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Human intermediate prostate cancer
stem cells contribute to the initiation
and development of prostate
adenocarcinoma
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Abstract

Background Intermediate cells are present in the early stages of human prostate development and
adenocarcinoma. While primary cells isolated from benign human prostate tissues or tumors exhibit an intermediate
phenotype in vitro, they cannot form tumors in vivo unless genetically modified. It is unclear about the stem cell
properties and tumorigenicity of intermediate cells.

Methods We developed a customized medium to culture primary human intermediate prostate cells, which were
transplanted into male immunodeficient NCG mice to examine tumorigenicity in vivo. We treated the cells with
different concentrations of dihydrotestosterone (DHT) and enzalutamide in vitro and surgically castrated the mice
after cell transplantation in vivo. Immunostaining, gRT-PCR, RNA sequencing, and western blotting were performed to
characterize the cells in tissues and 2D and 3D cultures.

Results We found intermediate cells expressing AR*PSA*CK8*CK5™ in the luminal compartment of human prostate
adenocarcinoma by immunostaining. We cultured the primary intermediate cells in vitro, which expressed luminal
(ARTPSATCK8'CK18™), basal (CK5*P63%), intermediate (IVLY), and stem cell (CK4*CK13*PSCATSOX2) markers. These
cells resisted castration in vitro by upregulating the expression of AR, PSA, and proliferation markers KI67 and PCNA.
The intermediate cells had high tumorigenicity in vivo, forming tumors in immunodeficient NCG mice in a month
without any genetic modification or co-transplantation with embryonic urogenital sinus mesenchyme (UGSM) cells.
We named these cells human castration-resistant intermediate prostate cancer stem cells or CriPCSCs and defined
the xenograft model as patient primary cell-derived xenograft (PrDX). Human CriPCSCs resisted castration in vitro and
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in vivo by upregulating AR expression. Furthermore, human CriPCSCs differentiated into amplifying adenocarcinoma
cells of luminal phenotype in PrDX tumors in vivo, which can dedifferentiate into CriPCSCs in vitro.

Conclusions Our study identified and established methods for culturing human CriPCSCs, which had high
tumorigenicity in vivo without any genetic modification or UGSM co-transplantation. Human CriPCSCs differentiated
into amplifying adenocarcinoma cells of luminal phenotype in the fast-growing tumors in vivo, which hold the
potential to dedifferentiate into intermediate stem cells. These cells resisted castration by upregulating AR expression.
The human CriPCSC and PrDX methods hold significant potential for advancing prostate cancer research and

precision medicine.

Keywords Intermediate cell, Cancer stem cell, Prostate adenocarcinoma, Castration-resistant prostate cancer,

Enzalutamide

Background

Prostate cancer is the most commonly diagnosed cancer
in men in the US, and it is also the fastest-growing can-
cer in men in China [1-3]. The majority of prostate can-
cers are initially diagnosed as adenocarcinomas, which
have a luminal phenotype and express androgen receptor
(AR), prostate-specific antigen (PSA), keratin 8 (CKS8),
and CK18 [4]. The androgen signaling pathway is a key
regulator in prostate development and adenocarcinoma
[5]. Androgen deprivation therapy, also known as castra-
tion, has been the standard treatment for advanced and
metastatic prostate adenocarcinomas [5]. However, most
patients will eventually develop into castration-resistant
prostate cancer (CRPC) [5-8]. Prostate stem cells (PSCs)
are crucial in the development of prostate cancer and
resistance to castration [9, 10]. Studies using lineage-
tracing and pulse-chase transgenic mouse models have
identified rare castration-resistant PSCs in luminal and
basal cell populations that can give rise to prostate can-
cers upon genetic manipulations [9, 11-15]. Research
on human prostate stem cells has significant implica-
tions in translational medicine. This is due to the differ-
ences between human and mouse prostates in terms of
anatomy, histology, and cell biology [16]. Dean Tang’s
group identified a subpopulation of cancer stem cells
within the LAPC9 prostate cancer cell line, which exhib-
ited a high tumor-initiating capacity [17]. Recent single-
cell sequencing studies have identified potential stem
cell populations in human prostate normal tissues and
tumors [18-22].

The in vitro culture of prostate stem cells or cancer stem
cells offers valuable tools for prostate cancer research and
precision medicine. Dihydrotestosterone (DHT), a potent
endogenous androgen, was typically added to the culture
media to support luminal PSC growth [23, 24]. However,
primary human prostate stem cells cultured in previous
studies exhibited low tumorigenicity. These cells were
often genetically engineered to overexpress oncogenes or
knock out tumor suppressor genes to promote prostate
cancer development [25-29]. Co-transplantation with
embryonic urogenital sinus mesenchyme (UGSM) cells

was required for these engineered cells to effectively form
tumors in vivo [25-29]. However, genetic modifications
might hinder the accurate replication of original tumors
in vitro, which is crucial for personalized precision medi-
cine. Therefore, it is essential to develop new methods to
isolate and culture primary human prostate cancer stem
cells with high tumorigenicity.

