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Integrating spatial transcriptomics 
and single-cell RNA-sequencing reveals 
the alterations in epithelial cells during nodular 
formation in benign prostatic hyperplasia
Xiawei Fei1†, Jican Liu2†, Junyan Xu3,4†, Hongyan Jing2, Zhonglin Cai4, Jiasheng Yan4, Zhenqi Wu1, Huifeng Li1*, 
Zhong Wang4* and Yanting Shen4,5*   

Abstract 

Objective Proliferative nodular formation represents a characteristic pathological feature of benign prostatic hyper-
plasia (BPH) and serves as the primary cause for prostate volume enlargement and consequent lower urinary tract 
symptoms (LUTS). Its specific mechanism is largely unknown, although several cellular processes have been reported 
to be involved in BPH initiation and development and highlighted the crucial role of epithelial cells in proliferative 
nodular formation. However, the technological limitations hinder the in vivo investigation of BPH patients.

Methods The robust cell type decomposition (RCTD) method was employed to integrate spatial transcriptomics 
and single cell RNA sequencing profiles, enabling the elucidation of epithelial cell alterations during nodular forma-
tion. Immunofluorescent and immunohistochemical staining was performed for verification.

Results The alterations of epithelial cells during the formation of nodules in BPH was observed, and a distinct sub-
group of basal epithelial (BE) cells, referred to as BE5, was identified to play a crucial role in driving this progression 
through the hypoxia-induced epithelial-mesenchymal transition (EMT) signaling pathway. BE5 served as both the 
initiating cell during nodular formation and the transitional cell during the transformation from luminal epithelial (LE) 
to BE cells. A distinguishing characteristic of the BE5 cell subgroup in patients with BPH was its heightened hypoxia 
and upregulated expression of FOS. Histological verification results confirmed a significant association between c-Fos 
expression and key biological processes such as hypoxia and cell proliferation, as well as the close relationship 
between hypoxia and EMT in BPH tissues. Furthermore, a strong link between c-Fos expression and the progression 
of BPH was also been validated. Additionally, notable functional differences were observed in glandular and stromal 
nodules regarding BE5 cells, with BE5 in glandular nodules exhibiting enhanced capacities for EMT and cell prolifera-
tion characterized by club-like cell markers.

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of 
Translational Medicine

†Xiawei Fei, Jican Liu, and Junyan Xu contributed equally to this work.

*Correspondence:
Huifeng Li
urologylihf1301@sina.com
Zhong Wang
zhongwang2010@sina.com
Yanting Shen
shenyanting798@126.com
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-9676-1562
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05212-9&domain=pdf


Page 2 of 15Fei et al. Journal of Translational Medicine          (2024) 22:380 

Introduction
Benign prostatic hyperplasia (BPH) is a highly prevalent 
condition affecting about 25% of men during their life-
time [1]. It is caused by the progressive growth of the 
transition zone (TZ) surrounding the proximal urethra, 
leading to subsequent constriction of the urethral open-
ing [2–4] and resulting in lower urinary tract symptoms 
(LUTS), particularly common among elderly individu-
als [1, 2, 5]. Proliferative nodular formation represents 
a characteristic pathological feature of BPH and serves 
as the primary cause for prostate volume enlargement 
and consequent LUTS. Although several cellular pro-
cesses have been reported to be involved in BPH initia-
tion and development, Its specific mechanism is largely 
unknown. The contribution of androgen response [6, 7], 
hypoxia [8, 9], epithelial-mesenchymal transition (EMT) 
[10–12], etc. in prostatic epithelium to the development 
of BPH has been acknowledged, highlighting the crucial 
role of epithelial cells in proliferative nodular formation. 
However, the current technological limitations hinder 
the in vivo investigation of BPH patients. The alterations 
occurring in epithelial cells and their functions during 
proliferative nodular formation remain unclear.

Spatial transcriptomic (ST) technology, capable of 
providing a comprehensive spatial gene expression land-
scape within the architecture of an entire tissue section 
[13–15], can effectively overcome this limitation. When 
integrated with single-cell RNA-sequencing (scRNA-
seq) technology, it enables the characterization of cellular 
alterations in tissue structure and facilitates the elucida-
tion of functional linkage between distinct cell clusters 
and histological structures [15, 16]. Therefore, by inte-
grating these two technologies, we intended to provide 
a comprehensive understanding of the alterations in epi-
thelial cells and their functions by mimicking the process 
of proliferative nodular formation in BPH. It will contrib-
ute to the identification of novel therapeutic targets.

The prostate epithelium consists of two predominant 
cell populations: luminal epithelial (LE) cells and basal 
epithelial (BE) cells. In this study, we observed the tran-
sition from LE to BE cell phenotype during prolifera-
tive nodular formation in BPH, and identified a distinct 
subgroup of BE cells, referred to as BE5, which played a 
crucial role in driving this progression. This subgroup not 
only serves as the initiating cells during nodular forma-
tion but also acts as transitional cells during the transfor-
mation from LE to BE cell phenotype. The distinguishing 

characteristic of the BE5 cell subgroup in patients with 
BPH was its heightened hypoxia and upregulated expres-
sion of FOS. Histological verification results confirmed 
the significant association between c-Fos (coded by FOS) 
expression and key biological processes such as hypoxia 
and cell proliferation, as well as the close relationship 
between hypoxia and EMT in BPH tissues. Furthermore, 
a strong link between c-Fos expression and the progres-
sion of BPH was also been validated, underscoring the 
crucial role played by BE5 cells in the progression of 
BPH. Additionally, we observed functional differences 
of BE5 cell subgroup in different nodular phenotypes; 
primarily functioning in EMT for stromal nodules while 
playing roles in hypoxia-induced cell proliferation and 
EMT for glandular nodules. Our findings enhance our 
understanding of the comprehensive landscape of epithe-
lial cells involved in nodular formation during BPH.

Methods
Ethics statement
This study was performed in accordance with the Dec-
laration of Helsinki and was approved by the Ethical 
Committee of QingPu Branch of Zhongshan Hospital. 
Written informed consent was obtained from all partici-
pants included in this study.

