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G R A P H I C A L A B S T R A C T
� Generation of advanced, comprehensive
lineage tracing strategies to investigate
cell fate in prostate development.

� Demonstration that intermediate cells
function as multipotent prostate stem
cells in the prostate during development.

� Identification the transition of prostate
intermediate cell to neuroendocrine cell
during postnatal prostate development.
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A B S T R A C T

Organ development, regeneration and cancer initiation are typically influenced by the proliferation and lineage
plasticity of tissue-specific stem cells. Prostate intermediate cells, which exhibit characteristics of both basal and
luminal cells, are prevalent in pathological states and during organ development. However, the identity, fate and
function of these intermediate cells in prostate development are not well understood. Through single-cell RNA-seq
analysis on neonatal urogenital sinus tissue, we identified intermediate cells exhibiting stem cell potential. A
notable decline in the population of intermediate cells was observed during prostate development. Prostate in-
termediate cells were specifically labeled in early and late postnatal development by the enhanced dual-
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recombinase-mediated genetic tracing systems. Our findings revealed that these cells possess significant stem cell
capabilities as demonstrated in organoid formation and cell fate mapping assays. These intermediate cells also
exhibited intrinsic bipotential properties, enabling them to differentiate into both basal and luminal cells.
Additionally, we discovered a novel transition from intermediate cell expressing neuroendocrine markers to
neuroendocrine cell during prostate development. This study highlights intermediate cells as a crucial stem cell
population and enhances our understanding of their role in prostate development and the plasticity of prostate
cancer lineage.
1. Introduction

Prostate disease progression, including prostate cancer, potentially
reawaken some developmental patterns similar to prostate development
(Pletcher & Shibata, 2022; Vickman et al., 2020). The typical normal
adult prostate primarily consists of basal, luminal, and rare neuroendo-
crine cells (Li & Shen, 2019; Shen & Abate-Shen, 2010). In addition to
these primary cell types, there is a notable presence of intermediate cells,
which express markers of both basal and luminal cells and are commonly
observed during prostate development and in various disease conditions
(Liu et al., 2016; Ousset et al., 2012; Sfanos et al., 2018; Shibata et al.,
2020; van Leenders et al., 2000, 2003). Recently, several studies have
pinpointed the intermediate cells as potential prostate stem cells
involved in prostate regeneration, inflammation, and tumor initiation
and progression (Feng et al., 2023; Guo et al., 2023; Kwon et al., 2014).
Additionally, intermediate cells have been recognized as a distinct sub-
population within the human prostate that accelerates the progression of
prostate cancer (Chan et al., 2022; Chen et al., 2021; Deng et al., 2022;
Germanos et al., 2022; Labrecque et al., 2019; Song et al., 2022). How-
ever, the exploration of prostate intermediate cells during development
has been limited to a few cell markers and transient detection in lineage
tracing systems, leaving their properties and roles in organogenesis
largely undefined due to technical constraints.

It is widely acknowledged that the maintenance of prostate homeo-
stasis and androgen-mediated regeneration primarily depend on uni-
potent basal and luminal stem cells (Centonze et al., 2020; Choi et al.,
2012; Guo et al., 2020; Wang et al., 2013), though the extent of lineage
plasticity in postnatal prostate development remains debated (Pletcher&
Shibata, 2022; Toivanen & Shen, 2017). Previous lineage tracing studies
have shown the presence of multipotent basal stem cells during postnatal
prostate development, while predominantly unipotent luminal progeni-
tor cells have been observed (Ousset et al., 2012; Tika et al., 2019;
Wuidart et al., 2016). A recent study also revealed that Ck8þ luminal cells
can differentiate into both basal and luminal cells, suggesting the
persistence of bipotent luminal stem cells in early postnatal development
(Shibata et al., 2020). Notably, single recombinase-based lineage tracing
assays face technical challenges in distinguishing between separate
populations of basal, luminal, and intermediate cells, leaving the cell
identity and lineage plasticity of intermediate cells unclear. Moreover,
the cellular characteristics and behaviors of neuroendocrine cells in
prostate development are largely unknown. Neuroendocrine cells were
thought to potentially originate from basal stem cells (Ousset et al., 2012;
Pignon et al., 2013; Wang et al., 2020). In the context of advanced
prostate cancer, luminal cells have been shown to reprogram into
neuroendocrine prostate cancer (NEPC) cells through lineage plasticity
(Davies et al., 2018; Han et al., 2022; Mu et al., 2017; Zou et al., 2017),
indicating that luminal cells might transform into neuroendocrine cells.
Thus, further research is needed to explore the lineage plasticity of
prostate epithelial stem cells and to better understand the cell identity
and lineage transitions of neuroendocrine cells.

In this study, we characterize the neonatal prostate epithelial popu-
lation using single-cell RNA-seq (scRNA-seq) and identified potential
intermediate stem cells. By applying enhanced lineage tracing strategies
that utilize dual recombinases (Cre and Dre) in organoid formation and
cell fate tracing assays during neonatal, early postnatal and late postnatal
2

development, we demonstrated that intermediate cells are bipotent
progenitor cells during prostate development. More notably, we discov-
ered a neuroendocrine transition of basal, luminal, and neuroendocrine
triple-positive cells to neuroendocrine cells from the neonatal stage to
adulthood.

