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Introduction
According to the global Cancer data in 2020 released by the International Agency for 
Research on Cancer (IARC), Prostate cancer (PCa) is still the second most common can-
cer in men worldwide. Also, PCa is one of the main reasons for cancer-related deaths in 
men worldwide [1]. Cancer prediction data released by the American Cancer Society 
(ACS) show that by 2022, there will be about 260,000 new PCa cases in the new can-
cer cases in the United States, accounting for 27% of all cancer cases in men [2].In the 
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formation of prostate cancer cells, gene mutations in normal epithelial cells are the pri-
mary way to induce PCa. However, the factors driving PCa progression are complex, 
and it is not enough to explore the causes of the cancer cells themselves [3, 4]. Previous 
studies have shown that the interaction between malignant epithelial cells and tumour 
microenvironment (TME) is a critical cause driving the progression of PCa [5, 6]. PCa 
progression is also a complex process that coordinates crosstalk between tumour cells 
and TME components [7]. Tumour cells can change and maintain their survival and 
development conditions through autocrine and paracrine, promoting cancer develop-
ment and progression [8, 9]. In PCa, crosstalk between some components of TME pro-
motes the malignant proliferation of tumour cells.

Traditional research methods are all aimed at specific cell populations. However, PCa 
is a tumour type characterised by high heterogeneity. Immunohistochemistry (IHC), 
immunofluorescence and other experimental methods are challenging to identify and 
analyse highly heterogeneous PCa. Therefore, it is difficult to provide complete informa-
tion about tumour cells by traditional research methods alone. In recent years, the rapid 
development of single-cell omics has allowed us to understand the changes in a cell pop-
ulation, biochemical characteristics, and immune status of tumour tissues during dis-
ease progression [10]. In addition, single-cell RNA-sequencing (scRNA-seq) combined 
with various immunofluorescence techniques can analyze tumour cells at multiple levels 
and perspectives. As a result, single-cell omics help elucidate the molecular mechanism 
of PCa on the occurrence, development, metastasis, drug resistance and immune escape 
of tumour cells. Therefore, the review summarized the research status of PCa from the 
perspective of single-cell omics. The workflow for scRNA-seq is shown in Fig. 1. In con-
clusion, we summarized and presented several critical directions in applying single-cell 
multi-omics and spatial transcriptomics to understand the heterogeneity of PCa. We 
hope our work can provide some reference for the future research direction of PCa.

Heterogeneity of TAECs in PCa
Prostate tissue comprises various cell types, including epithelial, stromal, and 
immune cells. Each cell type has its distinct gene expression profile [11]. During the 
progression of normal prostate tissue to PCa tissue, the complex interaction between 
tumour cells and surrounding epithelial cells and stromal cells has been widely stud-
ied [12, 13]. Previous studies have found that prostatic epithelial cells mainly include 
secretory epithelial cells, basal epithelial cells, luminal epithelial cells and neuroen-
docrine cells [14–16]. Transformation of the carcinogenic status of prostate epithelial 
cells during tumour progression mainly includes alteration of luminal epithelial cells 
and loss of basal epithelial cells. Single-cell sequencing of PCa tissue samples identi-
fied different cell types. These cells included epithelial cells, stromal cells (endothelial 
cells, fibroblasts, and smooth muscle cells), immune cells (T cells, bone marrow) cells, 
plasmocytes, mast cells, and B cells). “Epithelial cells” constituted the largest popu-
lation of PCa cell types. With the wide application of single-cell omics, the deeper 
heterogeneity of tumour-associated epithelial cells (TAECs) in the development and 
progression of PCa has been gradually discovered. For example, Henry et  al. [17] 
analysed cell profiles of the prostate and prostatic urethra by scRNA-seq and flow 
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cytometry. They identified two new epithelial cell types, hillock cells and club cells, in 
prostate tissue. It may be associated with progression to different kinds of PCa.

Hanbing Song and colleagues [18] analysed cell states associated with tumouri-
genesis in PCa samples by single-cell omics. They performed a comprehensive cell-
level analysis of epithelial cell subsets, stromal cells, and TME by scRNA-seq. It was 
found that ERG-tumour cells exhibit common heterogeneity with surrounding lumi-
nal epithelial cells compared to ERG + cells and may cause a typical TME response. 
Genetic profiling by single-cell omics indicated that PCa-club cells have a highly 
androgen-responsive state. In addition, there was heterogeneity in prostate epithelial 
cells marked by high androgen signalling state and enriched in PCa with LTFhigh and 
NKX3-1high luminal-like cell state. Another study identified gene expression pro-
files of epithelial cell populations from single-cell data and bulk RNA-seq data from 
human prostate tissue samples. It confirmed the presence of luminal, basal, or bipo-
tential progenitor populations [17]. These progenitor populations have specific ana-
tomical locations and are potentially associated with different phenotypes of PCa [19, 
20]. Hyunho Han and colleagues [21] performed a secondary analysis of these data 
and defined these prostate epithelial cell genes into four tumour clusters. Further-
more, they performed CIBERSORT deconvolution and found that luminal subtypes 

Fig. 1 Single-cell sequencing flow chart. A Read 1 is derived from beads and carries the sequence of 
the RNA molecule; Barcode is used to distinguish between cell types; UMI is used to distinguish between 
RNAs; a UMI is added to each RNA, thus ensuring that the same RNA molecule carries the same UMI after 
amplification; Poly(dT) on the beads binds to the poly A tail at the end of the RNA. B The cell suspension, 
beads and oil droplets are added at three locations; when the cell suspension enters, it combines with 
the beads; after the combination of the two, they are wrapped by the oil droplets, forming an oil-in-water 
structure. C 10×Barcoded Gel Beads are mixed with cells, enzyme, and partitioning oil. Single cell GEMS 
undergo reverse transcriptase to generate 10× Barcoded cDNA. All generated cDNA from individual cells 
shares a common 10× Barcode. D The resulting 10x Barcoded library can be directly used for single cell 
whole transcriptome sequencing or targeted sequencing workflows
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over-expressed Aminopeptidase N (CD13) for ANPEP and relaxin for RLN1. They 
were all expressed explicitly by mature luminal epithelial cells. In addition, epithe-
lial cells with different subtypes of PCa and multiple subtypes of tumour-associated 
epithelial cells have been identified in breast cancer. Another study [22] performed 
scRNA-seq on 14 untreated PCa patients. The study identified four tumour cell tran-
scriptional isoforms: EMT-like (subtype 0), luminal A-like (subtype 1), luminal B/C-
like (subtype 2), and basal-like (subtype 3). Furthermore, these four transcriptional 
isoforms corresponded to distinct tumour subclonal patterns. Their study provided 
an analysis of subclones and transcriptional heterogeneity and their impact on the 
prognosis of PCa patients. In addition, scRNA-seq was used to analyse the tran-
scriptome of more than 20,000 primary human breast epithelial cells isolated from 
mammaplasty surgeries in seven individuals [23]. Secretory L1 cells and hormone-
responsive L2 cells were identified. The diversity of these breast epithelial cells lays 
the foundation for the progression to breast cancer. They may also serve as the cells of 
origin for different breast cancer subtypes.

The above studies all suggest that the heterogeneity of TAECs is involved in the malig-
nant progression of tumours in multiple ways. Moreover, androgen hyperresponsiveness 
is exhibited chiefly in PCa, which further induces the progression to castration-resistant 
prostate cancer (CRPC) and is associated with endocrine therapy resistance.

CAFs function subclusters in PCa
Cancer-associated fibroblasts (CAFs) are the main components of the solid tumours 
microenvironment, accounting for more than 50% of tumour stromal cells [24, 25]. CAFs 
are the centres of cross-communication between various cells in the tumour stroma. 
CAFs are highly heterogeneous in terms of phenotype, origin, and function. This hetero-
geneity of CAFs is essential in developing and progressing various tumours, including 
promoting cancer cell growth, angiogenesis, extracellular matrix (ECM) remodelling, 
and immunosuppression [26, 27]. In recent years, the identification of subpopulations 
of CAFs has been completed by different experimental techniques such as immunohis-
tochemistry, situ hybridisation, flow cytometry and fluorescence-activated cell sorting 
(FACS). However, the initial information and cellular origin of CAFs subsets still need to 
be clarified [28]. The advent of scRNA-seq has dramatically changed the field of study of 
CAFs and revealed additional complexities.

The first role of single-cell histology is to explore the heterogeneity of CAFs, that is, to 
classify subpopulations of CAFs by scRNA-seq. Bartoschek et al. [29] applied scRNA-
seq to identify three subgroups of CAFs in breast cancer: vascular CAFs (vCAFs), matrix 
CAFs (mCAFs) and developmental CAFs (dCAFs). Each of the three subgroups of CAFs 
performs a different cellular function. Matrix CAFs can produce a diversity of matrix 
components in large quantities. However, vascular CAFs and developmental CAFs spe-
cialise in producing basement membrane products and paracrine signalling molecules, 
respectively [29]. An analysis of scRNA-seq data also detected two different cell clusters 
of CAFs, namely “Fibroblasts” and “Myofibroblasts/Mural cells” [30]. A second impor-
tant role of single-cell omics is the identification of differential genes and specific mark-
ers associated with CAFs. Han Luo et al. combined the single-cell public database and 
their scRNA-seq data for a pan-cancer analysis of 10 solid cancers [31]. This study found 
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that angiogenesis and immunomodulation-related genes (e.g., PDGFRA, PDGFRB, FAP, 
NOTCH 3, HES 4, and THY 1) were significantly upregulated in CAFs. However, it has 
been possible to identify different subtypes and differential genes of CAFs at the resolu-
tion of single cells. However, no clear distinction between CAFs and normal fibroblasts 
can be made. It is generally clear that the significant CAFs are derived from normal 
fibroblasts and have evolved into different differentiation states that may affect TME.