Patients and sample collection
The prostate tissues were obtained from patients with 
pathologically confirmed BPH who underwent surgery 
at the Department of Urology, Qingpu Branch of Zhong-
shan Hospital Affiliated to Fudan University (Additional 
file  1: Tables  S1 and S2). None of the patients received 
treatment with 5-alpha reductase inhibitors (5ARIs). 
Following pathological diagnosis, one tissue sample was 
subjected to ST sequencing, while the remaining tis-
sue samples were processed for immunofluorescent or 
immunohistochemical staining. Prostate volume and 
intravesical prostatic protrusion (IPP) was determined 
using ultrasonic detection (US).

Human prostate scRNA‑seq data download
Twelves cRNA-seq data matrices of prostate tissues from 
eight peoples were downloaded from Gene Expression 
Omnibus (GEO) public database (https:// www. ncbi. 
nlm. nih. gov/ geo/) (Additional file  1: Table  S3). Five tis-
sues were taken from the benign prostate gland nodules 
(BPH_GN), four tissues were taken from the benign 

Conclusions This study elucidated the comprehensive landscape of epithelial cells during in vivo nodular formation 
in patients, thereby offering novel insights into the initiation and progression of BPH.
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prostate stroma nodules (BPH_SN), and three tissues 
were taken from the TZs of the normal prostate tissues 
(Normal).

Visium spatial transcriptomics
ST was conducted using the Visium platform (10× 
Genomics). Cryosection from an OCT-embedded BPH 
tissue sample was placed on Visium spatial slide. The 
mRNA molecules bound by printed capture oligos, which 
contained spatial barcodes on the slide, were converted 
into cDNA. Subsequently, the cDNA was transferred 
from the slide for library preparation. Spatial librar-
ies were constructed using the Visium Spatial Library 
Construction Kit (10× Genomics, PN-1000184), follow-
ing the manufacturer’s instructions. Finally, sequencing 
was performed using HiSeq X10 (Illumina) with 150 bp 
paired-end reads.

Single‑cell RNA‑sequencing data analysis
scRNA-seq matrices were loaded in the R package 
Seurat (Version 3.0.0) for analysis (Additional file  1: 
Fig.  S1A–C). Following data filtering and normaliza-
tion, integration of the matrices was performed using 
FindIntegrationAnchors and IntegrateData function 
(dims = 1:50). Subsequently, standardization of the inte-
grated matrices was carried out to scale scRNA-seq data 
from 12 matrices, while dimensionality reduction was 
achieved through RunPCA. Batch effects were removed 
by employing RunHarmony, and clustering was accom-
plished via FindNeighbors, FindClusters, and RunUMAP. 
The FindAllMarkers function was used to analyze the 
characteristic genes of each cluster (only.pos = TRUE, 
min.pct = 0.25, logfc.threshold = 0.25). Cell feature gene 
set scores were calculated using AddModuleScore func-
tion [17].

Spatial transcriptomic analysis
FASTQ files were processed to generate the feature 
barcode (FB) matrices by using spaceranger software 
(version 1.1.0) according to Space Ranger pipeline. FB 
matrices were loaded in the R package Seurat (Version 
3.0.0) for subsequent analysis. After data filtering, nor-
malization, and scaling, the FB matrices RunPCA and 
RunUMAP were used for dimensionality reduction and 
clustering. The final number of principal components 
(PCs) was 20, which was determined by the inflection 
point of the ElbowPlot function. And the p value of 20 
PCs is less than 0.05 in the JackStrawPlot result. The 
FindAllMarkers function was used to analyze the char-
acteristic genes of each cluster (only.pos = TRUE, min.
pct = 0.25, logfc.threshold = 0.25).

Cell type decomposition
To obtain the distribution of cell groups in the spatial 
region, we used the integrated scRNA-seq dataset as 
reference to perform cell type decomposition in his-
tological structures of the ST slide using the robust 
cell type decomposition (RCTD) method (doublet_
mode = ’full’) [18].

Single cell gene set enrichment analysis
Single cell gene set enrichment analysis (ssGSEA) on 
Hallmark gene-set collection (N = 50) were performed 
using R package irGSEA (Version 1.1.3) (method = c 
(“singscore”).

Trajectory analysis
We utilized Monocle to ascertain the lineage differenti-
ation of cell subtypes exhibiting potential developmen-
tal relationships. DDRTree was used to learn tree-like 
trajectories. The branched expression analysis mode-
ling (BEAM) approach was employed to identify differ-
entially expressed genes (DEGs) that determine cellular 
fate at the specific branch point. A q value below 0.05 
was considered statistically significant.

Immunofluorescence (IF) staining
The immunofluorescence (IF) staining protocol 
employed in this study is consistent with the method-
ology described by Guo et  al. [16]. The primary anti-
bodies used were Anti-c-Fos Rabbit pAb (Servicebio, 
GB11069) and Anti-Cytokeratin 8 Rabbit pAb (Ser-
vicebio, GB11231). Semi-quantitative analysis of fluo-
rescence was performed using ImageJ software. The 
protocol for analysis was adopted from the previous 
study [19].

Immunohistochemical (IHC) staining
The paraffin tissue sections were subjected to dewax-
ing and rehydration procedures. After performing anti-
gen retrieval, the slides were subjected to blocking using 
bovine serum albumin (Sango Biotech, Shanghai, China). 
Subsequently, the slides were incubated overnight at 4 °C 
with c-Fos Monoclonal antibody (Proteintech, 66590-1-
Ig), Vimentin Polyclonal antibody (Proteintech, 10366-
1-AP), Anti-E-cadherin antibody (Abcam, ab231303), 
PCNA Polyclonal antibody (Proteintech, 10205-2-AP), 
and HIF-1 alpha Polyclonal antibody (Proteintech, 
20960-1-AP). Subsequently, the samples were incubated 
with a secondary antibody of goat anti-rabbit HRP con-
jugate (Cell Signaling Technology, Beverly, MA, USA) at 
25 °C for 1 h. A DAB solution was employed to facilitate 
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brown color development. The regions of interests (ROIs) 
were analyzed using IHC Profiler [20].

