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Background:Cancer stem cells are characterized by self-renewal, clonal tumor
initiation capacity, and treatment resistance, which play essential roles in the
tumor progression of prostate cancer (PCa). In this study, we aim to explore the
features of cancer stemness and characterize the expression of stem cell-related
genes for PCa.

Methods: We downloaded RNA-seq data and related clinical information
from The Cancer Genome Atlas (TCGA) database. The mRNA stemness index
(mRNAsi) was analyzed for various clinical features, overall survival (OS), and
disease-free survival (DFS), and a weighted gene co-expression network analysis
(WGCNA) was performed to identify crucial gene modules and key genes, which
may play a role in CSCs. The key gene functions were verified using multiple
databases, including the TCGA and Gene Expression Omnibus database (GEO).
Next, we explored the potential function of the modules and genes obtained
using WGCNA using an enrichment analysis. Finally, we performed in vitro
experiments for further verification.

Results:We found thatmRNAsi were higher in PCa tissues than in normal tissues,
and themRNAsi were closely related to the clinical characteristics of PCa. A total
of 16 key genes associated with the mRNAsi scores were identified by WGCNA
analysis, including NCAPG, NEK2, DLGAP5, CENPA, CENPF, TPX2, GTSE1, KIF4A,
NEIL3, CDC25C, UBE2C, CDCA5, MELK, SKA3, NUF2, and BIRC5. These genes
were explicitly highly expressed in PCa across TCGA cancers and were validated
in 3 independent GEO PCa datasets. The functional annotations of the key
genes were linked with the cell proliferation processes. NUF2 may be a potential
biomarker for PCa. In vitro experiments showed that knockdown NUF2 reduced
the proliferation and migration of PCa cells.

Conclusion: The 16 key genes identified in this study significantly correlate
with PCa stem cell characteristics and showed prognosis-oriented effects
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in PCa patients. Further, the NUF2 gene may be used as a drug target for
treating PCa.
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Introduction

Prostate cancer (PCa) is the second most frequently diagnosed
cancer in men worldwide after lung cancer, with a high incidence
and mortality rate (Ferlay et al., 2018). Although patients with
clinically localized prostate cancer can benefit from radical
prostatectomy (RP) that reduces the risk for tumor dissemination
and cancer mortality, approximately 25% of patients will experience
biochemical recurrence (BCR) after RP (Culp et al., 2020).The BCR
of PCa has a high risk ofmetastasis and local recurrence. After initial
androgen deprivation therapy, the vast majority of metastatic and
recurrent PCa patients invariably progress to castration-resistant
prostate cancer (CRPC) (Suzuki et al., 2019).Thus, there is an urgent
need to explore themechanism of PCa recurrence and find potential
therapeutic targets for intervention.

Studies on intratumor heterogeneity have identified
genomic heterogeneity among tumor cells, which can be
comprehensively analyzed using single-cell DNA and RNA
sequencing (Gerlinger et al., 2012). Cancer stem cells (CSCs) have
a high proliferation and self-renewal potential in the tumor tissue
(Batlle and Clevers, 2017), and these characteristics of CSCs are
called cancer stemness. The CSCs in PCa have been shown to
cause treatment resistance and tumor recurrence (Lytle et al., 2018),
and thus, identification of the key regulators for cancer stemness
and characterization of their functional impact may provide new
perspectives into the progression and treatment resistance in PCa.

The stemness index is a precise and rigorous indicator
representing tumor sub-populations at the molecular level. It is
calculated using a one-class logistic regression (OCLR) machine
learning algorithm to quantify cancer stemness (Malta et al.,
2018). In a study by Malta et al., the transcriptomic and
epigenetic features of pluripotent stem cells derived from normal
tissues and differentiated progeny cells were extracted using the
OCLR algorithm. Subsequently, a multi-platform analysis of the
transcriptome, methylome, and transcription factor binding sites
was performed to obtain two independent stemness indices:
the DNA methylation-based stemness index (mDNAsi) and the
mRNA expression-based stemness index (mRNAsi). Additionally,
the value of cancer stemness from The Cancer Genome Atlas
(TCGA) database was calculated and used to validate the two
stemness indices. Thus, due to its reliability, it was possible to
directly utilize the mRNAsi data from TCGA based on the study
by Malta et al. (2018). The weighted gene co-expression network
analysis (WGCNA) is a bioinformatic method used to classify genes
into differential correlation clusters and calculate the relationship
between the resulting clusters and various clinical features to select
the modules and genes of interest (Ross-Adams et al., 2015). In
this study, we aimed to identify modules of correlated differentially
expressed genes (DEGs) between PCa tissues and normal tissues
using WGCNA, which uses weights based on mRNA expression

levels. We hypothesized that the key regulators of cancer stemness
in PCa may be found by analyzing the mRNAsi modules that show
significant association in a correlation analysis.

In the current study, WGCNA was used to identify stemness-
related modules and 16 key genes, and we verified these genes
using data from multiple databases and a multi-omics analysis. Our
results provided new insights into the role of specific cancer stem
cell-related genes in PCa. Moreover, we found a significant reverse
correlation between the identified key gene NUF2 expression and
disease-free survival (DFS). We further validated NUF2 expression
in PCa tissues by immunohistochemical (IHC) staining. We also
carried out a series of in vitro experiments to identify the role of
NUF2 in PCa progression.