In recent years, related studies have reported the application of single-cell omics for 
identifying CAFs in the PCa microenvironment. A study [32] probed the heterogene-
ity of CAFs in human primary prostate cancer by two different scRNA-seq methods 
(10 × Chromium and Fluidigm C1) and identified six subgroups of prostate cancer-asso-
ciated fibroblasts (PCAFs). The results showed that PCAFs enhanced the recruitment 
of myeloid cells in  vitro and in  vivo and that monocyte migration was dependent on 
PCAFs-derived CCL2. Another study [33] performed a combined analysis of RNA-seq 
data and CHIP-seq data and showed that CCL2 and CXCL8 cytokines enhanced migra-
tion and invasion of PCa cells mediated in CAFs. Moreover, targeted blockade of CCL2 
and CXCL8 cytokine expression was able to eliminate this cell migration and invasion. 
Similarly, the previous study had shown that CAFs induced cell migration of PCa [34]. 
The above findings indicated that CAFs could promote PCa progression through various 
cytokines.

In general, CAFs play an essential role in the progression of PCa. The fibroblasts were 
classified based on the similarity between each cell cluster and the expression of crucial 
marker genes. The results of the above studies also indicate that there is heterogeneity 
with CAFs in TME. CAFs enhance tumour cell colonisation by inducing tumour growth, 
invasion, epithelial-mesenchymal transition (EMT) and drug resistance. Therefore, 
CAFs identified by scRNA-seq may play an essential role in promoting the malignant 
progression of PCa.

Single‑cell omics analysis of TIME of PCa
Tumour immune microenvironment (TIME) is a complex structure, including immune 
activation, immune suppression, the residence of immunity, immune rejection, and 
other subtypes. TIME involves various cell types such as lymphocytes (T lymphocytes, B 
lymphocytes, etc.), monocytes, macrophages, etc. [35]. In addition, TIME also includes 
immunomodulatory molecules, chemokines, etc. TIME is crucial in tumour develop-
ment and drug resistance and can affect disease prognosis and outcome [36, 37]. Gener-
ally, higher immune infiltration predicts better immune control and prognosis [38, 39]. 
Many immune cells are near hot tumour tissue, and the antagonism between tumour 
cells and immune cells is more active [40]. However, the previous conventional under-
standing presented some contradictory results in the study of PCa [41, 42]. PCa is usu-
ally considered a “cold tumour” [43, 44]. Cold tumours are immunosuppressive tumours 
with fewer immune cells inside the tumour and in the TME, or immune cells are difficult 
to penetrate [40] (Fig. 2). This may also be one of the critical reasons for the transforma-
tion of PCa into CRPC. CRPC often does not respond well to immunotherapy [45–47]. 
The complexity of the immune microenvironment of PCa leads to some contradictory 
results with the standard “hot tumours”. For example, the study [48] showed that a high 
density of CD8 + T cells in the tumour region was associated with an increased risk of 
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clinical progression in PCa patients. A study by Lecler and colleagues also found that 
a higher density of stromal CD8 + TIL was associated with poor prognosis in PC [49]. 
The above results suggest a complex regulatory mechanism between cells in the TIME of 
PCa. How to make the TIME of prostate change from “cold” to “hot” will be the highlight 
of future research [50–52]. Therefore, a more in-depth analysis of TIME in PCa at the 
single-cell level is necessary.

Single-cell omics has been an emerging technical field in recent years, and the number 
of studies on the TIME of single-cell omics in PCa is limited. We selected representative 
scRNA-seq applications in TIME for review. A study [53] integrating data from RNA-
Seq and scRNA-seq synthesised the expression patterns of hub genes in different cell 
subsets of PCa. It delineated the characteristics of TIME and prognostic markers in PCa. 
Another study [54] performed a single-cell transcriptome analysis of more than 30,000 
cells from 13 PCa samples. Multiple transcriptomic programs of TME were found to be 
activated, especially reprogramming involving TIME-related cells. The study noted that 
prostate cancer cells could alter the T cell transcriptome, which involves increased KLK3 
abundance in T cells. In addition, macrophages are an integral component of TIME. 
Macrophages can inhibit the progression of cancer cells and can also promote further 
cancer progression. Joseph et  al. [55] isolated myeloid cells from post-PCa resection 
specimens by single-cell transcriptome sequencing and identified a unique macrophage 
population in PCa. This study characterised a novel phenotype of PCA-associated mac-
rophages and identified the colony-stimulating factor 1 receptor (CSF1R) as a critical 
regulator of immunosuppressive macrophage expansion. Several of the above studies 
illustrate the unique advantages of single-cell omics in studying the heterogeneity of 

Fig. 2 Cold tumour vs hot tumour. A A cold tumour is a kind of immune cell suppressive tumour with few 
immune cells inside and in the tumour microenvironment, or the immune cells are difficult to penetrate. B A 
hot tumour is an immune cell infiltrating tumour, there are many immune cells near the tumour tissue, and 
the antagonism between tumour cells and immune cells is more active than a cold tumour.
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TIME and provide a powerful platform for dissecting the complexity and heterogeneity 
of TIME and discovering new biomarkers.

Heterogeneity of the spatial distribution of PCa
"Microscopic heterogeneity" of the spatial distribution of PCa

Single-cell omics provide a new perspective for the development and evolution of 
tumours [56, 57]. However, this method breaks the complete structure of the tissue in 
the process of dissociating each cell, which means that the spatial distribution and path-
ological information of the cells are lost [58, 59]. Therefore, researchers have developed 
various technologies and methods for spatial transcriptome analysis combined with 
scRNA-seq, such as slide-seq and high-definition Spatial Transcriptomics (HDST) [60, 
61].In addition, Keren et al. [62] also applied multiplexed ion beam imaging by time-of-
flight (MIBI-TOF) to describe the spatial information of tumour cells.

Studies have shown that PCa patients with Gleason score greater than 7 presented 
higher heterogeneity and are more likely to progress to CRPC [63, 64]. Currently, sev-
eral whole-genome and transcriptome sequencing studies on PCa have been completed. 
These studies provide a comprehensive genomic database of PCa and reveal associated 
somatic mutations and Copy number variation (CNV) [65–67]. However, they inevi-
tably lack the spatial information of PCa transcriptome genes. For the first time, Ber-
glund et  al. [68] measured spatial gene expression in at least 6000 regions of prostate 
cancer tissue. Significant heterogeneity was found between different spatial transcrip-
tomes of the same tumour sample. Moreover, the heterogeneity can be used as a basis 
for early clinical evaluation of PCa. A detailed spatial sampling of 23 different tumour 
regions was performed in one study to assess the heterogeneity of prostate cancer cells 
at the genomic level within different lesion regions [69]. No CNVs and very few single-
nucleotide variants were shared between PCa lesions. This result provides evidence for 
the existence of polyclonality in PCa. The spatial transcriptome information of PCa also 
indicates that tumour cells are highly heterogeneous regarding genomic rearrangements. 
In addition, a recent spatial transcriptomics study [70] analysed different clonal patterns 
in PCa tumour tissues and adjacent benign tissues. This study found that benign cells 
do not undergo phenotypic transition immediately after acquiring mutation burden, and 
there is an intermediate “metabolically active state”. Hence, CNV is an early event in can-
cer development. Another study [71] explored the spatial structure information of PCa 
by combining laser catapulting and single-cell DNA sequencing. The researchers found 
that tumour cells at different locations in PCa had different mutation patterns. It also 
implicated that PCa immune escape may be related to tumour cell spatial distribution 
heterogeneity. Since spatial transcriptomics is still in its infancy, there are some tech-
nical biases in the research process. After accumulating enough spatial transcriptome 
models, researchers are expected to accurately identify tumour subtypes in the spatial 
dimension and make more precise therapeutic interventions.

"Macroscopic heterogeneity" of the spatial distribution of PCa

Modern medicine divides the prostate into three main zones: peripheral zone (PZ), 
transition zone (TZ) and central zone (CZ) [72]. The theory of prostate zones has 
been widely applied and demonstrated since it was proposed. The differences in the 
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pathogenesis, imaging features, histological features, biological behaviour and malig-
nant potential among different prostate zones have been gradually revealed [73, 74]. 
An exciting finding in the regional spatial distribution of PCa is the significant vari-
ability in the incidence of prostate cancer in different zones (PZ, TZ and CZ). Many 
pathological morphologies have confirmed that PCa and prostatitis are primarily in 
the PZ. At the same time, benign prostatic hyperplasia is almost always found in the 
TZ, and the CZ is rarely involved in cancer or hyperplasia. Different prostate regions 
also have variability in biological behaviour and malignant potential [75, 76]. Studies 
have shown that PCa in PZ has higher malignant potential and worse clinical out-
comes than TZ [77]. Studies have shown that PCa originating from TZ has a lower 
probability of seminal vesicle infiltration, extracapsular extension, and lymph node 
involvement [78]. In addition, few tumours have been reported to occur in prostate 
CZ. The only relevant literature reports show that PCa with CZ has the worst clinical 
outcome [79, 80].

