proliferative index and tumor content (i.e. low ver-
sus high percentage Ki67/TC). Note that both samples are associated with GS 3 + 4 and grow with high efficiency despite very different %
Ki67/TC. Insets show greater magnification of a representative region indicated by a dashed rectangle in the original image. Scale bars rep-
resent 200 μm for bright-field images and 50 μm for IHC images. (E) Example of the P19-15 organoid line maintained over five passages and
time (P: passage). Insets show higher magnification of a representative region indicated by a dashed rectangle in the original image.
(F) Heatmap depicting the GS associated with RP samples maintained for at least five passages (n = 12) compared with those that stopped
growing before passage 5 (n = 7). (G) Percentage of tumor cells and of Ki67+ tumor cells in RP samples maintained for at least five passages
(n = 12, grey bars) compared with samples that stopped growing before passage 5 (n = 7, white bars). Analyses were performed using a two-
tailed Welch t-test (n.s., not significant). Means with SEM.

548 R Servant et al

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2021; 254: 543–555
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


of five cultures derived from samples with both PTEN
loss and ERG overexpression (PTENneg ERGpos sub-
type), four displayed a hybrid phenotype with a mix of
organoids either displaying molecular features similar
to their original tumor (PTENneg ERGpos) or the opposite
pattern (PTENpos ERGneg) (Figure 3C–E). One line was
exclusively composed of PTENpos ERGneg organoids.

To better characterize the nature of PTENpos ERGneg

organoids which did not exhibit clear cancer hallmarks
and may therefore represent benign components, we
stained selected tumor/organoid pairs for AMACR, a
marker associated with PCa, and for GSTP1, a marker
whose expression is frequently lost in PCa [23,24].
Notably, hybrid cultures comprised a mix of organoids

Figure 3 Legend on next page.
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displaying either positivity or negativity for both markers,
further suggesting the presence of both benign- and cancer-
like organoids (supplementary material, Figures S7–S9). In
addition, expression of the prostate-specific marker PSA
was observed in a subset of PCa-derived organoids, demon-
strating the presence of cells with a fully differentiated phe-
notype (supplementary material, Figures S7A–S9). Thus,
although to different extents, the presence of cells with a
‘benign-like’ phenotype can be observed alongside tumor
cells inmost organoid cultures (12/13) derived from primary
tumor specimens.
In agreement with their presumably benign phenotype,

PTENpos ERGneg organoids were composed of both
CK5+ basal and CK8+ luminal cells, while ‘tumor-like’
PTENneg ERGpos organoids were exclusively composed
of CK8+ luminal cells (Figure 3C,D). Notably, in orga-
noid cultures with hybrid phenotypes, we observed inter-
and intra-organoid cellular heterogeneity for PCa markers,
mutual exclusivity for ERG and PTEN expression, and
heterogeneity for ERG genomic rearrangement
(Figure 3F,G and supplementary material, Figure S8). To
elucidate whether cells with cancer-like characteristics
are maintained over time, we analyzed the phenotype of
mixed organoid lines at later passage (passage 1–2), when-
ever possible. In four tested lines, cancer-like characteris-
tics (i.e. ERG and/or AMACR expression, PTEN and/or
GSTP1 loss) were no longer observed in the following
passages (Figure 3H and supplementary material,
Figure S9). For three additional lines with a mixed pheno-
type, organoids stopped growing at later passage and ana-
lyses could therefore not be performed (supplementary
material, Table S4). To understand whether culture condi-
tions may favor the maintenance and expansion of normal
versus cancer cells, we cultured in parallel cancer and
matched benign-like tissue obtained from the same
patients after RP (n = 4). For three out of four patients,
we observed lower organoid growth in cancer versus
matched benign samples, as evident by the percentage of
organoid formation efficiency, the diameter of organoids,
and the maintenance of the lines over time (p < 0.05,
two-way ANOVA, supplementary material, Figure S10).
Taken together, these analyses suggest that organoids

displaying clear PCa hallmarks are initially present but
are progressively lost in culture. Moreover, benign

epithelial cells may generally have a growth advantage
in these specific culture conditions.

