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Abstract 

Objective Benign prostatic hyperplasia (BPH) is common in elder men. The current study aims to identify differen-
tially expressed genes (DEGs) in hyperplastic prostate and to explore the role of Nik related kinase (NRK) in BPH.

Methods Four datasets including three bulk and one single cell RNA-seq (scRNA-seq) were obtained to perform 
integrated bioinformatics. Cell clusters and specific metabolism pathways were analyzed. The localization, expression 
and functional activity of NRK was investigated via RT-PCR, western-blot, immunohistochemical staining, flow cytom-
etry, wound healing assay, transwell assay and CCK-8 assay.

Results A total of 17 DEGs were identified by merging three bulk RNA-seq datasets. The findings of integrated single-
cell analysis showed that NRK remarkably upregulated in fibroblasts and SM cells of hyperplasia prostate. Meanwhile, 
NRK was upregulated in BPH samples and localized almost in stroma. The expression level of NRK was significantly 
correlated with IPSS and  Qmax of BPH patients. Silencing of NRK inhibited stromal cell proliferation, migration, fibrosis 
and EMT process, promoted apoptosis and induced cell cycle arrest, while overexpression of NRK in prostate epithelial 
cells showed opposite results. Meanwhile, induced fibrosis and EMT process were rescued by knockdown of NRK. Fur-
thermore, expression level of NRK was positively correlated with that of α-SMA, collagen-I and N-cadherin, negatively 
correlated with that of E-cadherin.

Conclusion Our novel data identified NRK was upregulated in hyperplastic prostate and associated with prostatic 
stromal cell proliferation, apoptosis, cell cycle, migration, fibrosis and EMT process. NRK may play important roles 
in the development of BPH and may be a promising therapeutic target for BPH/LUTS.

Keywords Benign prostatic hyperplasia, Nik-related kinase, Lower urinary tract symptoms, Bioinformatics, Fibrosis, 
EMT
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Introduction
Benign prostatic hyperplasia (BPH) and its related 
lower urinary tract symptoms (LUTS) are very 
common in elder men, which affecting their qual-
ity of life. Despite current medical therapy such 
as α1-adrenoceptor antagonists (α1-blockers) and 
5α-reductase inhibitors (5-ARIs) serve satisfactory, a 
portion of patients might experience complications or 
require further surgical interventions [1]. The dilemma 
in medical therapy of BPH/LUTS was probably due to 
its not-fully revealed etiology and pathogenesis. Fur-
ther and in-depth of investigations for therapeutic 
targets are of great significances. To date, aging and tes-
tosterone are two defined independently risk factor of 
BPH/LUTS. With regard to the pathogenesis of BPH/
LUTS, some hypothesis have been proposed includ-
ing growth factor, stromal-epithelial interaction, ratio 
between estrogen and androgen, chronic inflamma-
tion, genetic and familial factors, metabolic syndrome, 
autoimmunity and embryonic reawakening theory 
[1–3]. However, from the pathological aspect, besides 
the continuous nonmalignant proliferation of prostate 
cells, BPH tissues also exhibit stromal fibrosis [4–6]. 
Stroma myofibroblasts play pivotal role in the process 
of fibrosis that accumulation of which results in remod-
eling of the extracellular matrix (ECM) and tissue hard-
ening by secreting large amounts of collagen proteins 
deposited [7]. Fibrosis was proposed to be a new patho-
logical mechanism of BPH and involved in the progress 
of LUTS [6, 8, 9], however, the current first-line oral 
medications (α1-blockers and 5-ARIs) have shown no 
effect on reverse or alleviation of fibrosis. Meanwhile, 
epithelial-mesenchymal transition (EMT) also contrib-
utes to prostatic fibrosis and hyperplasia, which leads 
to BPH/LUTS progress [4, 10, 11]. EMT is character-
ized as increasing mesenchymal-like cells derived from 
the prostatic epithelium and TGF-β is thought to play 
a key role in EMT [4, 12]. Therefore, fibrosis and EMT 
might be a promising therapeutic target for BPH/LUTS.

With the development of bioinformatics analysis in 
recent years, many studies have given new insight into 
pathophysiology mechanism of BPH. Functional activ-
ity and related pathways of biomarkers including BMP5, 
NELL2, IGF1, CXCL13, MXRA5 and GPX3 were iden-
tified from many analyses using gene microarrays and 
RNA-seq datasets [13–19]. A recent study also inves-
tigated therapeutic targets in BPH using single-cell 
RNA-seq (scRNA-seq) data [20]. However, integrative 
analysis using multiple datasets are few. Our current 
analysis combined RNA-seq and scRNA-seq datasets 
to explore the possible biomarkers of BPH and demon-
strated that the Nik related kinase (NRK) might be a new 
therapeutic target for BPH/LUTS.

NRK, a gene on the X-chromosome and a member of 
the germinal center kinase (GCK) family subgroup IV, 
was firstly cloned from mice and found in skeletal muscle 
during mouse embryogenesis in 1996 [21]. Most studies 
of NRK focused on its crucial role of regulating placenta 
development [22–26]. In other organs or tissues, NRK 
also exhibit different functions including modulating cell 
proliferation [27], apoptosis [28, 29], migration [30], cell 
cycle [31], inflammation regulation [32] and cytoskeletal 
organization [33]. However, the expression of NRK in 
human prostate and its role in development and progress 
of prostatic disease have never been elucidated.

Therefore, current study would explore the new bio-
markers of BPH using integrative bioinformatics analysis 
and investigate the expression and the functional activity 
of NRK in hyperplastic prostate.

Methods
Bulk RNA microarrays obtained and DEGs identification
Raw gene expression profiles (GSE7307, GSE119195 and 
GSE132714) were obtained from Gene Expression Omni-
bus (GEO) database (http:// www. ncbi. nlm. nih. gov/ geo/), 
the related information was listed in Table 1. These three 
datasets were combined and analyzed to screen differen-
tially expressed genes (DEGs). As described in our pre-
vious studies [18], R software (version 4.3.1) and related 
packages were used to identify the DEGs of each data-
set. The cut-off standards for DEGs were p < 0.05 and 
|logFC|> 1. The gene expression level of each dataset was 
presented in individual volcano chart using Sangerbox 
(http:// vip. sange rbox. com/ home. html). In addition, the 
Venn diagram tool from Sangerbox was applied to over-
lap the DEGs from above three datasets, which were then 
labelled in volcano chart, respectively.

GO and KEGG pathway enrichment analysis
Above identified DEGs were submitted to DAVID web-
site (https:// david-d. ncifc rf. gov/). GO (Gene Ontology) 

Table 1 Clinical information of BPH patients

Items

No. of patients 104

Age (year) 70.1

BMI (kg/m2) 22.8

Prostatic size (ml) 60.8

tPSA (ng/ml) 7.0

fPSA (ng/ml) 1.6

IPSS 21.7

Qmax (m/s) 10.0

PVR (ml) 160.7

http://www.ncbi.nlm.nih.gov/geo/
http://vip.sangerbox.com/home.html
https://david-d.ncifcrf.gov/
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and KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway outcome were analyzed and cutoff values were 
p < 0.01. R package DOSE was used to analysis the rela-
tionship between genes and pathways.

Single cell RNA‑seq analysis
Similar to bulk RNA microarray, raw data of single cell 
dataset (GSE172357) were also downloaded from GEO 
database. The detailed information of GSE172357 were 
also listed in Table 1 and R software (version 4.3.1) was 
used for further analysis. Packages of R software includ-
ing NormalizeData, FindVariableFeatures, and Scale-
Data were applied to normalize the scRNA-Seq data. 
Then, dimensionality of the data were reduced the to 
a two-dimensional (2D) space by package Seurat() and 
then visualized by T-distributed stochastic neighbor 
embedding (tSNE). FindNeighbors, FindClusters, and 
RunTSNE were used to perform these analyses with a 
resolution of 0.1–0.5. According to the canonical pat-
terns of marker genes, the 29,071 cells were annotated as 
15 cell types including macrophages, fibroblasts, acinar 
cells, endothelials, monocytes, neutrophils, progenitor 
cells, ductal cells, dendritic cells (DC-cell), stellate cells, 
α-cells, β-cells, T cell, B cell, and granulocytes. The main 
reference databases of cell marker genes for cell annota-
tion came from CellMarker (http:// xteam. xbio. top/ CellM 
arker/ index. jsp, accessed on 1 September 2022) and 
CellMarker2.0 (http:// bio- bigda ta. hrbmu. edu. cn/ CellM 
arker/ index. html, accessed on 1 September 2022).