2. Results

2.1. Characterization of intermediate cell population during prostate
development

To investigate the identity of epithelial stem cell in the development
prostate, we conducted scRNA-seq on 6868 cells collected from uro-
genital sinus of 9 wild-type (WT) neonatal mice at postnatal day 0 (P0).
Utilizing t-distributed stochastic neighbor embedding (t-SNE) cluster
analysis, we identified 12 distinct cell clusters, including epithelial,
stromal, and other cell populations (Fig. 1A and Fig. S1). Further analysis
was specifically targeted at the epithelial populations to better under-
stand their role in postnatal prostate development. By extracting and re-
analyzing these epithelial cells, we annotated three distinct epithelial
subsets based on marker gene expression, including an intermediate cell
subset, a urethra cell subset, and a seminal vesicle cell subset (Fig. 1B).
The seminal vesicle cell subset was characterized by high expression of
Pax2 and Pax8 (Fig. 1C and Fig. S2C), while the urethra epithelial cell
subpopulation prominently expressed Tacstd2 and Krt4 (Fig. 1C and
Fig. S2B). Crucially, the intermediate cell cluster, expressing Nkx3.1 was
identified as a prostate buds-enriched epithelial population in neonatal
mice (Bhatia-Gaur et al., 1999; Kruithof-de Julio et al., 2013) (Fig. 1C
and Fig. S2A). These intermediate cells also exhibited expression of
classical basal cell genes such as Trp63, Ck5, and luminal cell genes Ck8
and Ck18, indicating their basal-luminal intermediate properties
(Fig. 1D). Functionally, the intermediate cell cluster was enriched in
processes such as cell proliferation, tissue development, and branching
morphogenesis, suggesting that these cells possess epithelial stem cell
characteristics (Fig. 1F). Furthermore, these cells displayed highly pro-
liferative profiles with enhanced S and G2/M phase signatures, rein-
forcing the notion that they may function as stem cells (Fig. 1E).
Additionally, using co-immunofluorescence staining for the luminal cell
markers (Ck8 and Ck18) and basal cell markers (Trp63, Ck5 and Ck14),
we discovered that the epithelial cells in prostate buds are intermediate
cells that are co-express basal and luminal cell markers (Fig. 1G).

To explore the dynamics of these intermediate cells during prostate
development, we traced the changes in epithelial cell lineage from the
early postnatal stages (P0 and P7) through to late postnatal stage (P14)
and into adulthood. Initially, Ck5þ/Ck8þ intermediate cells constituted a
significant proportion of the neonatal prostate epithelial cells (Fig. S3A,
C). However, there was a rapid decrease in these Ck5þ/Ck8þ interme-
diate cells during the early postnatal stage (from 99.0% � 0.16% to
14.8% � 3.30%), with a further reduction observed in late postnatal
development (7.9% � 2.60%) (Fig. S3A, C). A similar trend of rapid
reduction of Trp63þ/Ck8þ intermediate cells was observed across these
stages of prostate development (Fig. S3B, D). As the prostate matured,
specialized basal and luminal cell populations emerged and proliferated,
leading to a scenario where intermediate cells were undetectable by
Trp63 and Ck8 immunofluorescence staining in adulthood (data not
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shown), and were replaced by fully specialized basal and luminal cells.
2.2. Intermediate cells are potential stem cells

After profiling the identity of intermediate cells by scRNA-seq and
histological analyses, we next explored their functional role during
prostate development (Fig. 2A). We found that approximately 75% of
intermediate cells in neonatal prostate buds highly expressed the cell
proliferation marker Ki67 (Fig. 2B and C), aligning with the high pro-
liferation rates detected by scRNA-seq. To assess the proliferative capa-
bilities of intermediate, basal, and luminal cells in vivo, we conducted
immunostaining for Ki67, the basal cell marker Ck5, and the luminal cell
marker Ck8 on prostate sections from 1-week and 2-week-old WT mice.
The intermediate cell population (Ck5þ/Ck8þ) showed a pronounced
Ki67 signal in fluorescence images, and subsequent quantification
confirmed that these cells had the highest Ki67 incorporation rates
compared to Ck5þ/Ck8- basal cells and Ck8þ/Ck5- luminal cells during
both early and late postnatal development (Fig. 2D–F).
Fig. 1. ScRNA-seq identification of a highly proliferative intermediate cell po
neonatal mouse urogenital sinus by t-SNE. 12 subclusters are identified through un
clusters of Epithelial-1 and Epithelial-2 in (A). (C) Heatmap of marker gene express
seminal vesicle cell. (D) Feature plots showing the gene expression levels of epithelia
three epithelial cell clusters. (E) Feature plots showing the cell cycle phase of epithe
terms based on the differentially expressed genes in intermediate cells compared with
and Ck8, Trp63 and Ck8, Ck14 and Ck18 in the prostate buds of WT mice at P0. (H) C
at P0. (I) Co-immunofluorescence of Tacstd2, Ck5 and Ck8 in the urethra epitheliu
seminal vesicle of WT mice at P0. Scale bars, 50 μm.