Methods

Data source

Gene expression data using the Fragments Per Kilobase
of Transcript Per Million Fragments (FPKM) for PCa patients
were downloaded from the TCGA database (https://portal.gdc.
cancer.gov/). The mRNAsi data of PCa patients from the TCGA
database was obtained from the supplement of the research
article by Malta et al. (2018). The RNA-seq data, gene expression
microarray files, protein levels from immunohistochemistry, and
the corresponding clinical information for normal prostate and PCa
tissues in the validation cohort were searched and downloaded from
the Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/gds/) including GSE55945, GSE3325, and GSE71016.

Evaluation of the clinical significance of
mRNAsi

The FPKM and clinical data of 487 patients with PCa obtained
from the TCGA database were analyzed. Next, we evaluated
the significance of differences between the mRNAsi for the
499 PCa samples and 52 adjacent standard samples using the
Wilcoxon signed-rank test using the beeswarm 0.2.3 R package.
The correlations between the tumor stage (T stage), nodal stage (N
stage), Gleason score, andmRNAsi were calculated via theWilcoxon
signed-rank test for the TCGA cohort using GraphPad Prism 8.0
software (GraphPad Software, San Diego, California, United States).
To examine the prognostic value of the mRNAsi to predict DFS
in PCa patients, we allocated the PCa patients into two groups
according to the cut-off value of the mRNAsi score as calculated by
X-tile. Kaplan–Meier (K–M) survival curveswere analyzed using the
survminer 0.4.3 R package. The gene mutation counts between the
different groups were analyzed.
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Screening of DEGs

Data for 499 tissue samples from 487 patients with PCa and
52 normal tissue samples in the TCGA cohort were subjected
to DEGs analysis. The DEGs between PCa samples and normal
samples were identified by using the limma 3.42.0 R package via the
Wilcoxon signed-rank test (|log2-fold change (FC)| > 1.0 and FDR
<0.05) (Ritchie et al., 2015).

WGCNA and identification of key modules
and genes

A co-expression network showing DEGs was made using the
WCGNA 1.68 R package (Ross-Adams et al., 2015). We first deleted
the mRNA outliers in the FPKM data to do this. An adjacency
matrix (AM) and a topological overlapmatrix (TOM)were prepared
using the gradient method based on the power values (ranging from
1 to 20). We obtained an optimal power value and constructed
a scale-free topology network using a correlation value of 0.91
when comparing the average degree of connectivity (k) and p
(k). The network connectivity of genes was measured using a
TOM transformed from an AM (Botía et al., 2017). Modules were
calculated using a divided cluster tree (Langfelder and Horvath,
2008b). We calculated the correlation between cancer stemness
indices and each module eigengene to identify the most significant
module. The essential modules with the highest correlation genes
were selected for further analysis.We evaluated the gene significance
(GS) and module membership (MM) of genes in the key modules
using the correlation coefficient thresholds MM > 0.8 and GS > 0.5.

Validation of key genes expression

To verify the relationship between the expression of key genes
and the characteristics of PCa, the differential expression pattern
of the key genes between PCa and normal prostate samples was
validated using data from the GSE55945, GSE3325, and GSE71016
cohort via the ggpubr 0.2.4 R package (Ross-Adams et al., 2015).

Relationships and interactions among hub
genes

A gene expression heatmap from key genes was generated using
the R package heatmap. The strength of the relationship between
the expression of key genes in PCa was calculated using the Pearson
correlation coefficient via the corrplot 0.84 R package. Networks of
protein interactions were visualized with the help of the STRING
database (https://www.string-db.org) (Szklarczyk et al., 2015).

Functional enrichment analysis

To investigate the biological functions of genes in the
modules, we used the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis with the clusterProfiler 3.14.3 R package

(Yu et al., 2012). Subsequently, the functional annotation of key
genes was analyzed using Metascape (https://metascape.org/)
(Zhou et al., 2019).

Bioinformatic analysis of NUF2 in PCa

The paired and unpaired differential analysis of NUF2
expression in PCa and normal tissues was determined with the
R packages “limma” and “beeswarm”. The correlation analysis of
NUF2 expression and disease-free survival (DFS) was performed
by R package “survival”. The Wilcox and Kruskal tests evaluated the
differences in NUF2 expression at different clinical characteristics in
PCa. The ROC curves were performed by “timeROC,” “survminer,”
and “survival” R packages to analyze the correlation between
NUF2 expression and DFS outcomes of PCa patients. The
Cox regression model was used for univariate and multivariate
survival analyses.

Cell culture and transfection

The human prostate cancer cell lines PC-3 and 22RV1
were received from the Chinese Academy of Sciences Cell
Bank (Shanghai, China). Cell lines were cultured according to
their instruction. NUF2 and negative control (NC) siRNA were
purchased from Generaybio Co., Ltd. The siRNA sequences were as
follows: negative control: 5′- UUCUCCGAACGUGUCACGUTT-
3′ sense and 5′- ACGUGACACGUUCGGAGAATT-3′ antisense;
si-NUF2: 5′- GGAAGUGCAGUUAUAUCAATT-3′ sense and 5′-
UUGAUAUAACUGCACUUCCTT-3′ antisense.

Quantitative reverse Transcription-PCR
(qRT-PCR)

Total RNA was isolated using the Total RNA Extraction
Kit (Dakewe, China) and was reverse transcribed into
cDNA with the PrimeScriptTM RT Reagent Kit (Perfect
Real Time) (TaKaRa, Japan). Next, qRT-PCR was performed
using the SYBR Green PCR kit (Vazyme, China). The qRT-
PCR experiments were done in triplicate. The sequences
are as follows: NUF2: 5′-GCCAGACAAGAAGTGGTGGA
and 3′- TTGGTCCTCCAAGTTCAGGC; β-actin: 5′-
CTTCGCGGGCGACGATand3′-ATAGGAATCCTTCTGACCCA
TGC.

