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Unveiling novel insights in
prostate cancer through
single-cell RNA sequencing

Wenyue Yu, Chun Wang, Zhiqun Shang* and Jing Tian*

Tianjin Institute of Urology, Second Hospital of Tianjin Medical University, Tianjin, China

Single-cell RNA sequencing (scRNA-seq) is a cutting-edge technology that
provides insights at the individual cell level. In contrast to traditional bulk RNA-
seq, which captures gene expression at an average level and may overlook
important details, sScCRNA-seq examines each individual cell as a fundamental unit
and is particularly well-suited for identifying rare cell populations. Analogous to a
microscope that distinguishes various cell types within a tissue sample, scCRNA-
seq unravels the heterogeneity and diversity within a single cell species, offering
great potential as a leading sequencing method in the future. In the context of
prostate cancer (PCa), a disease characterized by significant heterogeneity and
multiple stages of progression, scRNA-seq emerges as a powerful tool for
uncovering its intricate secrets.
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Introduction

Prostate cancer is currently the most prevalent cancer diagnosed in men within the
United States, accounting for 29% of all diagnoses in 2023 and ranking as the second
leading cause of cancer-related deaths in men of all ages in 2020 (1). Globally, there are
approximately 1.3 million new cases of prostate cancer reported each year (2). It is widely
recognized that prostate cancer exhibits significant heterogeneity, both clinically and at the
molecular and morphological levels (3). Consequently, comprehensive assessment of this
disease often proves challenging when relying solely on molecular analyses of tissue
samples as a whole. Thankfully, the advancement of technology has allowed for substantial
progress in the field of cancer research, enabling us to explore the genomic landscape and
developmental processes of prostate cancer in greater detail.

Among the rapidly evolving technologies, scRNA-seq has emerged as a prominent
tool. Leveraging specialized technological expertise and sophisticated bioinformatic
analysis, scRNA-seq enables us to investigate gene expression at the individual cell
level. By employing mature analytical approaches such as clustering, trajectory inference,
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cell-typeannotation, and dataset integration (4), scRNA-seq
provides us with novel dimensions to comprehend prostate
cancer in terms of its plasticity, metastatic potential, and tumor
microenvironment (TME).

This review aims to highlight the latest findings in the field of
prostate cancer uncovered through scRNA-seq (Figure 1). By
examining each stage of prostate cancer progression from a
single-cell perspective, and drawing insights from a selection of
recently published representative articles, we will explore the impact
of this emerging technology on reinterpreting earlier research and
shaping the future landscape of prostate cancer study.

Single-cell RNA sequencing on
normal prostate

Traditional fluorescence-activated cell sorting (FACS) has been
widely used for cell type identification in tissues. However, it has
limitations in detailed cell sorting and discovering new subtypes due to
gating strategies and limited antibody availability. In a pioneering study,
Henry et al. employed single-cell RNA sequencing to comprehensively
profile the transcriptome of the normal adult human prostate. By
combining their findings with immunofluorescence and flow
cytometry, they achieved the first cellular anatomy of the normal
human prostate, establishing a baseline for future prostate disease
studies (5).

10.3389/fonc.2023.1224913

The anatomical composition of the prostate was originally
defined into four main regions: peripheral zone, central zone,
preprostatic zone, and anterior fibromuscular stroma by McNeal
in 1968 (6). Based on gene expression, cellular location, and surface
antigens, three types of epithelial cells have been described in the
prostate: basal, luminal, and neuroendocrine (NE) (7-11). Henry
et al.’s findings were consistent with previous knowledge, with the
addition of two epithelial cell subtypes expressing low levels of both
basal and luminal markers (luminal KLK3+ and basal KRT14+).
These subtypes were labeled as “other epithelia” (OE), further
divided into “OE1” and “OE2”. OEl was characterized by high
expression of SCGB1A1, PIGR, MMP7, CP, and LCN2, while OE2
expressed KRT13, SERPINBI1, and CLDN4 (5). By comparing these
subtypes with epithelial cells from the mouse lung, they found that
OEL1 exhibited similarities to lung Scgblal+ clara (club) cells and
Krt13+ hillock cells, whereas OE2 showed similarities to lung Krt5+
basal and Krt13+ hillock cells (5, 12, 13).

The localization of different cell types was further examined
using in situ triple immunofluorescence. OE1 cells (SCGB1A1+)
were predominantly found in the prostatic urethra and collecting
ducts, but were rare in the prostate itself. On the other hand, OE2
cells (KRT13+) were abundant in the prostatic urethra, collecting
ducts, and the central zone surrounding the ejaculatory ducts, but
were scarce in the peripheral zone (5).

Previous studies have indicated low expression of KRT family
genes in the adult prostate, with enrichment observed in fetal
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FIGURE 1

Cell Subtypes, Interactions, and Development Trajectory Revealed by SCRNA-seq in Prostate Cancer. Representative subgroups within Epithelial cells,
Stromal cells, T cells, and Tumor Associated Macrophages (TAMs) were delineated. Cellular trajectories were depicted through one-way arrays, while
interactions were visualized using two-way arrays. scRNA-seq has proven instrumental in identifying less prevalent cell subtypes and enhancing our
understanding of cellular communication and lineage connections within prostate cancer.
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prostate and localized prostate tumors (14). Thus, the KRT13+ OE2
cell type was suggested to be associated with tumorigenesis (5). The
specific function of OEL1 cells is yet to be elucidated.

The study also identified stromal components of the prostate,
including smooth muscle cells, fibroblasts, and leukocytes. This
application of scRNA-seq on human prostate represents a
significant milestone in prostate research, as it demonstrated the
technology’s impressive ability to identify previously unrecognized
subtypes. Although the study did not explicitly identify
neuroendocrine cells, possibly due to their scarcity, subsequent
research has addressed these limitations and further explored the
biological functions of the newly discovered subgroups.