Statistics
All the analysis was conducted based on R software (ver-
sion 4.1.3). Student’s t-test, Wilcoxon rank-sum test, and 
Pearson correlation analysis were utilized in this study. P 
values of less than 0.05 were considered statistically sig-
nificant (ns, p values ≥ 0.05; *, p values < 0.05; **, p val-
ues < 0.01; ***, p values < 0.001; ****, p values < 0.0001).

Results
ST combined with scRNA‑seq techniques enabled 
the identification of spatial characteristics pertaining 
to distinct cell types within BPH tissue
The scRNA-seq data from twelve samples were utilized to 
delineate distinct cell populations within prostate tissues 
(Additional file  1: Table  S3). A total of sixteen clusters 
were identified based on gene expression. The total num-
ber of 84,835 cells were annotated as epithelial cells, stro-
mal cells (endothelial cells, fibroblast, and smooth muscle 
cells [SMC]) and immune cells (T cells, myeloid cells, 
plasma cells, mast cells, and B cells) based on established 
marker genes [21]. PTPRC− and EPCAM+ clusters were 
identified as epithelial cells, which highly expressed 
KRT8 and KRT18. PTPRC+ clusters were identified as 
immune cells. Among them, the cluster with high-level 
expression of CD3D, IL7R, CD8A, and CD8B was anno-
tated as T cells; the cluster with high-level expression of 
APOE, LYZ, and IL1B was annotated as myeloid cells; the 
cluster with high-level expression of MZB1 represented 
plasma cells. The other two remaining PTPRC+ clusters 
were annotated as mast cells expressing CPA3, KIT, and 
TPSAB1, and a population of B cells expressing MS4A1, 
CD22, and CD79A. PTPRC− and EPCAM− clusters were 
identified as stromal cells, which consisted of endothe-
lial cells (Endo) characterized by CLDN5, SELE, and 
PECAM1 expression, fibroblasts (Fib) expressing C1S, 
DCN, and C7, and SMC expressing ACTA2, MYH11, and 
RGS5 (Additional file  1: Fig.  S1D, E). The UMAP rep-
resentation of annotated cell types for each group was 
exhibited in Additional file 1: Fig. S1F. The identification 
of the top three characteristic genes in each cell type pro-
vided further validation for the accurate annotation of 
these cells (Additional file 1: Fig. S1G).

The spatial distribution of different cell types was 
assessed by performing ST analysis on a BPH sample 
consisting of 2945 spots. The ST section of the BPH sam-
ple was subjected to histological staining with Hema-
toxylin and Eosin (H&E) (Fig.  1A). Based on the ST 
sequencing data, the spatial spots exhibited a classifica-
tion into seven distinct clusters (C0–C6) (Fig. 1A, B). The 
RCTD method [18] was employed to integrate the results 

of ST and scRNA-seq analyses, enabling the identifica-
tion of predominant cell types within each spatial cluster 
(Fig. 1C–E). C0 with Fib cells as the predominant com-
ponent were identified as Fib cluster, distributed both 
inside and outside the nodule region. C6 were identified 
as immune cluster due to its high B cell and myeloid cell 
ratio, predominantly localized outside the nodule region. 
Notably, four epithelial clusters (C1, C2, C3, and C5) were 
identified, mainly localized in glandular epithelial regions 
with epithelial cells as the predominant component. The 
distribution of C1 spots was predominantly within the 
nodule region while that of C2, C3, and C5 spots primar-
ily localized outside the nodule region (Fig. 1F), indicat-
ing distinct functional roles of these epithelial cells in the 
formation of nodules.

ST combined with scRNA‑seq techniques enabled 
the identification of spatial characteristics pertaining 
to distinct epithelial subtypes within BPH tissue
To elucidate the contribution of epithelial cells in the 
formation of nodules, we first conducted a graph-based 
sub-clustering analysis using scRNA-seq data to iden-
tify distinct epithelial subgroups. Cell-type identification 
was determined by examining DEGs as well as signature 
scores using signature gene sets developed from single-
cell profiling of normal prostates in a previous study to 
determine the major epithelial cell subtypes [17] (Addi-
tional file 1: Fig. S2A, B). Figure 2A illustrates the identifi-
cation of eight BE cell subgroups, two LE cell subgroups, 
one Club cell subgroup, and one Hillock cell subgroup. 
Clusters exhibiting significantly upregulated BE signature 
scores and expression of KRT5, KRT14, and KRT15 were 
classified as BE cells. Similarly, clusters displaying sig-
nificantly elevated LE signature scores along with KLK2, 
KLK3, and ACPP expression were designated as LE cells. 
Furthermore, clusters characterized by relatively low LE 
and BE scores but demonstrating high-expression levels 
of Club cell marker genes (SCGB3A1, PIGR, MMP7, CP, 
and LCN2) and Hillock cell marker genes (KRT13, SER-
PINB1, and CLDN4), were defined as Club and Hillock 
cells.

Subsequently, the RCTD method was employed to pre-
cisely localize these subgroups within the ST slide (Addi-
tional file 1: Fig. S2C). A higher proportion of BE cells but 
a lower proportion of LE cells were observed within the 
nodule region compared to outside (Fig.  2B). Addition-
ally, there was a significant decrease in the ratio of LE 
weight to BE weight within the nodule region compare 
to that outside the nodule region (Fig.  2C). These find-
ings suggest an increase in BE cell population and deple-
tion of LE cells during nodule formation. Regarding LE 
cell subgroups, LE1 cell subgroup was predominantly 
localized in the spatial epithelial region of C5 within BPH 



Page 5 of 15Fei et al. Journal of Translational Medicine          (2024) 22:380  

tissue, primarily within the nodule region. In contrast, 
LE2 cell subgroup mainly distributed outside the nod-
ule region in the spatial epithelial regions of C1 and C2 
within BPH tissues (Fig.  2D; Additional file  1: Fig.  S2D, 

E). To investigate the functional role of these two LE 
cell subgroups in silico, we conducted ssGSEA using 
Hallmark gene set collections (N = 50) on LE1 versus 
LE2 cell subgroup. Specifically, we focused on Hallmark 