Cell clusters‑specific metabolic pathway analysis
To investigate cell type-specific metabolic pathway 
features, we sought to quantify pathway activity and 
describe it as a score [34]. According to this score, it 
could determine whether metabolic pathway activity is 
related to specific cell type, and identify metabolic path-
ways that were specifically activated by one cell type. The 
value pt,j represented the activity of the t pathway in the j 
cell type, which calculation formula is as follow:

The value mt is the number of genes in the t pathway. 
The value ωi is the weighting factor representing the 
reciprocal of the number of pathways containing the 
i gene. The value ri,j is the relative quantification of the 
average expression level of the i metabolic gene in j cell 
type versus all types of cells. If ri,j > 1, it is proved that the 
average expression value of the i gene in the j cell type is 
higher than that in all types of cells. The calculation for-
mula of ri,j is as follow:

pt,j =

∑mt
i=1

ωi × ri,j
∑mt

i=1
ωi

The value N is the total number of cell types. The value 
Ei,j is the average expression level of the i metabolic gene 
in the j cell type, which calculation formula is as follow. 
The value nj is the number of cells in the j cell type. The 
value gi,k is the expression level of the i gene in the k cell. 
The value M is the total number of all metabolic genes.

Human prostate tissues
Human prostate tissues were obtained from 3 young 
brain-dead men who underwent organ donation in 
Xijing Hospital of Air Force Medical University as con-
trols (from May 2022 to June 2022). Informed Consent 
Form about organ donation were signed before donation 
and these three organ donors or their next of kin agreed 
to donation and were aware of the organ use. The pros-
tate samples of 104 BPH patients with clinical data who 
underwent transurethral resection of the prostate in the 
Department of Urology, Zhongnan Hospital of Wuhan 
University were collected (from March 2018 to January 
2019). The sample size was determined based on further 
pathological confirmation. Postoperative pathological 
examination confirmed the diagnosis of BPH. Prostate 
tissues were divided into two parts, which were stored 
in liquid nitrogen for PCR and Western blot analysis and 
in 4% PFA for histological detection. All human speci-
mens were collected and processed in accordance with 
the guidelines approved by the Ethics Committee and the 
principles of the Declaration of Helsinki.

Tissue microarray (TMA) construction 
and Immunohistochemistry
Detailed information of the clinical characters of 104 
BPH patients are presented in Table 1. Tissue from each 
of the 104 patient cases was fixed, made into donor wax 
block sections. A 1.5  mm diameter core of was taken 
from each sample wax block to construct TMA, and then 
serially cut into sections with a thickness of 4 μm for fur-
ther staining.

The paraffin sections were deparaffinized in xylene 
prior to anhydrous ethanol, 95% alcohol and 75% alcohol 
in turn. They were subsequently kept in 10  mM boiled 
sodium citrate buffer (pH 6.0) for 2  min for antigen 
retrieval and incubated with 3%  H2O2 solution for 10 min 
to inactivate endogenous peroxidase. To block non-spe-
cific binding, 15% normal goat serum was used to incu-
bate sections for 15 min at room temperature. Next, the 

ri,j =
Ei,j

1
N

∑N
j Ei,j

Ei,j =

∑nj
k=1

gi,k

nj
, i ∈ 1 . . .M, j ∈ 1 . . .N

http://xteam.xbio.top/CellMarker/index.jsp
http://xteam.xbio.top/CellMarker/index.jsp
http://bio-bigdata.hrbmu.edu.cn/CellMarker/index.html
http://bio-bigdata.hrbmu.edu.cn/CellMarker/index.html
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sections were incubated successively with primary anti-
bodies (Additional file  1: Table  S1) at humidified and 
4  °C conditions and with secondary antibody at 37  °C 
until peroxidase and 3, 3′-diaminobenzidine tetrahydro-
chloride visualization. Negative controls were incubated 
with PBS instead of the antibody. All stained sections 
were imaged using an Olympus-DP72 light microscope 
(Olympus, Japan).

Correlation analysis
Expression of NRK, E-cad, N-cad, α-SMA and Collagen-I 
in the prostate tissues from our TMA were blindly quan-
tified by two pathologists via analysis for positive area of 
all images with Image J. Pearson correlation analysis was 
conducted to investigate the correlation between NRK 
and related proteins (E-cad, N-cad, α-SMA and Collagen-
I). Meanwhile, and correlation between several clinical 
characteristics of BPH and NRK expression level was also 
analyzed.

Human prostatic cell lines
Two prostatic cell lines BPH-1 and WPMY-1 were used 
for our current study. BPH-1, human benign prostatic 
enlargement epithelia cell line (Cat. #BNCC339850, pur-
chased from the Procell Co., Ltd., Wuhan, China), was 
cultured in RPMI-1640 medium (Gibco, China) con-
taining 10% fetal bovine serum (FBS) (Gibco, Australia). 
WPMY-1, SV40 large T antigen-immortalized stromal 
cell line (Cat. #GNHu36, purchased from the Stem Cell 
Bank, Chinese Academy of Sciences, Shanghai, China), 
was cultured in DMEM medium (Gibco, China) contain-
ing 1% penicillin G sodium/streptomycin sulfate and 5% 
FBS. All cells were cultured in a humidified atmosphere 
consisting of 95% air and 5%  CO2 at 37 °C. Identification 
of the cell lines was performed at the China Center for 
Type Culture Collection in Wuhan, China.

Knockdown of NRK in prostatic cells
NRK-target specific small interfering RNAs (siRNAs) 
were synthesized by Genepharma Ltd. in Suzhou, China. 
WPMY-1 cell lines were transfected with NRK-siRNAs 
using lipofectamine 2000 (Invitrogen, USA), accord-
ing to the manufacturer’s instruction. The sequences of 
si-NRKs are listed in Additional file  2: Table  S2. After 
transfection by si-NRK for 48  h, alterations of NRK at 
transcriptional and protein levels were evaluated by the 
qRT-PCR, Western-blot. The efficacy of knockdown were 
screened in Additional file 4: Figure S1 and si-NRK-1 and 
si-NRK-2 were used for further study. The si-NRK-1 was 
used for rescue experiment.

Plasmid construction and cell transfections
NRK plasmid used in this study were obtained from 
Hanbio Biotechnology Co. Ltd (Shanghai, China). DNA 
sequencing technology was performed to verifying 
the sequence of all plasmids. Plasmid transfection was 
performed using Lipofectamine 2000 reagent (Invitro-
gen) according to the manufacturer’s instructions. The 
efficacy of overexpression was screened in Additional 
file 4: Figure S2.

Drug treatment
In order to induced EMT process of prostate epithe-
lial cells [35], BPH-1 cells were pretreated with 10 μg/L 
TGF-β1 (MedChemExpress, China) for 24  h prior to 
siRNA transfection. In addition, in order to induced 
prostate stromal cells fibrosis, WPMY-1 cells were pre-
treated with 0.27238 μg/l (equivalent to 1 nM) estradiol 
 (E2, MedChemExpress, China) for 24 h prior to siRNA 
transfection [36]. Meanwhile, equivalent amount of 
DMSO without drugs were added to the cells served as 
a control.

Cell proliferation assay
WPMY-1 cells were seeded in 6-well plates and trans-
fected with siNRK-1, or siControl. After 24  h, cells 
were washed and counted. Cell Counting Kit-8(CCK8) 
(C0005, TargetMol), 5-ethynyl-20-deoxyuridine (EdU) 
(C10310-1, RiBoBio) were used to assess cell prolifera-
tion following the manufacturer’s protocol.

Flow cytometry analysis for cell cycle and apoptosis
1 ×  106 cells were harvested for cell cycle and apoptosis 
analyses. For cell cycle analysis, cells were centrifuged 
and then pellets were resuspended with PBS containing 
50 μg/ml propidium iodide (Multi Sciences, Hangzhou, 
China) and 0.1 mg/ml RNaseA (20 μg/ml in PBS) in the 
dark. After incubation at 37  °C for 30  min, the DNA 
content distribution was analyzed by flow cytometry 
analysis (Beckman, Cat. #FC500). Cell apoptosis was 
analyzed by flow cytometry using the Annexin V-FITC 
apoptosis analysis kit (Sungene Biotech., Tianjin, 
China), according to the manufacturer’s instructions.

Wound‑healing assay
Prostatic cells were seeded into 6-well plates and cul-
tured until full confluent, then the cell monolayer was 
scratched in a straight line using a 200 μl sterile pipette 
tip and washed with PBS three times. Cells were main-
tained in serum-free medium and images were cap-
tured every 24 h.
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Transwell migration assay
Migration capability was measured using 24-well tran-
swell chamber systems (Corning, USA) with 8.0  µm 
pore size. Cells were seeded in the upper chamber 
insert and cultured in serum-free medium. The bot-
tom chambers were filled with 10% fetal bovine serum 
medium. After 24 h, the migrated cells were fixed with 
4% paraformaldehyde for 20 min at room temperature 
and then stained with 1% crystal violet. The migrated 
cells were counted and photographed in three ran-
domly selected views.

Total RNA extraction and cDNA synthesis
As described in a previous study from our group [37], 
total RNA was isolated from tissues and cells using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s protocol. One μg of total RNA was 
reverse-transcribed to cDNA via the SuperScript II First-
Strand Synthesis System according to the instructions 
(Invitrogen).