Primary prostate tumors

Building upon the discoveries made by Henry et al., Song et al.
aimed to investigate the representation of epithelial diversity within
primary prostate tumors (15).

Using scRNA-seq, they examined the profiles of four pairs of
tumors and their corresponding benign-appearing tissue. The
analysis revealed the presence of basal and luminal cells,
consistent with epithelial populations. Additionally, they
identified a subset of cells exhibiting lower scores for basal
epithelial (BE) and luminal epithelial (LE) signatures, but
displaying elevated expression of PIGR, MMP7, and CP. These
cells closely resembled the previously reported OEIl cells, as
indicated by their expression of SCGB1A1, PIGR, MMP7, CP,
and LCN2, as documented by Henry et al. (5). Notably, the
identified markers expressed by these OE1 cells have been linked
to the generation and progression of tumors (16-18). Consequently,
it was inferred that these OE1-like cells may be associated with the
process of carcinogenesis.

Due to the observed similarities between OEL cells in the
prostate and club cells in the lung (5), the analogous cells
discovered by Song et al. were designated as “club cells” in their
study. To further investigate the role of club cells in PCa, the
researchers categorized both tumor and normal samples’ club cells
into six distinct cell states labeled as club 0 to club 5. Among these
clusters, club 0 was found to be significantly enriched in the tumor
group. This cluster exhibited upregulation of LTF, luminal markers,
and a range of downstream genes related to the androgen receptor
(AR) pathway. Enrichment analysis also revealed a substantial
enrichment in the Hallmark Androgen Response pathway.
Another cluster, club 6, which was also enriched in the tumor
group, displayed similar characteristics. Collectively, these findings
suggested a luminal-like and androgen-responsive state of PCa
epithelial cells (15).

Further investigation led to the identification of LE and BE
subclusters characterized by the expression of club cell markers
(initially proposed for normal prostate cancer by Henry et al., as
mentioned above, encompassing SCGB1A1, PIGR, MMP7, CP, and
LCN2 (5)). These subclusters were referred to as “club cell states.”
Supported by additional scRNA-seq datasets (19, 20), a set of PCa-
club cell signatures was established, including PIGR, LTF, and
NKX3-1 (15).
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It is noteworthy that in their investigation, Song et al. did not
observe the presence of OE2-like cells (also referred to as “hillock
cells” due to their similarity to hillock cells in the lung) within their
PCa samples (5). However, these cells were identified in PCa
organoids. This disparity suggests that hillock cells may
experience depletion during the progression of prostate cancer.
Despite this intriguing observation, further research is required to
unravel the underlying mechanisms responsible for this
phenomenon and provide a more comprehensive explanation (15).

Song et al.’s study elucidated the heterogeneity of epithelial cells
in prostate cancer, specifically investigating the functional
characteristics of club and hillock cells within PCa. Their research
significantly expanded upon the previous findings of Henry et al.

Additionally, Song et al. conducted a study aiming to elucidate
the distinctions attributed to TMPRSS2-ERG fusion, a prevalent
oncogenic transcription factor in PCa. Tumor cells exhibiting
elevated ERG expression were categorized as ERG+, while cells
lacking ERG expression were designated as ERG-. Notably, there
was no noteworthy disparity in copy number variations (CNV)
between ERG+ and ERG- tumor cells. However, variations were
observed in terms of inter-tumor heterogeneity and transcriptomic
profiles. Firstly, ERG+ cells exhibited a patient-specific clustering
pattern, unlike ERG- cells. Secondly, ERG- cells displayed a greater
overlap in gene expression with non-malignant LE cells and
occupied a closer proximity to LE on the UMAP map, indicating
a higher degree of similarity (15). Moreover, ERG- patients
demonstrated increased shared signaling pathways between T-
cells and stromal cells, and both CD4 and CDS8 cells associated
with ERG- tumor cells displayed signs of exhaustion and a cytotoxic
phenotype, thereby suggesting a promising potential for
immunotherapy in clinical trials (15). In conclusion, these
findings suggest that the overexpression of ERG in PCa epithelia
contributes to increased intra- and inter-cellular heterogeneity and
is associated with unfavorable outcomes.

The study conducted by Chen et al. provides a novel perspective
on the heterogeneity of PCa epithelia.

The researchers analyzed epithelial cells obtained from 13 tissue
samples of PCa, including 12 primary tumors and 1 lymph node
metastasis. Through the utilization of PAMS50, a gene expression
signature initially discovered in breast cancer, the epithelial cells
were classified into three subtypes: luminal A, luminal B, and basal
(16). Most of the subclusters exhibited characteristics of both
luminal A and luminal B subtypes, with the exception of clusters
10 and 12. Cluster 10 demonstrated a high expression signal for
luminal A genes but also expressed gene markers associated with
basal/intermediate cells. Therefore, it was designated as “Basal/
Intermediate cells” (20). Conversely, cluster 12 displayed a high
expression signal for luminal B genes and exhibited an
overexpression of genes involved in cell-cycle phases, leading to
its designation as “CellCycle” (20). Survival analysis using data from
the TCGA database revealed that patients with the CellCycle
signature had a worse prognosis, consistent with previous studies
(21). On the other hand, patients with Basal/Intermediate
signatures exhibited a better outcome, partially aligning with the
findings of Song et al. that PCa epithelia display a more luminal-like
state (15). Chen et al. also investigated the immune aspect of the
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findings. They discovered that basal/intermediate cells showed high
expression of antigen processing and presentation genes (20),
specifically expressing HLA class II and the chemokine gene
CCL2, which could enhance the immune response against tumor
cells and potentially contribute to better survival. Additionally,
basal/intermediate cells involved in perineural invasion (PNI)
were found to have significant communication with neural cells
through the CXCL and CCL signaling networks (22). This
communication was identified as a critical factor in promoting
cancer progression and metastasis in PNI-PCa (22). Furthermore, a
separate study involving primary tumor tissues from 14 untreated
PCa patients reported that the epithelial subcluster with the highest
number of cycling cells exhibited the highest epithelial-to-
mesenchymal transition (EMT) score, indicating greater tumor
ecosystem diversity, which was associated with a poorer
prognosis (23).