Fig. 1 Spatial characteristics pertaining to distinct cell types within BPH tissue. A H&E staining of tissue section (left) and mapped with unbiased 
clustering of ST spots in BPH sample (right). Each cluster is labeled in different color. Scale bar = 1 mm. B UMAP plot of 2945 ST spots from a BPH 
ST data. Each cluster is shown in different color. (C) Weight of each cell type in a BPH tissue slide determined using RCTD. D Scatterpies of weights 
for different cell types in a spot in ST data. E Heatmap displaying the weight of each cell type for Seurat clusters in ST data. F ST spots of nodules, 
cluster1 (C1), cluster2 (C2), cluster3 (C3), and cluster5 (C5) in the BPH sample, each distinctly labeled in different colors
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Fig. 2 Subsets analysis of epithelial cells. A The UMAP coloured according to the epithelial subgroups in scRNA-seq data. B–F Subsets 
analysis of epithelial cells using integrating scRNA-seq and ST data: B Bar plot illustrating the weight of LE, BE, Club, and Hillock cell subgroups 
both within and outside the nodule; C Bar plot (up) and BPH tissue slide (down) illustrating the ratio of LE weight versus BE weight; D Heatmap 
displaying the weight of each epithelial cell subgroup for epithelial clusters in ST data; E Heatmap displaying the significantly enriched signaling 
pathways between LE1 and LE2 cells on Hallmark gene-set collection (N = 50) (left), and bar plot illustrating the weight of LE1 and LE2 subgroups 
both within and outside the nodule (right); F Heatmap displaying the significantly enriched signaling pathways among eight BE subgroups 
on Hallmark gene-set collection (N = 50) (left); Bar plot illustrating the weight of each BE subgroup both within and outside the nodule (right). G The 
UMAP of potential trajectory of all epithelial cells in scRNA-seq data. H The UMAP coloured according to the singscore of each Hallmark gene-set 
in scRNA-seq data. p values of the comparison between two variables were determined by a two-sided t test. Error bar represented standard error. 
“**”, p value < 0.01; “****”, p value < 0.0001
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Androgen Response, Hallmark Epithelial Mesenchymal 
Transition (EMT), and cell proliferation related Hallmark 
pathways (including Hallmark DNA repair, Hallmark 
E2F targets, Hallmark G2M checkpoint, and Hallmark 
mitotic spindle) that were reported to be closely associ-
ated with BPH. We observed a significant upregulated 
EMT and downregulated Androgen Response signaling 
in the LE1 cell subgroup, while the opposite pattern was 
observed for the LE2 cell subgroup (Fig. 2E). Among the 
BE cell subgroups, namely BE1, BE4, BE6, BE7, and BE8, 
their distribution in BPH tissues was primarily concen-
trated within the nodule region. Notably, a significant 
upregulation of EMT signaling was observed in most of 
these subgroups (BE1, BE4, and BE6) compared to other 
BE cell subgroups (Fig. 2F). The enhanced cell prolifera-
tion exhibited by the BE6 cell subgroup is particularly 
noteworthy, as it suggests their potential role as the end 
contributor cells in nodule formation. In contrast, BE3 
and BE5 cell subgroups were predominantly localized 
outside the nodule region. Notably, both subgroups dem-
onstrated significantly downregulated EMT signaling 
compared to other BE cell subgroups (Fig.  2F), thereby 
aligning with the observed alterations in EMT signaling 
during nodular formation in LE cells. However, it should 
be noted that there were notable differences in prolif-
erative capacity between these two subgroups. The BE3 
cells, predominantly in the spatial epithelial region of C2 
and C3 within BPH tissue, exhibited enhanced prolifera-
tive capacity, whereas the BE5 cells, mainly in the spatial 
epithelial region of C3 and C5 within BPH tissue, did not 
demonstrate a similar effect (Additional file 1: Fig. S2D, 
E; Fig.  2D, F). Interestingly, we observed a significant 
augmentation in hypoxia signaling specifically within 
the BE5 cell population. Hypoxia-induced EMT has been 
extensively reported in various malignancies, including 
glioma, prostate cancer (PCa), ovarian carcinoma, lung 
cancer, and hepatocellular carcinoma [22–25]. Moreover, 
our research group’s previous investigations have demon-
strated the crucial involvement of EMT and the capac-
ity of hypoxia to induce EMT in BPH [8, 26, 27]. In this 
study, a robust positive correlation was observed between 
Hypoxia and EMT in epithelial cells (Additional file  1: 
Fig. S2F). The process of EMT was observed to be asso-
ciated with the loss of epithelial cell characteristics, such 
as E-cadherin expression, and an increase in mesenchy-
mal cell features, such as vimentin expression [8, 26, 27]. 
The immunohistochemical staining results revealed a sig-
nificant upregulation of vimentin (r = 0.68, p value = 0.03) 
and a notable downregulation of E-cadherin expression 
(r = -0.84, p value = 0.02) in BPH tissues, concomitant 
with the upregulation of HIF-1a—a hypoxia marker pro-
tein (Additional file  1: Fig.  S2G). Therefore, we propose 
that hypoxia acts as the trigger for EMT with the BE5 cell 

subgroup exhibiting upregulated hypoxia signaling func-
tioning as the initial BE cell population involved in nodu-
lar formation.

Finally, in order to further elucidate the evolutionary 
dynamics of prostate epithelial lineages, we performed 
pseudo-time cell trajectory analysis on twelve distinct 
epithelial cell subgroups. Based on the distribution of cell 
populations within and outside the nodule, we identi-
fied the LE2 cell subgroup as the distinct initial point of 
this evolving trajectory curve. Then, the developmental 
trajectory illustrating the transition from extranodular 
to intranodular epithelial cells, as well as from LE to BE 
cells, was generated (Fig.  2G). The primary objective of 
our study was to investigate the developmental pathway 
from the LE2 subgroup, predominantly located outside 
the nodule region, to the nodular formation end effec-
tor BE6 subgroup, primarily situated within the nod-
ule region (Fig.  2G; Additional file  1: Fig.  S2H), where 
enhanced hypoxia, EMT, and cell proliferation signals 
were observed (Fig.  2H). We observed that BE5 cells 
with upregulated hypoxia signaling, characterized by 
high expression levels of FOS and JUN (Additional file 1: 
Fig. S2I), not only functioned as initiating BE cells in nod-
ular formation processes but also acted as transitional 
intermediates during the transformation from LE to BE 
cells. The FOS and JUN genes encode the FOS and JUN 
protein families, which form a heterodimeric complex 
known as activator protein-1 (AP-1), functioning as a 
transcription factor. The FOS-target factor gene set and 
JUN-target factor gene set obtained from the Transcrip-
tional Regulatory Relationships Unraveled by Sentence-
based Text mining v2 (TRRUST v2) database [28] were 
subjected to gene set enrichment analysis (GSEA). The 
results demonstrated a significant upregulation of both 
target factor gene sets in BE5 cells compared to other BE 
cells (Additional file 1: Fig. S2J, K), indicating the height-
ened AP-1 transcriptional activity exhibited by BE5 cells.