3

To directly investigate the function of intermediate cells, we
employed enhanced dual recombinases lineage tracing models. We
crossed Trp63-DreER and Ck8-CreER mice with a dual recombinase-
–activated reporter (Rosa26-rox-Stop-rox-loxp-Stop-loxp-tdTomato,
termed R26-Ai66) to generate the Trp63-DreER; Ck8-CreER; R26-Ai66
(TKA) mouse model. The Trp63-DreER and Ck8-CreER mouse lines have
been established to label basal and luminal cells in the mouse prostate,
respectively (Guo et al., 2023). Following tamoxifen administration, the
Ck8-driven tdTomatoþ cells (Cre-loxp recombination) were exclusively
positive for luminal lineage markers, with about 10% labeling efficiency
(Fig. S4A-C), while Trp63-driven ZsGreenþ cells (Dre-rox recombination)
were strictly basal lineage positive, with labeling efficiency over 90%
(Fig. S4D-F). As previously reported (Han et al., 2019), tdTomato acti-
vation in R26-Ai66 reporter model requires both Dre-rox and Cre-loxp
recombination, allowing only the dual-expressing Trp63 and Ck8 cells to
be genetically labeled in this TKA model (Fig. 2G).

Next, to evaluate the stemness capacity of intermediate, basal, and
luminal cells, we conducted functional in vitro organoid formation assay
pulation. (A) Visualization of the clustering of 6868 high quality cells from
supervised clustering. (B) t-SNE visualization of 495 epithelial cells including
ion levels in annotated epithelial clusters of intermediate cell, urethra cell and
l cell marker Epcam, luminal cell marker Krt8 and basal cell marker Trp63 across
lial cells and the score of G2/M and S markers. (F) Top enriched gene ontology
urethra and seminal vesicle epithelial cells. (G) Co-immunofluorescence of Ck5
o-immunofluorescence of Nkx3.1, Ck5 and Ck8 in the prostate buds of WT mice
m of WT mice at P0. (J) Co-immunofluorescence of Pax8, Ck5 and Ck8 in the



Fig. 2. Intermediate cells are multipotent stem cells in vitro. (A) Schematic of cell proliferation analysis on basal, luminal and intermediate cells of P0, 1-week- and
2-week-old WT mouse prostates. (B) Co-immunofluorescence of Ki67, Ck5 and Ck8 in the prostate buds of P0 day WT mice. (C) Percentage of Ki67þ cells among Ck5þ/
Ck8þ intermediate cells in the prostate buds of WT mice at P0. (D) Co-immunofluorescence of Ki67, Ck5 and Ck8 in the prostate of 1-week- and 2-week-old WT mice.
(E, F) Percentage of Ki67þ cells among Ck5þ/Ck8þ intermediate cells, Ck5þ/Ck8- basal cells and Ck8þ/Ck5- luminal cells in the prostate of WT mice at 1 week (E) and
2 weeks (F) of age. (G) Schematic of the targeting strategy to generate TKA mice to label Trp63 and Ck8 co-expressing intermediate cells by tdTomato expression. (H)
Timeline of sorting and organoid culture of tdTomatoþ intermediate cells, tdTomato� basal and luminal cells from 2-week-old TKA prostates. (I) FACS plot showing
tdTomatoþ intermediate cells isolated from Lin� prostate single cells, tdTomato� basal and luminal cells isolated from the epithelial cells (Epcamhigh) of 2-week-old
TKA mouse prostates. (J) Micrographs of organoids formed by tdTomatoþ intermediate cells, tdTomato� basal and luminal cells. Scale bar, 1 mm. (K) Organoid
formation efficiency of tdTomatoþ intermediate cells, tdTomato� basal and luminal cells calculated after 1 week of culture. Scale bars, 50 μm. Data are shown as the
mean � SD. Data were analyzed by One-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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(Fig. 2H). Using the enhanced dual recombinase TKA mouse model, we
isolated tdTomatoþ intermediate cells (tdTomatoþ/Lin�), tdTomato�

basal cells (tdTomato�/Lin�/Epcamhigh/CD49fhigh), and tdTomato�

luminal cells (tdTomato�/Lin�/Epcamhigh/CD49fmed) by fluorescence-
activated cell sorting (FACS) two days post-tamoxifen induction in 2-
week-old TKA mice (Fig. 2I and Fig. S5A). The organoid-forming effi-
ciency was then compared (Drost et al., 2016). Notably, tdTomatoþ in-
termediate cells exhibited significantly higher organoid-forming ability
than both the tdTomato� basal cells and luminal cells (Fig. 2J and K). The
organoids derived from tdTomatoþ intermediate cells maintained tdTo-
mato signal and expressed both basal (Trp63/Ck5) and luminal (Ck8)
markers (Fig. S5B), reinforcing the notion of intermediate cells as a viable
stem cell population.
2.3. Lineage tracing of intermediate cells during prostate development

We further explored the cellular dynamics of intermediate cells in vivo
using TKA mouse model during both early and late stages of prostate
development. To examinate the cellular identity of tdTomato-labeled
4

Trp63þ/Ck8þ intermediate cells, TKA mice at various developmental
stages, postnatal day 0 (P0), 1-week and 2-week-old, were treated with
tamoxifen. Prostate tissues were then collected two days after tamoxifen
administration for further analysis. Immunostaining for Trp63 and Ck8
on prostate sections from the above three stages confirmed that all
tdTomatoþ cells were double-positive for Trp63 and Ck8 (Fig. 3A–C).
There was no tdTomato expression Trp63þ/Ck8- basal cells or in Ck8þ/
Trp63- luminal cells. The proportion of tdTomatoþ intermediate cells was
about 25% of the epithelial cells in neonatal TKAmouse prostate, but this
ratio decreased over time, reflecting a rapidly reduction in the interme-
diate cell population during prostate postnatal development (Fig. 3D and
E). All these results confirmed that only Trp63 and Ck8 co-expressing
intermediate cells were genetically labeled in TKA mice (Fig. 3F).