Real‑time reverse transcriptase polymerase chain reaction 
(real‑time RT‑PCR)
As previously described [18], RT products were ampli-
fied in a 96-well plate in a 20 μL reaction volume with all 
samples run in triplicate, using the CFX Connect Real-
Time PCR System™ (Bio-Rad). The following experimen-
tal protocol was utilized: denaturation (95 °C for 10 min 
to activate the polymerase) followed by an amplification 
program repeated for 40 cycles (95 °C for 15 s, then 60 °C 
for 60 s) using a single fluorescence measurement. Primer 
sequences are shown in Additional file 3: Table S3. Tar-
get genes were amplified using SYBR Green for amplicon 
detection. For relative quantification, gene expression 
was normalized to expression of the GAPDH ribosomal 
housekeeping gene as an internal control and compared 
by  2−ΔΔCT method.

SDS‑PAGE and western‑blotting analysis
As previously described [18], proteins were extracted 
from tissues and cells using RIPA (Radio-Immunoprecip-
itation Assay) lysis buffer (Sigma-Aldrich, St Louis, Mo) 
(containing 1 × PBS, 1% IGEPAL CA-630, 0.5% sodium 
deoxycholate, 0.1% SDS, 10  mM EDTA) with freshly 
added phenylmethanesulphonylfluoride (PMSF; Sigma 
Aldrich, St. Louis, MO, USA) and sodium orthovanadate 
(Sigma Aldrich). An aliquot of 100  μg of each sample 
was electrophoresed on a 7.5% or 12.5% sodium dode-
cyl sulfate–polyacrylamide (SDS-PAGE) gel (Wuhan 
Boster Biological Technology Ltd, Wuhan, China) and 
transferred to polyvinylidene fluoride (PVDF) mem-
brane (Millipore, Billerica, MA, USA) using a Bio-Rad 
wet transfer system. The membrane was blocked for 2 h 

at room temperature with Tris-buffered saline with 0.1% 
[v/v] TBST containing 5% [w/v] non-fat dry milk. The 
membranes were incubated overnight with correspond-
ing protein primary antibodies (Information of primary 
antibodies was listed in Additional file 1: Table S1). After 
washing several times, the membranes were incubated 
with secondary antibody at room temperature for 2  h. 
Detection of reaction antigen was performed with an 
enhanced chemiluminescence (ECL) kit (Thermo Scien-
tific Fisher, Waltham, MA, USA). The bands were quanti-
fied by reflectance scanning of gel photographs obtained 
with a BioDoc XRS + camera using Bio-Rad Molecular 
Imager® ChemiDoc™ XRS + System and Quantity One® 
SW 1-D Analysis Software (Bio-Rad).

Statistical analysis
Results are expressed as mean ± SD of at least three inde-
pendent experiments. Statistical analysis was performed 
using Excel software. For two groups, Student’s t-test was 
used to determine statistical significance. One-way analy-
sis of variance (ANOVA) was used for multiple group 
comparisons. The statistical test methods used in bioin-
formatic analysis were according to related R package in 
each section. p < 0.05 was considered significant. Aster-
isks represent the level of significance: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. P-values in current study are 
descriptive and as measures of central tendency.

Results
Bulk RNA‑seq analysis reveals DEGs between BPH 
and control groups
Three bulk RNA-seq datasets from GEO database were 
obtained and analyzed for further investigation, which 
specific information were listed in Table 1. As shown in 
volcano chart, 1868 DEGs were identified from the anal-
ysis of dataset GSE7307, among which 84 were upregu-
lated and 1784 were downregulated (Fig. 1A). 207 DEGs 
were identified from the analysis of dataset GSE119195, 
among which 77 were upregulated and 130 were down-
regulated (Fig.  1B). 748 DEGs were identified from the 
analysis of dataset GSE132714, among which 527 were 
upregulated and 221 were downregulated (Fig. 1C). After 
overlapped, 17 DEGs were identified among three data-
sets (Fig.  1D). Eight genes were upregulated including 
BMP5, NELL2, NRK, HS6ST2, HMCN1, LUM, TRHDE 
and TBX4, meanwhile, nine genes were downregulated 
including PDK4, LPL, KL, PCP4, AOX1, CPE, ELOVL7, 
STEAP4 and MSMO1. The DEGs were further processed 
for functional enrichment with GO and KEGG pathway 
analyses. The most enriched GO terms were classified to 
Biological Process (BP), Cellular Component (CC) and 
Molecular Function (MF), majoring including regulation 
of nervous system development, receptor ligand activity, 
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mitotic cell cycle phase transition, chromosome segrega-
tion, mitotic cell cycle phase transition, etc. (Fig. 1E–G). 
The most enriched KEGG pathways of the DEGs were 
dominated by pathways involved in Neuroactive ligand-
receptor interaction, Amyotrophic lateral sclerosis, ste-
riod biosynthesis, etc. (Fig. 1H–J).

Single cell RNA‑seq analysis reveals DEGs between BPH 
and control groups
Data from datasets GSE172357 were obtained and ana-
lyzed for further investigation. A total of 161,801 cells 
were analyzed from human prostate samples, of which 
46,399 were from 6 control samples and 115,402 cells 
were from 13 hyperplastic prostate samples, respectively 
(Fig.  2A). The singleR is used to annotate all cells, and 
the proportion of 36 cell types in each sample is shown 
in Fig. 2B. As shown in Fig. 2C, D, 23 major cellular clus-
ters were identified in 115,402 hyperplastic prostate cells 
from 13 hyperplastic prostate samples. The marker genes 
of each cluster were identified and analyzed. According 
to the canonical patterns of these marker genes, above-
mentioned 115,402 hyperplastic prostate cells were anno-
tated as 36 cell types including macrophages, fibroblasts, 

acinar cells, endothelials, monocytes, neutrophils, pro-
genitor cells, ductal cells, DC-cells, stellate cells, α-cells, 
β-cells, T cells, B cells, and granulocytes (Fig.  2E). The 
cluster heatmap of these cell types is shown in Fig. 2F. In 
addition, the expression level of marker genes for each 
cluster were shown in a heatmap (Fig.  2G). Cellchat is 
used to investigate intercellular communication of the 
BPH cells. The heatmap of all intercellular communica-
tion showed that the communication between endothe-
lial cells and neurons was the most prominent. The 
second most prominent communication was between 
MSC and neurons, endothelial cells (Fig. 2H).

Analysis of DEGs in epithelial cells, fibroblasts and SM cells 
cluster
We further investigation of above 17 DEGs in specific 
cell cluster. To our knowledge, epithelial cells, fibroblasts 
and SM cells are three most cell type in human prostate, 
therefore, these three clusters were chosen for further 
study. As shown in Fig. 3A–C, the proportion of epithe-
lial cells were decreased while fibroblasts and SM cells 
were increased in hyperplastic prostate. Then, as shown 
in Fig.  3D–F, we examined the expression level of 17 

Fig. 1 DEGs in BPH and results of GO, KEGG enrichment analyses. A–C Volcano plot of DEGs in GSE3707, GSE119195, GSE132714; D Venn diagrams 
showed the number of DEGs that overlap between GSE3707, GSE119195, GSE132714; E The enriched GO terms of DEGs in GSE3707; FThe enriched 
GO terms of DEGs in GSE119195; G The enriched GO terms of DEGs in GSE132714; H KEGG pathway enrichment results in GSE3707; I KEGG pathway 
enrichment results in GSE119195; J KEGG pathway enrichment results in GSE132714
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DEGs in each cluster. According to 8 upregulated genes, 
we found BMP5, NELL2, NRK, LUM, and TBX4 were also 
significantly upregulated in both fibroblasts and SM cells 
clusters from BPH patients (p < 0.05, respectively). Mean-
while, the expression level of PDK4 and MSMO1, two 
of identified downregulated genes, were also decreased 
in epithelial cells cluster. In addition, the correlation 
between NRK and marker genes in epithelial cells were 
analyzed, from which we found 24 marker gene expres-
sions are positively correlated with NRK, while 60 marker 
gene expressions are negatively correlated with NRK 
(Fig.  3G). Meanwhile, in fibroblasts, 252 marker gene 
expressions are positively correlated with NRK, while 28 
marker gene expressions are negatively correlated with 
NRK (Fig. 3H). In SM cells, 383 marker gene expressions 
are positively correlated with NRK, while 60 marker gene 
expressions are negatively correlated with NRK (Fig. 3I). 
The expression level of NRK in various cell clusters were 
shown in Fig. 3J. However, the expression level of NRK in 
epithelial cells is significantly different from that of fibro-
blasts and smooth muscle cells (p < 0.001, respectively).