Pseudo‑time cell trajectories depicting the transition 
from LE to BE cells, as well as from extranodular BE cells 
to intranodular BE cells
While the transition from a LE to BE cells has been dem-
onstrated in certain epithelial lesions, such as breast 
cancer [29–35], there is limited evidence supporting 
this phenomenon in BPH. To elucidate the evolutionary 
dynamics underlying the transition from LE to BE cells 
in BPH, we constructed a pseudo-time cell trajectory 
for the LE2 and BE5 cell subgroups (Fig.  3A). The evo-
lutionary trees depicted the trajectory from LE2 to BE5, 
simulating the transformation process from LE to BE 
cells. LE2 cells underwent bifurcation into either fate 
1 or fate 2 branches, wherein fate 1 led to the transi-
tion of LE2 cells into BE5 cells while fate 2 comprised of 
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persisting LE2 cells. Therefore, we proposed that branch 
point 1 played a pivotal role in determining the differen-
tiation of LE cells into BE cells. We identified DEGs in 
this branch point, which played a crucial role in deter-
mining the transition from the root to either fate 1 or 
fate 2. DEGs with q values less than 1e-04 were selected 
to construct a heatmap and classified into three clusters 
(Fig.  3B). Enrichment analysis based on Hallmark gene 
sets (N = 50) was conducted for DEGs of each cluster, 
revealing that DEGs in cluster 1, upregulated in fate 2, 
exhibited significant enrichment in Androgen response 
signaling pathways. Conversely, DEGs in clusters 2 and 3, 
upregulated in fate 1, demonstrated notable enrichment 
in Hypoxia and EMT signaling pathways. Consistent with 
Liu’s findings in breast cancer [29], a significant enhance-
ment of the EMT signal was also observed during the 
transition from LE to BE phenotype in BPH. Moreover, 
our results showed that the signaling of Hypoxia was per-
sisting along the trajectory of fate 1, while the signaling of 
EMT was evident among clustered cells at the end of the 
evolutionary trees, indicating the role played by Hypoxia 
in inducing EMT (Fig.  3C). These findings suggest the 
crucial roles of Hypoxia induced EMT in the transition 
from LE to BE cells.

To elucidate the evolutionary dynamics of the altera-
tions in BE cells during nodular formation, we con-
structed pseudo-time cell trajectory for the BE5, BE6 and 
BE7 cell subgroups. The evolutionary trees depicted the 
transformation process from extranodular initial cells 
(BE5 cells) to intranodular main end contributor cells, 
which were responsible for nodule formation (BE6 cells) 
(Fig. 3D). The fate of BE5 cells diverged into two paths: 
along fate 1 trajectory, some transformed into BE6 cells, 
while others persisted as high FOS and JUN expressing 
BE5 cells along fate 2 trajectory. A heatmap was gener-
ated using DEGs of branch point 1 with q values less than 
1e-04 (Fig.  3E). Enrichment analysis based on Hallmark 
gene sets (N = 50) was revealed that DEGs in clusters 2 
and 6, upregulated in fate 1, exhibited significant enrich-
ment in EMT signaling pathway. DEGs in clusters 1 and 

4, upregulated in fate 2, demonstrated notable enrich-
ment in Hypoxia signaling pathway. We further com-
pared Hypoxia and EMT signaling between cells in fate1 
and root (Fig.  3F). The results revealed a significantly 
higher activation of the EMT signaling pathway in fate 1 
cells compared to root cells; however, no significant dif-
ference was observed in the levels of Hypoxia signaling 
between fate 1 and root cells. Furthermore, we compared 
the Hypoxia and EMT signaling pathways between fate 
2 cells and root (Fig.  3F). The findings demonstrated a 
significantly higher activation of Hypoxia signaling path-
ways in fate 2 cells when compared to root cells. How-
ever, when comparing with fate 1 cells, we observed a 
notably higher activation of the Hypoxia pathway but a 
lower activation of the EMT pathway in fate 2 cells. Addi-
tionally, elevated expression levels of FOS and JUN were 
detected in fate 2 cells when compared to those in fate 1 
cells (Fig.  3G). Previous studies have demonstrated that 
under hypoxic conditions, the AP-1 complex can be acti-
vated, thereby promoting cell proliferation through the 
activation of JNK or ERK signaling pathways [36]. To 
summarize, we propose that during the process of nod-
ule formation, a specific subset of BE5 cells undergoes 
EMT and transforms into the end contributor BE6 cells, 
while another distinct subset characterized by persistent 
Hypoxia signals and high FOS and JUN expression possi-
bly serves as a reservoir for the self-renewal of BE5 cells.