The heterogeneity observed among epithelial tumor cells can
often be attributed to the diverse interactions occurring within the
tumor tissue. Utilizing scRNA-seq, Zheng et al. identified a distinct
subtype of tumor cells derived from micro-metastases of prostate
cancer in mice. This subtype displayed notable differences compared
to tumor cells found at primary sites and exhibited a high expression
of prolactin receptor (Prlr) (24). Building upon this discovery,
subsequent experiments revealed a significant intercellular
interaction pathway: tumor cells exhibited elevated levels of COX-2
(prostaglandin endoperoxide synthase 2), which facilitated the
synthesis of PGE2. This, in turn, stimulated the secretion of
prolactin by upregulating nuclear receptor 4A (NR4A) in stromal
cells. The increased concentration of prolactin subsequently induced
the expression of PRLR in neighboring tumor cells, thereby promoting
early metastasis in prostate cancer (24). The identification of this new
tumor cell subtype unveiled the important role played by COX-2 in
the progression of prostate cancer. Furthermore, when combined with
the findings of Peng et al., which highlighted the various
immunosuppressive effects derived from EP4, a high-affinity
receptor of PGE2 (25), it can be inferred that COX-2 inhibitors
could serve as meaningful additions to clinical therapies.

The heterogeneity observed in PCa extends beyond epithelial
cells and also encompasses the stromal compartment.

Fibroblast and endothelial cells (ECs) are recognized as vital
components of the TME. The interactions between cancer-associated
fibroblasts (CAFs) and tumor cells, as well as tumor-infiltrating
immune cells, have been identified as key factors in promoting
tumor progression (26). In the study conducted by Chen et al, it
was observed that ACTA2, a gene encoding actin proteins, which was
reported to be decreased in CAFs of PCa due to changes in stromal
composition (27), exhibited abundant expression in CAFs. Through
correlation analysis, researchers suggested its association with EMT
(20). Transcription factor (TF) analysis revealed a subset of CAFs
enriched in genes involved in the extracellular matrix (ECM), leading
to their characterization as “activated CAFs”. Genes related to
activated CAFs were also expressed in certain subsets of ECs,
which were labeled as “aECs.” These particular aECs were found to
be enriched in castration-resistant prostate cancer (CRPC) and
exhibited the ability to modify the ECM and downregulate immune
activation through cell-cell interactions (20).
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CAFs that are enriched in invasive prostate cribriform
carcinoma (ICC) and intraductal carcinoma (IDC) were found to
exhibit elevated expression levels of CTHRCI, ASPN, FAP, and
ENG. This upregulation of genes in CAFs was hypothesized to be
associated with dysfunctional T cells (28).

The roles of immune cells in tumor progression have garnered
increasing attention in recent years. The use of scRNA-seq to
characterize the diverse population of infiltrating immune cells in
PCa provides valuable insights for a better understanding of
this phenomenon.

Tumor-associated macrophages (TAMs) play significant roles
in regulating tumorigenesis (29). While macrophages have
traditionally been viewed as anti-tumor cells involved in immune
defense, numerous studies have highlighted the dual nature of
TAMs. Specifically, TAMs have been shown to stimulate
angiogenesis, enhance tumor cell migration and invasion, and
suppress antitumor immunity, thereby contributing to the
progression of tumors towards malignancy (29, 30).

In a scRNA-seq study involving 10 pairs of human cancer and
adjacent normal tissue, a distinct subset of TAMs characterized by
high expression of metallothionein family genes, particularly zinc
transporter genes SLC30A1 (ZNT-1) and SLC39A8 (ZIP-8), was
identified. These TAMs were labeled as “MAC-MT” (31). Since zinc
is a crucial component of prostatic fluid, the MAC-MT subset was
considered a prostate-specific macrophage subtype that plays a role
in maintaining zinc metabolism homeostasis (32). Importantly, the
MAC-MT subset exhibited increased expression of IENY-, THF-, as
well as CXCL9 and CXCLI0, indicating its association with anti-
cancer immune response and potentially contributing to better
patient outcomes (31).

In addition to TAMs associated with zinc metabolism, TAMs
linked to lipid metabolism have also been discovered. Through
clustering analysis of macrophages from three treatment-naive
patients, two distinct macrophage subtypes, Macl and Mac2, were
identified. Comparison of tumor and adjacent nontumor tissues
revealed that both Macl and Mac2 subtypes increased in tumor
tissues and were associated with pathways related to lipid metabolism,
with Mac2 showing a more pronounced association (33). Further
investigation focused on Mac2 revealed that TAMs characterized by
the high expression of MARCO exhibited a significant correlation
with lipid metabolism and could serve as a prognostic signature (33).

TAMs can also serve as a predictive factor for metastasis. Chen
et al. identified a specific subset of macrophages characterized by a
high expression level of osteoclast (OC)-related pathways, including
mineral absorption and lysosome functions (20). This finding is
particularly significant considering that prostate cancer commonly
metastasizes to bone, where osteoclasts play crucial roles, and
inhibiting osteoclast activity has been shown to delay bone
metastasis in prostate cancer (34). The discovery of this subset of
TAMs suggests that the potential for metastasis may already be
present in the early stages of the tumor (20).