To determine the cell fate of these tdTomatoþ intermediate cells in
vivo, we conducted lineage tracing assays and analyzed prostate tissues
from 8 weeks-old adult TKA mice, when tamoxifen was administrated at
P0, postnatal day 7 (P7) and day 14 (P14). Immunostaining for Trp63
and Ck8 showed that tdTomatoþ intermediate cells labeled at P0 were
capable of generating both basal and luminal cells (Fig. 3G).



Fig. 3. Intrinsic bipotent intermediate stem cells during the prostate development. (A-C) Co-immunofluorescence of Trp63 and Ck8 with endogenous tdTomato
in the P0 (A), 1-week-old (B), and 2-week-old (C) prostates of the TKA mice 2 days after tamoxifen injection. Percentage of Trp63þ/Ck8þ/tdTomatoþ cells among
tdTomatoþ intermediate cells in P0 (A), 1-week-old (B), and 2-week-old (C) prostates of TKA mice. (D, E) Percentage of tdTomatoþ cells in Trp63þ basal cells (D) and
Ck8þ luminal cells (E) of TKA mouse prostates 2 days after tamoxifen administration at P0, 1 week and 2 weeks of age. (F) Schematic of the labeling of Trp63þ/Ck8þ

intermediate cells with tdTomato signal in TKA mice. (G-I) Immunostaining for Trp63 and Ck8 in the adult TKA mouse prostate sections treated with tamoxifen at P0
(G), 1-week-old (H), and 2-week-old (I). (J, K) Percentage of tdTomatoþ daughter cells in Trp63þ basal cells (J) and Ck8þ luminal cells (K) of adult TKA mice treated
with tamoxifen at P0, 1 week and 2 weeks of age. (L) Schematic diagram suggesting that intrinsic bipotent intermediate cells serve as prostate stem cells in prostate
development. Scale bars, 50 μm. Data are shown as the mean � SD.
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Furthermore, these bipotent tdTomatoþ intermediate cells persisted at
early and late postnatal stages, generating both basal and luminal prog-
eny (Fig. 3H and I). Quantitative analysis showed that tdTomatoþ basal
daughter cells, originating from intermediate cells labeled at P0, P7, and
P14, accounted for approximately 13.00%� 2.34%, 6.22%� 1.37%, and
4.01% � 1.06% of Trp63þ basal cells in anterior prostate lobes, respec-
tively (Fig. 3J). It was also observed that tdTomatoþ intermediate cells
tended to predominantly form luminal cells, with their luminal progeny
constituting about 44.47% � 4.01%, 29.59% � 5.09%, and
6.37% � 1.15% of Ck8þ luminal cells in anterior prostate lobes,
respectively (Fig. 3K).

Considering the heterogeneity among different lobes of the mouse
5

prostate, we also traced the lineage and composition of tdTomatoþ in-
termediate daughter cells in both the dorsolateral lobes (DLP) and ventral
lobes (VP), where similar bipotent potential was observed (Fig. S6A-J).
These results demonstrated that tdTomatoþ intermediate cells maintain
intrinsic bipotential properties throughout early stages of prostate
development, giving rise to both basal and luminal daughter cells
(Fig. 3L).
2.4. Intermediate cell is bipotent stem cell during prostate postnatal
development