The prostate epithelial compartment contains multi-
ple cell types, including luminal, basal, neuroendocrine,
and intermediate cells [7]. Intermediate cells, character-
ized by the expression of both luminal and basal mark-
ers, have been discovered in mouse and human prostates
for several decades [30, 31]. However, it is still unclear
whether they represent a distinct cell type or a transi-
tional phenotype [9, 32]. These cells are prevalent in
the early stages of human prostate development but are
rarely detected in normal adult prostate tissues [33, 34].
Interestingly, some studies have reported the presence
of intermediate cells in human prostate tumors, suggest-
ing a potential reactivation of the embryonic program
[34-36]. In vitro studies have shown that primary human
prostate epithelial cells gained the intermediate pheno-
type, expressing both luminal (CK8 or CK18) and basal
(CK5 or CK14) markers [36—39]. When co-transplanted
with rat or mouse UGSM cells, these cells usually form
benign prostate glands in vivo [36—41]. However, there
have been few reports of the culture of primary prostate
stem cells or intermediate cells that have high tumorige-
nicity in vivo without genetic modifications.

In our previous study, we developed a method to isolate
and culture castration-resistant intermediate prostate
stem cells from mice [42]. We found these cells expressed
luminal and basal cell markers and could differentiate
into prostate glands in vivo without co-transplantation
with the UGSM cells [42]. In this study, we identified
intermediate cells in the luminal compartment in the
early stages of human prostate adenocarcinoma and suc-
cessfully cultured primary human castration-resistant
intermediate prostate cancer stem cells (CriPCSCs). We
characterized their marker expression, tumorigenicity,
and drug resistance. Furthermore, our patient primary
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cell-derived xenograft (PrDX) model provides a valuable
platform for human prostate cancer research and preci-
sion medicine.

Methods
This work has been reported in line with the ARRIVE
guidelines 2.0.

Primary cell isolation and culture

Two prostate cancer needle biopsies were obtained
from a single patient after obtaining informed consent.
The procedure was conducted in accordance with the
Ministry of Science and Technology guidelines and was
approved by the Ethics Committee of the Medical Col-
lege of Qingdao University, under approval document
number QDU-HEC-2022177. Primary cell isolation and
culture were performed according to our previous work
with minor modifications [42]. The samples were digested
in the DMEM containing 2 mg/ml collagenase I and 5
UM Y27632 at 37 °C. The cell suspension was collected
every 15 min, centrifuged at 1000 rpm for 5 min, and the
cell pellets were suspended in the culture medium. The
prostate culture medium included DMEM/F12 (Invi-
trogen, Cat#12,400,024, USA), 2% fetal bovine serum
(FBS, Gibco, Cat#10,091,148, USA), 100 U/ml penicil-
lin and 100 pg/ml streptomycin (Gibco, Cat#15,140,122,
USA), 1xN2 (Gibco, Cat#17502048), 1xB-27 (Gibco,
Cat#A3582801, USA), 10 ng/ml epidermal growth fac-
tor (EGF) (Peprotech, Cat#AF-100-15), 10 nM dihy-
drotestosterone (DHT) (Selleck, Cat#S4757, China), 2
puM Chir99021 (Selleck, Cat#S2924, China), 0.2 uM A83-
01 (Tocris, Cat#2939, UK), and 5 uM Y27632 (Selleck,
Cat#S1049, China). Accutase (Gibco, Cat#A1110501,
USA) was used to passage the cells. The frozen solution
was 90% FBS plus 10% DMSO (Sigma, Cat#D2650, USA).

To induce castration of primary cells in vitro, the FBS
in the culture medium was replaced with Charcoal-
Stripped FBS (HYCEZMBIO, CSFBS2021, China), which
is devoid of androgens and is commonly used in prostate
cancer research to mimic castration conditions in vitro
[17]. There were 4 groups. The cells were cultured in the
media containing 10, 1, 0.1, and 0 nM DHT for a week
before harvest for qRT-PCR and western blotting. Each
group had 3 samples.

To conduct castration and enzalutamide (Selleck,
Cat#S51250, China) experiments on PrDX-derived cells in
vitro, the cells were isolated from the first generation of
PrDX tumors, which were digested in DMEM contain-
ing 2 mg/ml collagenase I and 5 pM Y27632 at 37 °C. The
FBS in the culture medium was replaced by Charcoal-
Stripped FBS (HYCEZMBIO, CSFBS2021, China). There
were 6 groups and each group had 3 samples. The cells
were cultured in the media containing 10 nM DHT, 1
nM DHT, 0.1 nM DHT, 0 nM DHT, 0.1 nM DHT with
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10 uM enzalutamide, and 0 nM DHT with 10 pM enzalu-
tamide for a week before harvest for western blotting.
The enzalutamide concentration was set at 10 pM, based
on previous studies [42, 43]. For 2D culture, the cells
were cultured in the culture dishes coated with diluted
Matrigel (0.1 mg/ml). For 3D organoid culture, the cell
suspension was mixed with Matrigel at a concentration
of 2x10° cells/ml and incubated in a 37 °C incubator for
30 min before adding the culture medium.