Tumor-associated macrophages (TAMs) characterized by the
M2 markers CD163 and MSRI1 in ICC and ICD were found to
exhibit upregulated expression of C1QB, TREM2, and APOE.
Importantly, the presence of these TAMs was associated with
worse progression survival outcomes (28).
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T cells play a crucial role in TME and serve as indicators of
immune activity. In PCa, the TME is generally considered to be
immunosuppressive, as evidenced by the proportion of regulatory T
cells (Tregs) and the expression of cytotoxic genes in CD4+ and
CD8+ T cells (31, 33). However, subsets of T cells within PCa tissue
samples have been found to express high levels of KLK3, the gene
encoding prostate-specific antigen (PSA) (20). These KLK3-high T-
cell clusters exhibit specific modules associated with extracellular
vesicles (EVs) and exosomes, suggesting that the abundance of
KLK3 might be attributed to EVs derived from tumor cells. This
hypothesis was confirmed through subsequent experiments, which
demonstrated that T cells expressing KLK3 contribute to the
establishment of a pre-metastatic niche for tumor cells (20).
Furthermore, single-cell proteomics analysis involving 58 prostate
cancer patients with different International Society of Urological
Pathology (ISUP) grades revealed that T cells were enriched in the
high-grade sub-cohort and exhibited a highly proliferative
phenotype (35).

Oncogenesis

The process of tumor formation, known as oncogenesis, has
been a subject of extensive discussion. One theory proposes that
tumors originate from a specific group of stem cells (36), while
another suggests that a majority of cells can contribute to
tumorigenesis. To gain insights into the underlying mechanisms
of oncogenesis in PCa, researchers have employed scRNA-
seq technology.

Karthaus et al. conducted an experiment to investigate the
stemness potential of mouse prostate epithelia during androgen
deprivation and restoration, focusing on the regeneration of the
prostate. The epithelial cells were classified into seminal vesicle
subsets, basal subsets, and three luminal subsets referred to as
luminal 1, 2, and 3 cells (L1, L2, L3). Among these luminal
subpopulations, L1 cells constituted the largest proportion. L1 cells
exhibited high expression of canonical androgen receptor target genes
(such as Pbsn, Nkx3.1) and genes associated with mature secretory
cells (CD26/Dpp4+, DC59a, and CD133/Prom 1). L2 cells were
characterized by the expression of Scal/Ly6a, Tacstd2/Trop2, and
Psca, which have been reported to be involved in stem cell-like
activity. L3 cells expressed the transcription factor Foxil, a master
regulator of subunits of the vacuolar ATPase proton pump, suggesting
a potential association between the L3 subset and epididymal fluid
acidification (19). Furthermore, regarding their spatial distribution, L1
cells were primarily located in the distal prostate ducts, L2 cells were
predominantly found in the proximal prostate region, and L3 cells
were interspersed in both proximal and distal locations (19).

In order to identify potential stem cells during the regeneration
process following androgen deprivation, scRNA-seq data from
mouse prostate across a castration/regeneration (C/R) cycle was
collected and analyzed. Interestingly, despite L1 cells remaining the
majority population, they exhibited striking similarities to L2 cells
after castration. However, during the regeneration phase, the
expression pattern of L1 cells reverted back to their baseline state,
indicating the loss of androgen receptor-regulated transcription.
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Notably, all three subsets (L1, L2, and L3) displayed an increase in
proliferation markers during the regeneration process. The stem-
like potential of both L1 and L2 cells was further confirmed through
organoid culture, where organoids derived from these subsets gave
rise to Krt5+ basal cells, indicating their bi-lineage potential (19).

Furthermore, during the process of regeneration, stromal cells
exhibited increased expression of growth factor ligands, such as
Nrg2, Igfl, Fgfl0, and Rspo3. Simultaneously, the expression of
corresponding receptors, including Fgfr2 and Lgr4, was enhanced
in L1 cells. This reciprocal interaction between stromal cells and
luminal cells indicated the influence of the microenvironment on
luminal proliferation and highlighted the importance of cell-cell
circuits in this process (19).

These findings suggest that the potential for self-renewal is
present in the majority of luminal cells, including the well-
differentiated secretory cells of the L1 subset, during the
castration/regeneration cycle. This challenges the conventional
belief that self-renewal ability is limited to rare stem cells and
indicates that almost all luminal cells have the capacity for
redifferentiation (19).

In a separate research study focused on identifying a potential
population with luminal stem/progenitor properties during prostate
homeostasis and regeneration, researchers proposed an
alternative theory.

Cells derived from freshly dissociated whole prostate tissue of
healthy adult male mice were classified into 11 distinct cell clusters,
including three clusters of luminal cells denoted as Luminal-A/B/C
(37). Among these subclusters, Luminal-A/B was characterized by
the expression of genes associated with iron homeostasis and fluid
secretion, suggesting their functional maturation and differentiation
(37). Meanwhile, the Luminal-C cluster exhibited high expression
levels of Tacst2, Psca, and Ck4. The protein product of Tacstd2 has
been identified as a stem cell marker (38), while Psca is known as a
tumor antigen associated with prostate cancer (39). Pathway
enrichment analysis revealed a significant enrichment in tissue
development and epithelial cell differentiation within the
Luminal-C clusters (37). Moreover, cell trajectory analysis
demonstrated a trajectory from Luminal-C to Luminal-A and
Luminal-B, indicating the potential progenitor role of Luminal-C
cells (37). This conclusion was supported by co-
immunofluorescence experiments. Notably, a subset of Luminal-C
cells located at the distal prostate glandular invagination tips,
referred to as Dist-Luminal-C, showed high expression levels of
Tastd2 and played a crucial role in prostate generation and potential
tumorigenesis (37).

