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MiR-629-5p Promotes Prostate
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Metastasis by Targeting AKAP13
Yangzhou Liu1†, Shankun Zhao2†, Jiamin Wang1†, Zhiguo Zhu3, Lianmin Luo1,
Qian Xiang1, Mingda Zhou1, Yuxiang Ma1, Zuomin Wang1 and Zhigang Zhao1*
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Prostate cancer (PCa) has become the most frequently occurring cancer among western
men according to the latest report, and patients’ prognosis is often poor in the event of
tumor progression, therefore, many researches are devoted to exploring the molecular
mechanism of PCa metastasis. MicroRNAs (miRNA) have proved to play an important role
in this process. In present study, by combining clinical samples with public databases, we
found that miR-629-5p increased to varying degrees in primary localized PCa tissues and
metastatic PCa tissues compared with adjacent normal tissues, and bioinformatics
analysis suggested that high level of miR-629-5p was related to poor prognosis.
Functionally, miR-629-5p drove PCa cell proliferation, migration and invasion in vitro,
and promoted growth of PCa cells in vivo. Moreover, A-kinase Anchor Protein 13
(AKAP13) was screened as a direct target of miR-629-5p, that expression was
negatively correlated with the malignant phenotype of tumor cells. In the end, through
verification in clinical specimens, we found that AKAP13 could be independently used as a
clinical prognostic indicator. Overall, the present study indicates that miR-629-5p plays an
oncogenic role in PCa by targeting AKAP13, which provides a new idea for clinical
diagnosis and treatment of complex refractory PCa.

Keywords: prostate cancer, miR-629-5p, AKAP13, phenotype, prognosis
INTRODUCTION

According to the latest research report, prostate cancer (PCa) has become the most frequently
occurring cancer among western men, it accounts for about a quarter of all types of tumors (1). The
incidence and mortality of PCa are also getting higher in China (2). Although clinical treatments
such as surgery and endocrine therapy can effectively intervene the progression of PCa, patients’
prognosis is often poor in the event of tumor metastasis or castration resistance (3). Therefore, in
the background of limited treatment, a better understanding of the molecular mechanism of PCa
metastasis will contribute to the early diagnosis and intervention of patients with refractory PCa.
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MicroRNAs (miRNAs) belong to endogenous small noncoding
RNAs that post-transcriptionally regulate the gene expression by
binding to the 3’-untranslated region (3’-UTR) of target mRNA,
thereby inducing downstream mRNA degradation or protein
synthesis repression (4). Accumulating researches have
suggested that miRNAs play important roles in human cancer
biological progression as novel types of tumor suppressors or
oncogenes (5). A group of miRNAs, such as miR-146b, miR-210-
3p, miR-636, miR-491-5p, have proved to play the driving role in
the growth and metastasis of PCa (6–8). In addition, our previous
studies have confirmed that miR-199b-5p and miR-671-5p can
influence the metastasis of PCa by affecting epithelial-
mesenchymal transition and transcriptional regulation,
respectively (9, 10). Therefore, on this basis, we will further
study the regulatory mechanism of miRNAs in the process of
tumor metastasis.

By combining clinical samples with public databases, we found
that miR-629-5p increased to varying degrees in primary localized
PCa tissues (PPCa) and metastatic PCa tissues (MPCa) compared
with adjacent normal tissues (ANT), and bioinformatics analysis
suggested that high level of miR-629-5p was related to poor
prognosis. Although miR-629-5p has proved to play a role in
promoting tumor growth and metastasis in different types of
tumors such as colorectal cancer, hepatocellular carcinoma, lung
adenocarcinoma and osteosarcoma (11–14). However, the exact
mechanism of its role in PCa metastasis remains unknown. In the
present study, in addition to exploring the biological function of
miR-629-5p as a key miRNA, we further confirmed that its
mechanism is to promote the growth and metastasis of PCa by
targeting inhibitionofAKAP13, a tumor suppressor.Thesefindings
provide a clearer understanding of the mechanism of miRNA
promoting PCa.
MATERIAL AND METHODS

Human Tissue Samples and Cell Lines
A total of 53 prostate clinicopathological samples were collected,
including ANT (n = 13), PPCa tissue (n = 25) and MPCa tissue
(n = 15), as reported in our previous research (10). This study
was approved by the Ethics Committee of the First Affiliated
Hospital for Guangzhou Medical University, and all patients
have signed informed consents.