PCa metastasis-derived organoids are established
with poor efficiency and low stability
In addition to primary prostate specimens, we received
metastasis samples from diverse tissue sites including
lymph nodes (n = 4), bone (n = 2), brain (n = 1), liver
(n = 1), and lung (n = 1), as well as one local progres-
sion of primary PCa resected from the bladder
(Figure 4A and supplementary material, Table S1). Of
these ten samples, half did not grow at all (5/10, ‘No
growth’ group) and four initially grew but stopped at
early passage (‘P ≤ 2’ group, Figure 4B). In the latter
group, organoids typically exhibited an irregular shape
reminiscent of the acinar/foamy morpho-histological
subtype (Figure 1D) but they either stopped growing or
switched to a mesenchymal-like phenotype upon passag-
ing (Figure 4C). As an example, the P20-24-LN line was
derived from a cervical lymph node of a CRPC patient
and exhibited clear PCa hallmarks, as evident by ERG
and PSMA expression, loss of PTEN expression, and
AR amplification (Figure 4D). Furthermore, matched
tumor and organoids shared similar mutation profiles,
with one mutation in TP53 (p.Thr125Met) and one in
the beta-catenin gene CTNNB1 (p.Asp32Asn) at similar
allelic frequency in both sample types (Figure 4E). Despite
these aggressive features, P20-24-LN organoids failed to
grow following the second passage. In contrast, one
hormone-naïve lung metastasis resection (P20-11-Lg) was
cultured for more than 7 months and underwent freezing
and thawing cycles (expanded for eight passages and volun-
tarily stopped). P20-11-Lg organoids were quickly formed
and maintained the same morphological appearance in cul-
ture over passages, despite slower growth and a smaller size
(Figure 4F).

From the three distinct growth groups, there was no
obvious enrichment of specific characteristics in terms
of hormone status, TC content, or proliferation index
(Figure 4B). Thus, no tested intrinsic tumor feature
appears to be broadly associated with the growth of orga-
noids derived from PCa metastases.

Figure 3. Prostate cancer cells are progressively lost in organoid cultures derived from primary PCa specimens. (A) Left: prevalence of PTEN
deep deletions (del) and ERG fusions as analyzed by whole-exome sequencing (WES) in a published cohort of primary PCa samples (TCGA,
n = 333). Right: prevalence of PTEN and ERG positivity/negativity as analyzed by immunohistochemistry (IHC) in a subset of primary PCa
samples used to generate organoids (n = 30). (B) Prevalence of samples with distinct PTEN/ERG profiles which grew well in organoid culture
at passage 0 (n = 23). (C, D) Morphological and phenotypical analyses of tumor samples and their matched organoid lines. Representative
examples of organoids which dissemble (C, P19-19, day 13) or resemble (D, P19-17, day 14) the tumor samples they are derived from are
shown. Note that the two cultures exhibit a mixed phenotype, while both patient’s samples predominantly show PTEN loss and ERG positivity.
Bright-field (BF) and H&E images, as well as immunostaining for the indicated antibodies are presented. Insets show greater magnification of
a representative region indicated by an asterisk in the original image. Scale bars: 200 μm and 50 μm for bright-field images (low and high
power); 20 μm for IHC; 50 μm for IF images. (E) Heatmap depicting ERG and PTEN status (IHC) for primary PCa samples (T) and their matched
organoid lines at passage 0 (O). (F) Example of a line with a ‘mixed’ phenotype comprising ERGneg PTENpos (black arrow) and ERGpos PTENneg