Western blotting (WB)

Total proteins were extracted using RIPA buffer containing
protease and phosphatase inhibitors. Protein concentration was
determined by the BCA kit (Thermo Scientific, United States).
Denatured proteins were fractionated by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride (PVDF) membranes. Following blocking
with 5% nonfat dry milk, primary and secondary antibodies
were applied, and the blots were exposed using an enhanced
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FIGURE 1
The relationship between the mRNAsi and clinical variables or prognosis. (A) The differences in mRNAsi between normal (52 samples) and tumor (499
samples). (B) The differences in EREG-mRNAsi between normal (52 samples) and tumor (499 samples). (C) Comparison of mRNAsi in different T stage,
N stage, and Gleason scores of PCa. (D) Comparison of EREG-mRNAsi in different T stage, N stage, and Gleason scores of PCa. (E) Kaplan-Meier (K–M)
curves showing the OS and DFS of PCa patients with low and high mRNAsi based on the median cutoff point.

chemiluminescence kit (Merck, Germany). The antibodies used
for WB were listed below: NUF2, Abcam, United States; GAPDH,
Abcam,United States.The concentration for the primary anti-NUF2
antibody was at 1:2,500 dilution, and the anti-GAPDH antibody
was at 1:1,000.

Tissue array and IHC

For the IHC of PCa patients’ tissue arrays, a tissue array chip
was purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai,
China). It included 30 paired tumors and adjacent normal
prostate tissue samples. IHC staining was performed on paraffin-
embedded sections. The samples were dewaxed and rehydrated
using xylene and then passed through multiple gradient ethanol
concentrations. A 3% hydrogen peroxide solution was used to
block endogenous peroxidase activity, followed by further blocking

with 5% bovine serum albumin. The samples were incubated with
the anti-NUF2 primary antibody (Abcam, United States) at 4°C
overnight. IHC staining was performed based on themanufacturer’s
instructions.

Two pathologists independently reviewed and scored the IHC
staining. The staining intensity was scored as follows: no staining
(score = 0), weak (score = 1), moderate (score = 2), and strong (score
= 3).The percentage of positively stained cells was scored as 0 (<1%),
1 (1%–25%), 2 (26%–50%), 3 (51%–75%), and 4 (76%–100%). We
multiplied the scores above to obtain a final IHC score ranging
from 0 to 12.

Cell counting Kit-8 (CCK-8) experiment

Cellswere seeded in a 96-well plate at a density of 5 × 103 cells per
well with three replicates. The manufacturer’s (MedChemExpress,
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FIGURE 2
The different expression mRNA and weighted gene co-expression network of PCa. (A) The heatmap of different expression mRNA expression between
normal and tumor samples. (B) The different expression mRNA between normal and PCa samples; green indicates downregulated genes, and red
indicates upregulated genes. (C) Analysis of network topology for various soft-thresholding powers in scale independence and mean connectivity. (D)
Identification of a co-expression module in PCa. The branches of the cluster dendrogram correspond to the five different gene modules. Each piece of
the leaves on the cluster dendrogram corresponds to a gene. (E) Heatmap of the correlation between module eigengenes and clinical traits. The
clinical traits include mRNAsi and EGER-mRNAsi. Each cell contains the corresponding correlations and P values. (F) Scatter plot of module eigengenes
in the blue, brown, and yellow modules.

China) recommended protocol was followed, and the absorbance
was measured at 450 nm for 3 days.

5-Ethynyl-2′-deoxyuridine (EdU)
experiment

The cell proliferation assay was performed using an EdU
kit (Biyuntian, China). The operation procedure was carried out
according to the manufacturer’s instructions. Samples were then
examined by flow cytometric analysis.

Colony formation experiment

The cells of 1 × 103 were seeded in 6-cm plates and incubated at
37°C, 5% CO2, and 95% humidity. After 7 days, cell colonies were
fixed in 4% polyformaldehyde and stained with 0.1% crystal violet.

Wound healing experiment

Thecells in the logarithmic growth phase were seeded in six-well
plates, grown to 80%–90% confluency, and transfected with siRNA.
After 48 h, a 10 μ L pipette tip was used to make a scratch, and
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FIGURE 3
The 16 key genes were verified in the GEO database. (A) The difference of expression of key genes in normal and tumor of PCa in TCGA. (B) The
difference of expression of key genes in normal and tumor of PCa in GSE55945. (C) The difference of expression of key genes in normal and tumor of
PCa in GSE3325. (D) The difference of expression of key genes in normal and tumor of PCa in GSE71016.

then the serum-free medium was replaced. The distances of wound
healing were observed, and images were collected at 0 h, 12 h, and
24 h after injury.

Transwell experiment

Cells of 5 × 103 were seeded into the serum-free medium in
the upper chamber, and the lower chamber of the Transwell was
added with a complete medium. After 48h, the cells were fixed with
4% paraformaldehyde and stained with 0.05% crystal violet staining
solution. Cells at the bottom of the chamber were counted.