To explore the lineage plasticity and proliferative capabilities of
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intermediate cells, we utilized the dual recombinase-activated reporter
R26-TLR (Rosa26-CAG-rox-stop-rox-ZsGreen-Insulater-CAG-loxp-stop-loxp-
tdTomato) mouse model (Liu et al., 2020). By generating the
Trp63-DreER; Ck8-CreER; R26-TLR (TK-TLR) mouse, we were able to
distinctly label Trp63þ basal cells as ZsGreenþ cells (via Dre-rox recom-
bination), Ck8þ luminal cells as tdTomatoþ cells (via Cre-loxp recombi-
nation), and Trp63þ/Ck8þ double-positive intermediate cells as
ZsGreenþ/tdTomatoþ cells (via both Dre-rox and Cre-loxp recombina-
tion) (Fig. 4A). This TK-TLR model allows for the simultaneously genetic
tracing of the cell lineage dynamics of these three cell types.
Fig. 4. Simultaneous tracing of diverse prostate epithelial cells. (A) Schematic di
and Trp63 and Ck8 co-expressing intermediate cells using TK-TLR mouse model. (B)
Tam is short for tamoxifen injection. (C, D) Immunostaining for Trp63 and Ck8 in 1-w
injection. White arrows indicate intermediate cells (ZsGreenþ/tdTomatoþ). (E) Perce
cells, Ck8þ cells and Ck8- cells in 1 week and 2 weeks old TK-TLR mice 2 days after ta
among Trp63þ basal cells (F) and Ck8þ luminal cells (G) of TK-TLR mice 2 days after t
labeling of Trp63þ Ck8þ intermediate cells with ZsGreen and tdTomato signal in TK
prostate sections treated with tamoxifen at 1-week-old (I), and 2-week-old (J). (K, L)
Ck8þ luminal cells (L) of adult TK-TLR mice treated with tamoxifen at 1 week and
tdTomato� cells and tdTomatoþ/ZsGreen� cells among all fluorescent cells in prostate
(M), and in prostate tissue of P16 and 8-week TK-TLR mice injected with tamoxifen at
rapidly proliferating bipotent prostate stem cells in prostate development. Scale bars,
tailed Student's t-test; **p < 0.01.
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Two days after tamoxifen administration at early (P7) and late (P14)
postnatal stages, prostate tissues were harvested for analysis (Fig. 4B).
Immunofluorescence confirmed that ZsGreenþ/tdTomatoþ intermediate
cells consistently expressed both the basal marker Trp63 and luminal
marker Ck8 at both developmental stages (Fig. 4C–E), thus validating the
specific tracing of intermediate cells in the TK-TLR model (Fig. 4G).

Further investigations into the cell fate and organogenesis capacity of
ZsGreenþ/tdTomatoþ intermediate cells were conducted from early and
late development stages to adulthood (Fig. 4B). Immunostaining of
prostate sections for Trp63 and Ck8 revealed that ZsGreenþ/tdTomatoþ
agram of targeting strategy for simultaneous labeling of Trp63þ cells, Ck8þ cells
Timeline of tamoxifen administration and TK-TLR mouse prostate analysis time.
eek-old (C) and 2-week-old (D) prostates of TK-TLR mice 2 days after tamoxifen
ntage of ZsGreenþ/tdTomatoþ intermediate cells among Trp63þ cells and Trp63-

moxifen treatment. (F, G) Percentage of ZsGreenþ/tdTomatoþ intermediate cells
amoxifen administration at 1 week and 2 weeks of age. (H) Schematic diagram of
-TLR mice. (I, J) Immunostaining for Trp63 and Ck8 in the adult TK-TLR mouse
Percentage of ZsGreenþ/tdTomatoþ daughter cells in Trp63þ basal cells (K) and
2 weeks of age. (M, N) Percentage of ZsGreenþ/tdTomatoþ cells, ZsGreenþ/
tissues of P9 and 8-week TK-TLR mice injected with tamoxifen at 1 week of age
2 weeks of age (N). (O) Schematic diagram suggesting that intermediate cells are
50 μm. Data are shown as the mean � SD. Data were analyzed by unpaired two-
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intermediate cells derived from early postnatal stage were capable of
giving rise to both basal and luminal cells, demonstrating their bipotent
plasticity (Fig. 4I). This bipotent lineage was consistently observed from
P14 to 8 weeks, indicating a stable bipotent lineage differentiation ca-
pacity over time (Fig. 4J). Contributions of these cells to both basal and
luminal cell populations were also confirmed in different lobes such as
DLP and VP (Fig. S7A-H).

To quantify the proliferative capacity of intermediate cells, we noted
that ZsGreenþ/tdTomatoþ intermediate cells constituted only a small
fraction of the Trp63þ cells at P7 (2.58% � 0.81%) and P14
(0.85% � 0.10%), but their presence significantly increased to
5.30% � 1.13% and 2.80% � 0.40% in basal cells of adult anterior
prostate lobes (Fig. 4F–K). Similarly, the proportion of these ZsGreenþ/
tdTomatoþ intermediate cells within the Ck8þ luminal cells also showed
a marked increase from P7 and P14 to 8 weeks (from 1.47% � 0.09% to
18.00% � 4.52% at P7, and from 0.72% � 0.09% to 3.69% � 1.06% at
P14) (Fig. 4G–L).

By accounting for all fluorescent cells, including both single and
double positive cells, we quantified the ratio of ZsGreenþ/tdTomatoþ

intermediate cells from the tracing start points (P7 and P14) to the
tracing end point (8 weeks). This quantification revealed a significant
increase in the proportion of ZsGreenþ/tdTomatoþ intermediate cells,
highlighting their substantial contribution to prostate organogenesis
(Fig. 4K-N). This data underscores the considerable proliferative and
developmental impact of these bipotent intermediate cells within the
prostate gland.
2.5. Neuroendocrine cell transformation during prostate development