A recent study [81] identified PZ and TZ cell types in older men’s prostate tissue by 
scRNA-seq. The results show that TZ aggregates more club and hillock cells than PZ. 
Moreover, PZ contained more TFF3 + cells than TZ. However, the KLK3 + and IDH1 + 4 
subcluster luminal cells were more enriched in TZ. The expression of Notch pathway 
receptors (Notch1 and Notch2) and notch signal transduction activity were significantly 
increased in club and hillock cells. Notch signalling is a driving force in regulating stem 
or progenitor cell biology in various tissues [82, 83]. Various rare progenitor cells have 
been identified in prostate tissue and be associated with the origin of PCa [73, 74, 84, 
85]. It also suggests a stronger Notch pathway activity in the TZ region of the prostate. 
In addition to different cell types and subsets, multiple genes are differentially expressed 
between different prostate zones. The study has shown that differentially expressed 
genes between TZ and PZ persist in PCa from similar regions and correlate with Gleason 
scores [86]. PZ and TZ of prostate tissue primary differences gene: BMP5, KIAA1210, 
TSPAN8, FOLH1B, TBX4, FOLH1, LAMA2, CPA3, FAM3B, CDH26 and TFPI. Regard-
ing the above differential genes, it has been shown that BMP5 is a regulator of PCa 
progenitor cells and may be involved in the development of bone metastasis in cancer 
cells [87]. In addition, the study by Sakai and colleagues [88] found that the expression 
of Ki-67, MMP-2, and MMP-9 in PCa of PZ was significantly higher than TZ. Another 
study [89] evaluated cell proliferation and apoptosis in PCa of TZ and PZ, which showed 
similar apoptosis rates, but significantly higher cell proliferation rates in PZ than in TZ. 
P53 and bcl-2 were more frequently expressed in PCa of PZ than TZ. High expression 
of Ki-67 and bcl-2 genes correlates with the invasive potential of tumour cells [90, 91]. 
It provides a possible biological basis for PCa cells in PZ being more prone to extra-
prostatic spread than those in TZ.

The biological differences of PCa between TZ and PZ suggest that tumour cells in 
different spatial regions have different pathogenic pathways. Therefore, identifica-
tion and analysis of cellular and molecular differences in different spatial areas of the 
prostate can help reveal specific risk factors between different zones. Meanwhile, the 
region of origin of tumour cells should be considered an essential factor in the study 
of diagnostic and prognostic biomarkers of PCa. In this regard, single-cell omics and 
spatial transcriptomics highlight significant advantages.
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Identification of PCa‑associated senescent cells
Cellular senescence (or merely ‘senescence’) is a specific, irreversible anti-proliferative 
mechanism that protects against tissue homeostasis. The process of cellular senescence 
acts as a complementary mechanism to programmed cell death, enabling the inactiva-
tion of diseased, dysfunctional, or nonessential cells at the appropriate time. Preceding 
studies [92, 93] have shown a positive protective effect of cellular senescence in limiting 
the malignant progression of tumours. However, in recent years, evidence suggests that 
senescent cells also stimulate tumour initiation and progression in different ways under 
certain circumstances [94–96].

The unique mechanism of cellular senescence in PCa has been reported several times. 
Exposure of PCa to different anticancer compounds, ionizing radiation, and selected AR 
ligands induces a senescence phenotype known as therapy-induced senescence (TIS). 
The most common cellular TIS signaling pathways in PCa are p53/p21WAF1/CIP1,  p15INK4B 
/p16INK4A/ pRb/E2F/Cyclin D, ROS/ERK,  p27Kip1/CDK/pRb and  p27Kip1/Skp2/C/EBP β 
signaling pathways [97, 98]. Despite growth inhibition, senescent cells are highly met-
abolically active. In addition, their secretory effects are called senescence-associated 
secretory phenotype (SASP). The senescent cells regulate tumour characteristics and 
phenotype through diverse SASPS [96, 99, 100]. However, inducing cancer cell senes-
cence is a double-edged sword, which can either lead to the reduction of PCa cell growth 
or enhance the “activity” of PCa cells or cause them to relapse. Therefore, understand-
ing TIS’s exact mechanism and role in PCa will help prevent treatment resistance and 
improve patient outcomes.

Most previous studies on senescent cells were based on the immunohistochemi-
cal detection of biomarkers. Some biomarkers such as senescence-associated 
β-galactosidase activity (SA-β-Gal), p16 INKA and p21 have been reported in the litera-
ture [101, 102]. However, these experimental methods are difficult to achieve simulta-
neous staining and accurately identify and quantify all senescent cells [103]. Therefore, 
measuring the cellular senescence level remains a challenging problem in research. With 
the development and application of single-cell omics, new ideas have been provided to 
solve this complex problem. Studies applying single-cell genomics to characterise age-
ing-related phenotypes in cancer types have also been reported recently. A study [104] 
constructed a single-cell map of PCa-associated senescent cells using bioinformatics and 
single-cell omics. The results of single-cell omics analysis showed significant heteroge-
neity of senescent cells in the PCa microenvironment. Furthermore, the heterogeneity 
correlates with the immune activation profile in prostate cancer cells. In PCa, a machine 
learning algorithm identified three prognosis-related genes from senescent cells and val-
idated them in samples of 72 PCa patients. In addition, PCa senescent cells were posi-
tively correlated with the level of cell infiltration and PD-L1 expression. It also suggests 
a possible intercellular regulatory role of senescent cells in the tumour immunity of PCa 
patients. In conclusion, senescent cells of diverse origins, including cancer cells and vari-
ous stromal cells, functionally contribute to the malignant progression of cancer. They 
may become universal components of TME.

A tumour comprises the interaction between genetically mutated tumour cells and 
their recruited accessory (stromal) cells with abnormal phenotypes. Regardless of cel-
lular origin, senescent cells should be considered critical functional components of 
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TME. It is crucial to focus on the role of senescent cells and to utilise these mech-
anisms to achieve direct or adjuvant treatment of tumours. For example, pharma-
cologic and immunologic targeted ablation or remodelling of the SASP process to 
achieve anti-cancer effectiveness [105].

Application value of single‑cell omics in PCa drug resistance
In 1941, Huggins and Hodges first demonstrated androgen deprivation therapy (ADT) 
for treating PCa. Their study also revealed for the first time the vital role of androgens 
in PCa [74]. Most of the androgen that enters the prostate is produced in the tes-
tes, with a small amount coming from the adrenal glands, but it is generally thought 
to be less than 10%. The most common type of androgen in peripheral blood is tes-
tosterone. However, in prostate tissue, the ratio of dihydrotestosterone is as high as 
80%. Dihydrotestosterone has a stronger affinity with the androgen receptor (AR) and 
has more potent biological effects than testosterone [75]. After entering the prostate, 
testosterone is catalysed by 5-alpha reductase and converted to dihydrotestosterone. 
Alternatively, it is converted to estrogen by aromatase [76]. Dihydrotestosterone acts 
almost exclusively on the prostate, and the catalysis of testosterone by 5-alpha reduc-
tase is irreversible.

Hormonal therapy targeting AR can inhibit the progression of PCa, but the tumour 
eventually recurs as CRPC. AR signalling activity was preserved after receiving ADT 
in the CRPC study. A study [106] applied scRNA-seq to explore the mechanism of 
early PCa progression to CRPC. It revealed transcriptional reprogramming that pro-
motes malignant progression in more than 20,000 PCa epithelial cells. The results 
suggested that CRPC-like tumour cells exist in the early development stage of PCa 
and are not entirely the result of acquired evolutionary selection during ADT. ADT or 
androgen receptor signalling inhibitors (ARSIs) are common causes of CRPC induc-
tion. Enzalutamide (ENZ) is a second-generation AR antagonist. The study by Taavit-
sainen et al. [107] employed transposase-accessible chromatin (ATAC) and single-cell 
experiments with RNA-seq in early treatment response and ENZ resistance models. 
The study revealed pre-existing and persistent cells associated with PCa recurrence. 
Drug resistance of TAECs-derived components in Enz-exposed and resistant PCa cell 
lines was also analysed at the single-cell level. The above findings suggest that apply-
ing high-resolution scRNA-seq in preclinical models can provide an essential refer-
ence for clinical decision-making.