Results

The relationship between mRNAsi to
clinical features of PCa

To explore the clinical significance of mRNAsi, which can be
considered as a marker for CSCs, the mRNA expression data,

mRNAsi, and clinical data in the TCGA cohort from a total
of 499 samples from 487 patients having PCa, and 52 samples
from normal adjacent tissue were utilized. We found that both
mRNAsi and epigenetically regulated mRNAsi (EREG-mRNAsi)
in PCa samples were significantly higher than adjacent normal
samples (Figures 1A, B). Next, the mRNAsi between PCa samples
for different T stage, N stage, and Gleason score were investigated.
The mRNAsi scores were significantly higher in patients with a
higher T stage, N stage, and Gleason score (Figure 1C). Similarly,
the EREG-mRNAsi score was significantly associated with the T and
N stages but not with the Gleason scores (Figure 1D). Furthermore,
we classified the patients with PCa into two groups based on the
mRNAsi score. The results of the K-M survival analysis indicated
that patients with high mRNAsi scores had a decreased OS and DFS
time compared to those with a low score (Figure 1E). In contrast,
there was no significant difference in OS and DFS between the
high and low EREG-mRNAsi groups (Supplementary Figure S1).
These results revealed that the mRNAsi was closely
related to the clinical characteristics of PCa, which may
indicate a close relationship between the CSCs and the
progression of PCa.
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FIGURE 4
(A) The heatmap of representative key DEGs. (B) Correlation analysis between key DEGs. (C) The PPI network between the key genes of the yellow
module. (D) The number of solid lines of protein in the protein-protein interaction net.

Verification of cancer stemness-related
modules and genes

To identify the key regulators of cancer stemness in PCa, we
performed a differential expression analysis to identify DEGs in a
comparison between the 499 PCa samples and 52 normal samples
using the limma R package. A total of 1,391 DEGs were identified, of
which 895were upregulated, and 496were downregulated relative to
genes from normal tissue (Figures 2A, B; Supplementary Table S1).
Next, we constructed a scale-free co-expression network using the
1,391 DEGs viaWGCNA using the power of β = 6 (Figure 2C). We
obtained 5 modules containing DEGs as partitioned by the average
linkage hierarchical clusteringmethod. Subsequently, wemerged the
highly similar modules using the dynamic hybrid tree cut method
(cut line = 0.22; minimum module size = 50; Figure 2D). We
identified the yellow modules containing 164 genes related closely
to PCa cancer stemness (Supplementary Table S2).Themodule-trait
correlation of these modules with mRNAsi was 0.46, and EREG-
mRNAsi was 0.27 (Figure 2E). On applying thresholds of MM > 0.8
and GS > 0.5, 16 key genes including NCAPG, NEK2, DLGAP5,
CENPA, CENPF, TPX2, GTSE1, KIF4A, NEIL3, CDC25C, UBE2C,
CDCA5, MELK, SKA3, NUF2, and BIRC5, were identified from the
yellow modules (Figure 2F).

Analysis and validation of key genes
expression

We verified the differential expression level of the key genes
using TCGA and GEO databases (GSE55945, GSE3325, and
GSE71016).The results showed that the key genes were significantly
upregulated in the PCa samples relative to the normal prostate
samples in four cohorts (Figures 3A–D). Meanwhile, we generated
a heatmap using the R package “heatmap” to display the key
genes between tumor and normal tissues (Figure 4A). Further, a
Pearson correlation coefficient analysis between the key genes for
mRNA expression revealed a strong and significant correlation
between them, with KIFA4 and TPX2 having the highest correlation
coefficient of 0.95 and CENPF and BIRC5 showing the lowest
correlation coefficient of 0.80 (Figure 4B). We also constructed a
PPI network of the 16 key genes using the STRING database,
and Cytoscape software was used to visualize the PPI network
(Figure 4C). We also found that there were strong connections
between these genes. In the PPI network, the nodes with a
high degree of connection were considered hub proteins. The
NUF2, NCAPG, NEK2, DLGAP5, CENPA, CENPF, TPX2, KIF4A,
CDC25C, UBE2C, MELK, SKA3, and BIRC5 had the most edges in
the PPI network (Figure 4D).
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FIGURE 5
Enrichment analyses of the significant module. (A) GO enrichment analysis of the yellow module. (B) The functional enrichment analysis of key genes
with Metascape.

FIGURE 6
Validation of NUF2 expression in PCa and evaluation of its prognostic value. (A, B) Comparison of NUF2 expression in paired and non-paired groups.
(C) Associations between NUF2 expression and different T stage, N stage, and Gleason scores in PCa patients. (D) Associations between NUF2
expression and the DFS in PCa patients. (E) ROC analysis of DFS prediction in the TCGA cohort. (F) Forest plot showing the results of univariate and
multivariate Cox regression analysis.

Functional enrichment analyses of
modules and key genes

To explore the functions associated with the yellow gene
modules, we used the “clusterProfiler” for GO/KEGG enrichment,
and the results showed that the main functions related to the key
modules were mitotic nuclear division, chromosome segregation,
nuclear division, tubulin binding, and microtubule binding, which
are primarily linked to cell proliferation (Figure 5A). To identify the
biological functions of the key genes, we utilized Metascape, a free

online tool for gene annotation. The key genes showed significant
enrichment for the mitotic cell cycle phase transition (Figure 5B).