Analysis of cell type‑specific metabolic pathway
We conduct to identify the overall features of meta-
bolic pathway variation among the different cell clusters 
between BPH and control groups. As shown in Fig. 4A, 
BM cells from BPH patients owned the largest number of 
metabolic pathways significantly upregulated, including 

caffeine metabolism, linoleic metabolism (p < 0.05, 
respectively), et  al. Meanwhile, as shown in Fig.  4B, 
astrocyte, BM..PROG and pre.B_cell_CD34 from donors 
owned the largest number of metabolic pathways sig-
nificantly upregulated, such as caffeine metabolism and 
linoleic acid metabolism (p < 0.05, respectively). Next, 
we further characterized the cell cluster-specific meta-
bolic features. According to KEGG classification, above 
metabolism pathways were divided into 11 categories 
for comprehensive evaluation. After enrichment analy-
sis, as shown in Fig. 4C, D, BM cells from BPH patients 
showed higher activity in biosynthesis of other second-
ary metabolites, glycan biosynthesis and metabolism, and 
lipid metabolism, while astrocytes from donors showed 
higher activity in secondary metabolites, glycan biosyn-
thesis and metabolism, and nucleotide metabolism.

Identification of NRK in human prostate
TMA including prostate tissues from 104 BPH/LUTS 
patients was constructed and IHC staining was con-
ducted. As shown in Fig.  5A, NRK was upregulated in 
human hyperplastic prostate. Meanwhile, NRK is almost 
exclusively present in the stroma component and is less 
expressed in the epithelial component. We further con-
firm these results in human cell lines. The level of NRK 
was higher in WPMY-1 cells while less in BPH-1 or 
RWPE-1 cells (Additional file  4: Figure S3). In addition, 
RT-PCR and western-blot experiment also demonstrated 

Fig. 2 Dissection of BPH with scRNA-seq. A tSNE plot of 161,801 cells from 13 BPH tissues and 6 healthy control tissues; B The proportion of 36 
cells built on scRNA-seq data. C–E tSNE plot of 115,402 cells from 13 BPH tissues (label colors are according to separate clusters and cells). F Cells 
heatmap of each cluster subpopulation. G Marker genes heatmap of each cell subpopulation. H Heatmap of all cellular communications
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that NRK was upregulated in human BPH tissues 
(Fig. 5B, C).

NRK is associated with clinical parameters in BPH/LUTS 
patients
We analyzed the correlation between the expression of 
NRK in TMA (Additional file  4: Figure S4) and clini-
cal parameters of BPH/LUTS patients. As shown in 

Table 2, the expression level of NRK have a very strong 
positive correlation with IPSS (p = 0.042) while a sig-
nificant negatively correlation with  Qmax (p = 0.028). 
However, no significant correlation was shown between 
NRK and other characters.

Fig. 3 The DEGs in epithelial cells, fibroblasts and SM cells. A The difference of cells proportion between BPH tissues (n = 13) and healthy control 
tissues (n = 6) in epithelial cells; B the difference of cells proportion between BPH tissues (n = 13) and healthy control tissues (n = 6) in fibroblasts; 
C the difference of cells proportion between BPH tissues (n = 13) and healthy control tissues (n = 6) in SM cells; D the expression level of 17 DEGs 
in epithelial cells; E the expression level of 17 DEGs in fibroblasts; F the expression level of 17 DEGs in SM cells. G Gene co-expression network 
based on NRK and other marker genes in epithelial cells. H Gene co-expression network based on NRK and other marker genes in fibroblasts; I 
gene co-expression network based on NRK and other marker genes in SM cells. J The difference of NRK expression level between epithelial cells, 
fibroblasts and SM cells
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NRK regulates cell proliferation, apoptosis, cycle 
and migration
WPMY-1 cells with NRK knockdown were used to 
assess the biological functions of NRK. The EdU stain-
ing showed that positive cells were decreased in NRK 
knockdown WPMY-1 cell (Fig.  6A). Meanwhile, CCK-8 
assay also confirmed the inhibition of survival after NRK 
knockdown (Fig.  6B, p < 0.01). Flow cytometry analy-
sis detected that apoptosis rate was higher with NRK 
knockdown (Fig. 6C, D, p < 0.01). Furthermore, the pro-
portion of G0/G1 phase cells were increased significantly 
with NRK knockdown (p < 0.01) while the proportion of 
S phase and G2 phase cells were decreased significantly 
(p < 0.01 and p < 0.01, respectively) (Fig.  6E, F). In addi-
tion, wound healing assay (p < 0.01) and transwell assay 
(p < 0.01) showed that the migration was attenuated with 
NRK silencing (Fig. 6G–J).

Meanwhile, BPH-1 cells with NRK overexpression were 
also used to assess the biological functions of NRK. The 
EdU staining showed that positive cells were increased 
in NRK-overexpressed BPH-1 cell (Fig. 7A). Meanwhile, 
CCK-8 assay also confirmed the promotion of survival 
after NRK overexpression (Fig. 7B, p < 0.01). Flow cytom-
etry analysis detected that apoptosis rate was lesser with 

NRK overexpression (Fig.  7C, D, p < 0.01). Furthermore, 
the proportion of G0/G1 phase cells were decreased sig-
nificantly with NRK overexpression (p < 0.01) while the 
proportion of S phase and G2 phase cells were increased 
significantly (p < 0.05 and p < 0.05, respectively) (Fig.  7E, 
F). In addition, wound healing assay (p < 0.01) and tran-
swell assay (p < 0.01) showed that the migration was pro-
moted with NRK expression (Fig. 7G–J).

Then western-blot experiment detected the level of 
related proteins involved in apoptosis and the cell cycle. 
Bcl-2, Caspase-3, PARP, CDK2/4 and Cyclin D1 were 
downregulated while BAX, cleaved Caspase-3, cleaved 
PARP were upregulated in WPMY-1 cells with NRK 
knockdown (Fig.  8A). On the other hand, Bcl-2, Cas-
pase-3, PARP, CDK2/4 and Cyclin D1 were upregu-
lated while BAX, cleaved Caspase-3, cleaved PARP were 
downregulated in BPH-1 cells with NRK overexpression 
(Fig. 8B).

NRK contributed to fibrosis and EMT process in prostate 
cells
With NRK knockdown in WPMY-1 cells, fibrosis related 
proteins including α-SMA, collagen I and LOX were 
downregulated (Fig.  8A). In addition, E-cadherin and 

Fig. 4 Cell type-specific metabolic reprogramming. A Metabolic pathway activities in cell types in the BPH dataset. B Metabolic pathway activities 
in cell types in the healthy control dataset; C 11 categories metabolic pathway activities in cell types in the BPH dataset; D 11 categories metabolic 
pathway activities in cell types in healthy control dataset
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ZO-1 were upregulated while N-cadherin, Vimentin and 
Fibronectin were downregulated after NRK knockdown 
in WPMY-1 cells (Fig.  8A). Meanwhile, E-cadherin was 
downregulated while N-cadherin and Vimentin were 
downregulated after NRK overexpression in BPH-1 cells 
(Fig. 8B).

To further clarify whether NRK plays a role in fibro-
sis, we used E2 to induce prostate cell fibrosis. The level 
of α-SMA and collagen I were both increased with E2 
administration, while rescued by NRK knockdown 
(Fig.  8C). Furthermore, BPH-1 cells and TGF-β were 
used to validated the role of NRK in EMT process. The 
level of E-cadherin was increased while the level of 
N-cadherin and Vimentin were decreased after TGF-β 
induction, however, these alterations could be rescued 
by NRK knockdown (Fig. 8D).

Then, we analyzed the correlation between expres-
sion level of NRK and proteins related to fibrosis or 
EMT process in 104 BPH patients through TMA, 
respectively (Fig.  9A–D). The correlation coefficient 
between NRK and α-SMA is 0.4727 (p < 0.0001). The 
correlation coefficient between NRK and collagen I is 
0.3987 (p < 0.0001). The correlation coefficient between 
NRK and E-cadherin is − 0.1991 (p = 0.0327). The cor-
relation coefficient between NRK and N-cadherin is 
0.2180 (p < 0.0001).

Fig. 5 Localization and expression level of NRK in prostate tissue. A Typical graph of immunohistochemistry staining of NRK in prostate tissue 
from BPH patients and donors. The scale bar is 200 μm. B The mRNA level of NRK between normal (n = 3) and hyperplastic prostate (n = 10). **Means 
p < 0.01. C The typical blotting bands of NRK between normal and hyperplastic prostate. All values are of triplicate measurements and repeated 
three times with similar results. GAPDH was used as a control

Table 2 Correlation between expression level of NRK and 
clinical information of BPH patients

Items Correlation index p‑value

Age (year) 0.045 0.554

BMI (kg/m2) − 0.172 0.404

Prostatic size (ml) 0.118 0.498

tPSA (ng/ml) 0.135 0.336

fPSA (ng/ml) 0.142 0.267

IPSS 0.248* 0.042

Qmax (m/s) − 0.269* 0.028

PVR (ml) − 0.125 0.24
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Discussion
In the current study, we are the first time to identify the 
expression and functional activity of NRK in human 
hyperplastic prostate tissues. We conducted bioinfor-
matic analysis using bulk RNA-seq and single cell RNA-
seq data to compare the DEGs between hyperplasia and 
normal prostate. A total of 17 DEGs were identified 
among three datasets. Meanwhile, we performed single 
cell RNA-seq analysis and revealed the communication 
between cells clusters and cell type-specific metabolic 
pathway. The expression level of DEGs were analysis 
in three cell clusters separately (epithelial cells, fibro-
blasts and SM cells) with NRK remarkably upregulated 
in fibroblasts and SM cells of hyperplasia prostate. The 
expression, localization and functional activity of NRK 
were further explored using TMA and cultured human 
prostate cell lines. Our novel data demonstrated that 
the upregulation of NRK in the enlarged prostate could 
contribute to the development of BPH via prompting cell 
proliferation, cell cycle, migration, fibrosis and EMT pro-
cess, instead of inhibiting cell apoptosis.