The phenomenon of drug resistance in prostate cancer therapy is
often linked to the cell lineage plasticity of luminal cancer cell to
Fig. 5. Neuroendocrine cell marker-expressing cell transformation during pros
prostate tissues of P0 (A), 1-week-old (B), 2-week-old (C) and 8-week-old (D) WT mic
Ck5-/Ck8þ cells among Chgaþ cells of WT mouse prostates at P0, 1 week, 2 weeks an
endogenous tdTomato in P2 prostate buds (F), and adult prostates (H) of TKA mice
tdTomatoþ/Chgaþ cells among Chgaþ cells of TKA mouse prostates at P2 (G) and 8 w
in the P2 prostate buds (J), and in the adult prostates (K) of TK-TLR mice that were
ZsGreenþ/Chgaþ cells among Chgaþ cells of TK-TLR mouse prostates at P2 (J) and
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neuroendocrine cell differentiation (Davies et al., 2018). To investigate
the presence and characteristics of neuroendocrine cells during prostate
organogenesis, we conducted immunofluorescence staining for the
neuroendocrine marker Chromogranin A (Chga) in neonatal prostate
cells. We observed Chga-expressing cells as early as P0 in prostate buds.
Notably, most neonatal Chga-expressing cells were found to co-express
both Ck5 and Ck8, indicating their possession of neuroendocrine,
basal, and luminal triple-positive cell feature (Fig. 5A–E). Further im-
munostaining for neuroendocrine, basal and luminal markers was per-
formed on prostate sections from 1-week-old to 8-week-old mice. We
observed a marked loss of basal cell features in Chga-expressing cells at
1-week-old and 2-week-old stages, although these cells continued to
express the luminal cell marker. During early postnatal development,
13.8% � 3.1% of Chga-expressing cells maintained co-expressing of Ck5
and Ck8, whereas in late postnatal development, 6.4% � 1.0% of Chgaþ

cells maintained this co-expression (Fig. 5B, C, E and Fig. S8A, B). In adult
prostate tissues, Chga-expressing neuroendocrine cells had completely
lost basal cell marker Ck5 expression and only expressed the luminal cell
marker Ck8 (Fig. 5D and E).

To further explore the neuroendocrine characteristics in intermediate
cells, we utilized our enhanced dual recombinases system in the TKA
mouse model. In neonatal TKA mouse prostates, 14.2% � 2.2% of Chga-
expressing cells were identified as tdTomatoþ intermediate cells (Fig. 5F
and G). Among these, 12.6% � 2.5% of Chgaþ neuroendocrine cells
maintained tdTomato expression into adulthood, and these Chgaþ/
tdTomatoþ daughter cells lacked expression of Ck5, aligning with the
expression of luminal cell marker Ck8 (Fig. 5H and I). Furthermore, in
neonatal TK-TLR mouse prostates, 11.3% � 0.7% of Chga-expressing
cells were ZsGreenþ/tdTomatoþ intermediate cells. In the adult TK-TLR
mouse model, 10.4% � 3.3% of Chgaþ neuroendocrine cells continued
to co-express ZsGreen and tdTomato (Fig. 5J and K).
tate development. (A-D) Co-immunofluorescence of Chga, Ck5 and Ck8 in the
e. (E) Bar graph showing the percentage of Chgaþ/Ck5þ/Ck8þ cells and Chgaþ/
d 8 weeks of age. (F and H) Co-immunofluorescence of Chga, Ck5 and Ck8 with
treated with tamoxifen at P0. (G and I) Bar graphs showing the percentage of
eeks (I). (J and K) Immunostaining for Chga, endogenous tdTomato and ZsGreen
treated with tamoxifen at P0, bar graphs showing the percentage of tdTomatoþ/
8 weeks (K). Data are shown as the mean � SD. Scale bars, 50 μm.
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Taken together, these findings suggest a cell lineage transition from
triple-positive (basal, luminal, and neuroendocrine) cells to double-
positive (luminal and neuroendocrine) cells. This transition may pro-
vide valuable insights into the neuroendocrine lineage plasticity and its
implications in the progression of prostate cancer cells, potentially
influencing therapeutic strategies targeting neuroendocrine differentia-
tion in prostate cancer.

3. Discussion

Organogenesis, tissue regeneration, and cancer progression are
fundamentally influenced by the proliferation and lineage trans-
formation of tissue-specific stem cells (Blanpain & Simons, 2013). In this
study, we have advanced the understanding of these processes by
generating a scRNA-seq profile of neonatal mouse prostate cells. This
profiling effort has enabled us to define cell identities and delineate a
unique population of intermediate cell endowed with stem cell potential.
By employing enhanced lineage tracing strategies in both in vitro orga-
noid formation (Fu et al., 2021; Gao et al., 2014; Karthaus et al., 2014)
and in vivo cell fate mapping assays, we have demonstrated that these
intermediate cells possess substantial proliferative capacity and exhibit
bipotency during prostate development. This finding is crucial as the
transition from prostate adenocarcinoma to NEPC contributes to resis-
tance against androgen-deprivation therapy. Our results not only
confirmed the existence of neuroendocrine cells in the neonatal prostate,
but also clarify the epithelial lineage transition of these cells, providing
deep insights into the onset and progression of NEPC.

Historically, lineage plasticity and developmental trajectories in
prostate development were explored using single-marker-driven lineage
tracing techniques. However, the precision of suchmethods hinges on the
accurate expression of Cre recombinase, controlled by cell lineage-
specific promoter (Davis et al., 2012; He et al., 2017). Single
promoter-driven recombinase strategies often result in labeling biases
and fail to comprehensively capture the fate of multi-lineage cells. The
enhanced lineage tracing assays overcome these limitations by specif-
ically mapping intermediate cells during prostate development (He et al.,
2017). We propose a model of prostate development wherein interme-
diate cells are identified as bipotent stem cells that maintain their bipo-
tency throughout postnatal development.