Confirmation of NUF2 expression and
evaluation of the prognostic value of NUF2
in PCa

The paired difference analysis and unpaired difference analysis
using the TCGA database indicated that NUF2 was significantly
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FIGURE 7
(A) IHC staining of NUF2 in PCa and paracancerous tissues. (B, C) Verification of knockdown efficiency of NUF2 in PC-3 and 22RV1 cell lines by
qRT-PCR and WB (∗p < 0.05,∗∗p < 0.01,∗∗∗p < 0.001).

overexpressed in PCa tissues compared with normal tissues
(Figures 6A, B). In addition, we explored the correlation between
NUF2 and different clinical subgroups in PCa. The results
showed that elevated NUF2 expression was significantly associated
with T stage, N stage, and Gleason score in PCa patients
(Figure 6C). High NUF2 expression also indicated unfavorable DFS
in PCa (Figure 6D), while its expression did not correlate with
OS (Supplementary Figure S2). ROC curves showed a favorable
predictive capacity of NUF2 expression for the 1/3/5-year DFS
in the TCGA cohort (Figure 6E). Cox survival analysis showed a
significant difference in prognosis between the high and low NUF2
expression groups, both univariate [Hazard ratio (HR): 4.547, 95%
confidence interval (CI): 3.036–6.811, p < 0.001] and multivariate
(HR: 2.634, 95% CI: 1.638–4.234, p < 0.001) (Figure 6F). NUF2
expression, age, T stage, and Gleason score were independent
prognostic factors of KIRC.

Knockdown of NUF2 expression reduced
cell proliferation and migration of PCa cells

Experiments were conducted to further verify the
bioinformatics above analysis results. Firstly, we detected NUF2
expression in PCa tumor tissues and their corresponding adjacent

normal tissues by IHC analysis. The results indicated that NUF2
was primarily expressed in the cytoplasm of PCa cells and
that the protein expression level of NUF2 in tumor tissues was
significantly higher than in normal prostate tissues (Figure 7A).
To probe the biological function of NUF2, the siRNA knockdown
of NUF2 was performed in PC-3 and 22RV1 cells. WB analysis
and qRT-PCR confirmed the efficiency of the knockdown
(Figures 7B, C). CCK8 experiments showed that NUF2 knockdown
significantly suppressed PC-3 and 22RV1 cell viability (Figure 8A).
The capability of cell proliferation was tested using the colony
formation experiment and EdU experiment. We observed that the
NUF2 knockdown strongly reduced the number of colonies and
proliferative capacity of PC-3 and 22RV1 cells (Figures 8B, C). In
addition, we performed a transwell and wound healing experiment
to verify the effect of NUF2 on themigratory ability of PCa cells.The
results showed that NUF2 knockdown suppressed the function of
PCa cell migration (Figures 8D, E).These results showed that NUF2
promoted the proliferation and migration of PCa cells in vitro.

Discussion

PCa is a common urinary disease associated with a high
recurrence rate and a poor prognosis. In recent years, a growing
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FIGURE 8
The biological functions of NUF2 in PCa. (A–C) Cell proliferation was assessed by CCK experiment, EdU experiment, and clone formation experiment.
(D–E) Cell migration was assessed by transwell experiment and wound healing experiment (∗p < 0.05,∗∗p < 0.01,∗∗∗p < 0.001).

body of evidence has indicated that CSCs could lead to prostate
cancer progression and therapeutic resistance. Thus, understanding
the characteristics and seeking biomarkers for CSCs is critical

for treating PCa (Abd Elmageed et al., 2014). Our study found
that the mRNAsi scores increased as the T stage, N stage, and
Gleason scores increased. A higher mRNAsi score was associated
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with shorter OS and DFS in PCa. Further, using WGCNA, we
screened the 16 identified key genes based on the mRNAsi score
and validated the differential expression of these genes in PCa
using GEO-independent datasets. In addition, we found that key
genes are strongly co-expressed and that key genes may interact
with each other to influence each other’s transcript levels, and
this characteristic may be used to predict the prognosis of PCa
patients.We also identifiedmultiple core cancer stemness regulatory
genes, which might be of interest as drug targets in the future.
Thus, using in silico analysis, our study identified an essential
role for CSCs in PCa and identified several potential biomarkers
of CSCs in PCa.

Multiple studies found in the literature have suggested that
cancers of human cells are stem cell diseases, and the oncogenesis
and development of tumors have a close relationship with a few
subtypes of cancer cells having stem cell-like features. According
to one study for PCa, the cancer stemness increased significantly
with the tumor progression (Yun et al., 2016). In our research, we
found that the CSC characteristics of PCa were correlated with an
increasing T stage, N stage, and Gleason score, indicating that stem
cell properties might promote the development of PCa. The results
of the survival analysis revealed that patients with higher mRNAsi
scores had shorter OS and DFS, which was similar to patients with
tumors having prominent CSC characteristics and who had a poor
prognosis.

Functional enrichment analysis of the yellow module showed
that the module genes were primarily associated with mitotic
nuclear division, chromosome segregation, and atomic division
processes. Additionally, the functions of the key genes, as confirmed
by the WGCNA analysis, were similar to those in the yellow
module. A strong protein interaction relationship was discovered
among key genes. An analysis of protein function identified
NUF2, NCAPG, NEK2, DLGAP5, CENPA, CENPF, TPX2, KIF4A,
CDC25C, UBE2C, MELK, SKA3, and BIRC5 as playing a central
role in the protein network obtained, indicating that they may
be potential drug therapeutic targets. Previous research has
shown that CSCs regulate the occurrence and development of
cancer through the PI3K/AKT/mTOR, Wnt/β-catenin, Notch, and
Hedgehog pathways (Xia and Xu, 2015; Takebe et al., 2015).
Among the key genes, NUF2, CENPA, and UBE2C were found
to be involved in the PI3K/AKT/mTOR pathway (Ren et al.,
2023; Zhang et al., 2021; Zhu et al., 2021). NUF2, NCAPG,
NEK2, and DLGAP5 were found to be involved in the Wnt/β-
catenin pathway (Li et al., 2016; Shi et al., 2022; Jeon et al.,
2024; Chen et al., 2023; Wang et al., 2021). Together, these
results indicate that these genes may play an essential role in the
tumorigenicity of CSCs.