The scATAC (single-cell ATAC) technique was used in a study by Taavitsainen 
et al. [107]. ScATAC is an important technology after single-cell sequencing. Single-
cell epigenomics has attracted more and more attention, and ATAC is an essential 
technical means in the epigenetic field. Especially in the study of the heterogeneity of 
tumour cells, scATAC can compare the differences in chromatin accessibility of dif-
ferent cell types and cell subtypes and then reveal more biological information at the 
cellular level. In addition, scATAC has important advantages in identifying biomarker 
discovery, dynamic changes in chromatin accessibility, and immunoprofile. Therefore, 
the technique of scRNA-seq combined with ATATC will be an important method for 
further exploring the heterogeneity of PCa.



Page 11 of 16Yu et al. Cellular & Molecular Biology Letters           (2023) 28:38  

PCa tissue samples used for scRNA‑seq
Principle of low-temperature basic requirements for PCa sample cryopreservation. Sam-
ples should be placed in a low-temperature environment as soon as possible after isola-
tion (cell dissociation samples are placed in a 2–8 °C environment, and nuclei isolation 
samples are placed in liquid nitrogen snap freezing or − 80 °C refrigerator storage). The 
goal is to slow or stop cell metabolism and maintain the tissue as it was isolated. The 
sample cryopreservation of PCa can be divided into two methods: (1) the fresh tissue 
can be dissociated into single-cell suspensions, and the cell suspensions were frozen; (2) 
Fresh tissues can be directly frozen. Whether cell cryopreservation or tissue cryopreser-
vation, the principle is slow freezing and fast thawing to preserve cell viability to the 
maximum extent. Wu et al. [108] performed scRNA-seq on freshly dissociated samples, 
cryopreserved cells, and cryopreserved tissues of PCa. Their study found no significant 
difference between the single-cell composition of cryopreserved tissue or cell samples 
and that of cells prepared in fresh tissues. Cryopreserved samples were also confirmed 
to have little effect on scRNA-seq results.

Regarding FFPE tissue samples. FFPE tissue samples are often a heterogeneous mix-
ture of cancer cells and normal cells, a subset of which have different genetic infor-
mation. The content of the target tissue obtained by FFPE is usually tiny. Severe RNA 
degradation has been observed in FFPE tissue samples. Both scRNA-seq and spatial 
transcriptome sequencing have great difficulties. However, in recent years, with updated 
iterations of technology, scRNA-seq of FFPE samples has been achieved, and adjacent 
sections can also be selected for spatial transcriptome sequencing. 10 × Genomics has 
been implemented for a paraffin block, simultaneously performing scRNA-seq, spatial 
transcriptome sequencing, and in situ analysis. It will help to resolve the cellular envi-
ronment of PCA-related tissue samples fully.

Future outlook
Single-cell omics have unique advantages in studying the heterogeneity of cancer cells. 
Methods such as scRNA-seq combined with Whole-exome sequencing (WES) can pro-
vide a multifaceted view of tumour characteristics. Integrated visualisation of single-cell 
omics and genomic data will promisingly enable comprehensive profiling of cancer cell 
heterogeneity. It is undoubtedly significant for treatment selection, efficacy prediction, 
combination regimens and developing new therapeutic targets for all cancers, includ-
ing PCa. Life is a dynamic process of change in the spatial and temporal dimensions. 
ScRNA-seq provides the necessary technical support for exploring the dynamic changes 
of cells in the temporal dimension. However, it is challenging to study the dynamics of 
cells in the spatial dimension due to the technical constraints of the principle. Spatial 
transcriptomics technology is a "single cell" sequencing platform that can retain spa-
tial information of cells, which has attracted more and more attention in recent years. 
Integrating scRNA-seq and spatial transcriptomics data to reveal the spatiotemporal 
dynamic changes of cells will be a hot topic and trend in future research. Meanwhile, 
emerging single-cell proteomics, spatial metabolomics, and single-cell epigenomics will 
be combined with single-cell transcriptomics to analyze more detailed biological pro-
cesses. Single-cell multi-omics is the future trend.
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In addition, single-cell technology allows for precise risk assessment in multiple 
aspects of PCa patients, including diagnosis, stage treatment, and metastatic recurrence. 
ScRNA-seq of PCa cells and TME can better detect the development process of PCa, the 
risk of metastasis and recurrence, and drug response. It will better describe the hetero-
geneity of PCa and achieve precision therapy. The cellular and molecular expression het-
erogeneity between patients revealed by scRNA-seq will provide a deeper understanding 
of drug sensitivity and resistance in PCa. We will be able to discover actual therapeutic 
targets, leading to breakthroughs in developing new drugs.

Abbreviations
PCa  Prostate cancer
CRPC  Castration-resistant prostate cancer
CAFs  Cancer-associated fibroblasts
TME  Tumour microenvironment
TIME  Tumour immune microenvironment
TAECs  Tumour-associated epithelial cells
MDSCs  Myeloid-derived suppressor cells
scRNA-seq  Single-cell RNA-sequencing
ECM  Extracellular matrix
PCAFs  Prostate cancer-associated fibroblasts
CSF1R  Colony stimulating factor 1 receptor
CNV  Copy number variation
IHC  Immunohistochemistry
FACS  Fluorescence-activated cell sorting
OIS  Oncogene-induced senescence

Acknowledgements
We want to thank the authors who generously shared their data, all study participants, and the anonymous reviewers 
for their valuable comments on the manuscript. We want to thank the Figdraw platform for providing technical support. 
Figures 1 and 2 were drawn by Figdraw (www. figdr aw. com).

Author contributions
XDY and RJL participated in the conception and design of the review. XYW and WFG supervised the study. XDY wrote 
the manuscript. YSZ revised the manuscript. All authors contributed to the article and approved the submitted version. 
All authors read and approved the final manuscript.

Funding
This research was supported in part by [the Fundamental Research Funds for the Central Universities, Dongzhimen Hos-
pital, Beijing University of Chinese Medicine], [Beijing Traditional Chinese Medicine "Torch Inheritance 3 + 3 Project"-the 
Wang Pei Famous Doctor Inheritance Workstation—Dongzhimen Hospital Branch], [the Wu Jie-ping Medical Founda-
tion Special Fund for Young people with TCM dominant diseases], and [Science and Technology Development Fund of 
Beijing Traditional Chinese Medicine Hospital affiliated to Capital Medical University, No. LYYB202214].

Availability of data and materials
All data generated or analysed during this study are included in this published article.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that the review was conducted without any commercial or financial relationships that could be 
construed as a potential competing interests.

Received: 18 January 2023   Accepted: 17 April 2023

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71:209–49. https:// doi. org/ 10. 3322/ caac. 21660.

http://www.figdraw.com
https://doi.org/10.3322/caac.21660


Page 13 of 16Yu et al. Cellular & Molecular Biology Letters           (2023) 28:38  

 2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin. 2022;72:7–33. https:// doi. org/ 10. 
3322/ caac. 21708.

 3. Abeshouse A, Ahn J, Akbani R, Ally A, Amin S, Andry CD, Annala M, Aprikian A, Armenia J, Arora A, Auman JT. The 
molecular taxonomy of primary prostate cancer. Cell. 2015;163:1011–25. https:// doi. org/ 10. 1016/j. cell. 2015. 10. 025.

 4. Veeranki S. Role of inflammasomes and their regulators in prostate cancer initiation, progression and metastasis. 
Cell Mol Biol Lett. 2013;18:355–67. https:// doi. org/ 10. 2478/ s11658- 013- 0095-y.

 5. Tyekucheva S, Bowden M, Bango C, Giunchi F, Huang Y, Zhou C, et al. Stromal and epithelial transcriptional map of 
initiation progression and metastatic potential of human prostate cancer. Nat Commun. 2017;8:420. https:// doi. 
org/ 10. 1038/ s41467- 017- 00460-4.

 6. Strasner A, Karin M. Immune infiltration and prostate cancer. Front Oncol. 2015;5:128. https:// doi. org/ 10. 3389/ fonc. 
2015. 00128.

 7. Kang J, La Manna F, Bonollo F, Sampson N, Alberts IL, Mingels C, et al. Tumor microenvironment mechanisms and 
bone metastatic disease progression of prostate cancer. Cancer Lett. 2022;530:156–69. https:// doi. org/ 10. 1016/j. 
canlet. 2022. 01. 015.

 8. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates cancer progression. Cancer Res. 
2019;79:4557–66. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 18- 3962.

 9. Guo S, Deng C-X. Effect of stromal cells in tumor microenvironment on metastasis initiation. Int J Biol Sci. 
2018;14:2083–93. https:// doi. org/ 10. 7150/ ijbs. 25720.

 10. Wu J, Sun X, Wu C, Hong X, Xie L, Shi Z, et al. Single-cell transcriptome analysis reveals liver injury induced by 
glyphosate in mice. Cell Mol Biol Lett. 2023;28:11. https:// doi. org/ 10. 1186/ s11658- 023- 00426-z.

 11. Yuan S, Norgard RJ, Stanger BZ. Cellular plasticity in cancer. Cancer Discov. 2019;9:837–51. https:// doi. org/ 10. 1158/ 
2159- 8290. cd- 19- 0015.

 12. Wang R, Chu GC-Y, Wang X, Wu JB, Hu P, Multani AS, et al. Establishment and characterization of a prostate cancer 
cell line from a prostatectomy specimen for the study of cellular interaction. Int J Cancer. 2019;145:2249–59. 
https:// doi. org/ 10. 1002/ ijc. 32370.