Although aging and testosterone are most significantly 
risk factors, the underlying mechanism of BPH/LUTS is 
remain undefined. In recent years, with the development 
of bioinformatic analysis for many diseases, many studies 
exploring the pathophysiology or potential biomarkers of 
BPH/LUTS through analyzing the DEGs between human 
hyperplastic and normal prostate [14, 18]. However, 
study using single cell RNA data or combining multiple 
platforms or datasets is few. In current study, we merged 
the DEGs from three bulk RNA-seq datasets and focused 
on 17 genes, which made data more comprehensive and 
precise. Then scRNA-seq dataset, GSE172357, was used 
for further analysis, which was published recently. Joseph 
and their colleagues analyzed this dataset and demon-
strated some novel fibroblasts with specialized distribu-
tion and microenvironment interactions, which may give 
some cues for exploring the development of BPH/LUTS 
[20]. Our current data confirmed their results and give 
some new findings, such as communication and differ-
ence of proportion among cell clusters. Since interactions 

among cell clusters play important roles in BPH develop-
ment, our novel findings may provide foundation for fur-
ther research. Meanwhile, more evidences demonstrated 
that metabolic disturbances were significantly associ-
ated with BPH development. According to the methods 
and rationales developed by Xiao and colleagues [38], 
we standardized and integrated the expression levels of 
metabolic genes in each metabolic pathway, through 
which the metabolic activity score is obtained to reflect 
the metabolic flux of each metabolic pathway. These 
methods could reveal the heterogeneity of metabolic fea-
tures among different cell clusters under many disease 
conditions [38, 39], while it was less studied in BPH. In 
current study, we screen the cell type-specific metabolic 
pathway and get some novel findings. Bone marrow (BM) 
from BPH patients showed greatly changes in metabolic 
pathways. BM contribute a significant proportion of cells 
in the skin [40]. The normal skin has long been known 
to contain BM-derived cells that are involved in host 
defense and inflammatory processes, including wound 
healing. However, recent study also demonstrated that 
BM act as noninflammatory cells in skin, in which they 
mainly exist as fibroblast-like form in dermis and as 
keratinocyte phenotype in epidermis [41]. However, BM 
cells is less studied in hyperplastic prostate, which was 
worthy of further explorations.

Since SM, fibroblasts and epithelial cells are most pre-
dominantly in human prostate tissues, we explored the 
above 17 DEGs in these three cell clusters. As expected, 
the proportion of SM and fibroblasts are significantly 
higher in hyperplastic prostate (p < 0.05, respectively), 
which further confirmed the changes in stromal com-
ponent during hyperplasia. Although these 17 DEGs 
were up- or downregulated in hyperplastic prostate, 
the changes in single cell cluster were not completely 
same with that in whole tissues, this suggested that 
combined analysis could give more precise inspira-
tion for further study. Then we focused the genes whose 
changes were same between single cell cluster and tis-
sue including BMP5, NELL2, NRK, LUM, TBX4, PDK4 
and MSMO1. BMP5, bone morphogenetic protein 5, 

Fig. 6 Downregulation of NRK inhibited cell proliferation, induced cell apoptosis, arrest cell cycle and suppressed migration. A The typical graph 
of EdU staining of si-control and si-NRKs groups. Nuclei were stained by DAPI (blue). B CCK-8 assay was used to detect the viability of the WPMY-1 
cells treated by si-control (black line) and si-NRKs (red line and yellow line). C Flow cytometry analysis of alterations of cells apoptosis in WPMY-1 
cells transfected with si-control and si-NRKs. PI PE-A in y-axis stands for the fluorescence intensity of propidine iodide (PI) and FITC-A in x-axis 
stands for the fluorescence intensity of Fluorescein isothiocyanate (FITC) laballed Annexin V. Calculation area of the apoptosis rate was percentage 
of Annexin V + /PI + cells. D Statistical analysis of cell apoptosis rate according to flow cytometry analysis. E Flow cytometry analysis for proportion 
of three cell cycle phase. F Statistical analysis of cell cycle stages according to flow cytometry analysis. G Wound healing assay of WPMY-1 cells 
with or without NRK silencing in 24 and 48 h. H Statistical analysis of relative migration rate according to wound healing assay. I Transwell assay 
of WPMY-1 cells with or without NRK silencing. J Statistical analysis of migration cells according to transwell assay. All values shown are mean ± SD 
of triplicate measurements and repeated three times with similar results, *Means p < 0.05 and **means p < 0.01

(See figure on next page.)



Page 12 of 18He et al. Journal of Translational Medicine          (2024) 22:255 

Fig. 6 (See legend on previous page.)
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was found upregulated in hyperplastic prostate tissue 
from three datasets (10.3-, 12.6- or 4.3-fold for GSE7307, 
GSE119195 and GSE132714, respectively). A previ-
ous study demonstrated that BMP5 was upregulated in 
hyperplastic prostate tissue and modulated cell prolif-
eration and the EMT process through the BMP/Smad 
signaling pathway [42]. NELL2, neural epidermal growth 
factor-like like 2, was upregulated in hyperplastic pros-
tate tissue from three datasets (7.5-, 12.3- or 3.8-fold for 
GSE7307, GSE119195 and GSE132714, respectively). A 
previous study also confirmed NELL was upregulated 
in BPH and enhanced cell proliferation and inhibited a 
mitochondria-dependent cell apoptosis via the ERK path-
way [15]. Both BMP5 and NELL2 were also identified by 
other studies and played important roles in development 
of BPH. LUM, lumican, was upregulated in hyperplastic 
prostate tissue from three datasets (2.6-, 2.5- or 2.2-fold 
for GSE7307, GSE119195 and GSE132714, respectively). 
LUM was presented in the reactive stroma surrounding 
prostate primary tumors and played a restrictive role on 
cancer progression [43]. In addition, LUM also enhanced 
the proliferation, migration and differentiation of syno-
vial fibroblasts [44]. Recent studies confirmed that LUM 
was abundantly expressed in stroma of hyperplastic pros-
tate [45], however, the role of LUM in BPH are remain 
undefined. TBX4, T-box transcription factor 4, encodes a 
member of the evolutionarily conserved family of T-box–
containing transcription factors, was upregulated in 
hyperplastic prostate tissue from three datasets (2.5-, 2.2- 
or 2.2-fold for GSE7307, GSE119195 and GSE132714, 
respectively). The most investigations of TBX4 focused 
on diseases of bone development and respiratory sys-
tem [46], however, its role in BPH was not yet elucidated. 
PDK4, pyruvate dehydrogenase kinase 4, is one of the 
isozymes of pyruvate kinase and has been widely investi-
gated in various disease. Recent studies found that down-
regulation of PDK4 induced by high glucose promotes 
prostate cell proliferation and EMT process, which may 
play important roles in BPH development [47]. Con-
sistently, our current study also found that PDK4 was 
downregulated in hyperplastic prostate tissue from three 

datasets (0.2-, 0.2- or 0.1-fold for GSE7307, GSE119195 
and GSE132714, respectively). MSMO1, methylsterol 
monooxygenase 1, was downregulated in hyperplastic 
prostate tissue from three datasets (0.4-, 0.3- or 0.2-fold 
for GSE7307, GSE119195 and GSE132714, respectively). 
MSMO1 was a synonym for sterol-C4-methyl oxidase 
analog (SC4MOL), plays important role in the normal 
synthesis of cholesterol [48]. Recent studies demon-
strated that MSMO1 has participated the development 
of various cancer [49–52], however, its role in prostate 
is not reported. Then we focused on NRK, which was a 
markedly upregulated DEGs from analysis of scRNA-seq 
and bulk RNA-seq (3.9-, 7.1- or 4.1-fold for GSE7307, 
GSE119195 and GSE132714, respectively). We have 
searched for literatures and found that NRK was studied 
more in placenta, while none study investigated NRK in 
prostate, which draw our interesting. Indeed, we con-
firmed that NRK was upregulated in human hyperplastic 
prostate compared with normal donors. The study about 
the NRK was few, including in the prostate disease. Our 
novel data also demonstrated that NRK was almost local-
ized in stromal component of prostate and confirmed its 
upregulation in stromal component (including SM cells 
and fibroblasts).