Culture of cell lines

The cell lines were purchased from Wuhan Pricella Bio-
technology Co., Ltd. (China). PC-3 (Cat# CL-0185) and
VCaP (Cat# CL-0241) were cultured in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 pg/
ml streptomycin. 22Rvl (Cat# CL-0004) and LNCaP
(Cat# CL-0143) were cultured in RPMI-1640 supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 pg/
ml streptomycin.

Animal procedures

All the animal procedures were performed according
to the Ministry of Science and Technology guide and
approved by the Ethics Committee of the Medical Col-
lege of Qingdao University, with the approval docu-
ment number QDU-AEC-2022305. The male NCG mice
(Strain NO. T001475) of 4-5 weeks were purchased
from Gempharmatech Co., Ltd. in China. The animals
were housed in individually ventilated cages in a specific-
pathogen free animal facility with a light cycle of 12-h
light and 12-h dark. There were a total of 7 animals used
in this study.

For the primary PrDX, the primary cells were digested
with Accutase, centrifuged at 1000 rpm for 5 min, and
mixed with Matrigel (Corning, Cat#354234) before sub-
cutaneous injection into a male NCG mouse. The animal
was anesthetized with 2% isoflurane (Cat#: R510-22-10,
RWD Life Science Co., Ltd, China) delivered by mask.
Toe pinch was performed to confirm deep anesthe-
sia. Due to the limited number of primary cells, 1 NCG
mouse was used for the first generation of PrDX tumors,
which were harvested after 4 weeks.

For animal castration experiments, the cells isolated
from the first generation of PrDX tumors were trans-
planted into NCG mice for the generation of secondary
PrDX tumors. There were a total of 6 animals that were
randomly divided into 2 groups: 3 in the control group
and 3 in the castration group. After a week of cell trans-
plantation, the mice in the castration group underwent
surgical castration while the control group underwent
a sham operation with a skin wound but no castration.
The animals were anesthetized by 2% isoflurane followed
by confirmation of deep anesthesia by toe pinch. Asep-
tic surgeries were performed. The PrDX tumors were
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harvested after another 4 weeks. The animals were eutha-
nized by an overdose of isoflurane before tissue harvest.

Different investigators were involved in the experi-
ments. JM performed animal surgery. Another investiga-
tor RL labeled the animals and was the only person who
knew the group allocation. DW and YZ collected tissues.
JM performed the qRT-PCR analysis and was unaware
of the animal treatment. The animals that died or were
inactive before the end of the experiments should be
excluded. All the animals were healthy, and no exclusions
were made from this study.

Histology and immunostaining

The tumor tissues were fixed in 4% paraformaldehyde
(PFA) overnight, followed by dehydration in 15% and 30%
sucrose before being embedded in OCT for cryosection.
The cultured cells were fixed in 4% PFA for 15 min. For
immunostaining, the cryosections and fixed cells were
washed with PBS, permeabilized by 0.5% Triton X-100
for 10 min, blocked in 5% NDS for 1 h, incubated in pri-
mary antibodies at 4 °C overnight, followed by secondary
antibodies for 1 h. The antibodies were listed in the sup-
plemental materials. DAPI (Sigma, Cat#D9542) was used
for nuclear staining. Confocal microscopy was performed
on a Leica SP8 confocal microscope.

RNA sequencing

The tumor tissues with and without castration treatment
were snap frozen in liquid nitrogen and stored at -80°C
before RNA sequencing. The mRNA library preparation
and sequencing were performed on the Illumina Novaseq
6000 platform of Majorbio (China). The volcano plot was
analyzed on Majorbio Cloud. The heatmap was plotted
by https://www.bioinformatics.com.cn, an online plat-
form for data analysis and visualization.

Quantitative RT-PCR analysis

The tumor tissues and cells were collected in Trizol
(Invitrogen, Cat#15596026, USA). The total RNA was
extracted for cDNA preparation by the Evo M-MLV RT
Mix Kit (Accurate Biotechnology, Cat#AG11728, China)
according to the instructions. The primers are listed in
the supplemental materials. Quantitative RT-PCR was
performed in a QuantStudio 3 Real-Time PCR System
(ABI, USA). The relative mRNA expression levels were
calculated using the 2*-AACt method. GAPDH was the
reference gene.