It should be noted that the study conducted by Guo et al.
exhibited notable similarities to the research conducted by Karthaus
et al. Both studies focused on the mouse prostate, conducted
castration/regeneration assays, and identified a cluster of cells
(Luminal-C in Guo’s study and L2 in Karthaus’ study) with high
expression levels of Tastd2 and Psca. However, despite these
similarities, different conclusions were drawn between the two
studies. The underlying mechanism behind these divergent
findings remains to be further explored.

In addition to androgen, vitamin D is a well-known factor
associated with prostate cancer. The active form of vitamin D, 1,25
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(OH)2D3, interacts with its receptor, the vitamin D receptor
(VDR), to exert pleiotropic effects in mammals, including
proliferation, differentiation, and apoptosis (40-42). Studies have
reported that vitamin D deficiency increases the risk of prostate
cancer (43), while men with higher plasma 25(OH)D levels in the
highest quartile have been found to have less than half the risk of
lethal prostate cancer compared to those with lower levels in the
lowest quartile (44). The mechanisms underlying the preventive
effect of vitamin D on prostate cancer are currently being
investigated (45).

McCray et al. conducted a study using organoids derived from
the benign region of the human prostate. SCRNA-seq was
performed on organoids cultured with sufficient 1,25D (active
form of vitamin D) and control organoids at day 8 and day 14,
respectively. At day 8, the organoids cultured with sufficient 1,25D
exhibited an increase in dividing cells compared to the control
group. However, at day 14, the 1,25D-treated organoids showed an
increase in polarized and basal cells, as well as a decrease in
progenitor and intermediate cells, in comparison to the control
group (46). Additionally, the organoids cultured with 1,25D at day
14 showed a higher percentage of cells expressing high levels of
Integrin. These findings suggested that 1,25D could promote both
growth and differentiation in the prostate. Transcriptome analysis
revealed that the promotion of growth and differentiation by 1,25D
was primarily achieved by inhibiting the Wnt pathway through
upregulation of the dickoff family number 3 (DKK3) gene (46).

In another study, mice with Pten-deficient PIN were utilized to
investigate the effects of the vitamin D analog Gemini-72 on
prostatic precancerous lesions. SCRNA-seq analysis revealed that
the down-regulated genes in response to Gemini-72 treatment were
primarily involved in the encoding of collagen proteins,
extracellular matrix (ECM) proteins, and ECM remodeling
enzymes, suggesting that the main impact of Gemini-72 was on
ECM remodeling (47). Epithelial cells were also influenced by
Gemini-72 treatment. Among the subclusters of epithelial cells,
the luminal-C subcluster characterized by Tacstd2, Krt4, and Ly6a
exhibited a significant reduction in proportion after one week of
treatment with Gemini-72. However, the proportion of luminal-A/
B cells remained similar between the treatment and control
conditions. Further subcluster analysis of the Luminal-C cells
identified a particularly sensitive cell group characterized by high
transcript levels of SASP components, which accumulate in cells
undergoing cellular senescence (47). Additionally, persistent subsets
of luminal-C cells exhibited upregulated NF-yB pathway activity,
which is associated with antiapoptotic processes. These findings
suggest that vitamin D analogs such as Gemini-72 may have
potential benefits in the prevention and treatment of prostate
cancer, as they eliminate precancerous cells through apoptotic cell
death (47).

Castration resistance

Prostate cancer is commonly treated with castration, either
through surgical or medical means, as the first-line treatment (48,
49). Initially, castration therapy demonstrates an efficiency rate of
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80-90% (50, 51). However, a significant challenge arises as nearly all
patients treated with castration therapy eventually develop
castration-resistant prostate cancer (52). Therefore, it is crucial to
explore the mechanisms underlying castration resistance in order to
better understand the progression of prostate cancer.

The utilization of scRNA-seq has proven effective in
constructing a longitudinal landscape of prostate cancer
progression. Bolis et al. conducted a study using patient-derived
xenografts (PDX), providing valuable insights into the trajectory of
tumor cell progression during castration. The tumor model
exhibiting rapid castration resistance displayed significant
differences in single-cell transcriptional profiles before and after
castration. A consistent shift was observed across all subsets,
characterized by a suppression of canonical AR signaling and an
upregulation of pro-proliferation genes associated with MYC (53).
This shift across all cell subpopulations supports Karthaus et al.’s
conclusion that plasticity potential exists in all prostate cells (19).
However, it is worth noting that the PDX cells used in this study
were derived from patients with castration-resistant prostate cancer
(CRPC). The selection of stem-cell-like subsets may have already
occurred due to prior therapy targeting the androgen receptor.
Consequently, the conclusion may lack sufficient convincing power.

Another study associated with castration induced tumor cells is

U mice (54). Researchers identified

the study conducted using Pten
a specific group of cells characterized by the expression of Krt4,
Tacstd2, and Ppplrlb, which were named as intermediate cells (54).
These intermediate cells demonstrated a propensity for survival and
diversification under castration conditions. Genes that were
upregulated in castrated intermediate cells, such as ATP1BI,
BST2, CP, IGFBP3, and PTTGI, have been shown to be
associated with resistance to ADT in human tumors (54).

In addition, castration was found to induce perturbations in the
tumor microenvironment (TME). Following castration, there was
an increase in the abundance of tumor-associated macrophages
with M2-like characteristics. This was accompanied by a reduction
in M1-like features, including TNFo signaling and inflammatory
signatures (53).