Considering the localization of NRK in hyperplastic tis-
sues, we used WPMY-1 cell lines to explore the potential 
function of NRK in stromal cells. The present study cre-
ated a NRK deficiency cell model using transfection with 
siRNA to knockdown NRK. The silencing of NRK inhib-
ited WPMY-1 proliferation drastically and suffered a 
significant higher rate of apoptosis. Meanwhile, remark-
able cell cycle arrest at G0/G1 phase was observed when 
NRK silencing. Consistently, overexpression of NRK in 
BPH-1 cells showed opposite results. Furthermore, our 
novel western-blotting data also confirmed these changes 
in proliferation, apoptosis (Bcl-2, BAX, caspase-3 and 
PARP) and cell cycle (CDK2, CDK4 and cyclin D1) by 
detecting their protein expression levels. In past, initial 
studies focused the function of NRK on placenta prolifer-
ation and demonstrated its pro-proliferation role in NRK 
knockout model, which was on the contrary to out novel 

(See figure on next page.)
Fig. 7 Overexpression of NRK promoted cell proliferation, attenuated cell apoptosis, accelerate cell cycle and increased migration. A The 
typical graph of EdU staining of si-control and si-NRKs groups. Nuclei were stained by DAPI (blue). B CCK-8 assay was used to detect the viability 
of the BPH-1 cells treated by Vector (black line) and NRK-overexpression plasmid (red line). C Flow cytometry analysis of alterations of cells apoptosis 
in BPH-1 cells transfected with Vector and NRK plasmid. PI PE-A in y-axis stands for the fluorescence intensity of propidine iodide (PI) and FITC-A 
in x-axis stands for the fluorescence intensity of Fluorescein isothiocyanate (FITC) laballed Annexin V. Calculation area of the apoptosis rate 
was percentage of Annexin V + /PI + cells. D Statistical analysis of cell apoptosis rate according to flow cytometry analysis. E Flow cytometry analysis 
for proportion of three cell cycle phase. F Statistical analysis of cell cycle stages according to flow cytometry analysis. G Wound healing assay 
of BPH-1 cells with or without NRK overexpression in 24 and 48 h. H Statistical analysis of relative migration rate according to wound healing assay. 
I Transwell assay of BPH-1 cells with or without NRK overexpression. J Statistical analysis of migration cells according to transwell assay. All values 
shown are mean ± SD of triplicate measurements and repeated three times with similar results, *means p < 0.05 and **means p < 0.01
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Fig. 7 (See legend on previous page.)
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data [22, 24–26]. However, further studies also demon-
strated its different expression pattern in multiple organs 
and multiple roles in various disease, which may suggest 
its distinct functions among different diseases.

Since tissue fibrosis and EMT process is strictly asso-
ciated with stromal component in which NRK is mostly 
localized, we further investigated whether NRK partici-
pates in tissue fibrosis or EMT process. Interestingly, our 
novel data found the markers of fibrosis and EMT were 
downregulated in human prostate stromal cells when 
NRK silencing, while markers of EMT were upregu-
lated in prostate epithelial cells with NRK overexpres-
sion. Consistently, the migration of prostatic cells was 
enhanced by NRK overexpression while attenuated by 
NRK knockdown. In order to confirm the role of NRK 
in tissue fibrosis and EMT, we induced fibrosis in human 
prostate stromal cell lines using E2, with or without NRK 
silencing. As previous described [36], fibrosis mark-
ers (α-SMA and collagen I) were upregulated with E2 
administration, while knockdown of NRK rescued these 
changes. Similarly, TGF-β, a frequently used inducer 
for EMT process [35], have successfully promoted EMT 

process in prostate epithelial cells, which was reflected 
by expression changes in E-cadherin, N-cadherin and 
Vimentin. However, changes of protein level in these 
markers were rescued with by knockdown of NRK. These 
novel findings suggested that NRK play important roles 
in tissue fibrosis and EMT process, and then participates 
in BPH progress. Similar findings about promotion of 
fibrosis and EMT process were demonstrated in previous 
studies, such as NELL2 and BMP5 [15, 42]. However, the 
exact mechanism of fibrosis and EMT process is remain 
undefined. Therefore, further study about the mechanism 
that NRK participating in prostate fibrosis and EMT pro-
cess are needed. Currently, the first-line therapies for 
BPH are based on the physiology of the prostate with 
α1-blockers (reduce the prostate tone) and 5α-reductase 
inhibitors (reduce the prostate volume). However, these 
treatments cannot completely relief tissue fibrosis or 
even prevent the progression of BPH. The present study 
identified NRK upregulated in hyperplastic prostate tis-
sue and played important roles in prostate fibrosis and 
EMT process. Therefore, treatment based on NRK could 
play a more important role for the future therapy for BPH 
during routine clinical practice.

Fig. 8 NRK is associated with cell proliferation, apoptosis, cell cycle, fibrosis and EMT process. A The typical blotting bands of proteins related 
to cell proliferation, apoptosis, cell cycle, fibrosis and EMT process among si-control and si-NRKs groups in WPMY-1 cells. B The typical blotting 
bands of proteins related to cell proliferation, apoptosis, cell cycle, and EMT process between vector and NRK plasmid groups in BPH-1 cells. C The 
typical blotting bands of proteins related to fibrosis with or without E2 and si-NRK. D The typical blotting bands of proteins related to EMT-process 
with or without TGF-β and si-NRK. GAPDH was used as a control and all experiments repeated three times with similar results
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Interestingly, our novel data demonstrated that the 
expression level of NRK was significantly correlated 
with IPSS and  Qmax, whereas there was no significant 
correlation between other clinical characteristics and 
NRK expression. Further investigation showed that 
NRK expression level was negatively correlated with 
expression level of E-cad, while positively correlate with 
α-SMA, collagen I and N-cad in BPH tissues, indicating a 
significantly positive correlation between NRK and pros-
tate fibrosis, as well as EMT process. Meanwhile, these 
results were consistent with above findings. These corre-
lations among NRK and clinical characters indicated its 
potential roles in multiple biological processes of BPH/
LUTS, which was worthy of further study.

There are several factors and limitations that may have 
influenced the results of the current study. First, three 
bulk RNA-seq dataset were used for analysis. Detec-
tion platforms and probes are different among data-
sets, which may cause some bias in our study. Second, 
the characters of patients are distinct. For example, 

hyperplastic prostate might have cancer-related genetic 
changes since they were obtained from patients under-
going cystoprostatectomy for infiltrating bladder cancer. 
Meanwhile, some control prostate tissue from these data-
sets are donors while others are age-matched patients. 
Therefore, more homogeneous datasets are need for fur-
ther study. Third, BPH animal models that stimulating 
human BPH progress could be used in further study to 
explore the expression and function of NRK in prostate 
comprehensively. Meanwhile, manipulating gene expres-
sion in animal prostate could be better understanding 
the role of NRK in development of BPH/LUTS. Fourth, 
most hyperplastic tissues are successfully preserved and 
ultimately utilized for further study. However, since BPH 
samples were collected during TURP operation, some 
tissues were not used for further because their poor qual-
ity which was investigated by pathologist or us. Finally, 
the downstream genotype effects and rescue experi-
ments would deeply reveal the underlying mechanisms 
and related signaling pathways that NRK participated 

Fig. 9 NRK is correlated with fibrosis and EMT process. Correlation analysis between the protein expression level of NRK and fibrosis (or EMT 
process) related proteins in BPH patients. X axis means the expression level of NRK from 104 BPH patients in TMA. Y axis means the expression level 
of α-SMA (A), collagen-I (B), E-cadherin (C) and N-cadherin (D), respectively
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in BPH/LUTS. We believe that it is very interesting and 
meaningful to explore in the future.

Collectively, this is the first study to reveal both NRK 
gene and protein expression increased in hyperplastic 
prostate, while knockdown of NRK inhibited prostatic 
stromal cell proliferation and cycle, promoted cell apop-
tosis. Meanwhile, NRK play important roles in prostate 
tissue fibrosis and EMT process, which may participate 
in the development of BPH and it could be rediscovered 
as new therapeutic targets for BPH.

Abbreviations
BPH  Benign prostatic hyperplasia
LUTS  Lower urinary tract symptoms
α1-blockers  α1-Adrenoceptor antagonists
5-ARIs  5α-Reductase inhibitors
ECM  Extracellular matrix
EMT  Epithelial-mesenchymal transition
NRK  Nik related kinase
GCK  Germinal center kinase
DMSCs  Dermal mesenchymal stem cells
PBMCs  Peripheral blood-derived mononuclear cells
MMPs  Matrix metalloproteinases
TNBC  Triple-negative breast cancer
GEO  Gene Expression Omnibus
DEGs  Differentially expressed genes
GO  Gene Ontology
KEGG  Kyoto Encyclopedia of Genes and Genomes
tSNE  T-distributed stochastic neighbor embedding
FBS  Fetal bovine serum
siRNAs  Small interfering RNAs
PMSF  Phenylmethanesulphonylfluoride
SDS-PAGE  Sodium dodecyl sulfate–polyacrylamide
PVDF  Polyvinylidene fluoride
ECL  Enhanced chemiluminescence
Bio-Rad  Bio-Rad Molecular Imager® ChemiDoc™ XRS + System and 

Quantity One® SW 1-D Analysis Software
IOD  Integrated optical density
BP  Biological process
CC  Cellular component
MF  Molecular function
PV  Prostate volume
fPSA  Free prostate-specific antigen

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12967- 024- 05048-3.