 13. Fu S, Liu T, Lv C, Fu C, Zeng R, Kakehi Y, et al. Stromal-epithelial interactions in prostate cancer: overexpression of 
PAGE4 in stromal cells inhibits the invasive ability of epithelial cells. J Cell Biochem. 2020;121:4406–18. https:// doi. 
org/ 10. 1002/ jcb. 29664.

 14. DeMarzo AM, Nelson WG, Isaacs WB, Epstein JI. Pathological and molecular aspects of prostate cancer. Lancet. 
2003;361:955–64. https:// doi. org/ 10. 1016/ S0140- 6736(03) 12779-1.

 15. Shen MM, Abate-Shen C. Molecular genetics of prostate cancer: new prospects for old challenges. Genes Dev. 
2010;24:1967–2000. https:// doi. org/ 10. 1101/ gad. 19658 10.

 16. Schmidt M, Asirvatham AJ, Chaudhary J. Inhibitor of differentiation 1 (ID1) promotes cell survival and proliferation 
of prostate epithelial cells. Cell Mol Biol Lett. 2010;15:272–95. https:// doi. org/ 10. 2478/ s11658- 010- 0007-3.

 17. Henry GH, Malewska A, Joseph DB, Malladi VS, Lee J, Torrealba J, et al. A cellular anatomy of the normal adult 
human prostate and prostatic urethra. Cell Rep. 2018;25:3530-3542.e5. https:// doi. org/ 10. 1016/j. celrep. 2018. 11. 
086.

 18. Song H, Weinstein HNW, Allegakoen P, Wadsworth MH, Xie J, Yang H, et al. Single-cell analysis of human primary 
prostate cancer reveals the heterogeneity of tumor-associated epithelial cell states. Nat Commun. 2022;13:141. 
https:// doi. org/ 10. 1038/ s41467- 021- 27322-4.

 19. Joseph DB, Henry GH, Malewska A, Iqbal NS, Ruetten HM, Turco AE, et al. Urethral luminal epithelia are castration-
insensitive cells of the proximal prostate. Prostate. 2020;80:872–84. https:// doi. org/ 10. 1002/ pros. 24020.

 20. Wei X, Zhang L, Zhou Z, Kwon O-J, Zhang Y, Nguyen H, et al. Spatially restricted stromal wnt signaling restrains 
prostate epithelial progenitor growth through direct and indirect mechanisms. Cell Stem Cell. 2019;24:753-768.e6. 
https:// doi. org/ 10. 1016/j. stem. 2019. 03. 010.

 21. Han H, Lee HH, Choi K, Moon YJ, Heo JE, Ham WS, et al. Prostate epithelial genes define therapy-relevant 
prostate cancer molecular subtype. Prostate Cancer Prostatic Dis. 2021;24:1080–92. https:// doi. org/ 10. 1038/ 
s41391- 021- 00364-x.

 22. Ge G, Han Y, Zhang J, Li X, Liu X, Gong Y, et al. Single-cell RNA-seq reveals a developmental hierarchy super-
imposed over subclonal evolution in the cellular ecosystem of prostate cancer. Adv Sci (Weinh). 2022;9: e2105530. 
https:// doi. org/ 10. 1002/ advs. 20210 5530.

 23. Nguyen QH, Pervolarakis N, Blake K, Ma D, Davis RT, James N, et al. Profiling human breast epithelial cells 
using single cell RNA sequencing identifies cell diversity. Nat Commun. 2018;9:2028. https:// doi. org/ 10. 1038/ 
s41467- 018- 04334-1.

 24. Alkasalias T, Moyano-Galceran L, Arsenian-Henriksson M, Lehti K. Fibroblasts in the tumor microenvironment: 
shield or spear? Int J Mol Sci. 2018. https:// doi. org/ 10. 3390/ ijms1 90515 32.

 25. Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A framework for advancing our 
understanding of cancer-associated fibroblasts. Nat Rev Cancer. 2020;20:174–86. https:// doi. org/ 10. 1038/ 
s41568- 019- 0238-1.

 26. Mhaidly R, Mechta-Grigoriou F. Fibroblast heterogeneity in tumor micro-environment: role in immunosuppression 
and new therapies. Semin Immunol. 2020;480:101417. https:// doi. org/ 10. 1016/j. smim. 2020. 101417.

 27. Lavie D, Ben-Shmuel A, Erez N, Scherz-Shouval R. Cancer-associated fibroblasts in the single-cell era. Nat Cancer. 
2022;3:793–807. https:// doi. org/ 10. 1038/ s43018- 022- 00411-z.

 28. Biffi G, Tuveson DA. Diversity and biology of cancer-associated fibroblasts. Physiol Rev. 2021;101:147–76. https:// 
doi. org/ 10. 1152/ physr ev. 00048. 2019.

 29. Bartoschek M, Oskolkov N, Bocci M, Lövrot J, Larsson C, Sommarin M, et al. Spatially and functionally distinct sub-
classes of breast cancer-associated fibroblasts revealed by single cell RNA sequencing. Nat Commun. 2018;9:5150. 
https:// doi. org/ 10. 1038/ s41467- 018- 07582-3.

 30. Kazakova AN, Anufrieva KS, Ivanova OM, Shnaider PV, Malyants IK, Aleshikova OI, et al. Deeper insights into 
transcriptional features of cancer-associated fibroblasts: An integrated meta-analysis of single-cell and bulk RNA-
sequencing data. Front Cell Dev Biol. 2022;10: 825014. https:// doi. org/ 10. 3389/ fcell. 2022. 825014.

https://doi.org/10.3322/caac.21708
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/j.cell.2015.10.025
https://doi.org/10.2478/s11658-013-0095-y
https://doi.org/10.1038/s41467-017-00460-4
https://doi.org/10.1038/s41467-017-00460-4
https://doi.org/10.3389/fonc.2015.00128
https://doi.org/10.3389/fonc.2015.00128
https://doi.org/10.1016/j.canlet.2022.01.015
https://doi.org/10.1016/j.canlet.2022.01.015
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.7150/ijbs.25720
https://doi.org/10.1186/s11658-023-00426-z
https://doi.org/10.1158/2159-8290.cd-19-0015
https://doi.org/10.1158/2159-8290.cd-19-0015
https://doi.org/10.1002/ijc.32370
https://doi.org/10.1002/jcb.29664
https://doi.org/10.1002/jcb.29664
https://doi.org/10.1016/S0140-6736(03)12779-1
https://doi.org/10.1101/gad.1965810
https://doi.org/10.2478/s11658-010-0007-3
https://doi.org/10.1016/j.celrep.2018.11.086
https://doi.org/10.1016/j.celrep.2018.11.086
https://doi.org/10.1038/s41467-021-27322-4
https://doi.org/10.1002/pros.24020
https://doi.org/10.1016/j.stem.2019.03.010
https://doi.org/10.1038/s41391-021-00364-x
https://doi.org/10.1038/s41391-021-00364-x
https://doi.org/10.1002/advs.202105530
https://doi.org/10.1038/s41467-018-04334-1
https://doi.org/10.1038/s41467-018-04334-1
https://doi.org/10.3390/ijms19051532
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1016/j.smim.2020.101417
https://doi.org/10.1038/s43018-022-00411-z
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1152/physrev.00048.2019
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.3389/fcell.2022.825014


Page 14 of 16Yu et al. Cellular & Molecular Biology Letters           (2023) 28:38 

 31. Luo H, Xia X, Huang L-B, An H, Cao M, Kim GD, et al. Pan-cancer single-cell analysis reveals the heterogeneity and 
plasticity of cancer-associated fibroblasts in the tumor microenvironment. Nat Commun. 2022;13:6619. https:// 
doi. org/ 10. 1038/ s41467- 022- 34395-2.

 32. Vickman RE, Broman MM, Lanman NA, Franco OE, Sudyanti PAG, Ni Y, et al. Heterogeneity of human prostate 
carcinoma-associated fibroblasts implicates a role for subpopulations in myeloid cell recruitment. Prostate. 
2020;80:173–85. https:// doi. org/ 10. 1002/ pros. 23929.

 33. Cioni B, Nevedomskaya E, Melis MHM, van Burgsteden J, Stelloo S, Hodel E, et al. Loss of androgen receptor signal-
ing in prostate cancer-associated fibroblasts (CAFs) promotes CCL2- and CXCL8-mediated cancer cell migration. 
Mol Oncol. 2018;12:1308–23. https:// doi. org/ 10. 1002/ 1878- 0261. 12327.

 34. Erdogan B, Ao M, White LM, Means AL, Brewer BM, Yang L, et al. Cancer-associated fibroblasts promote directional 
cancer cell migration by aligning fibronectin. J Cell Biol. 2017;216:3799–816. https:// doi. org/ 10. 1083/ jcb. 20170 
4053.

 35. Xue R, Zhang Q, Cao Q, Kong R, Xiang X, Liu H, et al. Liver tumour immune microenvironment subtypes and 
neutrophil heterogeneity. Nature. 2022;612:141–7. https:// doi. org/ 10. 1038/ s41586- 022- 05400-x.