After profiling the trajectory of PCa at the single-cell level, the
study took a further step. By analyzing high-throughput
transcriptional datasets from 13 studies, the researchers identified
EZH2, a member of the polycomb-repressive complex-2, as the
most regulated gene during tumor progression (53). To unravel
how EZH2 inhibition restores transcriptional output in CRPC
progression, they utilized the EZH2 protein inhibitor GSK126 in
LNCaP cells cultured in charcoal-stripped serum (CSS) to
investigate the role of EZH2 in PCa progression under castration
conditions. Remarkably, the introduction of co-targeting AR and
EZH2 resulted in the formation of a completely new subgroup
marked by heightened AR signaling and diminished expression of
E2F-related cell cycle genes. This underscores that the inhibition of
EZH2 within an androgen-depleted context resulted in a near-
complete rewiring of transcriptional patterns. Additionally, in
xenograft tumors on mice, inhibition of EZH2 delayed the
regrowth of LNCaP xenografts. SCRNA-seq profiles demonstrated
that GSK126 treatment led to an augmentation in the least
progressed subcluster, indicating a reversal of progression along
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the trajectory. Furthermore, a decrease in M2-like macrophages was
observed in GSK126-pretreated tumors. These findings highlight
the crucial role of EZH2 in castration-resistant PCa progression and
introduce a novel potential for utilizing EZH2 inhibition in clinical
treatment for CRPC progression (53).

To investigate the significance of the androgen receptor (AR) in
castration resistance, He et al. conducted a study involving the
collection of biopsies from three metastatic sites (bone, lymph node,
and liver) before and after enzalutamide therapy. SCRNA-seq was
utilized to exclude the influence of cells from the metastatic sites. By
comparing the transcription profiles before and after castration
therapy, the researchers observed an overall upregulation of AR and
its isoforms, which was expected (55).

The study aimed to explore the relationship between specific AR
isoforms and castration resistance. However, no individual AR
isoform exhibited any relevance, even when examining paired
biopsies from the same patient before and after therapy (55). The
increased expression of AR isoforms was more likely a consequence
of the overall increase in total AR expression, rather than playing an
independent role in castration resistance (55).

Nevertheless, there were other differences observed due to
castration aside from AR isoforms. Cells subjected to castration
displayed a higher enrichment of gene sets associated with
epithelial-mesenchymal transition (EMT) and transforming
growth factor (TGF)- signaling. Furthermore, castration therapy
also influenced the immune microenvironment (55).

It has long been recognized that the majority of prostate tumors
are not responsive to immune checkpoint inhibitors (56). Further
investigation of T cells provided additional evidence in this regard.
Several markers associated with exhaustion and dysfunction, such
as PDCD1, HAVCR2, TOX, TIGIT, ICOS, FASLG, and LAG3, were
observed, aligning with expectations (55). Additionally, clonotype
groups of T cells detected in metastases exhibited genes related to
co-inhibitory receptors and CXCR4, which may contribute to the
unresponsiveness to immune checkpoint inhibitors (ICI/ICB) (55).

Another study focused on the association between checkpoint
blockade and the efficacy of T cells. Guan et al. conducted research
involving eight patients with metastatic castration-resistant prostate
cancer (mCRPC), among whom three patients responded to
pembrolizumab (defined as a prostate-specific antigen (PSA)
decline of >25% upon immune checkpoint blockade), while five
did not respond (57). SCRNA-seq was conducted on metastatic
tumor lesions obtained from patients. The CD8+ T cells from these
patients formed two clusters referred to as CD8 k1l and CD8 k2.
Remarkably, these two clusters closely overlapped with CD8 T cell
clusters divided by responders (CD8 R) and non-responders (CD8
NR). Analysis of differentially expressed genes between CD8 R and
CD8 NR revealed a deactivation of AR in CD8 R (57). Inspired by
the findings from scRNA-seq, a series of experiments were
conducted, unveiling that AR could bind to open chromatin
regions associated with Ifng and Gzmb, thereby causing immune
suppression. These bindings could be suppressed by enzalutamide.
The combination of androgen deprivation therapy (ADT) and
enzalutamide enhanced the effect of PD-1/PD-L1 blockade in
mice (57).
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In the context of longitudinally exploring cancer progression,
scRNA-seq provides a novel perspective for investigating the
lineage and evolution of tumor cells. By employing cell trajectory
analysis, it becomes possible to uncover hidden subtypes that may
play a dominant role in tumor progression. This approach allows
for a deeper understanding of the cellular dynamics and
heterogeneity within the tumor, contributing to a more
comprehensive characterization of cancer progression.

Taavitsainen et al. conducted a study utilizing PCa cell lines to
investigate the mechanism underlying drug castration resistance.
They performed both scRNA-seq and single-cell transposase-
accessible chromatin sequencing (scATAC-seq) on LNCaP
parental cell lines and LNCaP-derived enzalutamide (ENZ) cell
lines. The scRNA-seq profiles were largely consistent with the
scATAC-seq data, characterized by high expression of genes
associated with AR and MYC, indicating that the transcriptional
changes induced by drug castration were primarily driven by
chromatin reprogramming (58). The cells were classified into
different clusters, and certain clusters, referred to as “persist
clusters,” showed no significant change in their percentage before
and after castration. The persist clusters exhibited high proliferative
activity, and some of them demonstrated relatively high expression
of genes associated with stemness (58). Trajectory analysis revealed
that these cells possessed high developmental potential and could
give rise to other clusters. They were characterized by a gene
signature named “Persist”. Genes associated with regenerative
mouse prostate luminal 2 cells, as reported by Karthaus et al.,
were extracted (19). Among these, 78 genes with human homologs
were designated as the “PROSGenesis signature”. When assessing
clusters using the PROSGenesis signature, cluster 10 in the parental
cell line before treatment displayed the highest score. Subsequent
trajectory analysis demonstrated that this cluster served as a
precursor to castration-induced clusters (58). Scores of xenografts
from AR+/NE—, AR—/NE+, or AR—/NE- CRPC and NEPC tumors
resistant to ENZ revealed that the PROSGenesis signature exhibited
notably high scores in AR+ tumors. Among primary treatment-
naive patients, a high PROSGenesis score was linked to an extended
response to ADT, potentially attributed to the heightened influence
of AR activity within these tumors. Moreover, clinical data revealed
that the PROSGenesis signature was associated with longer
progression-free survival (PFS), and cells with a high
PROSGenesis signature score predominantly belonged to the
basal/intermediate subtype (58). This finding further supports the
results from Chen et al., who reported that basal/intermediate cells
were indicative of longer recurrence-free survival (20).