The normal human prostate epithelial cell line RWPE-1 and
human PCa cell lines LNCaP, PC3, DU145 and VCaP were
purchased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Human PCa cell line
C4-2 and human embryonic kidney cell 293 T were obtained
from the American Type Culture Collection (Manassas, VA,
USA). All cell lines have been authenticated and were cultured as
described previously (9).
Public Database Analysis
The TCGA prostate adenocarcinoma (PRAD) database was acquired
from the UCSC Xena database platform (http://xena.ucsc.edu/).
Frontiers in Oncology | www.frontiersin.org 26
The GSE21032 human PCa datasets were acquired from the
GEO database (https://www.ncbi.nlm.nih.gov/geo/), which
included two subsets: GSE21034 (mRNA sequencing data) and
GSE21036 (miRNA sequencing data). The basic information of
included datasets was presented in Supplementary Table S1.
Overall, samples with complete clinical information and
comprehensive matching gene expression were selected for
subsequent analysis, and in order to ensure the validity of
sufficient data, we chose biochemical recurrence (BCR, the
amount of prostate-specific antigen in the blood has risen
again after cancer treatment) as the endpoint event of
prognosis index.
RNA Transfection and Construction
of Stable Cell Lines
In order to study the biological function of miRNA, we
constructed a cell line stably transfected with lentivirus,
including miR-629-5p overexpression cell line (named as miR-
629-5p mimic: 5’-TGGGTTTACGTTGGGAGAACT-3’), miR-
629-5p inhibition cell line (named as miR-629-5p inhibitor:
5’-AGTTCTCCCAACGTAAACCCA-3’) and the corresponding
miRNA negative control (named as NC). Reagents used are all
designed and constructed by GenePharma (Jiangsu, China). In
addition, stable knockdown or knockout of AKAP13 expression
PCa cells were established to further study the downstream target
mRNA of miR-629-5p. The knockdown lentiviral vectors, which
contain a specific shRNA (named as sh-AKAP13: target-1, 5’-
GCAGCTCA ATTCCTAGCAACC-3’; target-2, 5’-GCTTCT
AACCGAGGAGAATGC-3’; target-3, 5’-GCCAGTTCCCT
GGATGGTAAC-3’; negative control named as sh-NC) against
AKAP13 were synthesized by GenePharma (Jiangsu, China). The
CRISPR/Cas9 knockout lentivirus (named as KO-AKAP13:
target-1, 5’-CCAGAAGAGATGCTGCATCA-3’; target-2, 5’-
ACTGGATCCGGTGATATCAC-3’; target-3, 5’-GTCCAGT
GAAGCCGTGTCAT-3’; negative control named as KO-NC)
was purchased from Guangzhou huiyuanyuan Co.ltd.
(Guangzhou, China) (15), and the constructs were verified by
DNA sequencing. Stable cell lines were selected for 10 days with
Puromycin (PC-3, 2 mg/mL; LNCaP and C4-2, 4 mg/mL) or G418
(500 mg/mL). The transfection efficiency was identified by
quantitative real-time polymerase chain reaction (qRT-PCR)
and/or western blotting, and the most efficient virus was used
in the following experiments.
RNA Extraction and qRT-PCR
Total RNA was isolated using TRIzol (Invitrogen; Thermo Fisher
Scientific, CA, USA). For miRNA quantification, TaqMan
MicroRNA Reverse Transcription kit (Thermo Fisher Scientific
Inc, MA, USA) and specific primers (RIBOBIO, Guangzhou,
China) were used. For mRNA quantification, All-in-One First-
Strand cDNA Synthesis kit (GeneCopoeia, Guangzhou, China)
was used to prepare cDNA. qPCR for quantification of miRNA
or gene expression was performed with SYBR green Premix Ex
Taq II (Takara) on a CFX-96 system (Bio-Rad, Hercules, CA).
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The miRNA PCR thermal cycling conditions consisted of an
initial denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and a 10
s extension at 72°C. The mRNA PCR protocol consisted of an
initial denaturation at 95 °C for 15 min, followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 58°C for 20 s, and a
30 s extension at 72°C. U6 and GAPDH were used as internal
controls for miRNA and genes, respectively. Relative expression
was determined by 2-△△Ct method. Primer information was
listed in Supplementary Table S2.
Protein Extraction and Western Blotting
Total proteins were firstly extracted from cells, which were
washed by cold PBS and treated with RIPA lysis buffer
(KeyGEN, KGP703) (supplemented with protease inhibitors 1
mmol/L phenylmethylsulfonylfluoride, 10 mg/L pepstatin, 10
mg/L aprotinin and 5 mg/L leupeptin). Protein concentrations
were determined using the BCA protein assay regents (#23225,
Thermo Pierce, Rockford, IL, USA). The procedure of western
blot was conducted as previously described (9). Primary
antibodies used in the study include anti-AKAP13
(Immunoway, YT0161; Abcam, ab99377), anti-HEG1 (Biorbyt,
orb157480), anti-caspase 3 (Immunoway, YT6113), anti-caspase
3 p17 (Immunoway, YT6161). Anti-b-tubulin (Abcam,
ab210797) was used as internal standard. Detection was
achieved in Odyssey CLX Two-color infrared laser imaging
system (LI-COR Biosciences, Nebraska, USA). Densitometric
analysis of the bands was performed using ImageJ software.
Cell Proliferation Assays
The proliferation ability of PCa cells was measured by colony
formation assay and 5‐ethynyl‐2′‐deoxyuridine (EdU) assay. For
colony formation assay, 500 cells were seeded in 6-well plate and
incubated in media containing 10% FBS for 2 weeks to allow
colony formation. Then, colonies were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet, and the
results were recorded and counted (colony >50 cells). For EdU
assay, cells were inoculated into a 24‐well plate, and the EdU kit
(C10310-1, RIBOBIO, Guangzhou, China) was used to assess cell
proliferations. The results were acquired using the fluorescent
microscope (AX80, Olympus, Tokyo, Japan).
Cell Migration and Invasion Assays
The migration and invasion ability of PCa cells were measured
by wound-healing assays and transwell assay, respectively. The
detailed procedure was conducted as described in our previous
research (9, 16). For wound-healing assays, cells were plated into
6-well culture plates and cultured until 100% confluence, then
the growth medium was removed, cells were washed and
cultured with fresh serum-free medium, and the wound was
produced by a 10mL sterile pipette tip. The transwell assay was
using a transwell permeable support chamber (Corning
Incorporated, Corning, NY, USA), which were coated with
Matrigel (BD Biosciences), and was carried out according to
Frontiers in Oncology | www.frontiersin.org 37
the manufacturer’s instructions. Then, we observe cell migration/
invasion and film the images under the optical microscope
(CKX41, Olympus) at the indicated time points.

Cell Apoptosis Assays
In order to study the effect of downstream gene expression changes
on cell apoptosis, we first treated the KO-NC/KO-AKAP13 cell with
10µM Carbonyl cyanide 3-chlorophenylhydrazone (CCCP,
solarbio) for 12 h to induce apoptosis, and then cells were
harvested to detect apoptosis rate by Annexin V-FITC/propidium
iodide (PI) Apoptosis Detection kit (Key Gen Biotech, Jiangsu,
China). The experimental procedure was carried out according to
the manufacturer’s protocol. Cytofluorimetric analysis was
performed by the flow cytometer (Millipore, MA, USA).

Target Gene Prediction and
Dual-Luciferase Reporter Assays
Prediction of miR-629-5p target genes was accomplished by
using miRWalk (http://mirwalk.umm.uni-heidelberg.de/),
TarBase (http://carolina.imis.athena-innovation.gr/diana_tools/
web/index.php?r=site%2Ftools), TargetScan (http://www.
targetscan.org/vert_72/) and MicroT-CDS (http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r=microT_CDS/
index) online tools. To further verify the target sites of miR-629-
5p, dual-luciferase reporter assay was carried out. HK293T were
plated in 96-well plates and transfected with pLUC-AKAP13-
3’UTR-wild type (WT) or pLUC-AKAP13-3’UTR-mutant type
(MUT) luciferase plasmids (GenePharma, Jiangsu, China) by
lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, Inc.).
After 48 h, Luciferase and Renilla signals were measured using
Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA).

Animal Experiments
Thirty 5 weeks old male BALB/c nude mice were purchased from
the Experimental Animal Center of Guangdong Province
(Guangzhou, China). The animals were fed as described
previously (9). All procedures related to the experimental animals
were approved by the Animal Care and Use Committee of the First
Affiliated Hospital of Guangzhou Medical University.

To evaluate the effects of miR-629-5p on tumor growth, mice
were randomly divided into six groups (NC/mimic/inhibitor
group, n=5/group) and each mouse was subcutaneously
injected with concentrated tumor cells 2×106 to establish
xenograft tumors. The tumor sizes were monitored weekly.
After 4 weeks, the mice were sacrificed by cervical dislocation,
and the tumors were dissected and weighed. The tissue was fixed
and embedded in paraffin wax for histological examination and
immunohistochemical (IHC) assay.

Histological and
Immunohistochemical Assessment
Histological and IHC analysis were performed in mice xenografts
and clinical PCa samples. The tissue morphology was observed
by haematoxylin and eosin (H&E) staining, and the expression
of target protein in different tissues was evaluated by IHC.
October 2021 | Volume 11 | Article 754353
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The procedure of H&E and IHC were carried out as described
previously (17). For IHC, primary antibodies used in the study
include anti-AKAP13 (Novus, NBP1-89163) and anti-KI67
(Servicebio, GB111499). When the experiment was complete, the
results were observed and recorded under the optical microscope
(CKX41, Olympus), and the expression intensity of target protein
was quantified according to the previous protocol (17).