Western blotting

The cells cultured in 2D were washed with cold PBS three
times and lysed with 1% SDS lysis buffer (10 mM Tris,
1% SDS, 1 mM NazVO,, and protease inhibitor). The 3D
organoids were digested with 1 mg/ml collagenase II for
cell dissociation, followed by centrifugation at 10,000 rpm
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for 5 min to obtain cell precipitate, which was then lysed
with 1% SDS lysis buffer. Protein concentration was
determined by a BCA protein assay kit (Sangon Biotech,
Cat#C503051-0500, China). Equal amounts of protein
samples were loaded for SDS-PAGE and transferred to
the PVDF membrane (Millipore, Cat# IPVH00010, USA).
The membranes were blocked with 5% BSA (Biosharp,
Cat#BS114, China), followed by incubation with primary
antibodies, including AR (1:2000, Abcam, Cat#ab108341,
USA), Actin (1:2000, Sangon Biotech, Cat#D191048,
China), PSA (1:2000, Proteintech, Cat#10679-1-AP,
China) at 4°C overnight. Secondary antibodies (1:10000,
Sangon Biotech, Cat#D110011, China) were incubated at
room temperature for 1 h. ECL detection reagent (Beyo-
time Biotechnology, Cat#P0018FS, China) was prepared
according to the kit instructions, and the bands were
visualized using an enhanced chemiluminescence detec-
tion system (Vilber Bio Imaging, Vilber solo 4s, France).

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 8 software. Data were presented as meanzstan-
dard deviation. The significant differences between
multiple groups were analyzed using one-way ANOVA
followed by Bonferroni post hoc tests. The significant dif-
ferences between the two groups were analyzed by ¢-test.
Statistical significance was defined as *p<0.05, **p<0.01,
***p<0.001.

Results

Luminal location of intermediate cells in human prostate
adenocarcinoma

We conducted immunostaining on cryosections of
human prostate adenocarcinoma biopsies and found
intermediate cells expressing both luminal (AR, PSA,
CK8) and basal (CK5) markers (Fig. 1). Most prostate
adenocarcinoma cells expressed AR, PSA, CK8, and
CK5 (Fig. 1, A-C, arrows). In some areas, we observed
intermediate CK8*CK5™ cells in the luminal compart-
ment (Fig. 1, D, arrows), with the underlying basal cells
expressing CK8~CK5™" (Fig. 1, D, arrowheads). This sug-
gests that luminal cells are a potential source of interme-
diate cells in human prostate adenocarcinoma.

Expansion of primary human intermediate prostate cells

in vitro

Using a custom-made medium based on our previous
study [42], we were able to successfully culture primary
human prostate cells in vitro (Fig. 2, A). Inmunostaining
revealed that the primary human prostate cells expressed
luminal markers (CK8, AR, and PSA), basal markers
(CK5 and P63), and stem cell marker SRY-box transcrip-
tion factor 2 (SOX2) (Fig. 2, B). Several prostate cancer
cell lines (PC-3, 22Rvl, LNCaP, and VCaP) have been
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widely used in prostate cancer research. One concern
regarding the use of cell lines is that they may lose criti-
cal features of prostate cancer. Therefore, we performed
qRT-PCR to compare the primary cells from this study
with the prostate cancer cell lines. The qRT-PCR results
showed that the primary cells had lower AR and PSA
expression but higher levels of other genes compared to
the prostate cancer cell lines. These genes included lumi-
nal markers (CK8 and CKI8), basal markers (CK5 and
P63), the intermediate cell marker (IVL), and stem cell
markers (CK4, CK13, prostate stem cell antigen / PSCA,

Fig. 1 Intermediate prostate cells in human prostate adenocarcinoma. The cryosections of human prostate cancer biopsies were immunostained by the

antibodies against CK8, AR (A), PSA (B), and CK5 (C and D). Arrows pointed to double positive cells. Arrowheads pointed to the CK8~CK5* basal cells. DAP!
stained nuclei. Scale bars, 100 um
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and SOX2) (Fig. 2, C). The marker expression profile of
the primary human prostate epithelial cells in vitro indi-
cates that they may be potential intermediate stem cells.

Castration resistance of primary human intermediate
prostate cells in vitro

We next examined how primary human intermedi-
ate prostate cells respond to castration. We designed 4
experimental groups and cultured the cells in the media
with (1) dihydrotestosterone (DHT) for 14 days, (2) no
DHT for 4 days, (3) no DHT for 14 days, and (4) no DHT
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Fig. 2 Marker expression profile of primary human intermediate prostate cells. A, The phase contrast image of primary human prostate cells. B, Im-
munostaining of primary human prostate cells by the antibodies against CK8, AR, PSA, CK5, P63, and SOX2. DAPI stained nuclei. Scale bars, 100 ym. C,
gRT-PCR analysis of primary human prostate cells and prostate cancer cell lines, including PC-3, 22Rv1, LNCaP, and VCaP. The reference group was “VCaP”
for AR and PSA, and “Primary cells"for the other genes. Data were presented as mean +SD. N=3. One-way ANOVA was performed on the data, followed