BE5 cell subgroup enhancing the progression of BPH
To elucidate the role of the BE5 cell subgroup in the pro-
gression of BPH, we initially compared the expression 
levels of its characteristic genes, FOS and JUN, in BE5 
cells derived from BPH and normal tissue samples. We 
observed that BE5 cells derived from BPH tissue samples 
exhibited higher FOS expression but relatively lower JUN 
expression compared to those derived from normal tis-
sue samples (Additional file  1: Fig.  S3A). Although the 
proportion of BE5 cells in epithelial cells in BPH tissues 
did not show a significant difference compared to that in 
normal tissues (Wilcoxon test, p value > 0.05; Additional 

Fig. 3 Pseudo-time cell trajectories depicting the alterations in epithelial cells during nodular formation using scRNA-seq. A Pseudo-time 
cell trajectory of LE2 and BE5 cells colored by epithelial cell subtypes (Epi), state, and pseudo-time. B Heatmap showing the selected DEGs 
(q value < 1e-04) which was clustered into three profiles as well as the significant enriched Hallmark pathways for each cluster (p value < 0.05; 
FDR < 0.05). C Pseudo-time cell trajectory of LE2 and BE5 cells colored by the expression levels of FOS and JUN and the scores of Hypoxia and EMT 
signaling pathways. D Pseudo-time cell trajectory of BE5, BE6, and BE7 cells colored by epithelial cell subgroups (Epi), state, pseudo-time, 
and the expression levels of FOS and JUN. E Heatmap showing the selected DEGs (q value < 1e-04) which was clustered into six profiles as well 
as the significant enriched Hallmark pathways for each cluster (p value < 0.05; FDR < 0.05). F Pseudo-time cell trajectory of BE5, BE6, and BE7 
cells colored by the scores of Hypoxia and EMT signaling pathways (up); Bar plot illustrating the scores of Hypoxia and EMT signaling pathways 
among root, fate 1, and fate 2 cells (down). G Dot plots of dynamic expression of FOS and JUN along two cell fates. Hypoxia and EMT gene sets were 
scored using AddModuleScore method. The p values of the comparison between two variables were determined using a two-sided Wilcoxon test. 
Error bar represented standard error. “****”, p value < 0.0001

(See figure on next page.)
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file  1: Fig.  S3B, C), a higher number of FOS+ BE5 cells 
were observed in BPH tissues than in normal prostate 
tissues (chi-square test, p value < 0.0001; Fig.  4A). Fur-
thermore, the expression level of FOS was significantly 
elevated in these BPH FOS+ BE5 cells when compared to 

normal FOS+ BE5 cells (Wilcoxon test, p value < 0.0001; 
Fig. 4A). The GSEA results revealed that BE5 cells in BPH 
tissues exhibited enhanced FOS transcriptional activi-
ties, while their JUN transcriptional activities remained 
unaltered compared to other BE cells (Additional file  1: 

Fig. 3 (See legend on previous page.)
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Fig.  S3D, E). These results highlight a close relationship 
between FOS expression in BE5 cells and BPH. To fur-
ther investigate this association, clinical histological 
experiments were performed. The results revealed that 

c-Fos protein, encoded by FOS, exhibited expression in 
both LE cells and BE cells of prostate tissue; however, 
it predominantly manifested in BE cells of BPH tissues 
(Additional file  1: Fig.  S4A, B). The expression level of 

Fig. 4 BE5 cell subgroup enhancing the progression of BPH. A Bar plot illustrating the percentage of FOS− and FOS+ BE5 cells in the total 
of normal and BPH BE5 cells (up); Violin plots depicting the expression levels of FOS in normal and BPH FOS+ BE5 cells (down). B Analysis of c-Fos 
expression by anti-c-Fos IF (green) in prostate tissues of BPH patients (nuclei counterstained with DAPI). The scale bar was set at 500 μm for H&E 
images and 100 μm for IF images. C Scatter plot illustrating the Pearson correlation between prostate volume and both the integrated density 
and mean gray value of c-Fos. D Heatmap displaying the significantly enriched signaling pathways among normal, BPH_GN, and BPH_SN BE5 cells 
on Hallmark gene-set collection (N = 50) in scRNA-seq data. E Potential trajectory of normal, BPH_GN, and BPH_SN BE5 cells colored by group, 
state, and pseudo-time in scRNA-seq data. F Heatmap showing the selected DEGs (q value < 1e-04) which was clustered into four profiles as well 
as the significant enriched Hallmark pathways for the clusters in scRNA-seq data (p value < 0.05; FDR < 0.05). G Potential trajectory of normal, BPH_
GN, and BPH_SN BE5 cells colored by the scores of Hypoxia, EMT, and cell proliferation related Hallmark pathways in scRNA-seq data
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c-Fos was found to be significantly positively correlated 
with the expression level of HIF-1α, a hypoxia marker 
protein (r = 0.80, p = 5.1e-3; Additional file  1: Fig.  S4C). 
Additionally, the PCNA expression, a cell proliferation 
marker protein, was significantly upregulated in the epi-
thelium exhibiting high c-Fos expression compared to 
that with relatively low c-Fos expression in BPH tissues 
(t-test: p = 0.03; Additional file  1: Fig.  S4D). These find-
ings further support the presence of a BE5 cell subgroup 
characterized by elevated FOS expression and hypoxia in 
BPH tissues. Additionally, a significant positive correla-
tion between c-Fos expression and cellular proliferation 
is proposed, emphasizing the potential capacity of the 
BE5 cell subgroup in self-renewal. Furthermore, through 
the integration of medical imaging examination data 
obtained from patients with BPH, we have elucidated the 
correlation between c-Fos expression and both the sever-
ity and progression of clinical symptoms in BPH, utilizing 
indicators such as prostate volume and IPP. Our findings 
revealed a significant positive association between c-Fos 
expression levels and prostate volume (r = 0.81, p = 0.003; 
Fig.  4B, C), while also demonstrating that patients with 
a high degree of IPP (> 10  mm) exhibited higher c-Fos 
expression compared to those with a low degree of IPP 
(≤ 10  mm) (t-test: p = 2.7e−3; Additional file  1: Fig.  S5). 
Notably, IPP exhibited a significant correlation with 
increased prostate volume, heightened obstructive symp-
toms, and reduced peak urinary flow rate, thereby pre-
senting objective clinical utility in symptom evaluation 
and progression prediction [37]. These findings collec-
tively underscore the crucial role played by BE5 cells in 
BPH.