Additional file 1: Table S1. List of primary antibodies.

Additional file 2: Table S2. List of siRNA sequences.

Additional file 3: Table S3. Primer sequences used to amplify target 
genes in human by PCR.

Additional file 4: Figure S1. The mRNA level of NRK in WPMY-1 cells with 
or without siNRK. Figure S2. The mRNA level of NRK in BPH-1 cells with 
or without NRK overexpression. Figure S3. The expression level of NRK in 
prostatic stromal and epithelial cells. Figure S4. The IHC staining of NRK in 
TMA. The scale bar is 2 mm. Figure S5. Correlation analysis between the 
protein expression level of NRK and clinical characters of BPH patients.

Acknowledgements
We thank the staff at Xijing Hospital of Air Force Medical University and 
Zhongnan Hospital of Wuhan University for their help in completing the study.

Author contributions
WH: Conceptualization (equal); Data curation (equal); Investigation (equal); 
Methodology (equal); Validation (equal); Visualization (equal); Writing-original 
draft (equal); Writing-review & editing (equal). ZT: Conceptualization (equal); 
Data curation (equal); Investigation (equal); Methodology (equal); Validation 
(equal). BD: Conceptualization (equal); Data curation (equal); Investigation 
(equal); Validation (equal). YC: Investigation (equal); Validation (equal); Visualiza-
tion (equal). WH: Investigation (equal); Methodology (equal); Validation (equal). 
PW: Methodology (equal); Visualization (equal). LY: Project administration 
(equal); Supervision (equal); Validation (equal). XZ: Methodology (equal); 
Supervision (equal); Validation (equal); Resources (equal); Writing-review & 
editing (equal). SG: Conceptualization (equal); Funding acquisition (equal); 
Project administration (equal); Resources (equal); Supervision (equal); Writing-
review & editing (equal).

Funding
This work was supported by the National Natural Science Foundation of China 
(Grants 82102512).

Availability of data and materials
The data used to support the findings of this study are available from the cor-
responding author upon request.

Declarations

Competing interests
No potential conflict of interest was reported by the authors.

Author details
1 Department of Urology, Xijing Hospital of Air Force Medical University, West 
Changle Road 127, Xi’an, China. 2 Department of Hepatobiliary Surgery, Xijing 
Hospital of Air Force Medical University, Xi’an, China. 3 Department of Orthope-
dics, Ninth Hospital of Xi’an, Xi’an, China. 4 Department of Urology, Zhongnan 
Hospital of Wuhan University, Donghu Road 169, Wuhan, China. 5 Department 
of Physiology and Pathophysiology, Air Force Medical University, West Changle 
Road 169, Xi’an, China. 

Received: 5 January 2024   Accepted: 27 February 2024

References
 1. Roehrborn CG, Strand DW. Benign prostatic hyperplasia: etiology, patho-

physiology, epidemiology and natural history. In: Partin AW, Dmochowski 
RR, Kavoussi LR, Peters CA, editors. Campbell-Walsh-Wein Urology. 12th 
ed. New York: Elsevier; 2021.

 2. Vickman RE, Aaron-Brooks L, Zhang R, Lanman NA, Lapin B, Gil V, et al. TNF 
is a potential therapeutic target to suppress prostatic inflammation and 
hyperplasia in autoimmune disease. Nat Commun. 2022;13(1):2133.

 3. Brennen WN, Isaacs JT. Mesenchymal stem cells and the embryonic 
reawakening theory of BPH. Nat Rev Urol. 2018;15(11):703–15.

 4. Alonso-Magdalena P, Brössner C, Reiner A, Cheng G, Sugiyama N, 
Warner M, et al. A role for epithelial-mesenchymal transition in the 
etiology of benign prostatic hyperplasia. Proc Natl Acad Sci U S A. 
2009;106(8):2859–63.

 5. He W, Wang X, Zhan D, Li M, Wang Q, Liu J, et al. Changes in the expres-
sion and functional activities of Myosin II isoforms in human hyperplastic 
prostate. Clin Sci (Lond). 2021;135(1):167–83.

 6. Rodriguez-Nieves JA, Macoska JA. Prostatic fibrosis, lower urinary tract 
symptoms, and BPH. Nat Rev Urol. 2013;10(9):546–50.

 7. Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol. 
2008;214(2):199–210.

 8. Ma J, Gharaee-Kermani M, Kunju L, Hollingsworth JM, Adler J, Arruda EM, 
et al. Prostatic fibrosis is associated with lower urinary tract symptoms. J 
Urol. 2012;188(4):1375–81.

 9. Bushman WA, Jerde TJ. The role of prostate inflammation and fibro-
sis in lower urinary tract symptoms. Am J Physiol Renal Physiol. 
2016;311(4):F817–21.

https://doi.org/10.1186/s12967-024-05048-3
https://doi.org/10.1186/s12967-024-05048-3


Page 18 of 18He et al. Journal of Translational Medicine          (2024) 22:255 

 10. Liu J, Zhang J, Fu X, Yang S, Li Y, Liu J, et al. The emerging role of cell adhesion 
molecules on benign prostatic hyperplasia. Int J Mol Sci. 2023;24(3):2870.

 11. Fu X, Liu H, Liu J, DiSanto ME, Zhang X. The role of heat shock protein 70 
subfamily in the hyperplastic prostate: from molecular mechanisms to 
therapeutic opportunities. Cells. 2022;11(13):2052.

 12. Popovics P, Schally AV, Salgueiro L, Kovacs K, Rick FG. Antagonists of growth 
hormone-releasing hormone inhibit proliferation induced by inflammation 
in prostatic epithelial cells. Proc Natl Acad Sci U S A. 2017;114(6):1359–64.

 13. Huang R, Liu Y, Ciotkowska A, Tamalunas A, Waidelich R, Strittmatter F, 
et al. Concentration-dependent alpha(1)-adrenoceptor antagonism and 
inhibition of neurogenic smooth muscle contraction by mirabegron in the 
human prostate. Front Pharmacol. 2021;12: 666047.

 14. Middleton LW, Shen Z, Varma S, Pollack AS, Gong X, Zhu S, et al. Genomic 
analysis of benign prostatic hyperplasia implicates cellular re-landscaping in 
disease pathogenesis. JCI Insight. 2019;5(12): e129749.

 15. Liu J, Liu D, Zhang X, Li Y, Fu X, He W, et al. NELL2 modulates cell proliferation 
and apoptosis via ERK pathway in the development of benign prostatic 
hyperplasia. Clin Sci (Lond). 2021;135(13):1591–608.

 16. Qian Q, He W, Liu D, Yin J, Ye L, Chen P, et al. M2a macrophage can rescue 
proliferation and gene expression of benign prostate hyperplasia epithelial 
and stroma cells from insulin-like growth factor 1 knockdown. Prostate. 
2021;81(9):530–42.

 17. Liu D, Li M, Fu X, Yang S, Wang Z, Liu J, et al. Changes in the expression and 
functional activities of C-X-C motif chemokine ligand 13 (CXCL13) in hyper-
plastic prostate. Int J Mol Sci. 2022;24(1):56.

 18. Xiao H, Jiang Y, He W, Xu D, Chen P, Liu D, et al. Identification and functional 
activity of matrix-remodeling associated 5 (MXRA5) in benign hyperplastic 
prostate. Aging (Albany NY). 2020;12(9):8605–21.

 19. Li Y, Zhou Y, Liu D, Wang Z, Qiu J, Zhang J, et al. Glutathione Peroxidase 3 
induced mitochondria-mediated apoptosis via AMPK /ERK1/2 pathway 
and resisted autophagy-related ferroptosis via AMPK/mTOR pathway in 
hyperplastic prostate. J Transl Med. 2023;21(1):575.

 20. Joseph DB, Henry GH, Malewska A, Reese JC, Mauck RJ, Gahan JC, et al. 
Single-cell analysis of mouse and human prostate reveals novel fibroblasts 
with specialized distribution and microenvironment interactions. J Pathol. 
2021;255(2):141–54.

 21. Kanai-Azuma M, Kanai Y, Okamoto M, Hayashi Y, Yonekawa H, Yazaki K. Nrk: a 
murine X-linked NIK (Nck-interacting kinase)-related kinase gene expressed 
in skeletal muscle. Mech Dev. 1999;89(1–2):155–9.

 22. Lestari B, Naito S, Endo A, Nishihara H, Kato A, Watanabe E, et al. Placen-
tal mammals acquired functional sequences in NRK for regulating the 
CK2-PTEN-AKT pathway and placental cell proliferation. Mol Biol Evol. 
2022;39(2):msab371.

 23. Tunster SJ, Creeth HDJ, John RM. The imprinted Phlda2 gene modulates 
a major endocrine compartment of the placenta to regulate placental 
demands for maternal resources. Dev Biol. 2016;409(1):251–60.