Statistical Analyses
The SPSS V24.0 software (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism 7.0 (San Diego, CA, USA) were used to perform
statistical analyses. For continuous variables, data were presented as
the means ± SD. Comparison between groups was carried out using
the Student’s t test, paired t-test or one way ANOVA. The Fisher’s
exact test was used for 2 × 2 tables. Spearman’s correlations were
calculated for the expression levels between miR-629-5p and target
gene. Survival curves were plotted using Kaplan-Meier’s method
and compared between groups by the log-rank test. X-tile program
was used to determine the cut-off values which optimized the
significance of the split between Kaplan-Meier survival curves
(18). P < 0.05 was considered statistically significant.
RESULTS

Identify and Verify miRNA
Associated With PCa Progression by
Bioinformatics Analysis
By combining the miRNA sequencing result of clinical samples in
our previous research (9) (Figure 1A and Supplementary Table S3,
102 upregulated differential expression miRNA/160 downregulated
differential expression miRNA related to PCa metastasis) with it in
the TCGA-PRAD database (Figure 1B, Supplementary Table S4,
50 upregulated differential expression miRNA/13 downregulated
differential expression miRNA related to PCa formation), we have
identified four key differential expression miRNA related to the
progression of PCa (Figure 1C, 3 upregulated: miR-629-5p, miR-
146b-3p, miR-210-3p; 1 downregulated: miR-221-3p). By
consulting relevant literature, we found that the mechanism of
miR-146b-3p, miR-210-3p and miR-221-3p in PCa has been
reported (6, 7, 19), which further confirmed the reliability of our
screening results from the side. Therefore, we chose miR-629-5p for
verification in the follow-up study.

First, we found that miR-629-5p expression increased to
varying degrees in primary localized PCa tissues and metastatic
PCa tissues compared with adjacent normal tissues, and it had a
consistent trend between TCGA tumor and adjacent normal
tissues paired samples (Figures 1D, E). The same result was also
verified in GSE21036 dataset (Figure 1H). At the same time, we
found that miR-629-5p expression was upregulated in most
other tumors by using dbDEMC 3.0 (Supplementary Table
S5) (20). Subsequently, in order to test whether miR-629-5p
can be used as a potential clinical prognostic indicator, we
explored the association between miR-629-5p expression and
patients’ BCR and whether it has survival prognostic value. The
results in GSE21036 dataset show that the expression of miR-
Frontiers in Oncology | www.frontiersin.org 48
629-5p and patients’ BCR were related, and high miR-629-5p
expression associated with shorter BCR-free survival, which
suggested that high expression of miR-629-5p predicted poor
prognosis (Figures 1I, J). However, the same result was not
found in TCGA-PRAD database (Figures 1F, G). Finally, we
examined miR-629-5p expression in prostate related cell line,
and found it was significantly high expression in PCa cells
compared with normal prostate epithelial cell line RWPE-1,
especially in higher malignant degree PC3 cell lines. (Figure 1K).

MiR-629-5p Facilitates PCa
Cells Proliferation, Migration,
and Invasion In Vitro
In order to investigate the biological functions of miR-629-5p in
PCa, we selected PCa cell lines with the lowest (LNCaP) and
highest (PC3) miRNA expression levels as the research objects,
and manipulated the expression level of miRNA by stably
transfecting lentivirus. First, qPCR was conducted to confirm
the transfection efficiency (Figure 2A). Colony formation and
EdU assays were performed to assess the influence of miR-629-
5p on the proliferation ability of PCa cells. The Colony formation
assay revealed that the cell viability was prominently enhanced
by miR-629-5p mimics, while miR-629-5p inhibitors inhibited
the viability (Figure 2B). The corresponding change in the
percentage of positive cells in EDU assay also supports this
result (Figure 2C). Then, the migration and invasion ability of
PCa cells were measured by wound-healing assays and transwell
assays, respectively. To put it simply, over-expressing miR-629-
5p dramatically facilitated the migratory and invasive capacities
of cell, while inhibit miR-629-5p significantly suppressed these
capacities (Figures 2D, E). These results suggested that miR-
629-5p acts as an oncogenic miRNA in PCa cells in vitro.

MiR-629-5p Promotes Tumor
Growth In Vivo
To investigate the effect of miR-629-5p on PCa cell proliferation in
vivo, we established a subcutaneous xenograft tumor model in
nude mice (Figure 3A). The results show that, compared with NC
group, the cell lines overexpressing miRNA had faster tumor
growth rate and larger weight, while the cell lines silencing miRNA
showed the opposite trend (Figures 3B, C). H&E staining showed
the histopathological features of the tumor tissues (Figure 3D).
Furthermore, we further verified the change of tumor growth
ability by cell proliferation marker KI67 immunostaining
(Figure 3E). Taken together, in vivo study also confirmed the
correlation between miR-629-5p and tumor malignancy.

AKAP13 Is a Direct Function Target
of miR-629-5p
MiRNA has proved to play a biological function by regulating the
expression of target genes. In order to clarify its mechanism, we
screenedout three candidate genes (HEG1,AKAP13andTNRC6B)
through the tool of target gene prediction (Figure 4A). Among
them, HEG1 and AKAP13 were found in GSE21032 database and
have better correlation with miR-629-5p (Pearson’s rho = -0.4457
and -0.4346, Figure 4B). However, merely AKAP13 could be
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significantly regulated by miR-629-5p at the protein level
(Figure 4C). To further verify the regulatory relationship, we
analyzed the existence of miR-629-5p binding sites in the 3’UTR
region of AKAP13, and based on this, we designed dual-luciferase
reporter assays. The overexpression of miR-629-5p significantly
reduced the luciferase activity of binding site of AKAP13, and the
mutation of binding site blocked the interaction (Figure 4D).
Which proved that AKAP13 is a direct target of miR-629-5p.
IHC staining of xenografts also revealed that AKAP13 expression
was regulated by miR-629-5p (Figure 4E).
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AKAP13 Is Essential for miR-629-5p
Enhanced Cell Proliferation and
Motility in PCa
Through the detection of AKAP13 protein in prostate related cell
lines, high-level expression in RWPE-1 indicates that it might be
a potential tumor suppressor gene (Figure 5A). In order to
validate whether AKAP13 is the downstream effector of miR-
629-5p in PCa, the expression was downregulated by transfecting
knockdown/knockout lentivirus (Figure 5B). Particularly, in
order to make the effect of gene down-regulation more
A B
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C