Additionally, according to the different constituent cell 
types, proliferative nodules can be divided into stromal 
nodules and glandular nodules. Stromal nodules mainly 
consist of stromal, while glandular nodules mainly con-
sist of glandular epithelium [4]. However, it is noteworthy 
that both phenotypes of these two proliferative nodules 
frequently coexist within the same hypertrophied pros-
tate [5], implying a potential interrelationship between 
the processes underlying their formation. In this study, 
we aimed to elucidate this phenomenon from the per-
spective of BE5 cells. We initially performed ssGSEA 
using Hallmark gene set collections (N = 50) on the BE5 
cell subgroups of normal, glandular nodules (BPH_GN) 
and stromal nodules (BPH_SN) tissues to investigate 
their functions in silico. We observed a significant upreg-
ulation EMT signaling in both the BE5 cell subgroups of 
BPH_GN and BPH_SN, as well as a significant upregu-
lation of Hypoxia and cell proliferation related signaling 
pathways in BE5 cell subgroups of BPH_GN (Fig.  4D). 
The findings suggest that within stromal nodules, BE5 
subgroup primarily functions in EMT, while it plays roles 

in both cell proliferation and EMT within glandular nod-
ules due to its upregulated Hypoxia signaling. Addition-
ally, we constructed a pseudo-time cell trajectory for the 
BE5 cell subgroups of normal, BPH_GN, and BPH_SN 
to simulate the alterations of BE5 cells in the formation 
process of stromal and glandular nodules. The evolution-
ary trees depicted the successive alternation in the func-
tions of BE5 cells in the progression of both two types of 
BPH (Fig.  4E). Normal BE5 cells underwent bifurcation 
at branch point 3, giving rise to fate 1 or fate 2 branches. 
Fate 1 resulted in the transition of normal BE5 cells into 
BPH_SN BE5 cells, while fate 2 led to the transition of 
normal BE5 cells into BPH_GN BE5 cells. We identified 
DEGs at the branch point 3, which exhibited distinct pat-
terns of transformation from the root to either fate 1 or 
fate 2 (Fig. 4F). Enrichment analysis based on Hallmark 
gene sets (N = 50) was performed, revealing that upregu-
lated DEGs in fate 2 exhibited significant enrichment in 
Androgen response and Estrogen response early and late 
signaling pathways. Conversely, upregulated DEGs in 
fate 1 demonstrated notable enrichment in Hypoxia and 
EMT signaling pathways. The signaling of Hypoxia and 
cell proliferation-related pathways were enhanced at the 
end of fate 2, while the signaling of EMT was enhanced 
at both ends of the two cell fates (Fig. 4G). The present 
findings provide further evidence supporting the pri-
mary involvement of BE5 in EMT during stromal nodular 
formation, while also highlighting its roles in hypoxia-
induced cell proliferation and EMT during glandular 
nodular formation. Additionally, the top three DEGs at 
branch point 3 were SCGB1A1, LTF, and MMP7. These 
DEGs exhibited upregulation in fate 2 but downregu-
lation in fate 1, suggesting that BE5 cells in glandular 
nodules displayed distinct club-like characteristics (Addi-
tional file 1: Fig. S6).

Discussions
BPH presents limited drug targets, with alpha-blockers 
and 5-ARIs currently serving as the primary clinical 
treatments. Among them, only 5-ARIs have been dem-
onstrated to effectively reduce prostate volume and delay 
the progression of BPH [38, 39]. However, it can lead 
to adverse effects such as sexual dysfunction including 
erectile difficulties and abnormal ejaculation [40]. Addi-
tionally, in 25%-30% of patients, there is no observed 
improvement in prostate volume or LUTS following 
treatment with 5-ARIs, while approximately 5%-7% of 
patients experience a progressive worsening of symptoms 
necessitating surgical intervention [38, 40]. Therefore, the 
identification of novel drug targets for BPH is of para-
mount importance, thereby augmenting the therapeu-
tic repertoire to benefit a larger cohort of patients. The 
proliferative nodular formation represents the classical 
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pathological hallmark of BPH, serving as the primary 
etiology for prostate volume enlargement and subse-
quent LUTS. A comprehensive understanding of the 
intricate processes underlying proliferative nodules holds 
immense clinical significance in terms of identifying 
novel therapeutic targets for BPH. Previous studies have 
indicated that, apart from LE cells which are targeted by 
5-ARIs, other cell types within the prostate have been 
implicated in this pathogenesis [10, 12, 41–43], highlight-
ing their potential as therapeutic targets for BPH. How-
ever, due to technological limitations, their contributions 
have yet to be validated through in  vivo investigations 
conducted on patients with BPH.

ST technology can effectively overcome this limita-
tion [15, 16]. The technique facilitates the assessment 
of cellular changes both within and outside the nodule 
structure in prostate tissue, thereby contributing to a 
comprehensive understanding of the functional inter-
play between cells and nodular formation. When inte-
grated with scRNA-seq technology, its resolution can be 
enhanced to the single-cell level. By leveraging these two 
complementary methodologies, we identified a fibroblast 
cluster and four distinct epithelial clusters. The spatial 
distribution of the fibroblast cluster encompassed both 
intra- and extra-nodular regions, suggesting little differ-
ence between fibroblasts residing within and outside the 
nodule. However, noticeable differences were observed 
between intra- and extra-nodular epithelial cells. Among 
the four epithelial clusters, one cluster predominantly 
localized within the nodule while the remaining three 
clusters primarily distributed in extra-nodular regions. 
These findings underscored the pivotal involvement of 
epithelial cells in nodular formation.

Therefore, we employed a pseudo-time trajectory to 
simulate the formation of nodules in patients with BPH, 
enabling a comprehensive analysis of the characteris-
tic and functional changes occurring in epithelial cells 
throughout this process. After sub-clustering, the epithe-
lial cells were clustered into twelve subgroups. The pre-
cise identification of the epithelial subgroup that served 
as the initiation or termination points for the pseudo-
time trajectory was of utmost significance, primarily 
guided by the following factors. Firstly, we considered 
the distribution of epithelial subgroups both within and 
outside the nodule region. The predominantly nodule-
region-distributed epithelial subgroup was selected as 
the termination point of the pseudo-time trajectory, 
while the predominantly non-nodule-region-distributed 
group was chosen as its initiation point. Secondly, we 
took into account cell functionality. Although various cel-
lular pathways have been reported to be involved in BPH, 
such as nuclear factor-kappa B (NF-kappaB) signaling 
pathway, TGF-β1 signaling pathway, and inflammation 