 24. Yomogita H, Ito H, Hashimoto K, Kudo A, Fukushima T, Endo T, et al. A pos-
sible function of Nik-related kinase in the labyrinth layer of delayed delivery 
mouse placentas. J Reprod Dev. 2023;69(1):32–40.

 25. Morioka Y, Nam JM, Ohashi T. Nik-related kinase regulates trophoblast pro-
liferation and placental development by modulating AKT phosphorylation. 
PLoS ONE. 2017;12(2): e0171503.

 26. Denda K, Nakao-Wakabayashi K, Okamoto N, Kitamura N, Ryu JY, Tagawa YI, 
et al. Nrk, an X-linked protein kinase in the germinal center kinase family, is 
required for placental development and fetoplacental induction of labor. J 
Biol Chem. 2011;286(33):28802–10.

 27. Yanagawa T, Denda K, Inatani T, Fukushima T, Tanaka T, Kumaki N, et al. 
Deficiency of X-linked protein kinase Nrk during pregnancy triggers breast 
tumor in mice. Am J Pathol. 2016;186(10):2751–60.

 28. Nakano K, Yamauchi J, Nakagawa K, Itoh H, Kitamura N. NESK, a member of 
the germinal center kinase family that activates the c-Jun N-terminal kinase 
pathway and is expressed during the late stages of embryogenesis. J Biol 
Chem. 2000;275(27):20533–9.

 29. Kakinuma H, Inomata H, Kitamura N. Enhanced JNK activation by NESK 
without kinase activity upon caspase-mediated cleavage during apoptosis. 
Cell Signal. 2005;17(11):1439–48.

 30. Niu X, Li J, Zhao X, Wang Q, Wang G, Hou R, et al. Dermal mesenchymal 
stem cells: a resource of migration-associated function in psoriasis? Stem 
Cell Res Ther. 2019;10(1):54.

 31. Chan WH, Komada M, Fukushima T, Southard-Smith EM, Anderson CR, 
Wakefield MJ. RNA-seq of isolated chromaffin cells highlights the role of 

sex-linked and imprinted genes in adrenal medulla development. Sci Rep. 
2019;9(1):3929.

 32. Lu YJ, Jan YJ, Ko BS, Liang SM, Chen L, Wu CC, et al. Expression of Nik-related 
kinase in smooth muscle cells attenuates vascular inflammation and intimal 
hyperplasia. Aging (Albany NY). 2020;12(8):7511–33.

 33. Nakano K, Kanai-Azuma M, Kanai Y, Moriyama K, Yazaki K, Hayashi Y, et al. 
Cofilin phosphorylation and actin polymerization by NRK/NESK, a member 
of the germinal center kinase family. Exp Cell Res. 2003;287(2):219–27.

 34. Prompsy P, Kirchmeier P, Marsolier J, Deloger M, Servant N, Vallot C. Interac-
tive analysis of single-cell epigenomic landscapes with ChromSCape. Nat 
Commun. 2020;11(1):5702.

 35. Chaudhry P, Fabi F, Singh M, Parent S, Leblanc V, Asselin E. Prostate apoptosis 
response-4 mediates TGF-β-induced epithelial-to-mesenchymal transition. 
Cell Death Dis. 2014;5(2): e1044.

 36. Yang Y, Sheng J, Hu S, Cui Y, Xiao J, Yu W, et al. Estrogen and G protein-
coupled estrogen receptor accelerate the progression of benign prostatic 
hyperplasia by inducing prostatic fibrosis. Cell Death Dis. 2022;13(6):533.

 37. Chen P, Yin J, Guo Y-M, Xiao H, Wang X-H, DiSanto ME, et al. The expression 
and functional activities of smooth muscle myosin and non-muscle myosin 
isoforms in rat prostate. J Cell Mol Med. 2018;22(1):576–88.

 38. Xiao Z, Dai Z, Locasale JW. Metabolic landscape of the tumor microenviron-
ment at single cell resolution. Nat Commun. 2019;10(1):3763.

 39. Batchu S, Diaz MJ, Lin K, Arya N, Patel K, Lucke-Wold B. Single cell metabolic 
landscape of pituitary neuroendocrine tumor subgroups and lineages. OBM 
Neurobiol. 2023;7(1):157.

 40. Fathke C, Wilson L, Hutter J, Kapoor V, Smith A, Hocking A, et al. Contribu-
tion of bone marrow-derived cells to skin: collagen deposition and wound 
repair. Stem cells (Dayton, Ohio). 2004;22(5):812–22.

 41. Wu Y, Zhao RC, Tredget EE. Concise review: bone marrow-derived stem/
progenitor cells in cutaneous repair and regeneration. Stem cells (Dayton, 
Ohio). 2010;28(5):905–15.

 42. Liu D, Liu J, Li Y, Liu H, Hassan HM, He W, et al. Upregulated bone morpho-
genetic protein 5 enhances proliferation and epithelial-mesenchymal 
transition process in benign prostatic hyperplasia via BMP/Smad signaling 
pathway. Prostate. 2021;81(16):1435–49.

 43. Coulson-Thomas VJ, Coulson-Thomas YM, Gesteira TF, Andrade de Paula CA, 
Carneiro CR, Ortiz V, et al. Lumican expression, localization and antitumor 
activity in prostate cancer. Exp Cell Res. 2013;319(7):967–81.

 44. Xiao D, Liang T, Zhuang Z, He R, Ren J, Jiang S, et al. Lumican promotes joint 
fibrosis through TGF-β signaling. FEBS Open Bio. 2020;10(11):2478–88.

 45. Xiang P, Liu D, Guan D, Du Z, Hao Y, Yan W, et al. Identification of key genes 
in benign prostatic hyperplasia using bioinformatics analysis. World J Urol. 
2021;39(9):3509–16.

 46. Karolak JA, Welch CL, Mosimann C, Bzdęga K, West JD, Montani D, et al. 
Molecular function and contribution of TBX4 in development and disease. 
Am J Respir Crit Care Med. 2023;207(7):855–64.

 47. Wei P, Lin D, Luo C, Zhang M, Deng B, Cui K, et al. High glucose promotes 
benign prostatic hyperplasia by downregulating PDK4 expression. Sci Rep. 
2023;13(1):17910.

 48. Kalay Yildizhan I, Gökpınar İli E, Onoufriadis A, Kocyigit P, Kesidou E, Simpson 
MA, et al. New homozygous missense MSMO1 mutation in two siblings 
with SC4MOL deficiency presenting with psoriasiform dermatitis. Cytogenet 
Genome Res. 2020;160(9):523–30.

 49. Xu P, Wu M, Chen H, Xu J, Wu M, Li M, et al. Bioinformatics analysis of hepati-
tis C virus genotype 2a-induced human hepatocellular carcinoma in Huh7 
cells. Onco Targets Ther. 2016;9:191–202.

 50. Simigdala N, Gao Q, Pancholi S, Roberg-Larsen H, Zvelebil M, Ribas R, et al. 
Cholesterol biosynthesis pathway as a novel mechanism of resistance to 
estrogen deprivation in estrogen receptor-positive breast cancer. Breast 
Cancer Res BCR. 2016;18(1):58.

 51. Cao R, Zhang Z, Tian C, Sheng W, Dong Q, Dong M. Down-regulation of 
MSMO1 promotes the development and progression of pancreatic cancer. J 
Cancer. 2022;13(10):3013–21.

 52. Zheng G, Wang Z, Fan Y, Wang T, Zhang L, Wang M, et al. The clinical signifi-
cance and immunization of MSMO1 in cervical squamous cell carcinoma 
based on bioinformatics analysis. Front Genet. 2021;12: 705851.

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


	Identification and functional activity of Nik related kinase (NRK) in benign hyperplastic prostate
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Bulk RNA microarrays obtained and DEGs identification
	GO and KEGG pathway enrichment analysis
	Single cell RNA-seq analysis
	Cell clusters-specific metabolic pathway analysis
	Human prostate tissues
	Tissue microarray (TMA) construction and Immunohistochemistry
	Correlation analysis
	Human prostatic cell lines
	Knockdown of NRK in prostatic cells
	Plasmid construction and cell transfections
	Drug treatment
	Cell proliferation assay
	Flow cytometry analysis for cell cycle and apoptosis
	Wound-healing assay
	Transwell migration assay
	Total RNA extraction and cDNA synthesis
	Real-time reverse transcriptase polymerase chain reaction (real-time RT-PCR)
	SDS-PAGE and western-blotting analysis
	Statistical analysis

	Results
	Bulk RNA-seq analysis reveals DEGs between BPH and control groups
	Single cell RNA-seq analysis reveals DEGs between BPH and control groups
	Analysis of DEGs in epithelial cells, fibroblasts and SM cells cluster
	Analysis of cell type-specific metabolic pathway
	Identification of NRK in human prostate
	NRK is associated with clinical parameters in BPHLUTS patients
	NRK regulates cell proliferation, apoptosis, cycle and migration
	NRK contributed to fibrosis and EMT process in prostate cells

	Discussion
	Acknowledgements
	References