 36. Wu Z, Chen H, Luo W, Zhang H, Li G, Zeng F, Deng F. The landscape of immune cells infiltrating in prostate cancer. 
Front Oncol. 2020;10:517637. https:// doi. org/ 10. 3389/ fonc. 2020. 517637.

 37. Galon J, Fox BA, Bifulco CB, Masucci G, Rau T, Botti G, et al. Immunoscore and Immunoprofiling in cancer: an 
update from the melanoma and immunotherapy bridge 2015. J Transl Med. 2016;14:273. https:// doi. org/ 10. 1186/ 
s12967- 016- 1029-z.

 38. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 2011;480:480–9. https:// doi. org/ 10. 
1038/ natur e10673.

 39. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven biomarkers to guide immune checkpoint block-
ade in cancer therapy. Nat Rev Cancer. 2016;16:275–87. https:// doi. org/ 10. 1038/ nrc. 2016. 36.

 40. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. 
Nat Rev Drug Discov. 2019;18:197–218. https:// doi. org/ 10. 1038/ s41573- 018- 0007-y.

 41. Kärjä V, Aaltomaa S, Lipponen P, Isotalo T, Talja M, Mokka R. Tumour-infiltrating lymphocytes: a prognostic factor 
of PSA-free survival in patients with local prostate carcinoma treated by radical prostatectomy. Anticancer Res. 
2005;25:4435–8.

 42. Ness N, Andersen S, Valkov A, Nordby Y, Donnem T, Al-Saad S, et al. Infiltration of CD8+ lymphocytes is an 
independent prognostic factor of biochemical failure-free survival in prostate cancer. Prostate. 2014;74:1452–61. 
https:// doi. org/ 10. 1002/ pros. 22862.

 43. Trigos AS, Pasam A, Banks P, Wallace R, Guo C, Keam S, et al. Tumor immune microenvironment of primary prostate 
cancer with and without germline mutations in homologous recombination repair genes. J Immunother Cancer. 
2022. https:// doi. org/ 10. 1136/ jitc- 2021- 003744.

 44. Tong D. Selective estrogen receptor modulators contribute to prostate cancer treatment by regulating the tumor 
immune microenvironment. J Immunother Cancer. 2022. https:// doi. org/ 10. 1136/ jitc- 2021- 002944.

 45. Cao Q, Song Z, Ruan H, Wang C, Yang X, Bao L, et al. Targeting the KIF4A/AR axis to reverse endocrine therapy 
resistance in castration-resistant prostate cancer. Clin Cancer Res. 2020;26:1516–28. https:// doi. org/ 10. 1158/ 1078- 
0432. CCR- 19- 0396.

 46. von Amsberg G, Alsdorf W, Karagiannis P, Coym A, Kaune M, Werner S, et al. Immunotherapy in advanced prostate 
cancer-light at the end of the tunnel? Int J Mol Sci. 2022. https:// doi. org/ 10. 3390/ ijms2 30525 69.

 47. Sharma P, Pachynski RK, Narayan V, Fléchon A, Gravis G, Galsky MD, et al. Nivolumab plus ipilimumab for metastatic 
castration-resistant prostate cancer: preliminary analysis of patients in the CheckMate 650 trial. Cancer Cell. 
2020;38:489-499.e3. https:// doi. org/ 10. 1016/j. ccell. 2020. 08. 007.

 48. Petitprez F, Fossati N, Vano Y, Freschi M, Becht E, Lucianò R, et al. PD-L1 expression and CD8+ T-cell infiltrate are 
associated with clinical progression in patients with node-positive prostate cancer. Eur Urol Focus. 2019;5:192–6. 
https:// doi. org/ 10. 1016/j. euf. 2017. 05. 013.

 49. Leclerc BG, Charlebois R, Chouinard G, Allard B, Pommey S, Saad F, Stagg J. CD73 expression is an independ-
ent prognostic factor in prostate cancer. Clin Cancer Res. 2016;22:158–66. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 15- 1181.

 50. Reschke R, Olson DJ. Leveraging STING, Batf3 dendritic cells, CXCR3 Ligands, and other components related to 
innate immunity to induce a “hot” tumor microenvironment that is responsive to immunotherapy. Cancers (Basel). 
2022. https:// doi. org/ 10. 3390/ cance rs141 02458.

 51. Jayaprakash P, Ai M, Liu A, Budhani P, Bartkowiak T, Sheng J, et al. Targeted hypoxia reduction restores T cell infiltra-
tion and sensitizes prostate cancer to immunotherapy. J Clin Invest. 2018;128:5137–49. https:// doi. org/ 10. 1172/ 
JCI96 268.

 52. Zhang J, Huang Di, Saw PE, Song E. Turning cold tumors hot: from molecular mechanisms to clinical applications. 
Trends Immunol. 2022;43:523–45. https:// doi. org/ 10. 1016/j. it. 2022. 04. 010.

 53. Wang R, Xiao Y, Pan M, Chen Z, Yang P. Integrative analysis of bulk RNA-Seq and single-cell RNA-Seq unveils 
the characteristics of the immune microenvironment and prognosis signature in prostate cancer. J Oncol. 
2022;2022:6768139. https:// doi. org/ 10. 1155/ 2022/ 67681 39.

 54. Chen S, Zhu G, Yang Y, Wang F, Xiao Y-T, Zhang N, et al. Single-cell analysis reveals transcriptomic remodellings in 
distinct cell types that contribute to human prostate cancer progression. Nat Cell Biol. 2021;23:87–98. https:// doi. 
org/ 10. 1038/ s41556- 020- 00613-6.

 55. Siefert JC, Cioni B, Muraro MJ, Alshalalfa M, Vivié J, van der Poel HG, et al. The prognostic potential of human 
prostate cancer-associated macrophage subtypes as revealed by single-cell transcriptomics. Mol Cancer Res. 
2021;19:1778–91. https:// doi. org/ 10. 1158/ 1541- 7786. MCR- 20- 0740.

 56. Lim B, Lin Y, Navin N. Advancing cancer research and medicine with single-cell genomics. Cancer Cell. 
2020;37:456–70. https:// doi. org/ 10. 1016/j. ccell. 2020. 03. 008.

 57. Lei Y, Tang R, Xu J, Wang W, Zhang B, Liu J, et al. Applications of single-cell sequencing in cancer research: progress 
and perspectives. J Hematol Oncol. 2021;14:91. https:// doi. org/ 10. 1186/ s13045- 021- 01105-2.

https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.1002/pros.23929
https://doi.org/10.1002/1878-0261.12327
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1083/jcb.201704053
https://doi.org/10.1038/s41586-022-05400-x
https://doi.org/10.3389/fonc.2020.517637
https://doi.org/10.1186/s12967-016-1029-z
https://doi.org/10.1186/s12967-016-1029-z
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nrc.2016.36
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1002/pros.22862
https://doi.org/10.1136/jitc-2021-003744
https://doi.org/10.1136/jitc-2021-002944
https://doi.org/10.1158/1078-0432.CCR-19-0396
https://doi.org/10.1158/1078-0432.CCR-19-0396
https://doi.org/10.3390/ijms23052569
https://doi.org/10.1016/j.ccell.2020.08.007
https://doi.org/10.1016/j.euf.2017.05.013
https://doi.org/10.1158/1078-0432.CCR-15-1181
https://doi.org/10.1158/1078-0432.CCR-15-1181
https://doi.org/10.3390/cancers14102458
https://doi.org/10.1172/JCI96268
https://doi.org/10.1172/JCI96268
https://doi.org/10.1016/j.it.2022.04.010
https://doi.org/10.1155/2022/6768139
https://doi.org/10.1038/s41556-020-00613-6
https://doi.org/10.1038/s41556-020-00613-6
https://doi.org/10.1158/1541-7786.MCR-20-0740
https://doi.org/10.1016/j.ccell.2020.03.008
https://doi.org/10.1186/s13045-021-01105-2


Page 15 of 16Yu et al. Cellular & Molecular Biology Letters           (2023) 28:38  

 58. Casasent AK, Schalck A, Gao R, Sei E, Long A, Pangburn W, et al. Multiclonal invasion in breast tumors identified by 
topographic single cell sequencing. Cell. 2018;172:205-217.e12. https:// doi. org/ 10. 1016/j. cell. 2017. 12. 007.

 59. Wagner J, Rapsomaniki MA, Chevrier S, Anzeneder T, Langwieder C, Dykgers A, et al. A single-cell atlas of the 
tumor and immune ecosystem of human breast cancer. Cell. 2019;177:1330-1345.e18. https:// doi. org/ 10. 1016/j. 
cell. 2019. 03. 005.

 60. Longo SK, Guo MG, Ji AL, Khavari PA. Integrating single-cell and spatial transcriptomics to elucidate intercellular 
tissue dynamics. Nat Rev Genet. 2021;22:627–44. https:// doi. org/ 10. 1038/ s41576- 021- 00370-8.

 61. Rao A, Barkley D, França GS, Yanai I. Exploring tissue architecture using spatial transcriptomics. Nature. 
2021;596:211–20. https:// doi. org/ 10. 1038/ s41586- 021- 03634-9.