Cheng et al. conducted a study using clinical samples to define
pre-existing castration-resistant subpopulations in primary prostate
cancer, specifically in castration-resistant prostate cancer classified
as adenocarcinoma (CRPC-adeno) and small cell neuroendocrine
carcinoma (SCNC or CRPC-NE or NEPC). They performed
scRNA-seq on specimens from three cases of primary
adenocarcinoma and three castration-resistant PCa (including
two CRPC-adeno and one NEPC). Based on the trajectory
analysis generated by Monocle, non-basal cells followed two main
directions: AR-dependent CRPC-adeno trajectory and an AR-
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independent NEPC trajectory. Surprisingly, in addition to cells
derived from CRPC/NEPC samples, a small number of primary
PCa cells were also classified into CRPC/NEPC clusters (59). These
cells were identified as either NE or CRPC-like cells based on their
gene expression profiles. The trajectory analysis of NEPC
progression revealed that NE cells from primary PCa were
distributed along the trajectory, indicating their self-renewal
capability and ability to evolve under the pressure of castration.
On the other hand, CRPC-like cells were primarily located at the
terminal state of the CRPC trajectory, indicating their advanced
progression (59). These newly identified CRPC-like cells were
found to exist in multiple databases, and the gene signature
derived from them was shown to be meaningful in predicting
clinical outcomes (59).

As mentioned earlier, NEPC represents a distinct stage in
castration-resistant prostate cancer, characterized by the loss of
AR expression and acquisition of neuroendocrine features (16, 60-
62). The study conducted by Brady et al. delved into the
development and composition of NEPC. Using gene-edited mice,
the initial part of the research aimed to confirm that Pten” f; RB17 f;
MYCN+ (PRN) mice had a higher propensity to develop NEPC
compared to Pten”’; MYCN+ (PN) mice and Pten”’; RB17f (PR)
mice. This suggested that the presence of MYCN amplification and
Rb1 deletion could expedite the progression to castration resistance
and NEPC tumors (62). Subsequently, scRNA-seq was performed
on both PRN mice and age-matched PR mice. As anticipated, cells
derived from PRN mice exhibited a higher proportion of
neuroendocrine (NE) cells, with 75% originating from PRN
tumors and 25% from PR tumors. Furthermore, these NEPC cells
displayed an increased adult stem cell (ASC) signature score (62).

Remarkably, the trajectory analysis conducted in the study
unveiled the existence of a distinctive subtype of luminal epithelial
cells. Despite being classified as luminal cells, this particular cluster
exhibited low expression levels of neuroendocrine markers and was
positioned adjacent to the neuroendocrine (NE) cells along the cell
trajectories. These luminal cells emerged more frequently and at an
earlier stage in pseudotime in PRN tumors compared to PR tumors.
Additionally, they shared an expression module with NE cells,
suggesting their role as precursors to NE cells (62).

Furthermore, the study identified two distinct subclusters
within the neuroendocrine (NE) cells, distinguished by the
expression of Ascll and Pou2f3, respectively (62). This finding is
somewhat consistent with the research conducted by Cejas et al.,
which focused on treatment-emergent neuroendocrine prostate
cancer (NEPC) using patient-derived xenograft (PDX) models.
Cejas et al. classified NEPC into two subtypes, but based on the
expression of ASCL1 and NEURODI rather than ASCLI1 and
POU2F3 (63). Moreover, another study involving seven patients
with prostate cancer identified two NEPC gene expression
signatures: NE1 characterized by ASCL1, and NE2 marked by
GHGA, GHGB, and ENO2 (64). These discrepancies in subtype
classification may be attributed to differences in the sample species
(gene-edited mice vs. PDX models) and potential batch effects.
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Ultimately, further research is needed to precisely define the
subtypes of NEPC.

Additionally, the study highlighted two axes of NEPC evolution
from androgen-dependent prostate cancer (ADPC). One axis was
driven by genetic events, which involved gains in 12q, losses in 15q,
amplification of MYC, and losses in RBI1. The other axis was
influenced by transcription factors. Specifically, NKX2-2 was
identified as a key transcription factor at the early stage of NEPC
development, while POU3F2 and SOX2 played crucial roles at the
late stage (64). These findings provide insights into the molecular
mechanisms underlying the transition from ADPC to NEPC, with
both genetic alterations and transcriptional regulation contributing
to the evolution of NEPC.

Migration

Bone metastases, a severe complication of cancer, have the
potential to be life-threatening. In the context of prostate tumors,
bone metastases are often regarded as an advanced stage and are
observed in approximately 90% of men who experience treatment-
resistant disease (65-67). Typically associated with castration
resistance and immunosuppression (68), PCa with bone
metastasis is commonly considered incurable. The underlying
mechanisms behind this phenomenon have been extensively
examined and debated.

Intercellular communication within the tumor microenvironment
(TME) plays a crucial role in regulating immunity and has significant
implications in bone metastasis. In a study conducted by Owen et al.,
scRNA-seq techniques were employed to investigate the dormancy
and proliferation of PCa cells residing in bone metastases. Differential
gene expression analysis revealed an enrichment of interferon-
regulated genes (IRGs) in dormant cells, with type I interferons
(IFN-0/B) being the most prominent (67). Notably, the clusters of
dormant cells exhibited significant upregulation of genes associated
with positive regulation of immune cells, including lymphocyte
activation, as well as antigen processing and presentation. These
findings suggest that immune-activating mechanisms in the bone
microenvironment contribute to maintaining the dormant state of
tumor cells. Conversely, the loss of intrinsic type I interferon signaling
was found to promote the proliferation of metastatic tumor cells.
Follow-up experiments provided further support for this hypothesis. It
was also demonstrated that the suppression of tumor-intrinsic type I
interferon signaling is induced by the bone marrow environment, and
its reversion enhances the effectiveness of immunotherapy (67). These
findings indicate a potential novel therapeutic approach targeting
bone metastases.