The current lineage tracing models have technical limitations. Spe-
cifically, it is challenging to distinctly identify the fate of each interme-
diate cell at the single-cell level throughout the development of the
prostate. Recent advancements in lineage tracing assays now enable the
tracking of single-cell clones by recording clonal information using DNA
sequence barcodes (Wagner & Klein, 2020). Nevertheless, the effective-
ness of the enhanced dual recombinase mouse systems is dependent on
tamoxifen, which requires time to act, whereas prostate development
occurs very rapidly. Integrating more advanced sequencing techniques
with innovative lineage tracing methods could yield a comprehensive
understanding of intermediate cells and offer valuable insights into
developmental biology and disease mechanisms.

Recent research, including our own, has highlighted the significant
role of intermediate cells in various contexts such as bacteria-induced
prostate inflammation, benign prostatic hyperplasia (BPH), and ERG-
driven invasive prostate cancer (Feng et al., 2023; Guo et al., 2023).
The parallels between prostate cancer cells and prostate development,
particularly the reactivation of developmental patterns during tumori-
genesis, underscore the importance of studying stem cells within prostate
biology (Toivanen & Shen, 2017).

The relevance of intermediate cells extends beyond prostate biology.
Their pivotal roles have been identified in various tissues, including both
glandular and non-glandular epithelia tissues, under different patholog-
ical conditions (Ma et al., 2022; Pu et al., 2023; Wuidart et al., 2018).
These findings emphasize the necessity of understanding the properties
and lineage plasticity of intermediate cells in the broader contexts of
development, regeneration, and disease progression.
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Our study not only sheds light on the characteristics and function of
intermediate cells, but also provides fundamental insights into develop-
ment and disease progression associated with intermediate stem cells.
This knowledge base could pave the way for novel therapeutic strategies
targeting stem cell dynamics in prostate disease and potentially other
related conditions.

4. Materials and methods

Mice. All experimental mouse studies were conducted in accordance
with recent guidelines of the Animal Care and Use Committee at the
Center of Excellence in Molecular Cell Science, Chinese Academy of
Sciences (CAS). All experimental mice were fed and kept according to
rules in accordance with the regulations of the Shanghai Laboratory
Animal Center Institutional Animal. Rosa26-loxp-stop-loxp-EYFP (Srinivas
et al., 2001), Rosa26-loxp-stop-loxp-tdTomato (Madisen et al., 2010) and
Rosa26-CreER mice were purchased from the Jackson Laboratory. As
published previously (Han et al., 2019, 2021; He et al., 2021; Liu et al.,
2020), Rosa26-TLR, Rosa26-Ai66, and Trp63-DreER mouse lines were
provided by Bin Zhou. Ck8-CreER mice were provided by Li Xin (Zhang
et al., 2012).

Genomic PCR. Experimental mice were genotyped by PCR using the
genomic DNA obtained from mouse tail. Each mouse tail tissue was lysed
by incubation with 500 μL lysis buffer (50 mM Tris-HCl, pH8; 100 mM
EDTA; 100 mM NaCl; 1% SDS; 0.5 mg/mL Proteinase K) for 2 h at 55 �C
with shaking, and added with 250 μL saturated NaCl, and the mixture
was centrifuged at 12000 rpm for 10 min to obtain a supernatant con-
taining genomic DNA. Genomic DNA was precipitated with isopropanol,
washed with 70% ethanol and dissolved in deionized water. The se-
quences of the genotyping primers specific for each mouse line and the
expected band sizes for PCR, are listed in Supplementary Table 1.

Mouse lineage tracing procedures. For newborn mice, tamoxifen
(Sigma, cat. no. T6648-5G, 20 mg/mL dissolved in corn oil) was
administrated by subcutaneous injection under the back skin. For 1-
week-old, 2-week-old and adult mice, tamoxifen was administrated by
intragastric injection.

Prostate cell dissociation and sorting.Mice were euthanized using
carbon dioxide asphyxiation, and the urogenital tract was removed and
placed in cold PBS. The seminal vesicles, vas deferens, bladder, urethra,
and adipose tissue were removed from the urogenital tract under a ste-
reomicroscope to isolate the prostate tissue. Mouse prostate tissue was
dissected and cut into small pieces under a microscope, followed by
enzymatic dissociation with 0.5 mL of dissociation medium
(1 � Collagenase/Hyaluronidase, STEMCELL, no. 07912) for 30 min at
37 �C with shaking. The dissociated tissue chunks were spun down at
800 rpm for 1 min, and then the supernatant was removed. The disso-
ciated tissue chunks were further dissociated by TrypLE (Gibco,
no.12605-028) with 10 μm Y27632 for 10 min at 37 �C. The dissociated
prostate cells were stained with directly conjugated primary antibodies
(Supplementary Table 2) for 30 min on ice. The dissociated cell sus-
pension was filtered through a 45 μm mesh filter. Cells were sorted on a
FACS Aria II (BD).