FIGURE 1 | Identify and verify miRNA associated with PCa progression by bioinformatics analysis. (A) The differential expression miRNA of clinical samples (102
upregulated/160 downregulated miRNAs related to PCa metastasis, threshold set as |log2(Fold Change)|≥1, P < 0.05). (B) The differential expression miRNA of
TCGA-PRAD database (50 upregulated/13 downregulated miRNAs related to PCa formation, threshold set as |log2(Fold Change)|≥1, P < 0.05). (C) Identify key
miRNAs related to PCa progression by combining clinical samples with TCGA database. (D) miR-629-5p expression increased in primary localized PCa tissues and
metastatic PCa tissues compared with adjacent normal tissues in TCGA. (E) miR-629-5p expression levels was upregulated in 52 paired PCa tissues compared with
that in the matching adjacent normal tissues in TCGA. (F) Correlations between miR-629-5p expression and patients’ BCR status in TCGA. (G) The Kaplan-Meier
survival analysis of BCR-free survival about miR-629-5p expression in TCGA. (H) miR-629-5p expression increased in primary localized PCa tissues and metastatic
PCa tissues compared with normal tissues in GSE21036. (I) Correlations between miR-629-5p expression and patients’ BCR status in GSE21036. (J) The Kaplan-
Meier survival analysis of BCR-free survival about miR-629-5p expression in GSE21036. (K) Real-time PCR analysis of miR-629-5p expression in normal prostate
epithelial cell (RWPE-1) and PCa cells. The data were presented as means ± SD from three biological replicates. nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; Student’s t-test (D, F, H, I, K); paired t-test (E). ANT, adjacent normal tissues; N, normal tissues; PT, primary localized PCa tissues; MT, metastatic
PCa tissues; T, tumor tissues; BCR, biochemical recurrence; HR, hazard ratio.
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obvious, we selected LNCaP and C4-2 cell line as the follow-up
research objects. Subsequently, the increase of cell proliferation
and metastasis ability in different degrees demonstrated the
negative regulation effect of AKAP13 on cell malignant
phenotype (Figures 5C–E). In addition, compared with the
control group, gene knockout can increase the tolerance of
cells to apoptosis induction (Figure 5F). The corresponding
changes of apoptosis-related proteins expression also verified
this finding (Figure 5B).

To further confirm whether miR-629-5p promoted PCa
development through AKAP13, we performed rescue experiment
of AKAP13 knockdown in corresponding cells with stable miRNA
inhibited (Figure6A).As shown inFigures6B,C, after genedouble
knockdown, the proliferation and metastasis ability of PCa cells
partially recovered, the anticancer effect of miR-629-5p inhibitor
could be reversed. Our results suggested that AKAP13 is essential
for miR-629-5p takes effect in PCa progress.
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AKAP13 Expression Is Negatively
Correlated With PCa Malignant Degree
and Correlate With Clinical Outcomes of
PCa Patients
Immunohistochemical staining was performed on enrolled 53
clinical samples. By evaluating and counting the staining results,
we get the number of AKAP13 different expression (-: negative
expression; +: weak expression; ++: moderate expression; +++:
strong expression) in three groups of patients (ANT, PPCa and
MPCa) (Figure 7A). As shown in Table 1, combined with the
clinicopathological characteristics of patients, we found that the
expression level of AKAP13 has a significant correlation with the
patients’ part clinical indicators, such as gleason score (P=0.006)
and distant metastasis (P=0.029). At the same time, by analyzing
the survival data of patients, we found that AKAP13 negative
patients had shorter overall survival time (Figure 7B), which
suggested that AKAP13 expression is negatively correlated with
A B

D E

C

FIGURE 2 | MiR-629-5p facilitates PCa cells proliferation, migration, and invasion in vitro. (A) Stable miR-629-5p overexpression or inhibition PCa cell lines were
established and confirmed by qRT-PCR. (B) Colony formation assays and (C) EdU assays were performed to assess the proliferation ability changes in miR-629-5p
overexpressing or inhibitory cell lines. (D) Transwell assays and (E) Wound-healing assays were performed to assess the invasion and migration ability changes in
miR-629-5p overexpressing or inhibitory cell lines. The data were presented as means ± SD from three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; Student’s t-test.
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PCa malignant degree and could be used as a potential clinical
prognostic indicator. Finally, we verify this result by analyzing
the public database (TCGA-PRAD database and GSE21034
dataset) (Figures 7C–F).
DISCUSSION

Because of the complexity of mechanism, tumor metastasis often
means higher medical expenses and worse quality of life for patients.
Therefore, many researches are devoted to exploring the molecular
mechanism of PCa metastasis. More and more miRNAs have been
Frontiers in Oncology | www.frontiersin.org 711
shown to participate in various tumor processes, including tumor
initiation, progression, andmetastasis. In this research, by combining
clinical samples with public databases, we found a novel miRNA
(miR-629-5p) related to theoccurrence anddevelopmentofPCa, and
proved that its expression is closely associated with the malignant
phenotype of tumor on cell and animal models. On this basis, we
searched for the downstream target gene (AKAP13) of miR-629-5p,
and confirmed that it played biological function through this key
gene. Finally, the potential value of AKAP13 as a tumor suppressor
gene was verified in clinical data.

The miR-629-5p has been reported to play an oncogenic in
many types of cancer. In renal cell carcinoma, Kentaro et al. have
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FIGURE 3 | MiR-629-5p promotes tumor growth in vivo. (A) The subcutaneous xenograft tumor model in nude mice was established, and the representative
appearance of tumor mass resected from each group of mice. (B) Final tumor weights were measured at autopsy on day 28 after subcutaneous injection stable
transfected PCa cells. (C) The tumor growth curves were measured with a calliper at the indicated days after cell injecting. (D) The xenograft tumor tissues were
stained with H&E. (E) KI67 IHC staining was performed in xenograft tumor tissues to assess tumor proliferation. Magnification, ×100. The data were presented as
means ± SD from three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; Student’s t-test.
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proved that miR-629 could promote TGFb/Smad Signaling and
tumor metastatic phenotypes by targeting TRIM33 (21). A recent
study by Li et al. reported that miR-629-5p could increase the
invasiveness of tumor cells while increasing the permeability of
endothelial cells, thereby promoting the invasion of lung
adenocarcinoma (13). Zhu et al. found that miR-629 promotes
the tumorigenesis of non-small-cell lung cancer by targeting
FOXO1 and activating PI3K/AKT pathway (22). In addition, the
study by Cheng et al. showed that the overexpression of miR-
629-5p has immunosuppressive effect on the anti-tumor CD8+ T
cells, which demonstrates its role in promoting cancer from a
new perspective (23). However, it remains unclear whether miR-
629-5p is involved in the regulation of PCa progression. In this
study, we started with clinical data, and a series of functional
Frontiers in Oncology | www.frontiersin.org 812
experiments were preformed, whose results showed that miR-
629-5p facilitated PCa cell malignant phenotype in vitro and
vivo. Overall, these present results suggest that miR-629-5p
works as an oncogene in PCa.