by Bonferroni post hoc tests. ***p <0.001

for 12 days followed by 2 days of 10 nM DHT, respec-
tively. Our immunostaining results showed that some
AR proteins were translocated from the nucleus to the
cytoplasm upon castration (Fig. 3, A-C). However, when
we restored DHT concentration in the medium, the AR
proteins moved back into the nucleus (Fig. 3, D). We also
conducted qRT-PCR and western blotting experiments
to measure the expression of AR, PSA, and prolifera-
tion markers KI67 and proliferating cell nuclear antigen
(PCNA) in response to different concentrations of DHT.
We found that lower concentrations of DHT (0.1 and 0
nM) increased AR and PSA mRNA and protein levels,

as well as the expression of KI67 and PCNA (Fig. 3, E
and F). However, there were no significant differences
between the 10 and 1 nM DHT groups (Fig. 3, E and
F). Complete deprivation of DHT from the medium (0
nM) significantly elevated AR and PSA mRNA and pro-
tein levels and the expression of KI67 and PCNA mRNA
(Fig. 3, E and F). It is unclear whether there are such
regions in vivo that are absent of androgens. Some in
vitro studies used 0.1 nM DHT to mimic low androgen
concentrations in vivo for patients undergoing androgen
deprivation therapy [44]. Our study showed that there
were some variations between mRNA and protein levels
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Fig. 3 Castration resistance of the primary human intermediate prostate cells. A-D, The cells were cultured in the media with 10 nM DHT (DHT10) for
14 days (A), no DHT (DHTO) for 4 days (B), no DHT for 14 days (C), no DHT for 12 days followed by 2 days of 10 nM DHT (D), before immunostaining by
the antibody against AR. DAPI stained nuclei. Arrows pointed to AR™ cells. Scale bars, 100 um. The cells were cultured in the media supplemented with
different concentrations of DHT (10, 1, 0.1, and 0 nM) for 7 days before analysis by gRT-PCR (E) and western blotting (F). The 10 nM DHT group served
as the reference. Data were presented as mean +SD. N=3. One-way ANOVA was performed on the data followed by Bonferroni post hoc tests.“ns’, not
significant. *p < 0.05. **p < 0.01. ***p < 0.001. Full-length blots are presented in supplemental Figure S1
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of AR and PSA in the primary human intermediate pros-
tate cells treated with 0.1 nM DHT. The AR protein level
in the 0.1 nM DHT group was higher than that in the 10
nM group, although the difference in mRNA was insig-
nificant (Fig. 3, E and F). PSA mRNA expression in the
0.1 nM group was higher than in the 10 and 1 nM groups.
However, their differences in protein levels were insig-
nificant (Fig. 3, E and F). The proliferation gene PCNA
expression in the 0.1 nM group was higher than in the 10
and 1 nM groups, although another proliferation gene,
K167, showed no significant differences (Fig. 3, E). These
results showed that the primary human intermediate
prostate cells were able to resist castration treatment by
increasing the expression of their AR, PSA, and prolifera-
tion markers.

Tumorigenicity and castration resistance of primary
human intermediate prostate cells in vivo

We cultured the primary human intermediate prostate
epithelial cells based on the method that we had previ-
ously established for mouse prostate stem cells [42].
However, it was more challenging to expand primary
human prostate cells, which lost proliferation capacity
after a month of culture in vitro. To test their tumorige-
nicity in vivo, we thawed the first passage of cells, cul-
tured them for about 2 weeks in vitro, and transplanted
them into immunodeficient NCG mice subcutaneously
within Matrigel (Fig. 4, A). We were able to obtain pros-
tate tumors after 4 weeks (Fig. 4, B). Immunostaining
revealed that these prostate tumors had strong and uni-
form staining signals of luminal markers such as AR,
PSA, and CK8 (Fig. 4, C). We isolated the tumor cells
from the first generation of PrDX tissues, injected them
into NCG mice subcutaneously, and surgically cas-
trated the mice after a week (Fig. 4, A). After 4 weeks, we
obtained tumors, indicating their resistance to castration.
We performed mRNA sequencing on the tumor tissues
before and after castration and found that AR expression
was significantly elevated upon castration in vivo (Fig. 4,
D). The heatmap of the key prostate lineage biomark-
ers confirmed that castration did not change the lineage
characteristic of the luminal adenocarcinoma, with high
levels of luminal markers and low or no basal, interme-
diate or stem cell markers. This was also confirmed by
qRT-PCR (Fig. 4, D and F). We found that compared
to AR-V7, full-length AR expression was significantly
increased (fold change=14.5) upon surgical castration
(Fig. 4, D-F). This might be the main reason underlying
castration resistance.

We cultured primary cells derived from prostate
tumors for a short period of time in vitro before xeno-
grafting in vivo. This method differs from the clas-
sical patient-derived xenograft (PDX) model, where
patient tumor tissues are directly transplanted into
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immunodeficient mice [45]. We thus named this method
the patient primary cell-derived xenograft or PrDX.
Based on the marker expression profile, tumorigenicity
in vivo, and castration resistance in vitro and in vivo, we
defined these cells as human castration-resistant inter-
mediate prostate cancer stem cells or human CriPCSCs.
The thriving culture of primary human CriPCSCs may be
critical for successful PrDX.