(red arrow) organoids. (G) FISH analysis with ERG dual color break-apart probe. In cells without ERG rearrangement (‘benign-like’), two
orange/green fusion signals per nucleus are seen (white arrowheads). In contrast, interstitial deletion of the chromosomal region 21q22.2
resulting in the TMPRSS2–ERG fusion leads to a loss of one green signal, as indicated by red arrowheads (‘cancer-like’). (H) Heatmap com-
paring ERG and PTEN status (IHC) for tumor samples (T), selected organoids at passage 0, and later passage (P1 or P2).
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P20-11-Lg organoids recapitulate phenotypic and
molecular features of the parental tumor and display
sensitivity to androgen levels
At passage 0, P20-11-Lg organoids displayed an irregu-
lar morphology and phenotypic features similar to their
original tumor (Figure 5A–D). In particular, they exhib-
ited typical characteristics of PCa cells such as highly

prominent nucleoli and small acinar architecture,
expressed high levels of AR and of the prostate identity
marker NKX3.1 [14], and displayed a CK5�CK8+ lumi-
nal phenotype (Figure 5A–C). Furthermore, homoge-
neous PTEN loss, ERG overexpression, and ERG
genomic rearrangement were observed in both tumor
and organoids (Figure 5D). DNA/RNA targeted
sequencing confirmed the TMPRSS2–ERG fusion and

Figure 4 Legend on next page.
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highlighted a high concordance in the mutation profiles
of the tumor sample and its matched organoid line, with
two mutations in PTEN (pThr319fs and c.209+2T>A)
and one in CTNNB1 (p-Ser45Pro) with similar allelic
frequency (Figure 5E). Notably, ERG overexpression,
PTEN loss, and a similar mutation profile were con-
firmed at later passage in P20-11-Lg organoids (supple-
mentary material, Figure S11A,B).
Given that P20-11-Lg was obtained from a patient

with metastatic hormone-naïve disease, we hypothesized
that its derived organoids may depend on androgen sig-
naling for their growth. We observed a significant reduc-
tion of viability in low androgen conditions (0.1 nM
DHT) compared with organoids cultured with high
DHT levels (1 nM DHT), which was further enhanced
in androgen-deprived (no DHT) conditions (one-way
ANOVA, p < 0.0001 and p < 0.01, respectively;
Figure 5F). Treatment of androgen-deprived P20-11-Lg
organoids with 0.1 and 1 μM enzalutamide or abiraterone
did not significantly affect their viability (one-way
ANOVA, not significant; supplementary material,
Figure S11C).
P20-11-Lg therefore represents a new organoid model

which recapitulates phenotypic and molecular traits
commonly observed in PCa and responds to androgen
deprivation.

Discussion

Factors that may influence and dictate the success of PCa
organoid establishment are undetermined, which
impedes their use for personalized medicine applica-
tions. In addition, whether organoid cultures derived
from primary PCa samples and truly composed of cancer
cells can be established reliably is unclear. Here, we pro-
vide a transparent report of our efforts to establish and
characterize organoid cultures derived from 81 diverse
primary and metastasis PCa samples. Among primary
samples, RP-derived organoids initially grew with high
efficiency and 63% of them were maintained long term;
in contrast, TUR-P specimens initially grew with

moderate success and could not be maintained over long
periods of time (Figure 2 and supplementary material,
Figure S6). For these samples, we observed a significant
correlation between the percentage of TCs in the parental
sample and organoid growth, which implies that tumor
purity may represent a predictive factor for organoid
growth if confirmed in larger sample cohorts. In contrast,
other histological features associated with PCa aggres-
siveness (i.e. high GS and proliferation index [22]) were
not enriched in samples growing with high efficiency,
suggesting that they do not dictate organoid growth.