Downstream target genes, such as FOXO3, CXXC, PDCD4,
SFRP2 and LRP6, which are directly affected by miR-629-5p, have
been reported and verified by previous studies (11, 12, 24–26). In
our study, however, a novel target gene of miR-629-5p was
identified in PCa by dual-luciferase reporter assay. The A-Kinase
Anchoring Protein (AKAPs) are a family of multivalent scaffolds
that constrain signaling enzymes and effectors at subcellular
locations to drive essential physiological events (27). Among
them, AKAP4 and AKAP9 have been widely studied as cancer-
promoting factors, while AKAP12 have proved to play the opposite
A
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FIGURE 4 | AKAP13 is a direct function target of miR-629-5p. (A) Identify potential miR-629-5p target genes by four common miRNA prediction tools. (B) The correlations
between miR-629-5p expression and HEG1, AKAP13 and TNRC6B expression in GSE21032. (C) Western blotting was carried out to verify the expression of HEG1
and AKAP13 at protein level in stable transfected PCa cells, merely AKAP13 could be significantly regulated by miR-629-5p, but not HEG1. (D) Left: potential miR-629-5p
binding sites in the 3’UTR of AKAP13 mRNAs. Right: the dual-luciferase reporter assays showed that miR-629-5p overexpression significantly reduced the luciferase
activity of binding site of AKAP13, and the mutation of binding site blocked the interaction. (E) AKAP13 IHC staining was performed in xenograft tumor tissues.
Magnification, ×100. The data were presented as means ± SD from three biological replicates. *P < 0.05; ***P < 0.001; ****P < 0.0001; Student’s t-test. WT, wide type;
MUT, mutant type.
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role (28–30).AKAP13 serves as a scaffoldprotein forPKAandother
transduction enzymes, and functions as a guanine nucleotide
exchange factor for the small molecular weight GTPases RhoA
and RhoC (31). Although it has been shown to be overexpressed in
several cancers including esophageal cancers, breast cancer and
hepatocellular carcinoma (32–34). According to a recent study,
AKAP13 was regarded as a new tumor suppressor in PCa, which
could prevent tumor invasion in collaboration with PTEN (35).
However, its mechanism of action has not been deeply studied. In
the present study, we confirmed this finding by knocking out
Frontiers in Oncology | www.frontiersin.org 913
AKAP13 in PCa cells and observed the phenotypic changes, and
then verified its prognostic value in clinical data.More importantly,
the silence of AKAP13 expression could reverse the tumor
suppressor function of miR-629-5p inhibitor in PCa cells.
Interestingly, we observed that its anti-cancer effect might be
through promoting apoptosis.

To our knowledge, this study is the first research that
provided the comprehensive evaluation of the role of miR-629-
5p in PCa. There are still limitations in our current study that
need to be taken into account. Firstly, we have verified the role of
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FIGURE 5 | AKAP13 expression changes can affect the malignant phenotype of PCa cells. (A) Western blotting analysis of AKAP13 protein expression in RWPE-1
and PCa cells. (B) Stable AKAP13 knockdown or knockout PCa cell lines were established, and the sequence with the highest inhibitory efficiency was verified by
Western blotting. After adding CCCP to stably transfected cell lines to induce apoptosis, the expression of apoptosis-related proteins changed. (C) Colony formation
assays were performed to assess the proliferation ability changes in AKAP13 inhibitory cell lines. (D) Transwell assays and (E)Wound-healing assays were performed to
assess the invasion and migration ability changes in AKAP13 inhibitory cell lines. (F) After adding CCCP to stably AKAP13 knockout cell lines to induce apoptosis, then cell
apoptosis rate was determined by Annexin V-FITC/PI staining. The data were presented as means ± SD from three biological replicates. **P < 0.01; ***P < 0.001; ****P < 0.0001;
Student’s t-test. CCCP, Carbonyl cyanide 3-chlorophenylhydrazone.
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miR-629-5p in promoting tumor growth in animal models, but
its role in promoting metastasis needs to be further confirmed.
Secondly, some of the results in the public database do not
support our conclusions, so it needs to be further verified by
increasing the number of clinical samples. Finally, although it has
Frontiers in Oncology | www.frontiersin.org 1014
been found that AKAP13 may be related to the apoptosis
pathway, the specific mechanism of its function still needs
further study.

In conclusion, our results demonstrated that high miR-629-
5p expression is associated with the increase of malignant degree
A
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C

FIGURE 6 | AKAP13 knockdown rescues the miR-629-5p inhibition-attenuated PCa cell proliferation and motility. (A) AKAP13 was knocked down by the shRNA in
PCa cells with miR-629-5p inhibition, and the transfection efficiency was confirmed by western blotting. (B) Colony formation assays and (C) Transwell assays were
performed to assess the proliferation and invasion abilities of PCa cells transfected with the corresponding vectors. The data were presented as means ± SD from
three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001. Student’s t-test.
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FIGURE 7 | AKAP13 expression is negatively correlated with PCa malignant degree and correlate with clinical outcomes of PCa patients. (A) AKAP13 IHC
staining was performed in clinical adjacent normal tissues (n = 13) and PCa tissue samples (n = 40). Left: representative IHC photographs of ANT and tumor
tissue samples (PPCa, MPCa) were shown as indicated. Right: the composition of AKAP13 different expression degree (-: negative expression; +: weak
expression; ++: moderate expression; +++: strong expression) in each group of tissue samples was counted. (B) The Kaplan-Meier survival analysis of overall
survival of PCa patients with different AKAP13 expression levels. (C) AKAP13 expression decreased in PCa tumor tissues compared with adjacent normal
tissues in TCGA. (D) The Kaplan-Meier survival analysis of BCR-free survival about AKAP13 expression in TCGA. (E) AKAP13 expression decreased in primary
localized PCa tissues and metastatic PCa tissues compared with normal tissues in GSE21034. (F) The Kaplan-Meier survival analysis of BCR-free survival about
AKAP13 expression in GSE21034. Magnification, ×200. The data were presented as means ± SD. nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; Student’s
t-test. ANT, adjacent normal tissues; N, normal tissues; PPCa/PT, primary localized PCa tissues; MPCa/MT, metastatic PCa tissues; T, tumor tissues;
BCR, biochemical recurrence; HR, hazard ratio.
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of PCa, and suggests a worse clinical prognosis. More precisely,
the function of miR-629-5p tumor-promoting effect is realized
by targeting AKAP13, which provides a new idea for clinical
diagnosis and treatment of complex refractory PCa.
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Objectives: Existing prognostic risk assessment strategies for prostate cancer (PCa)
remain unsatisfactory. Similar treatments for patients at the same disease stage can lead
to different survival outcomes. Thus, we aimed to explore a novel immune landscape-
based prognostic predictor and therapeutic target for PCa patients.

Methods: A total of 490 PCa patients from The Cancer Genome Atlas Project (TCGA)
cohort were analyzed to obtain immune landscape-based prognostic features. Then,
analyses at different levels were performed to explore the relevant survival mechanisms,
prognostic predictors, and therapeutic targets. Finally, experimental verification was
performed using a tissue microarray (TMA) from 310 PCa patients. Furthermore, a
nomogram was constructed to provide a quantitative approach for predicting the
prognosis of patients with PCa.

Results: The immune landscape-based risk score (ILBRS) was obtained. Then, VAV1,
which presented a significant positive correlation with Treg infiltration and ILBRS, was
screened and identified to be significantly related to the prognosis of PCa. Finally,
experimental verification confirmed the prognostic value of VAV1 for PCa prognosis at
the protein level.

Conclusions: VAV1 has the potential to be developed as an immune landscape-based
PCa prognostic predictor and therapeutic target and will help improve prognosis by
enabling the selection of individualized, targeted therapy.