NUF2 is a key molecule for stabilizing spindle microtubule
attachment at the metaphase of cell division, and it is a component
of the NDC80 mitotic complex (Nabetani et al., 2001; DeLuca et al.,
2003). Previous studies have confirmed that abnormal segregation
of chromosomes during mitosis is a common cause of cancer
(Cheerambathur et al., 2013; Foley and Kapoor, 2013). DeLuca
et al. found that the knockdown of NUF2 in HeLa cells resulted
in the inability of the kinetochores to connect with spindle
microtubules, leading to abnormal chromosome division and
apoptosis (DeLuca et al., 2002). Thus, it is not unexpected that
dysregulation of NUF2 expression and function can promote tumor

formation. Many reports have identified NUF2 as an oncogene in
various cancers, including clear cell renal cell carcinoma (Lin et al.,
2022), melanoma (Wang et al., 2022), and breast cancer (Lv et al.,
2020). These results suggest that NUF2 plays a crucial role in
cancer cells, while the precise role of NUF2 in PCa has not been
clarified. Our results showed that mRNA and protein abundance
of NUF2 was higher in PCa tumor tissues, and a high NUF2
expression level was associated with poorer DFS in PCa patients.
Likewise, the ROC curve showed that the positive expression of
NUF2 was a good predictor of DFS in PCa patients. Univariate
and multivariate Cox regression analyses showed that NUF2 was
an independent predictive factor for the prognosis of PCa patients.
Moreover, our vitro experiments also showed that NUF2 was
highly expressed in PCa tissues, and knockdown of NUF2 may
significantly inhibit the proliferation and migration ability of PC-3
and 22RV1 cells.

To our knowledge, few similar studies use WGCNA combined
with tumor stem cells to predict PCa-related genes. For the first
time, our study leveraged high-throughput sequencing data from
public databases and theWGCNAmethod to obtainmodules in PCa
that are closely related to stem cell characteristics and explored the
biological role of the cancer stem cell characterization-related gene
NUF2 in PCa. However, there were still certain limitations in the
present study. Firstly, our study only conducted in vitro and lacked
in vivo animal experiments. In future studies, we will employ further
experiments for validation in vivo. Second, because our research
data come from public databases, the quality of these data may not
be guaranteed. Therefore, further extensive sample-size biological
studies are needed to confirm our findings.

Conclusion

In summary, we identified 16 key genes that may influence
stem cell maintenance in PCa. NUF2 may play a critical role in
developing PCa by affecting cancer stemness. Targeting the gene
NUF2 may be a potential treatment strategy for retaining PCa
stemness characteristics.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

DZ: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Software, Validation, Writing–original

Frontiers in Molecular Biosciences 11 frontiersin.org

https://doi.org/10.3389/fmolb.2024.1481375
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Zhang et al. 10.3389/fmolb.2024.1481375

draft. PL: Conceptualization, Data curation, Investigation,
Project administration, Software, Validation, Visualization,
Writing–original draft. QW: Data curation, Formal Analysis,
Investigation, Methodology, Software, Validation, Visualization,
Writing–original draft. BX: Data curation, Methodology,
Software, Writing–original draft. LY: Validation, Visualization,
Writing–original draft, Writing–review and editing. XH:
Conceptualization, Data curation, Formal Analysis, Investigation,
Methodology, Software, Supervision, Validation, Writing–review
and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank all the patients who participated in the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmolb.2024.
1481375/full#supplementary-material

References

Abd Elmageed, Z. Y., Yang, Y., Thomas, R., Ranjan, M., Mondal, D., Moroz, K., et al.
(2014). Neoplastic reprogramming of patient-derived adipose stem cells by prostate
cancer cell-associated exosomes. Stem Cells 32, 983–997. doi:10.1002/stem.1619

Batlle, E., and Clevers, H. (2017). Cancer stem cells revisited. Nat. Med. 23,
1124–1134. doi:10.1038/nm.4409

Botía, J. A., Vandrovcova, J., Forabosco, P., Guelfi, S., D’Sa, K., Hardy, J., et al. (2017).
An additional k-means clustering step improves the biological features ofWGCNAgene
co-expression networks. BMC Syst. Biol. 11, 47. doi:10.1186/s12918-017-0420-6

Cheerambathur, D. K., Gassmann, R., Cook, B., Oegema, K., and Desai, A. (2013).
Crosstalk between microtubule attachment complexes ensures accurate chromosome
segregation. Science 342, 1239–1242. doi:10.1126/science.1246232

Chen, R., Liu, J., Hu, J., Li, C., Liu, Y., and Pan, W. (2023). DLGAP5 knockdown
inactivates the Wnt/β-catenin signal to repress endometrial cancer cell malignant
activities. Environ. Toxicol. 38 (3), 685–693. Epub 2022 Dec 1. doi:10.1002/tox.23720

Culp,M. B., Soerjomataram, I., Efstathiou, J. A., Bray, F., and Jemal, A. (2020). Recent
global patterns in prostate cancer incidence and mortality rates. Eur. Urol. 77, 38–52.
doi:10.1016/j.eururo.2019.08.005

DeLuca, J. G., Howell, B. J., Canman, J. C., Hickey, J. M., Fang, G., and Salmon, E. D.
(2003). Nuf2 and Hec1 are required for retention of the checkpoint proteins Mad1 and
Mad2 to kinetochores. Curr. Biol. 13, 2103–2109. doi:10.1016/j.cub.2003.10.056

DeLuca, J. G., Moree, B., Hickey, J. M., Kilmartin, J. V., and Salmon, E. D.
(2002). hNuf2 inhibition blocks stable kinetochore-microtubule attachment and
induces mitotic cell death in HeLa cells blocks stable kinetochore-microtubule
attachment and induces mitotic cell death in HeLa cells. J. Cell Biol. 159, 549–55.
doi:10.1083/jcb.200208159

Ferlay, J., Ervik, M., Lam, F., Colombet, M., Mery, L., Piñeros, M., et al. (2018).Global
cancer observatory: cancer today. Lyon, France: International Agency for Research on
Cancer. Available at: https://gco.iarc.fr/today (Accessed).