Differentiation and dedifferentiation of human CriPCSCs

In this study, we observed that human CriPCSCs lost
their intermediate cell markers and differentiated into
luminal adenocarcinoma cells in fast-growing tumors in
vivo (Fig. 4). We speculated that there could be some stem
cells present among the luminal adenocarcinoma cells in
vivo. To investigate their growth and gene expression pat-
terns, we isolated cells from PrDX tumors and cultured
them in vitro. The cells derived from PrDX tumors grew
as monolayers in 2D culture and formed organoids in 3D
Matrigel (Fig. 5, A). Gene expression analysis revealed
that AR expression was downregulated in vitro, while
PSA, CK8, and CK18 were elevated in 3D culture (Fig. 5,
B). Immunostaining confirmed the presence of luminal
markers (CK8, AR, and PSA) in both 2D and 3D cultures
in vitro (Fig. 5, C and D). Additionally, the basal marker
CKS5 expression was elevated in both 2D and 3D cultures,
as confirmed by qRT-PCR and immunostaining (Fig. 5,
B-D). Further qRT-PCR analysis revealed that P63, IVL,
PSCA, and SOX2 were elevated in 3D culture (Fig. 5, B).
Immunostaining results showed few P63" cells in 2D cul-
ture (Fig. 5, C) and only a few P63* cells in 3D culture
(Fig. 5, D), whereas many SOX2* cells were present in
both 2D and 3D cultures (Fig. 5, C and D, arrows). The
study also found some CK8"SOX2~ cells, which could
be terminally differentiated adenocarcinoma cells (Fig. 5,
C and D, arrowheads). These findings suggest that some
luminal adenocarcinoma cells in PrDX tumors have the
potential to dedifferentiate into stem cells.

Castration and enzalutamide resistance of human CriPCSCs
in vitro

Human CriPCSCs isolated from PrDX tumors are a
promising source of cells for drug screening in vitro. In
our study, we treated these cells with varying concentra-
tions of DHT, with or without enzalutamide (Enza), in 2D
or 3D culture. Our results showed that the PrDX-derived
cells sustained AR and PSA protein levels under low
DHT conditions (Fig. 6) and even upregulated AR and
PSA levels in the medium without DHT (0 nM) in 2D
culture (Fig. 6, A), similar to primary cells isolated from
clinical biopsies (Fig. 3). Our study further revealed that
enzalutamide treatment significantly reduced PSA levels
of the cells, consistent with its clinical performance, but
failed to downregulate AR in both 2D and 3D cultures
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Fig. 4 Tumorigenicity and castration resistance of CriPCSCs in vivo. A, Workflow of cell and animal experiments. B, The PrDX tumor after 4 weeks in vivo. C,
Immunostaining of the PrDX tumor cryosections by the antibodies against AR, PSA, and CK8. DAPI stained cell nuclei. Scale bars, 100 um. D, The volcano
map of differentially expressed genes after castration. E, The heatmap of selected genes. F, gRT-PCR analysis of the PrDX tumor samples before and after
castration. The PSA level in the PrDX-Castration group served as the reference. Data were presented as mean =+ SD. N=3.The significance of the difference
between the samples before and after castration was analyzed by t-test.”ns’, not significant. *p <0.05, **p < 0.01, ***p <0.001. The mRNA sequencing data

for D and E are available in the supplemental

materials
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(Fig. 6). Interestingly, we even observed an increase of AR
protein in the cells cultured in 0.1 nM DHT and 10 um
enzalutamide in 3D (Fig. 6, B). Additionally, western blot-
ting of the cells in 3D culture showed bands of AR vari-
ants (Fig. 6, B), suggesting that the microenvironment in
2D and 3D cultures can influence AR variant expression.
Based on our other results from in vivo (Figs. 4) and 2D
culture in vitro (Fig. 3), we believe that the full-length AR
may play a major role in the castration resistance of pros-
tate adenocarcinoma. These findings indicate that human
CriPCSCs may be an effective tool in the development of
new treatments for prostate adenocarcinoma.

Discussion

Prostate cancer incidence has been increasing dramati-
cally in recent years affecting millions of people world-
wide [1, 2]. Understanding the cellular origins of prostate
cancers is crucial for developing effective treatments.
Recent studies supported luminal stem cells as the major
origins of prostate adenocarcinoma [46, 47]. Our study
suggests that some subpopulations among luminal stem
cells give rise to intermediate stem cells contributing to
prostate adenocarcinoma.