Keywords: prognostic predictor, immune infiltration, progression-free survival (PFS), overall survival (OS),
prostate cancer
Abbreviations: ILBRS, immune landscape based risk score; IL-DEGs, immune landscape based DEGs.
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INTRODUCTION

Prostate cancer (PCa) is the most common malignancy of the
male reproductive system. Its incidence ranks second only to
lung cancer among male malignancies worldwide (1). Although
there are some curable therapeutic methods, such as radical
prostatectomy (RP), a high recurrence rate still exists due to the
biological characteristics of malignant tumors, distant
micrometastases, and focal residuals (2). Salvage therapy
performed in the early stage of recurrence can reduce the
distant metastatic rate, prolong survival, and even cure tumors
(3). Therefore, identifying PCa recurrences early greatly reduces
mortality and improves patient prognosis.

In clinical practice, serum prostate-specific antigen (PSA),
Gleason scores (GS), and pathological TNM (pTNM) staging are
commonly used to evaluate recurrence and predict the prognosis
of PCa patients. However, they have some limitations. The rising
serum PSA level after curable treatment, defined as biochemical
recurrence (BCR), is unreliable for predicting PCa patient
prognoses because some benign conditions can mimic BCR
(4). For many men, BCR does not mean that they are at a high
risk of death from PCa (4). GS and pTNM staging are limited by
the subjective nature of their assessment, distant micro-
metastasis, and variations among patients with the same tumor
stage or GS. Recently, immune infiltration has become a rapidly
growing field of research to identify special immune cells and
their relevant molecules for evaluating the prognosis of various
cancers, such as gastric cancer, ovarian cancer, and melanoma
(5–9). Some studies have reported PCa by estimating immune
cell infiltration patterns (5, 9, 10). However, most of these studies
focused on BCR (5, 10), which could limit the prediction power
to identify PCa patients with poorer prognoses (4). These studies
have provided the motivation and goal for further research
exploring credible immune landscape-based prognostic
predictors for patients with a high risk of death from PCa.

Progression-free survival (PFS) events were the recommended
clinical outcome endpoints of The Cancer Genome Atlas Project
(TCGA) database for PCa survival studies (11). It was defined as a
new tumor event or death without new tumor events. Therefore, the
prognostic predictor constructed using the PFS event would present
higher predicted accuracy for identifying patients with an increased
risk of death from PCa than those constructed using BCR. In view of
this, we chose PFS as a clinical outcome endpoint to establish an
immune landscape-based prognostic predictor and therapeutic
target for PCa. By identifying patients with a high risk of death
from PCa at an early stage, our outcomes would help reduce the
mortality of PCa and improve the prognosis of patients.
METHODS

PCa Gene Expression Dataset
The gene expression data [counts and fragments per kilobase per
million (FPKM)] of PCa tissues were downloaded from the TCGA
database. FPKM data were transformed into transcripts per million
(TPM) values following log2 (x + 1) normalization. Count data were
Frontiers in Oncology | www.frontiersin.org 218
used for differentially expressed gene (DEG) analysis. The clinical
data for PFS analysis were downloaded from TCGA Pan-Cancer
Clinical Data Resource (TCGA-CDR) (11). The PFS analysis
integrated TCGA pan-cancer clinical data resources and could
drive high-quality survival outcome analytics. Finally, a total of
490 PCa patients from the TCGA cohort were included in the
present study. Their clinical features are presented in Table 1.
Patients with a PFS event were defined as those who had a new
tumor event after RP, whether it was a progression of the disease,
local recurrence, distant metastasis, new primary tumors at all sites,
or died of cancer without a new tumor event, including cases with a
new tumor event whose type was N/A (11).

Establishment of Immune
Landscape-Based Risk Score
First, the immune score was calculated for each PCa tissue in the
TCGA cohort using ESTIMATE (12). Then, PCa tissue samples
were classified into two groups, the low immune score group and
the high immune score group, according to the optimal cutoff
value determined by X-tile 3.6.1 software (Yale University, New
Haven, CT, USA). DEG analysis between these two groups was
performed using the “EdgeR” package (13) using R software
4.0.5, and genes with |log2 fold change| > 1 and Benjamini–
Hochberg-adjusted p < 0.01 were considered immune landscape-
based DEGs (IL-DEGs). Subsequently, PFS analyses for these IL-
DEGs via univariate Cox regression were performed using the
Kaplan–Meier function in the R software 4.0.5 survival package.
Statistical significance was set at p < 0.05. Finally, stepwise Cox
regression was used to establish the immune landscape-based
risk score (ILBRS) for PFS in patients with PCa. Moreover, a
Kaplan–Meier curve was drawn to assess its predictive ability.

Identification of ILBRS-Relevant Cellular
and Molecular Signatures
For the ILBRS-relevant cellular signature, CIBERSORT (14) was
used to estimate the proportions of 22 immune cell types in each
PCa tissue sample of patients in the TCGA-PRAD cohort. Then,
PFS analysis, t-test, and Pearson correlation analysis were
performed to evaluate the relationship between immune
infiltration and ILBRS. For the ILBRS-relevant molecular
signature, PCa tissue samples were reclassified into low ILBRS
and high ILBRS groups according to the optimal cutoff value of
ILBRS determined by X-tile 3.6.1 software (Yale University, New
Haven, CT, USA) (15). Then, gene set enrichment analysis (GSEA)
was performed between these two groups to identify the
significantly enriched immune-relevant KEGG pathways (normal
p (NP) < 0.01 and false discovery rate (FDR) < 0.05). Finally, single-
sample GSEA (ssGSEA) was performed to estimate the enrichment
score (ES) of KEGG pathways for each PCa tissue sample. Gene set
variation analysis (GSVA), PFS analysis, and Pearson correlation
analyses were performed to identify ILBRS-relevant molecular
mechanisms and therapeutic targets.

Immunohistochemical Analysis
Samples of tissue microarray (TMA) were obtained from patients
with PCa who underwent RP between January 2008 and
November 2021 | Volume 11 | Article 761643
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December 2018 at the Department of Urology of Shanghai Ninth
People’s Hospital, Shanghai Jiaotong University School of
Medicine. All patients were informed of the importance of
follow-up and were regularly followed up. Overall survival was
defined as the time interval between surgery and the last follow-
up (December 31, 2019) or death. Clinical information is shown
in Table S1. All paraffin tissue sections obtained from the TMA
were dewaxed and rehydrated. After antigen retrieval and
blocking with bovine serum albumin (Sango Biotech, Shanghai,
China), the slides were incubated with anti-VAV1 (1:50, Cat.
#HPA001864, Sigma-Aldrich, St. Louis, MO, USA) overnight at
4°C. Then, they were incubated with a goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology, Beverly, MA, USA) for 1 h at 25°C.
DAB solution was used for brown color development.
Quantification of immunohistochemical (IHC) staining was
based on the staining intensity (I score: negative, 0; weak, 1;
moderate, 2; and intense, 3) and the percentage of positively
stained cells (P score: 0%–5%, a score of 0; 6%–35%, a score of 1;
36%–70%, a score of 2; and >70%, a score of 3). The final score
was obtained by using the formula Q score = I score × P score.
Samples with Q scores of ≥ 4 were considered highly expressed,
while those with Q scores < 4 were considered to have low
expression. IHC staining results were independently evaluated by
at least two senior pathologists.