 62. Keren L, Bosse M, Marquez D, Angoshtari R, Jain S, Varma S, et al. A structured tumor-immune microenvironment 
in triple negative breast cancer revealed by multiplexed ion beam imaging. Cell. 2018;174:1373-1387.e19. https:// 
doi. org/ 10. 1016/j. cell. 2018. 08. 039.

 63. D’Amico AV, Moul J, Carroll PR, Sun L, Lubeck D, Chen M-H. Cancer-specific mortality after surgery or radiation for 
patients with clinically localized prostate cancer managed during the prostate-specific antigen era. J Clin Oncol. 
2003;21:2163–72. https:// doi. org/ 10. 1200/ JCO. 2003. 01. 075.

 64. Buyyounouski MK, Pickles T, Kestin LL, Allison R, Williams SG. Validating the interval to biochemical failure for the 
identification of potentially lethal prostate cancer. J Clin Oncol. 2012;30:1857–63. https:// doi. org/ 10. 1200/ JCO. 
2011. 35. 1924.

 65. Ren S, Wei G-H, Liu D, Wang L, Hou Y, Zhu S, et al. Whole-genome and transcriptome sequencing of prostate 
cancer identify new genetic alterations driving disease progression. Eur Urol. 2018;73:322–39. https:// doi. org/ 10. 
1016/j. eururo. 2017. 08. 027.

 66. Fraser M, Sabelnykova VY, Yamaguchi TN, Heisler LE, Livingstone J, Huang V, et al. Genomic hallmarks of localized, 
non-indolent prostate cancer. Nature. 2017;541:359–64. https:// doi. org/ 10. 1038/ natur e20788.

 67. Baca SC, Prandi D, Lawrence MS, Mosquera JM, Romanel A, Drier Y, et al. Punctuated evolution of prostate cancer 
genomes. Cell. 2013;153:666–77. https:// doi. org/ 10. 1016/j. cell. 2013. 03. 021.

 68. Berglund E, Maaskola J, Schultz N, Friedrich S, Marklund M, Bergenstråhle J, et al. Spatial maps of prostate cancer 
transcriptomes reveal an unexplored landscape of heterogeneity. Nat Commun. 2018;9:2419. https:// doi. org/ 10. 
1038/ s41467- 018- 04724-5.

 69. Boutros PC, Fraser M, Harding NJ, de Borja R, Trudel D, Lalonde E, et al. Spatial genomic heterogeneity within local-
ized, multifocal prostate cancer. Nat Genet. 2015;47:736–45. https:// doi. org/ 10. 1038/ ng. 3315.

 70. Erickson A, He M, Berglund E, Marklund M, Mirzazadeh R, Schultz N, et al. Spatially resolved clonal copy number 
alterations in benign and malignant tissue. Nature. 2022;608:360–7. https:// doi. org/ 10. 1038/ s41586- 022- 05023-2.

 71. Su F, Zhang W, Zhang D, Zhang Y, Pang C, Huang Y, et al. Spatial intratumor genomic heterogeneity within local-
ized prostate cancer revealed by single-nucleus sequencing. Eur Urol. 2018;74:551–9. https:// doi. org/ 10. 1016/j. 
eururo. 2018. 06. 005.

 72. Ali A, Du Feu A, Oliveira P, Choudhury A, Bristow RG, Baena E. Prostate zones and cancer: lost in transition? Nat Rev 
Urol. 2022;19:101–15. https:// doi. org/ 10. 1038/ s41585- 021- 00524-7.

 73. Wang X, Xu H, Cheng C, Ji Z, Zhao H, Sheng Y, et al. Identification of a Zeb1 expressing basal stem cell subpopula-
tion in the prostate. Nat Commun. 2020;11:706. https:// doi. org/ 10. 1038/ s41467- 020- 14296-y.

 74. Chua CW, Shibata M, Lei M, Toivanen R, Barlow LJ, Bergren SK, et al. Single luminal epithelial progenitors can 
generate prostate organoids in culture. Nat Cell Biol. 2014;16(951–61):1–4. https:// doi. org/ 10. 1038/ ncb30 47.

 75. Sato S, Kimura T, Onuma H, Egawa S, Takahashi H. Transition zone prostate cancer is associated with better clinical 
outcomes than peripheral zone cancer. BJUI Compass. 2021;2:169–77. https:// doi. org/ 10. 1002/ bco2. 47.

 76. Takamatsu K, Matsumoto K, Shojo K, Tanaka N, Takeda T, Morita S, et al. The prognostic value of zonal origin and 
extraprostatic extension of prostate cancer for biochemical recurrence after radical prostatectomy. Urol Oncol. 
2019;37:575.e19-575.e25. https:// doi. org/ 10. 1016/j. urolo nc. 2019. 03. 012.

 77. Teloken PE, Li J, Woods CG, Cohen RJ. The impact of prostate cancer zonal origin on pathological parameters at 
radical prostatectomy and subsequent biochemical failure. J Urol. 2017;198:1316–23. https:// doi. org/ 10. 1016/j. 
juro. 2017. 05. 075.

 78. Lee JJ, Thomas I-C, Nolley R, Ferrari M, Brooks JD, Leppert JT. Biologic differences between peripheral and transi-
tion zone prostate cancer. Prostate. 2015;75:183–90. https:// doi. org/ 10. 1002/ pros. 22903.

 79. Cohen RJ, Shannon BA, Phillips M, Moorin RE, Wheeler TM, Garrett KL. Central zone carcinoma of the prostate 
gland: a distinct tumor type with poor prognostic features. J Urol. 2008;179:1762–7. https:// doi. org/ 10. 1016/j. juro. 
2008. 01. 017. (discussion 1767).

 80. Vargas HA, Akin O, Franiel T, Goldman DA, Udo K, Touijer KA, et al. Normal central zone of the prostate and central 
zone involvement by prostate cancer: clinical and MR imaging implications. Radiology. 2012;262:894–902. https:// 
doi. org/ 10. 1148/ radiol. 11110 663.

 81. Yan Q, Wang M, Xia H, Dai C, Diao T, Wang Y, et al. Single-cell RNA-sequencing technology demonstrates the 
heterogeneity between aged prostate peripheral and transitional zone. Clin Transl Med. 2022;12: e1084. https:// 
doi. org/ 10. 1002/ ctm2. 1084.

 82. Bigas A, Porcheri C. Notch and stem cells. Adv Exp Med Biol. 2018;1066:235–63. https:// doi. org/ 10. 1007/ 978-3- 319- 
89512-3_ 12.

 83. Centonze A, Lin S, Tika E, Sifrim A, Fioramonti M, Malfait M, et al. Heterotypic cell-cell communication regulates 
glandular stem cell multipotency. Nature. 2020;584:608–13. https:// doi. org/ 10. 1038/ s41586- 020- 2632-y.

 84. Zhang D, Zhao S, Li X, Kirk JS, Tang DG. Prostate luminal progenitor cells in development and cancer. Trends Can-
cer. 2018;4:769–83. https:// doi. org/ 10. 1016/j. trecan. 2018. 09. 003.

 85. Hu W-Y, Hu D-P, Xie L, Li Y, Majumdar S, Nonn L, et al. Isolation and functional interrogation of adult human pros-
tate epithelial stem cells at single cell resolution. Stem Cell Res. 2017;23:1–12. https:// doi. org/ 10. 1016/j. scr. 2017. 06. 
009.

 86. Sinnott JA, Rider JR, Carlsson J, Gerke T, Tyekucheva S, Penney KL, et al. Molecular differences in transition zone and 
peripheral zone prostate tumors. Carcinogenesis. 2015;36:632–8. https:// doi. org/ 10. 1093/ carcin/ bgv051.

https://doi.org/10.1016/j.cell.2017.12.007
https://doi.org/10.1016/j.cell.2019.03.005
https://doi.org/10.1016/j.cell.2019.03.005
https://doi.org/10.1038/s41576-021-00370-8
https://doi.org/10.1038/s41586-021-03634-9
https://doi.org/10.1016/j.cell.2018.08.039
https://doi.org/10.1016/j.cell.2018.08.039
https://doi.org/10.1200/JCO.2003.01.075
https://doi.org/10.1200/JCO.2011.35.1924
https://doi.org/10.1200/JCO.2011.35.1924
https://doi.org/10.1016/j.eururo.2017.08.027
https://doi.org/10.1016/j.eururo.2017.08.027
https://doi.org/10.1038/nature20788
https://doi.org/10.1016/j.cell.2013.03.021
https://doi.org/10.1038/s41467-018-04724-5
https://doi.org/10.1038/s41467-018-04724-5
https://doi.org/10.1038/ng.3315
https://doi.org/10.1038/s41586-022-05023-2
https://doi.org/10.1016/j.eururo.2018.06.005
https://doi.org/10.1016/j.eururo.2018.06.005
https://doi.org/10.1038/s41585-021-00524-7
https://doi.org/10.1038/s41467-020-14296-y
https://doi.org/10.1038/ncb3047
https://doi.org/10.1002/bco2.47
https://doi.org/10.1016/j.urolonc.2019.03.012
https://doi.org/10.1016/j.juro.2017.05.075
https://doi.org/10.1016/j.juro.2017.05.075
https://doi.org/10.1002/pros.22903
https://doi.org/10.1016/j.juro.2008.01.017
https://doi.org/10.1016/j.juro.2008.01.017
https://doi.org/10.1148/radiol.11110663
https://doi.org/10.1148/radiol.11110663
https://doi.org/10.1002/ctm2.1084
https://doi.org/10.1002/ctm2.1084
https://doi.org/10.1007/978-3-319-89512-3_12
https://doi.org/10.1007/978-3-319-89512-3_12
https://doi.org/10.1038/s41586-020-2632-y
https://doi.org/10.1016/j.trecan.2018.09.003
https://doi.org/10.1016/j.scr.2017.06.009
https://doi.org/10.1016/j.scr.2017.06.009
https://doi.org/10.1093/carcin/bgv051


Page 16 of 16Yu et al. Cellular & Molecular Biology Letters           (2023) 28:38 

 87. Tremblay M, Viala S, Shafer ME, Graham-Paquin A-L, Liu C, Bouchard M. Regulation of stem/progenitor cell mainte-
nance by BMP5 in prostate homeostasis and cancer initiation. Elife. 2020. https:// doi. org/ 10. 7554/ eLife. 54542.