Further investigation into the relationship between the immune
microenvironment and bone migration was carried out. Kfoury
et al. conducted a study that elucidated how immunocytes
collaborate to establish an immunosuppressive TME. The study
utilized scRNA-seq data from patients with spinal metastasis,
including samples obtained from the solid tumor, involved
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vertebral area, and distant vertebral regions, as well as benign
controls. This comprehensive analysis provided insights into the
immune compartment at both the tumor and liquid bone marrow
levels. Differences in cell composition and gene expression profiles
were observed between the benign and malignant samples, with the
most significant disparities found in myeloid and T cells (69).

Regarding myeloid cells, the malignant fractions exhibited
notable enrichment in tumor inflammatory monocytes (TIMs)
and TAMs. TIMs demonstrated high expression of genes
associated with activation and proliferation, while TAMs
displayed characteristics consistent with the M2 phenotype (69).
It has been reported that both TIMs and TAM:s contribute to tumor
progression and inflammation suppression by secreting factors such
as epiregulin, EGF, NFKBIA, and TNFAIP3. The presence of these
cells is often associated with a poor outcome (70, 71).

In terms of T cells, the tumor fractions demonstrated a significant
decrease in the proportions of T cells compared to those found in
healthy individuals. Among the cytotoxic T lymphocytes (CTLs), two
distinct groups were identified. CTL-1 exhibited gene expression
patterns associated with effector T cells, such as KLRG1, GZMK, and
other cytotoxic mediators. On the other hand, CTL-2 displayed a
transcriptional profile characteristic of effector/memory-like T cells,
including genes like IL7R and KLRBI (69). CTL-2 displayed an
overall dysfunctional and exhausted phenotype, while increased
activity signatures were observed in regulatory T cells (Tregs) at the
metastatic site. These findings collectively indicate an
immunosuppressive environment within TME.

Subsequent analysis suggested a correlation between the
proportion of TAMs and the exhaustion of CTL-2. This finding
implies a communication between the myeloid and lymphoid
compartments within the tumor microenvironment. To further
validate this observation, the researchers investigated the ligands
and cognate receptors involved in the interaction between TIMs/
TAMs and T cells. The results revealed that CCL20, expressed by
TIMs/TAMs, could recruit Tregs and Ty;17 cells through its cognate
receptor CCR6. This recruitment mechanism contributes to an
overall immunosuppressive environment in bone metastases (69).

Discussion

The concept of implementing RNA sequencing at the single-cell
level was first demonstrated using neuronal cells in 1992 (72). Through
a 15-year evolution, the high-throughput sequencing approach known
as 10x Genomics was introduced in 2016, marking a pivotal
advancement. This development laid the essential groundwork for
the subsequent widespread adoption of single-cell RNA sequencing.
The first application of sScRNA-seq to prostate research was published
in December 2018 (5), which is within a span of less than five years. As
with any nascent technique, there are challenges to be faced. A primary
hurdle involves sample acquisition and preparation. Given scRNA-
seq’s stringent demand for fresh tumor specimens, it has brought
difficulties to postoperative pathological examination or disease
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recurrence observation. This constraint is partially alleviated through
nuclear sequencing, viable for frozen or fixed samples. Another
challenge pertains to noise. The modest sample size and shallow
sequencing depth inherent to scRNA-seq yield extensive sparse and
noisy data. Effective processing strategies, encompassing QC (quality
control), normalization, imputation, feature selection, and
dimensionality reduction, offer partial mitigation (73).

ScRNA-seq has significantly advanced prostate cancer research
and clinical assessment by identifying subtypes and gene sets with
prognostic implications. Notably, MAC-MT signifies a favorable
prognosis (31), while T cells expressing KLK3 serve as metastasis
predictors (20), and the PROSGenesis signature correlates with
extended PFS (58). Moreover, this technology has unveiled new
potential candidates for clinical intervention, such as COX-2
inhibitors (24, 25), Gemini-72 (47), and GSK126 (53). As a
promising platform, scRNA-seq offers a higher-resolution
landscape, empowering researchers to delve into rare subtypes,
unravel tumor cell lineages, and investigate cellular interactions.

Beyond scRNA-seq, the rapid evolution of single-cell multi-omics,
encompassing scATAC-seq (single-cell Assay for Transposase-
Accessible Chromatin sequencing), single-cell proteomics, single-cell
spatial transcriptomics, and single-cell metabolomics, is evident. The
dawn of the single-cell omics era for human cancer is imminent,
promising a comprehensive grasp of prostate cancer and laying the
groundwork for personalized medicine.

The utilization of scRNA-seq, either alone or in combination
with other experimental approaches, has significantly contributed
to reinforcing and reinterpreting our understanding of prostate
cancer within a relatively short timeframe. This rapidly advancing
technology has enabled us to explore the heterogeneity of both
tumor cells and the TME from a novel perspective. The application
of scRNA-seq in prostate cancer research provides us with a precise
anatomical understanding of different cell types and reveals the
lineage relationships within subpopulations of the same cell type.
Furthermore, it allows for the characterization of intercellular
communication between different cell types. By subjecting the
transcriptome of prostate cancer cells to the scrutiny of scRNA-
seq, we can visualize the transcriptomic landscape at the level of
individual cells, while at the same time understand tumor as a
dynamic and communicative ensemble.
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