During the early stages of prostate development,
intermediate prostate cells are the most dominant cell
population [33, 34]. However, the number of these cells
decreases significantly in the normal adult prostate [33].
Wang et al. found a low number of CK5"CK18" inter-
mediate cells in normal mouse prostate tissues (1.6%)
and genetically engineered mouse prostate tumors (3%)
[30]. Goldstein et al. found some intermediate cells in the
human prostate by flow cytometry [26]. Recent single-
cell sequencing studies identified intermediate cell pop-
ulations in mouse prostate and human prostate tumors
[31, 48]. Several lines of evidences support the luminal
origin of intermediate cells during the development of
prostate adenocarcinoma. Wang et al. used genetic lin-
eage tracing mouse models and found that luminal origin
tumors had more CK5TCK18" intermediate cells than
basal origin tumors of mice [30]. Chua et al. reported that
luminal progenitor cells in mouse and human prostates
can generate prostate organoids in vitro and can differ-
entiate into basal cells and intermediate cells [49]. It was
interesting that the human organoids seemed to have
more intermediate cells than mouse organoids [49]. Our
study demonstrated that CK5*CK8* intermediate cells
were located in the luminal compartment of prostate
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adenocarcinoma at the early stages (Fig. 1). Furthermore,
the luminal adenocarcinoma cells derived from the PrDX
tissues could dedifferentiate into intermediate cancer
stem cells in vitro (Fig. 5). These findings further support
the concept that luminal cells are an important source of
prostate cancer stem cells. The differentiation and dedif-
ferentiation mechanisms of human CriPCSCs in prostate
adenocarcinoma require further study.

In terms of cell localization, previous immunohisto-
logical studies showed that the intermediate cells were
mainly located in the luminal compartment in the early
stage of normal prostate development and prostate
tumors [34, 35]. Our study has confirmed this by dou-
ble staining of CK5 and CK8 in clinical biopsies (Fig. 1).
However, there have been conflicting reports on the loca-
tion of these intermediate cells. Henry et al. reported that
there were CK57CK18™ cells underlying the CK5-CK18™*
luminal cells in human prostate cryosections [50], sug-
gesting the basal origin of intermediate cells. On the
other hand, Shibata et al. used lineage-tracing mouse
models and defined the CK5"CK8* cells as the “transient
bipotent luminal progenitor” during the early stage of
mouse prostate development [32]. It is possible that cer-
tain subpopulations within luminal and basal cells may
differentiate or dedifferentiate into intermediate cells
under some unknown conditions. Further studies are
required to fully understand the heterogeneity and ori-
gins of intermediate or bipotent prostate cells.

The emergence of intermediate cells in prostate tumors
was believed to be the reactivation of the embryonic
intermediate program [34-36]. While some studies
have shown that intermediate cells can be cultured in
vitro, few of them have demonstrated high tumorigenic-
ity in vivo, except through genetic modification. Several
groups have reported that when normal human pros-
tate cells were isolated and cultured in vitro, most of
them acquired the intermediate phenotype, expressing
both luminal (CK8 or CK18) and basal (CK5 or CK14)
markers [36—39]. In one study, Dean G. Tang’s group
isolated primary cells from human prostate tissues and
found that these cells expressed CK5 and CK18 without
AR or PSA. However, these cells lost their proliferative
capacity and the expression of CK5 and CK18 after a
few passages in vitro [37]. The researchers then geneti-
cally immortalized the primary intermediate cells by p16
inhibition and hTERT overexpression to obtain prostate
stem cells with the basal phenotype. Upon co-transplan-
tation in vivo with rat UGSM [40] for three months, the
immortalized human prostate stem cells differentiated
into well-organized prostate glands containing lumi-
nal, basal, and neuroendocrine cells [37]. Another study
by Jiang et al. expanded primary human prostate cells
(BHPrE1l) (PSA*CK14*P63*) by spontaneous immor-
talization in a custom-made culture medium [41]. These
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cells differentiated into benign prostate glands in vivo
by tissue recombination xenografting with rat UGSM
[41]. Additionally, Goldstein et al. sorted CD49f°Trop2hi
luminal cells and CD49f""Trop2" basal cells from human
benign prostate tissues by flow cytometry [26]. They
then infected the primary prostate cells with the lenti-
virus carrying the oncogenes AKT and ERG and trans-
planted them with mouse UGSM into NSG mice. In vivo
tumor formation occurred only in the CD49f""Trop2h
basal cells, which actually had an intermediate phenotype
due to CK18 expression [26]. Studies from our group
and others suggest that the intermediate program can
be easily activated in vitro. However, the intermediate
phenotype may not guarantee tumor formation in vivo.
One possible reason for the successful tumor formation
in our study may be the short-term culture of primary
cells, which still express some unknown genes critical for
tumorigenicity. Further studies are needed to understand
the mechanisms regulating the intermediate phenotype
and tumorigenicity.