Nomogram Construction and Evaluation
We further used the coefficients of the multivariable Cox
regression model to formulate a nomogram using the “rms”
package (16) in R software 4.0.5. The 5-year calibration curves
were assessed graphically by plotting the observed rates against
the nomogram-predicted probabilities. A concordance index (C-
index) was calculated using a bootstrap method with 1,000
resamples to determine the discrimination of the nomogram.

Statistical Analysis
Statistical analyses were performed using R software (version 4.0.5).
The c2-test was used for risk assessment. Pearson’s correlation
analysis was performed to determine the correlation between the
two variables. PFS analysis via the Kaplan–Meier method was
performed using Log Rank (Mantel–Cox) to evaluate long-term
PFS and Breslow (Generalized Wilcoxon) to evaluate short-term
PFS. Statistical significance was set at p < 0.05.
Frontiers in Oncology | www.frontiersin.org 319
RESULTS

Patients With High Immune Scores Had
a Poorer PFS, Suggesting That Immune
Landscape Affected PCa Prognosis
In this study, three major steps were performed to uncover the
immune landscape-based prognostic signature for PCa:
establishing ILBRS, determining the ILBRS-relevant underlying
survival mechanism, and conducting the experimental
verification of the ILBRS-relevant key molecule. A detailed
strategy is shown in Figure 1. A total of 800 PCa data points
were included in the present study. Expression data of genes were
from the TCGA-PRAD cohort, and those of proteins were
obtained from our cohort.

First, the immune score representing the immune landscape
was calculated for 490 PCa tissues in the TCGA-PRAD cohort by
ESTIMATE. This method used gene expression signatures to
infer the fraction of immune cells and determined the immune
score via ssGSEA (Table S2) (11). Then, X-tile software was used
to choose the best cutoff value to divide these 490 PCa tissues
into high and low immune score groups. As expected, the results
of risk assessment and PFS analysis via the Kaplan–Meier
method showed that patients with high immune scores had a
higher risk for PFS events (c2 = 10.826, p = 0.001, OR = 2.190,
95% CI = (1.364–3.518)) and poorer short-term and long-term
PFS than patients with low immune scores (Log Rank [Mantel–
Cox]: c2 = 10.461, p = 0.001; Breslow (Generalized Wilcoxon):
c2 = 12.199, p < 0.0001; Figure 2A), indicating that immune
score was a risk factor for PFS events and significantly affected
the prognosis of PCa patients.

ILBRS, the Prognostic Signature for PFS
of PCa Patients, Was Obtained
In order to establish the ILBRS to describe the immune
landscape-based prognostic signature for PCa, four major steps
were performed: identification of IL-DEGs, PFS analysis of IL-
DEGs via the Kaplan–Meier method and univariate Cox
regression, establishment of ILBRS via stepwise Cox regression
multivariate analysis, and preliminary evaluation of ILBRS and
the variables in its formula.

Gene expression differences were compared between the
groups with high immune and low immune scores, and 1,907
IL-DEGs were identified. Of these, 934 were coding genes
TABLE 1 | Clinical features for 490 PCa patients from the TCGA cohort.

Clinical features Value

Age Mean +/- standard error (SE): 60.99 +/- 0.309
Gleason score (6/7/8/9/10) 45/244/63/135/3 patients
Distant metastasis 6 patients
Death 4 patients
Death from PCa 2 patients
Patients with PFS event 89 patients
Prior treatment Not mentioned
Radiation therapy (follow-up) 23 patients
Pharmaceutical therapy (follow-up) 23 patients
Radiation therapy (new tumor event) 24 patients
Pharmaceutical therapy (new tumor event) 22 patients
N
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(Figure 2B). After filtering low-abundance genes, the average
expression level was lower than 0.01, and 415 IL-DEGs were
selected for subsequent PFS analyses. The results of PFS analysis
via univariate Cox regression showed that 137 IL-DEGs played a
significant role in predicting PFS in PCa patients (Table S3).
Among them, 135 IL-DEGs were chosen for further stepwise Cox
Frontiers in Oncology | www.frontiersin.org 420
regression multivariate analysis, which was used to screen the
optimal combination and establish ILBRS (two IL-DEGs (ALB
and LCN2) were excluded because of the opposite results of their
DEGs analysis and PFS analysis). The results are presented in
Table 2. ILBRS was established using five IL-DEGs including
RELT TNF receptor (RELT), matrix metallopeptidase 11
FIGURE 1 | The detailed strategy of discovering the immune landscape-based prognostic predictor and therapeutic target for prostate cancer.
November 2021 | Volume 11 | Article 761643
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(MMP11), Rho GTPase activating protein 4 (ARHGAP4),
mitogen-activated protein kinase 1 (MAP4K1), and hyaluronan
and proteoglycan link protein 3 (HAPLN3) (Omnibus test: p <
0.0001). The formula for calculating ILBRS for each patient was
as follows: ILBRS = (2.816 * expression level of RELT) + (1.318 *
expression level of MMP11) + (4.774 * expression level of
Frontiers in Oncology | www.frontiersin.org 521
ARHGAP4) + (0.393 * expression level of MAP4K1) + (0.613 *
expression level of HAPLN3). Preliminary evaluation of ILBRS
and IL-DEGs in its formula was performed. As shown in
Figure 2C, the expression of five IL-DEGs was upregulated
significantly, increasing the immune score. Except for MMP11,
all IL-DEGs and ILBRS exhibited a strong positive correlation
A

B

D

C E

FIGURE 2 | Establishment of immune landscape-based risk score (ILBRS). (A) Kaplan–Meier curves for high and low immune score patient groups in TCGA-PRAD
data. (B) Volcano plot of immune landscape-based DEGs (IL-DEGs). (C) Forest plot of the results of univariate Cox regression analyses of IL-DEGs included in the
ILBRS formula. The square data markers indicate the estimated hazard ratios (HRs). Error bars represent 95% confidence intervals (CIs). “cor” indicates the
coefficient gained through Pearson correlation analysis. (D) Pearson correlation analysis of ILBRS and its variables with immune scores. (E) Kaplan–Meier curves for
high and low ILBRS patient groups in TCGA-PRAD data.
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with the immune score (Figure 2D). Then, the optimal cutoff
value (26.9) chosen by the x-tile software was used to regroup the
490 patients in the TCGA-PRAD cohort into high and low
ILBRS groups. As shown in Figure 2E, the patients with high
ILBRS had poorer short-term and long-term PFS than those with
low ILBRS (Log Rank [Mantel–Cox]: c2 = 44.085, p < 0.0001;
Breslow (Generalized Wilcoxon): c2 = 37.901, p < 0.0001). These
results suggest that ILBRS and the variables in its formula are
robust immune landscape-based prognostic signatures for PFS in
PCa patients.