related pathways, EMT is commonly considered at the 
downstream of these pathways in BPH [44–46]. BPH 
has been recognized as a disease characterized by the 
accumulation of mesenchymal-like cells derived from 
the prostatic epithelium [47]. Therefore, we selected the 
subgroups with a high EMT signal as the pseudo-time 
trajectory endpoint. BPH is an age-related disease and 
hypoxia often occurs in elderly individuals. Additionally, 
Hypoxia-induced EMT has been extensively reported [8, 
22–27]. Thus, we designated the cell population exhibit-
ing upregulated hypoxia signaling as the initial point of 
the pseudo-temporal trajectory. Lastly, we took into con-
sideration the number of cells within and outside nod-
ules. We observed a higher abundance of BE cells within 
nodules compared to those outside, while the presence of 
LE cells within nodules was lower than that outside. This 
finding suggests the potential proliferation of BE cells, 
which aligns with the pathological characteristics asso-
ciated with the increasing numbers of epithelial cells in 
nodule formation. Consequently, our primary focus lied 
in elucidating the pseudo-time trajectory with the highly 
proliferative BE cells as the terminal point.

In the established pseudo-time trajectory in this study, 
the LE2 cell subgroup predominantly localized outside 
the nodule at one end of the cell trajectory, while the 
BE6 cell subgroup primarily distributed within the nod-
ule and exhibited significant activation of EMT and cel-
lular proliferation signaling at the other end. Therefore, 
we selected the LE2 cell subgroup as the initiation point 
for the established pseudo-time trajectory and focused 
on investigating the branch ending with the BE6 cell sub-
group. Within this branch, we observed two distinct pro-
cesses, with the first involving a transformation from LE 
to BE cells. While the transition from a LE to BE cells has 
been demonstrated in certain epithelial lesions [29–35], 
there is limited evidence supporting this phenomenon 
in BPH. In recent years, the increased utilization of sin-
gle-cell transcriptomics has unveiled a distinct subset 
of LE cells that co-express both LE and stem cell-asso-
ciated genes in the mouse prostate [48–52]. However, 
the mechanisms underlying their amplification in BPH 
remain poorly understood and the available evidence 
to confirm the possibility of direct transformation from 
LE to BE cells is also insufficient [53]. In this study, we 
employed pseudo-time trajectory analysis as an innova-
tive approach to observe the dynamic transition of LE 
cells into BE cells during nodular formation in patients 
with BPH. Consistent with Liu’s findings in breast cancer 
[29], a significant enhancement of the EMT signal was 
also observed during the transition from LE to BE pheno-
type in BPH. To our knowledge, this represents the first 
documented observation of LE-to-BE cell transformation 
during nodular formation in BPH patients. Furthermore, 
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we observed a distinct BE5 cell subgroup exhibiting high 
hypoxia signaling, which was identified as transition cells 
during this process. The second process within the LE2-
to-BE6 branch involved a transition from extranodular 
to intranodular BE cells (BE5-to-BE6). During this pro-
cess, hypoxia-induced EMT was notably noticed, and 
the BE5 cell subgroup, exhibiting high hypoxia signal-
ing, was identified as the initial cells that facilitated the 
transformation of extranodular BE cells into intranodu-
lar end-contributor BE cells for nodular formation. The 
BE5 cell subgroup was characterized by the high expres-
sion of FOS and JUN, which encode proteins that form 
the heterodimeric AP-1 transcription factor. Further-
more, we observed a significantly elevated level of FOS 
expression and enhanced FOS transcriptional activities 
in the BPH BE5 cell subgroup compared to normal BPH 
BE5 cell subgroups. Previous studies have demonstrated 
that under hypoxic conditions, the AP-1 complex can be 
upregulated and activated, thereby affecting cell prolifer-
ation and EMT [36, 54]. Therefore, we postulate that BE5 
cells with high FOS expression may play a pivotal role in 
the progression of BPH. Prostate volume and IPP were 
utilized as objective indicators to assess BPH progression 
and symptoms. Our findings revealed that BPH patients 
exhibiting elevated c-Fos expression displayed larger 
prostate volume and more severe IPP, thus highlighting 
the significant contribution of the BE5 cell subgroup to 
BPH. Additionally, these findings have focused on the 
involvement of BE cells rather than LE cells in BPH, 
thereby enhancing our comprehension of the heteroge-
neous histological response of prostate glands to andro-
gen deprivation, such as 5ARI treatment. This discovery 
offers a potential novel therapeutic target for BPH that 
operates independently of androgen receptor signaling.

Furthermore, in this study, we aimed to clarify the 
correlation between glandular and stromal nodular for-
mation by utilizing pseudo-time trajectory analysis on 
BE5 cells. We noticed that upregulated EMT signal-
ing occurred in the BE5 cells in both types of nodules, 
while high cell proliferation signaling was only observed 
in the BE5 cells in glandular nodules. Notably, BE5 cells 
in glandular nodules were identified to be displayed dis-
tinct characteristics of club cells. Considering their high 
cell proliferation capacity resembling that of club cells in 
prostate tissues [53, 55, 56], we regarded them as club-
like BE cells.

This study still has several limitations. Firstly, the 
ST data can only be accessed within the cells of each 
spot and are lost at intervals between every two spots 
[16]. With advancements in ST technology, it is antici-
pated that higher resolution and shorter interval dis-
tances may be achieved in future studies. Secondly, the 

limited sample size used for ST analysis in this study 
restricts the generalizability of our conclusions. Nev-
ertheless, to mitigate the impact caused by this small 
sample size in ST sequencing, we integrated ST with 
scRNA-seq data from five BPH samples and three 
normal prostate samples to enhance the reliability of 
our findings. However, future research should prior-
itize conducting multi-center clinical trials with larger 
sample sizes to establish individual patient trajectories 
[57] and thereby validate the significance of FOS in the 
development of BPH nodules. This will lay a robust 
groundwork for further applications in construct-
ing BPH animal models and conducting treatment 
research.

Our findings have unveiled the comprehensive land-
scape of epithelial cells during nodular formation 
in  vivo in patient with BPH, thereby offering novel 
insights into the initiation and progression of BPH, 
holding potential therapeutic implications targeting.
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