Foley, E. A., and Kapoor, T. M. (2013). Microtubule attachment and spindle
assembly checkpoint signalling at the kinetochore. Nat. Rev. Mol. Cell Biol. 14, 25–37.
doi:10.1038/nrm3494

Gerlinger, M., Rowan, A. J., Horswell, S., Math, M., Larkin, J., Endesfelder, D.,
et al. (2012). Intratumor heterogeneity and branched evolution revealed by multiregion
sequencing. N. Engl. J. Med. 366, 883–892. doi:10.1056/NEJMoa1113205

Jeon, S. B., Jeong, P. S., Kang, H. G., Kim, M. J., Yun, J. H., Lim, K. S., et al. (2024).
NEK2 plays an essential role in porcine embryonic development bymaintainingmitotic
division and DNA damage response via the Wnt/β-catenin signalling pathway. Cell
Prolif. 57 (8), e13626. doi:10.1111/cpr.13626

Langfelder, P., and Horvath, S. (2008b). WGCNA: an R package for weighted
correlation network analysis. BMC Bioinforma. 9, 559. doi:10.1186/1471-
2105-9-559

Li, Y., Luo, M., Shi, X., Lu, Z., Sun, S., Huang, J., et al. (2016). Integrated
bioinformatics analysis of chromatin regulator EZH2 in regulating mRNA and lncRNA
expression by ChIP sequencing and RNA sequencing.Oncotarget 7 (49), 81715–81726.
doi:10.18632/oncotarget.13169

Lin, J., Chen, X., Yu, H., Min, S., Chen, Y., Li, Z., et al. (2022). NUF2 drives clear
cell renal cell carcinoma by activating HMGA2 transcription through kdm2a-mediated
H3K36me2 demethylation. Int. J. Biol. Sci. 18, 3621–3635. doi:10.7150/ijbs.70972

Lv, S., Xu, W., Zhang, Y., Zhang, J., and Dong, X. (2020). NUF2 as an anticancer
therapeutic target and prognostic factor in breast cancer. Int. J. Oncol. 57 (6), 1358–1367.
Epub 2020 Oct 26. doi:10.3892/ijo.2020.5141

Lytle, N. K., Barber, A. G., and Reya, T. (2018). Stem cell fate in cancer growth,
progression, and therapy resistance.Nat. Rev. Cancer 18, 669–680. doi:10.1038/s41568-
018-0056-x

Malta, T. M., Sokolov, A., Gentles, A. J., Burzykowski, T., Poisson, L., Weinstein, J. N.,
et al. (2018). Machine learning identifies stemness features associated with oncogenic
dedifferentiation. Cell 173, 338–354.e15. doi:10.1016/j.cell.2018.03.034

Nabetani, A., Koujin, T., Tsutsumi, C., Haraguchi, T., and Hiraoka, Y. (2001). A
conserved protein, Nuf2, is implicated in connecting the centromere to the spindle
during chromosome segregation: a link between the kinetochore function and the
spindle checkpoint. Chromosoma 110, 322–334. doi:10.1007/s004120100153

Ren, M., Zhao, H., Gao, Y., Chen, Q., Zhao, X., and Yue, W. (2023). NUF2 promotes
tumorigenesis by interacting with HNRNPA2B1 via PI3K/AKT/mTOR pathway in
ovarian cancer. J. Ovarian Res. 16 (1), 17. doi:10.1186/s13048-023-01101-9

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). Limma
powers differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 43, e47. doi:10.1093/nar/gkv007

Ross-Adams, H., Lamb, A. D., Dunning, M. J., Halim, S., Lindberg, J., Massie, C. M.,
et al. (2015). Integration of copy number and transcriptomics provides risk stratification
in prostate cancer: a discovery and validation cohort study. EBioMedicine 2, 1133–1144.
doi:10.1016/j.ebiom.2015.07.017

Shi, Y., Ge, C., Fang, D., Wei, W., Li, L., Wei, Q., et al. (2022). NCAPG facilitates
colorectal cancer cell proliferation, migration, invasion and epithelial-mesenchymal
transition by activating the Wnt/β-catenin signaling pathway. Cancer Cell Int. 22 (1),
119. doi:10.1186/s12935-022-02538-6

Suzuki, K., Terakawa, T., Shigemura, K., Furukawa, J., Harada, K., Hinata, N.,
et al. (2019). Identification of favorable subgroups for alternative anti-androgen
therapy in castration-resistant prostate cancer. Mol. Clin. Oncol. 11, 523–530.
doi:10.3892/mco.2019.1915

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas,
J., et al. (2015). STRING v10: protein-protein interaction networks, integrated over the
tree of life. Nucleic Acids Res. 43, D447–D452. doi:10.1093/nar/gku1003