 88. Sakai I, Harada K-I, Hara I, Eto H, Miyake H. A comparison of the biological features between prostate cancers 
arising in the transition and peripheral zones. BJU Int. 2005;96:528–32. https:// doi. org/ 10. 1111/j. 1464- 410X. 2005. 
05678.x.

 89. Erbersdobler A, Fritz H, Schnöger S, Graefen M, Hammerer P, Huland H, Henke RP. Tumour grade, proliferation, 
apoptosis, microvessel density, p53, and bcl-2 in prostate cancers: differences between tumours located in the 
transition zone and in the peripheral zone. Eur Urol. 2002;41:40–6. https:// doi. org/ 10. 1016/ s0302- 2838(01) 00021-5.

 90. Ruiz de Porras V, Wang XC, Palomero L, Marin-Aguilera M, Solé-Blanch C, Indacochea A, et al. Taxane-induced 
attenuation of the CXCR2/BCL-2 axis sensitizes prostate cancer to platinum-based treatment. Eur Urol. 
2021;79:722–33. https:// doi. org/ 10. 1016/j. eururo. 2020. 10. 001.

 91. Pisani C, Ramella M, Boldorini R, Loi G, Billia M, Boccafoschi F, et al. Apoptotic and predictive factors by Bax, cas-
pases 3/9, Bcl-2, p53 and Ki-67 in prostate cancer after 12 Gy single-dose. Sci Rep. 2020;10:7050. https:// doi. org/ 
10. 1038/ s41598- 020- 64062-9.

 92. Chen Z, Trotman LC, Shaffer D, Lin H-K, Dotan ZA, Niki M, et al. Crucial role of p53-dependent cellular senescence 
in suppression of Pten-deficient tumorigenesis. Nature. 2005;436:725–30. https:// doi. org/ 10. 1038/ natur e03918.

 93. Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, et al. Tumour biology: senescence in premalig-
nant tumours. Nature. 2005;436:642. https:// doi. org/ 10. 1038/ 43664 2a.

 94. Kowald A, Passos JF, Kirkwood TBL. On the evolution of cellular senescence. Aging Cell. 2020;19: e13270. https:// 
doi. org/ 10. 1111/ acel. 13270.

 95. Prieto LI, Baker DJ. Cellular senescence and the immune system in cancer. Gerontology. 2019;65:505–12. https:// 
doi. org/ 10. 1159/ 00050 0683.

 96. Wang B, Kohli J, Demaria M. Senescent cells in cancer therapy: friends or foes? Trends Cancer. 2020;6:838–57. 
https:// doi. org/ 10. 1016/j. trecan. 2020. 05. 004.

 97. Zhang Y, Dong Y, Melkus MW, Yin S, Tang S-N, Jiang P, et al. Role of P53-senescence induction in suppression of 
LNCaP prostate cancer growth by cardiotonic compound bufalin. Mol Cancer Ther. 2018;17:2341–52. https:// doi. 
org/ 10. 1158/ 1535- 7163. MCT- 17- 1296.

 98. Kallenbach J, Atri Roozbahani G, Heidari Horestani M, Baniahmad A. Distinct mechanisms mediating 
therapy-induced cellular senescence in prostate cancer. Cell Biosci. 2022;12:200. https:// doi. org/ 10. 1186/ 
s13578- 022- 00941-0.

 99. Lee S, Schmitt CA. The dynamic nature of senescence in cancer. Nat Cell Biol. 2019;21:94–101. https:// doi. org/ 10. 
1038/ s41556- 018- 0249-2.

 100. He S, Sharpless NE. Senescence in health and disease. Cell. 2017;169:1000–11. https:// doi. org/ 10. 1016/j. cell. 2017. 
05. 015.

 101. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, et al. Cellular senescence: defining a path 
forward. Cell. 2019;179:813–27. https:// doi. org/ 10. 1016/j. cell. 2019. 10. 005.

 102. Hernandez-Segura A, Nehme J, Demaria M. Hallmarks of cellular senescence. Trends Cell Biol. 2018;28:436–53. 
https:// doi. org/ 10. 1016/j. tcb. 2018. 02. 001.

 103. Ou H-L, Hoffmann R, González-López C, Doherty GJ, Korkola JE, Muñoz-Espín D. Cellular senescence in cancer: 
from mechanisms to detection. Mol Oncol. 2021;15:2634–71. https:// doi. org/ 10. 1002/ 1878- 0261. 12807.

 104. Wang X, Ma L, Pei X, Wang H, Tang X, Pei J-F, et al. Comprehensive assessment of cellular senescence in the tumor 
microenvironment. Brief Bioinform. 2022. https:// doi. org/ 10. 1093/ bib/ bbac1 18.

 105. Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular senescence: aging, cancer, and injury. 
Physiol Rev. 2019;99:1047–78. https:// doi. org/ 10. 1152/ physr ev. 00020. 2018.

 106. Cheng Q, Butler W, Zhou Y, Zhang H, Tang L, Perkinson K, et al. Pre-existing castration-resistant prostate cancer-like 
cells in primary prostate cancer promote resistance to hormonal therapy. Eur Urol. 2022;81:446–55. https:// doi. 
org/ 10. 1016/j. eururo. 2021. 12. 039.

 107. Taavitsainen S, Engedal N, Cao S, Handle F, Erickson A, Prekovic S, et al. Single-cell ATAC and RNA sequencing 
reveal pre-existing and persistent cells associated with prostate cancer relapse. Nat Commun. 2021;12:5307. 
https:// doi. org/ 10. 1038/ s41467- 021- 25624-1.

 108. Wu SZ, Roden DL, Al-Eryani G, Bartonicek N, Harvey K, Cazet AS, et al. Cryopreservation of human cancers con-
serves tumour heterogeneity for single-cell multi-omics analysis. Genome Med. 2021;13:81. https:// doi. org/ 10. 
1186/ s13073- 021- 00885-z.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.7554/eLife.54542
https://doi.org/10.1111/j.1464-410X.2005.05678.x
https://doi.org/10.1111/j.1464-410X.2005.05678.x
https://doi.org/10.1016/s0302-2838(01)00021-5
https://doi.org/10.1016/j.eururo.2020.10.001
https://doi.org/10.1038/s41598-020-64062-9
https://doi.org/10.1038/s41598-020-64062-9
https://doi.org/10.1038/nature03918
https://doi.org/10.1038/436642a
https://doi.org/10.1111/acel.13270
https://doi.org/10.1111/acel.13270
https://doi.org/10.1159/000500683
https://doi.org/10.1159/000500683
https://doi.org/10.1016/j.trecan.2020.05.004
https://doi.org/10.1158/1535-7163.MCT-17-1296
https://doi.org/10.1158/1535-7163.MCT-17-1296
https://doi.org/10.1186/s13578-022-00941-0
https://doi.org/10.1186/s13578-022-00941-0
https://doi.org/10.1038/s41556-018-0249-2
https://doi.org/10.1038/s41556-018-0249-2
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1002/1878-0261.12807
https://doi.org/10.1093/bib/bbac118
https://doi.org/10.1152/physrev.00020.2018
https://doi.org/10.1016/j.eururo.2021.12.039
https://doi.org/10.1016/j.eururo.2021.12.039
https://doi.org/10.1038/s41467-021-25624-1
https://doi.org/10.1186/s13073-021-00885-z
https://doi.org/10.1186/s13073-021-00885-z

	Single-cell omics traces the heterogeneity of prostate cancer cells and the tumor microenvironment
	Abstract 
	Introduction
	Heterogeneity of TAECs in PCa
	CAFs function subclusters in PCa
	Single-cell omics analysis of TIME of PCa
	Heterogeneity of the spatial distribution of PCa
	"Microscopic heterogeneity" of the spatial distribution of PCa
	"Macroscopic heterogeneity" of the spatial distribution of PCa

	Identification of PCa-associated senescent cells
	Application value of single-cell omics in PCa drug resistance
	PCa tissue samples used for scRNA-seq
	Future outlook
	Acknowledgements
	References