As the overgrowth of normal cellular components in
PCa organoids is commonly observed [3], it is crucial to
demonstrate that they comprise true cancer cells. Yet
genomic characterization is often limited by the low fre-
quency of mutations characterizing primary PCa, as well
as low material input available at early stage of culture
[17]. To overcome these limitations, we thoroughly evalu-
ated PCa-associated hallmarks in organoid cultures at
early passage. First, we identified the ‘acinar/foamy’
morpho-histological subtype, which was associated with
histological and luminal features reminiscent of PCa tis-
sues (Figure 1 and supplementary material, Figure S4)
[11]. Furthermore, routine IHC analyses provided easy
and fast readouts for the presence of cells with PTEN
and/or ERG alterations in culture. Thus, morphological
IHC analyses altogether represent a quick readout to deter-
mine cancer-associated features in culture and may help to
identify the most relevant organoid lines early in time.

Using this strategy, we demonstrated the presence
of cancer cells in at least seven short-term organoid
cultures derived from primary PCa clinical specimens
(Figure 3). These organoids typically displayed an
acinar/foamy morphology and comprised cells char-
acterized by ERG overexpression and/or PTEN loss
of expression. To the best of our knowledge, this is
the first study to clearly demonstrate the maintenance
of PCa primary cells exhibiting these frequent geno-
mic alterations after a few weeks of culture in
patient-derived 3D models [4,25,26]. Furthermore,
we show that cells with cancer-associated features
are often accompanied by others which exhibit a
benign-like phenotype within the same organoids

Figure 4. Organoids derived from metastasis specimens are established with poor efficiency and low stability. (A) Summary of tissue sites for
advanced samples used to generate organoids (n = 9 metastasis and 1 local progression). Each patient code and its corresponding tissue site
are indicated on the left schematic. Created in part with BioRender.com. (B) Heatmap depicting characteristics of samples separated into
three groups of organoid growth: ‘No growth’; ‘P ≤ 2’: less than two passages; and ‘P > 5’: more than five passages. HN, hormone-naïve;
CR, castration-resistant; NEPC, neuroendocrine prostate cancer; Adeno, adenocarcinoma; TC, tumor cells; NA, not available. (C) Examples
of samples which initially grew in organoid culture but stopped after passaging. Representative H&E images of tumor samples and
bright-field images of their derived organoids at passage 0 (P0) and passage 1 (P1) are shown. Scale bars: 20 μm for H&E images,
100 μm for bright field images. (D) Morphological and molecular analyses of a lymph node metastasis sample (P20-24-LN) and its matched
organoid line which stopped growing at passage 2. Bright-field (BF) images and immunostaining for the indicated antibodies are presented
(day 9). Insets show higher magnification of a representative region indicated by an asterisk. Right panel: FISH analysis using AR (red) and
CEPX (green) probes. White arrowheads indicate AR amplification. Scale bars represent 200 and 100 μm for bright-field images and
20 μm for IHC images. (E) Targeted sequencing identifies specific TP53 and CTNNB1 mutations in the P20-24-LN tumor sample and its
derived organoid line. The heatmap indicates the variant allele fractions of the somatic mutations (blue, see color key). (F) Representative
bright-field images of the organoid line derived from a lung metastasis (P20-11-Lg) at passage 0 (P0) and later passages (P1: passage 1;
P4: passage 4). Scale bars: 200 μm for low-power images; 100 μm for high-power images.
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and/or the same organoid lines (supplementary mate-
rial, Figure S8). This intra- and inter-organoid hetero-
geneity is likely attributable to the selection of a minor
subset of benign cells, which may have an advantage
of growth in these culture conditions [2,4]. Solidify-
ing this hypothesis, we show that organoids derived
from benign areas generally grow with a significantly
higher efficiency compared with those derived from
matched cancer areas (supplementary material,
Figure S10). Notably, frequent overgrowth by normal
cells has also been observed in organoids derived from
lung cancer and compounds were used to select
genomically-distinct tumor cells in culture [27]. As
we currently do not have reliable strategies to select

for cancer versus normal prostate cells, this approach
may not be easily amenable to primary PCa samples.
Alternative strategies may include the establishment
of organoids from single cells, but this method may
be associated with very low organoid yields.
In addition to primary specimens, we generated three

short-term and one long-term organoid lines derived
from metastasis specimens (Figure 4). Our success rate
(1/9) is in line with previous studies reporting the estab-
lishment of organoid lines derived from PCa metastases
[3,5]. The newly generated organoid model displays
alterations in the PI3K/Akt andWnt/β-catenin pathways,
which are commonly altered in advanced PCa [28,29] .
Our data do not point to any specific genomic or