Frontiers in Molecular Biosciences 12 frontiersin.org

https://doi.org/10.3389/fmolb.2024.1481375
https://www.frontiersin.org/articles/10.3389/fmolb.2024.1481375/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2024.1481375/full#supplementary-material
https://doi.org/10.1002/stem.1619
https://doi.org/10.1038/nm.4409
https://doi.org/10.1186/s12918-017-0420-6
https://doi.org/10.1126/science.1246232
https://doi.org/10.1002/tox.23720
https://doi.org/10.1016/j.eururo.2019.08.005
https://doi.org/10.1016/j.cub.2003.10.056
https://doi.org/10.1083/jcb.200208159
https://gco.iarc.fr/today
https://doi.org/10.1038/nrm3494
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1111/cpr.13626
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.18632/oncotarget.13169
https://doi.org/10.7150/ijbs.70972
https://doi.org/10.3892/ijo.2020.5141
https://doi.org/10.1038/s41568-018-0056-x
https://doi.org/10.1038/s41568-018-0056-x
https://doi.org/10.1016/j.cell.2018.03.034
https://doi.org/10.1007/s004120100153
https://doi.org/10.1186/s13048-023-01101-9
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.ebiom.2015.07.017
https://doi.org/10.1186/s12935-022-02538-6
https://doi.org/10.3892/mco.2019.1915
https://doi.org/10.1093/nar/gku1003
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Zhang et al. 10.3389/fmolb.2024.1481375

Takebe, N., Miele, L., Harris, P. J., Jeong, W., Bando, H., Kahn, M., et al. (2015).
Targeting Notch, Hedgehog, and Wnt pathways in cancer stem cells: clinical update.
Nat. Rev. Clin. Oncol. 12, 445–464. doi:10.1038/nrclinonc.2015.61

Wang, D., Chen, J., Li, B., Jiang, Q., Liu, L., Xia, Z., et al. (2022). A noncoding
regulatory RNA Gm31932 induces cell cycle arrest and differentiation in melanoma
via the miR-344d-3-5p/Prc1 (and Nuf2) axis. Cell Death and Dis. 13, 314.
doi:10.1038/s41419-022-04736-6

Wang, Q., Xu, J., Xiong, Z., Xu, T., Liu, J., Liu, Y., et al. (2021). CENPA promotes
clear cell renal cell carcinoma progression and metastasis via Wnt/β-catenin signaling
pathway. J. Transl. Med. 19 (1), 417. doi:10.1186/s12967-021-03087-8

Xia, P., and Xu, X. Y. (2015). PI3K/Akt/mTOR signaling pathway in cancer stem
cells: from basic research to clinical application. Am. J. Cancer Res. 5 (5), 1602–1609.
eCollection 2015.

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R
package for comparing biological themes among gene clusters. OMICS 16, 284–287.
doi:10.1089/omi.2011.0118

Yun, E.-J., Zhou, J., Lin, C.-J., Hernandez, E., Fazli, L., Gleave, M., et al. (2016).
Targeting cancer stem cells in castration-resistant prostate cancer. Clin. Cancer Res. 22,
670–679. doi:10.1158/1078-0432.CCR-15-0190

Zhang, S., Xie, Y., Tian, T., Yang, Q., Zhou, Y., Qiu, J., et al. (2021). High expression
levels of centromere protein A plus upregulation of the phosphatidylinositol 3-
kinase/Akt/mammalian target of rapamycin signaling pathway affect chemotherapy
response and prognosis in patients with breast cancer. Oncol. Lett. 21 (5), 410. Epub
2021 Mar 22. doi:10.3892/ol.2021.12671

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk,
O., et al. (2019). Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nat. Commun. 10, 1523. doi:10.1038/s41467-
019-09234-6

Zhu, M., Wu, M., Bian, S., Song, Q., Xiao, M., Huang, H., et al. (2021). DNA
primase subunit 1 deteriorated progression of hepatocellular carcinoma by activating
AKT/mTOR signaling and UBE2C-mediated P53 ubiquitination. Cell Biosci. 11 (1), 42.
doi:10.1186/s13578-021-00555-y

Frontiers in Molecular Biosciences 13 frontiersin.org

https://doi.org/10.3389/fmolb.2024.1481375
https://doi.org/10.1038/nrclinonc.2015.61
https://doi.org/10.1038/s41419-022-04736-6
https://doi.org/10.1186/s12967-021-03087-8
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1158/1078-0432.CCR-15-0190
https://doi.org/10.3892/ol.2021.12671
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1186/s13578-021-00555-y
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	Introduction
	Methods
	Data source
	Evaluation of the clinical significance of mRNAsi
	Screening of DEGs
	WGCNA and identification of key modules and genes
	Validation of key genes expression
	Relationships and interactions among hub genes
	Functional enrichment analysis
	Bioinformatic analysis of NUF2 in PCa
	Cell culture and transfection
	Quantitative reverse Transcription-PCR (qRT-PCR)
	Western blotting (WB)
	Tissue array and IHC
	Cell counting Kit-8 (CCK-8) experiment
	5-Ethynyl-2-deoxyuridine (EdU) experiment
	Colony formation experiment
	Wound healing experiment
	Transwell experiment

	Results
	The relationship between mRNAsi to clinical features of PCa
	Verification of cancer stemness-related modules and genes
	Analysis and validation of key genes expression
	Functional enrichment analyses of modules and key genes
	Confirmation of NUF2 expression and evaluation of the prognostic value of NUF2 in PCa
	Knockdown of NUF2 expression reduced cell proliferation and migration of PCa cells

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