The culture medium is essential for expanding stem
cells in vitro. Several studies have developed custom-
made culture media for expanding prostate stem cells.
For instance, Zhang et al. formulated a culture medium
(WIT) to expand primary luminal and basal stem cells
from human benign prostate tissues [25]. They observed
that culture medium can up or downregulate luminal or
basal gene expression [25]. Similarly, Chan et al. discov-
ered that in vitro culture and drug treatment could pro-
mote the intermediate cell phenotype in organoids from
genetically engineered mouse prostate cancer cells and
human prostate cancer cells [51]. Our previous stud-
ies formulated culture media for expanding adult stem
cells, including mouse prostate stem cells [42, 52-54].
This study takes it a step further with a custom-made
medium mainly supplemented with the Wnt signaling
agonist Chir99021, TGEp signaling inhibitor A83-01, and
ROCK inhibitor Y27632, to culture human CriPCSCs.
The human CriPCSCs expressed luminal (CK8, CK18,
AR, PSA), basal (CK5, P63), intermediate (IVL), and
stem cell markers (CK4, CK13, PSCA, SOX2), similar to
the mouse prostate stem cells in our previous study [42].
Most importantly, these cells had high tumorigenicity in
vivo, forming prostate tumors in just one month without
the need for genetic modification or UGSM co-trans-
plantation (Fig. 4). This is especially significant because
establishing PDX from primary human prostate cancer
biopsies can be challenging [9]. By expanding primary
stem cells in vitro before xenografting in vivo, our PrDX
method offers an alternative approach to successful PDX
models.

Multiple mechanisms contribute to CRPC, such as AR
amplification, AR alternative splicing, the loss of AR,
lineage plasticity, aberrant metabolism, and genetic and
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epigenetic alterations [4—6, 51, 55—66]. In this study, AR
amplification was found to be the primary cause of cas-
tration resistance, while AR variants may have played a
minor role. However, the exact roles of the basal (CK5
and P63), intermediate (IVL), and stem cell markers
(CK4, CK13, PSCA, and SOX2) in human CriPCSCs
are still unclear, which warrants further studies. SOX2
upregulation has been linked to luminal to neuroendo-
crine transition [67, 68]. Our results showed that SOX2
expression was reversible in human CriPCSCs, which
lost SOX2 in vivo. Although our experiments did not find
significant neuroendocrine gene expression during in
vitro culture and in vivo tumor formation, it is important
to investigate whether long-term castration can induce
SOX2 and neuroendocrine marker expression in the
future.

Due to the limited number of tumor cells isolated
from the clinical biopsies, PrDX-derived cells offer a rich
source of cells for in vitro drug screening. The responses
of human CriPCSCs to castration and enzalutamide were
different from those of the mouse cells in our previous
study [42], highlighting the value of human cells in trans-
lational medicine. The primary human CriPCSCs isolated
from patient biopsies and the PrDX-derived cells were
resistant to castration in 2D and 3D organoid culture by
upregulating AR and PSA expression. This makes them
the ideal model for testing anti-AR therapies. Upon treat-
ment with the AR antagonist enzalutamide, PSA levels
significantly dropped, consistent with clinical observa-
tions [69]. However, AR levels remained high even with
enzalutamide treatment. In 3D culture, there was even a
small increase in AR proteins in the group receiving 0.1
nM DHT and 10 pM enzalutamide. The 2D and 3D cul-
tures showed similar trends in AR and PSA upon castra-
tion and enzalutamide treatment, except that there were
bands of AR variants in 3D culture groups. In vivo data
showed that full-length AR played a major role in cas-
tration resistance, but the role of AR variants in drug
resistance needs clarification in the future. Although
enzalutamide promoted patient survival and reduced
PSA levels, most patients inevitably become resistant
[70-74]. Further studies are required to investigate the
mechanisms underlying enzalutamide resistance.

This study has some limitations that need to be con-
sidered. Firstly, it was challenging to culture the human
CriPCSCs in vitro for an extended period of time.
Although they grew well in the first few weeks, they
eventually underwent senescence and lost their prolifera-
tion capacity after about four weeks in vitro. Therefore,
primary cells were cultured for approximately two weeks
in vitro before they were xenografted into immunode-
ficient mice. Secondly, the PrDX-derived cells showed
an upregulation of basal and stem cell markers in vitro,
which is different from the luminal adenocarcinoma cells
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in vivo. This means that in vitro drug tests on these cells
may not fully replicate the cell in vivo. In prostate cancers
and other cancer types, patient-derived organoids have
been widely used for drug screening [44, 75-83]. It is
worth noting that the phenotype change of the organoids
may be a factor to consider when interpreting results.

Conclusions

Our study revealed the presence of intermediate cells in
the luminal compartment of human prostate adenocar-
cinoma. We have successfully cultivated human castra-
tion-resistant intermediate prostate cancer stem cells
(CriPCSCs) and established patient primary cell-derived
xenograft (PrDX), which can serve as a valuable platform
for further research. The differentiation and dedifferen-
tiation of human CriPCSCs may play an essential role in
the development of prostate adenocarcinoma and drug
resistance. We believe that further investigation into the
mechanisms regulating human CriPCSCs will bring new
insights into prostate adenocarcinoma and lead to the
development of more effective therapies.
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