Organoid formation assay.We used a previously published protocol
to perform the prostate organoid formation assay (Drost et al., 2016; Guo
et al., 2020). Briefly, sorted mouse prostate cells were suspended in the
mouse prostate organoid medium (Drost et al., 2016) and an equal vol-
ume of Matrigel (Corning 354234) was added. The cell suspension was
placed into a 24-well culture plate (Corning) at a concentration of
250 cells per 50 μL droplet. After incubated in a cell incubator (5% CO2,
37 �C) for 30min, mouse prostate organoidmediumwas added to the cell
culture plates, and medium was replenished every 3 days. The organoids
were cultured for 7 days, and for statistical analysis, the microscope
images were taken with Cytation 5, and organoid measurements and
statistics were processed by Gen 5 Image Prime.

Tissue embedding and immunostaining assay. Experimental mice
were euthanized and prostate tissues were micro-dissected under a
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stereoscope. Prostate tissues were fixed in 4% paraformaldehyde for 2 h
at 4 �C. After being washed three times in 4 �C PBS, prostate tissues were
dehydrated in cold 30% sucrose overnight, then embedded in OCT
compound. Organoids were fixed with 4% paraformaldehyde for 30 min
at 4 �C, and washed three times in cold PBS. Organoids were dehydrated
in 30% sucrose for 2 h at 4 �C, then embedded in OCT compound. The
frozen tissues and organoids were stored at �80 �C. Cryosections
(~10 μm) were collected on adhesive microscope slides and stored at
�20 �C until use.

The dried sections were washed three times with PBS, then were
permeabilized and blocked with 5% goat serum in PBST (0.1% Triton X-
100 in PBS). Sections were stained with primary antibodies in 5% goat
serum overnight at 4 �C, then washed three times with PBST (0.05%
Tween-20 in PBS) and incubated with secondary antibodies for 1 h at
room temperature in the dark. Sections were then washed three times
with PBST (0.05% Tween-20 in PBS) and mounted with DAPI (Sigma).
Primary and secondary antibodies are listed in Supplementary Table 2.
Immunofluorescence images were captured using a Leika (sted) confocal
system. Images were analyzed using Image J software.

Prostate cell digestion and scRNA-seq library construction. The
urogenital tissues with prostate buds from neonatal mice were sectioned
under a stereomicroscope, followed by enzymatic dissociation with
0.5 mL of 1% Trypsin for 30 min at 4 �C. The dissociated tissues were
washed with DMEM twice, and further dissociated by 0.1% collagenase
B, with 1% DNase for 15 min at 37 �C. After quenched by DMEM with
10% FBS, the urogenital tract cells were passed through a 45 μm filter.
For scRNA-seq, the dead cells were removed from urogenital tract cells by
Dead cell removal kit (Miltenyi, 130-090-101). And the 13,800 live
urogenital tract cells were loaded in a Single-Cell-G-Chip. The Single-
Cell-A-Chip with live urogenital tract cells was loaded on a 10X Chro-
mium single-cell instrument (10X Genomics). According to the manu-
facturer's instructions, we conducted barcoding, complementary DNA
synthesis and library construction. The live urogenital tract cell sample
was run on a NovaSeq6000 (Illumina).

Single-cell RNA-seq data preprocessing. Raw sequencing data was
preprocessed by Cell Ranger (version 7.1.0) and reads were mapped
against the mm10 mouse reference genome. Filtered gene expression
matrix was used to create seurat object in R (version 4.3.1) with the
package of Seurat (version 4.4.0). Quality control was performed with
the criterion of more than 200 detected genes and less than 20% mito-
chondrial gene ratio. Standard preprocessing workflow with default pa-
rameters was applied for single-cell RNA data including the function of
NormalizeData, FindVariableFeatures, ScaleData and RunPCA.
Following the clustering cells by the function of FindNeighbors and
FindClusters with parameters of 50 dimensions and 0.3 resolutions
separately, non-linear dimensional reduction was performed using Run-
TSNE with parameters of 50 dimensions. Cluster 10 was removed
because there were low-quality cells with generally lower number of
genes and counts. After quality control, 7210 high-quality cells were
identified and standard processing workflow was applied once more as
described above. Differently, parameters were 18 dimensions and 0.085
resolutions in the step of clustering cells. Subsequently, differentially
expressed genes for each cluster were identified by the function of Fin-
dAllMarkers, and clusters were annotated according to the specific cell
markers.

Cell cycle heterogeneity analysis of epithelial cells. Cell cycle
state was assessed based on the expression of G2/M and S phase markers
which are stored in a list named cc.genes in the package of Seurat
(version 4.4.0). Cell cycle phase scores were calculated by the function of
CellCycleScoring.

Gene Ontology and pathway enrichment analyses. Top 150 most
highly differentially expressed genes of intermediate cells among
epithelial cells which were identified by the function of FindAllMarkers,
were applied to enrich pathway using Metascape and enriched pathway
(p-value <0.01) were presented.

Quantification and statistics. At least three replications were
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performed to organoid formation assays, and at least three mice were
used for lineage tracing, library construction and organoid formation
assays. We analyzed at least 5 sections for immunofluorescent staining.

Data and materials availability. The raw sequencing data for the
scRNA-seq of urogenital sinus of neonatal mice have been deposited in
the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih
.gov/geo) with the accession number GSE270830, https://www.ncbi.n
lm.nih.gov/geo/query/acc.cgi?&acc¼GSE270830.
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