Figure 5. P20-11-Lg organoids recapitulate phenotypic and molecular characteristics of their parental tumor sample and display sensitivity
to androgen levels. (A) Organoids derived from a hormone-naïve lung metastasis sample (P20-11-Lg) were established after 10 days of cul-
ture. High-power bright-field image and corresponding H&E of a representative organoid are shown. Scale bars: 100 μm for the bright-field
image; 20 μm for the H&E image. Created in part with BioRender.com. (B) Phenotypical analyses of the P20-11-Lg tumor sample (top) and its
derived organoid line (bottom). Representative H&E images and IHC staining for the indicated antibodies are shown. Insets show higher mag-
nification of a representative region indicated with an asterisk. Scale bars: 50 μm. (C) Immunofluorescence analyses of P20-11-Lg tumor and
organoids. Representative images for the indicated antibodies are shown. Vim, vimentin; E-cad, E-cadherin. White arrowheads indicate the
Vim+ αSMA+ stromal component of the tumor tissue. Insets show greater magnification of a representative region indicated with an asterisk.
Scale bars represent 50 μm. (D) Cancer-associated features of P20-11-Lg tumor sample (top) and its derived organoid line (bottom). Left and
middle panels: representative IHC staining for PTEN and ERG. Insets show greater magnification of a representative region indicated with an
asterisk. Scale bars: 50 μm. Right panels: FISH analysis with ERG dual-color break apart probe. Interstitial deletion of the chromosomal region
21q22.2 resulting in the TMPRSS2–ERG fusion leads to a loss of one green signal, as indicated by white arrowheads. (E) Heatmap showing the
presence of the TMPRSS2–ERG fusion (green) and the identification of specific PTEN and CTNNB1 shared mutations (variant allele fractions,
blue) in both tumor sample and its derived organoid line. (F) Culture of P20-11-Lg organoids with low (0.1 nM) or no DHT (0 nM) results in a
significant decrease in organoid cell viability. Analyses were performed using a two-way ANOVA test (**p < 0.01, ****p < 0.0001). Data are
represented as means relative to the 1 nM DHT control (AU: arbitrary unit) and error bars show SD. Two independent biological replicates were
performed, and one representative replicate is shown.
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phenotypic factor associated with sustained organoid
growth, which may be dictated by alternative unidenti-
fied genetic, epigenetic, and/or transcriptomic drivers.
Altogether, our study highlights the crucial need to

define novel culture conditions that may be more
adapted to the lineage specificity and the unique charac-
teristics of PCa cells. In this framework, we show that
using tissue aggregates instead of cell suspensions may
improve the establishment of PCa PDOs (supplementary
material, Figures S1 and S2). Multiple factors, such as
cell-to-cell contacts or signals from neighboring stromal
cells, may promote this potential advantage and will
have to be investigated in future studies [15,16]. Beshiri
et al recently reported refined conditions that improve
the establishment of organoids from a heterogeneous
cohort of patient-derived xenografts (PDXs) [26]. Simi-
lar to our findings in patient samples, there were no obvi-
ous genomic or phenotypic correlates of PDXs that grew
long term and those that did not. Culture conditions may
have to be further personalized to ensure the reliable
establishment of organoids derived from specific PCa
molecular subtypes, such as recently done for NEPC
samples [30]. Finally, it is worth noticing that organoids
established from PDXs generally grow with a higher
efficiency than those directly derived from patients’ clin-
ical material [26,31]; to achieve higher success rates
without prior grafting in mice, future strategies should
aim at identifying molecular factors promoting these
growth advantages.
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