VAV1, ILBRS-Relevant Predictor and
Therapy Target for PFS of PCa Patients,
Was Identified
The underlying ILBRS-relevant survival mechanisms and
therapeutic targets were further explored at different levels. For
analyses at the cellular level, the proportions of 22 immune cell
types in each PCa tissue sample of patients in the TCGA-PRAD
cohort were estimated by CIBERSORT. The results showed that
21 immune cell types were found in PCa tissues (Table S4).
Naive B-cells, CD8+ T cells, activated CD4+ T cells (memory),
Tregs, eosinophils, and mast cells significantly differed in their
proportions in PCa tissues from patients with high ILBRS and
low ILBRS. Infiltrations of naive B cells (p < 0.0001), CD8+ T cells
(p = 0.002), activated CD4+ T cells (memory) (p = 0.012), and
Tregs (p < 0.0001) in patients with high ILBRS were much higher
than those in patients with low ILBRS, while infiltration of
eosinophils (p = 0.037) and mast cells (resting) (p < 0.0001) in
patients with high ILBRS were less than those in patients with
low ILBRS (Figure 3A). B-cell-naive, CD8+ T-cells, activated
CD4+ T-cells (memory), Tregs, eosinophils, and mast cells were
also significantly correlated with ILBRS based on the results of
Pearson correlation analyses (Table S5). Among them, naive B
cells, CD8+ T-cells, activated CD4+ T-cells (memory), and
eosinophils were shown to be significantly weakly correlated
with ILBRS; Tregs (Figure 3B) and mast cells (resting) presented
significant moderate correlations with ILBRS. Furthermore, the
results of univariate Cox regression and Kaplan–Meier analysis
showed that only Tregs were well predicted for PFS of PCa
patients (Table S5); patients with a high proportion of Tregs had
poorer short-term and long-term PFS than patients with a low
proportion of Tregs (Log Rank [Mantel–Cox]: c2 = 8.092, p =
0.004; Breslow (Generalized Wilcoxon): c2 = 12.079, p = 0.001;
Figure 3C). Above all, we speculated that Treg infiltration could
be a key event in the ILBRS-relevant survival mechanism of PCa.

For analyses at the molecular level, two steps were performed.
First, GSEA analysis was used to explore the ILBRS-relevant
Frontiers in Oncology | www.frontiersin.org 622
molecular mechanisms. The results showed that six immune-
relevant KEGG pathways, including the B cell receptor signaling
pathway, the chemokine signaling pathway, the FC epsilon RI
signaling pathway, FC gamma R-mediated phagocytosis, natural
killer cell-mediated cytotoxicity, and the cytosolic DNA sensing
pathway, were significantly enriched between the high ILBRS
group and the low ILBRS group (Table S6). All of them were
upregulated in the tissues of PCa patients with high ILBRS
(Figure 3D). The KEGG natural killer cell-mediated
cytotoxicity was not included in the subsequent analyses
because there was no difference in activated NK cell infiltration
between the high and low ILBRS groups (Figure 3A). Analyses
were performed based on ssGSEA, GSVA, and PFS to evaluate
the association between the five immune-relevant KEGG
pathways and PFS events. As shown in Figures 3E–G, the ES
of FC gamma R-mediated phagocytosis was significantly
increased not only in patients with PFS events but also in
patients with poorer prognoses (Kaplan–Meier method: Log
Rank (Mantel–Cox) c2 = 8.563, p = 0.003; Breslow
(Generalized Wilcoxon): c2 = 8.275, p = 0.004). Although the
five immune-relevant KEGG pathways were significantly
associated with ILBRS, FC gamma R-mediated phagocytosis
might contribute more to PCa survival.

Furthermore, KEGG and Venn plots were drawn to describe
the possible interconnections among these five immune-relevant
KEGG pathways. As shown in Figures 3H, I, not all of them
were directly connected. Overlapping enrichment genes were
common, which were proposed as the link among these five
immune-relevant KEGG pathways and had the potential to be
developed into ILBRS-relevant prognostic predictors and
therapeutic targets for PCa patients. Therefore, a series of
analyses focusing on overlapping core enrichment genes were
performed. Based on the results of GSEA, 97 core enrichment
genes from five immune-relevant KEGG pathways were selected
for subsequent analyses (Table S7). Univariate Cox regression
analysis revealed that 33 core enrichment genes, none of which
belonged to the cytosolic DNA sensing pathway, were found to
be significantly associated with PFS in PCa patients (Table S8
and Figure 4A). Except for the cytosolic DNA sensing pathway,
three core enrichment genes, including VAV1, PIK3R5, and
PIK3CD, overlapped among four immune-relevant KEGG
pathways (Figure 4B). Among them, VAV1 was identified as
the key molecule involved in the ILBRS-relevant survival
mechanism due to its significant association with an immune
score, ILBRS, Tregs, PFS event, and five immune-relevant KEGG
pathways (Figures 4C–E). In addition, the results of Kaplan–
Meier analysis showed that patients with high VAV1 expression
TABLE 2 | Immune landscape-based DEGs (IL-DEGs) included in the formula of the immune landscape-based risk score (ILBRS).

IL-DEGs B Standard deviation (SD) p-value Coefficient 95% Confidence interval (CI)

Upper limits Lower limits

RELT 1.035 0.340 0.002 2.816 1.445 5.489
MMP11 0.276 0.090 0.002 1.318 1.105 1.573
ARHGAP4 1.563 0.335 0.000 4.774 2.475 9.209
MAP4K1 -0.934 0.283 0.001 0.393 0.226 0.685
HAPLN3 -0.490 0.220 0.026 0.613 0.398 0.944
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had poorer short-term and long-term PFS than those with low
expression of VAV1 (log-rank (Mantel–Cox): c2 = 6.685, p =
0.001; Breslow (Generalized Wilcoxon): c2 = 6.67, p = 0.01;
Figure 4F). Taken together, due to the strong positive correlation
with ILBRS, we proposed that VAV1 could be used instead of
ILBRS. Thus, we demonstrated an economical, convenient, and
suitable prognostic predictor and therapy target for PCa patients.
Frontiers in Oncology | www.frontiersin.org 723
Experimental Verification of VAV1
in PCa TMA
VAV1 is a member of the VAV family of genes. Its coded protein
plays an important role in T-cell and B-cell development and
activation. Therefore, further experimental verification at the
protein level for VAV1 was performed using TMA, including 310
PCa tissue samples. The results showed that a higher expression of
A B

D

C

E

G H I

F

FIGURE 3 | ILBRS-relevant immune cell infiltration and immune-relevant KEGG pathways. (A) The proportions of 22 immune cell types in high and low ILBRS
patient groups in TCGA-PRAD data. (B) Pearson correlation analysis of ILBRS and Tregs infiltration. (C) Kaplan–Meier curves for the PCa tissues from patients with
high and low Tregs infiltration in TCGA-PRAD data. (D) KEGG pathway analyses show a notable pathway of the gene signature. (E) PFS event risk assessment for
the ES of the immune-relevant KEGG pathways. (F) Forest plot of the results of univariate Cox regression analyses of the ES of the immune-relevant KEGG
pathways. The square data markers indicate estimated hazard ratios (HR). The error bars represent 95% CIs. “cor” shows the coefficient gained through Pearson
correlation analysis. (G) Kaplan–Meier curves for the PCa tissues from patients with high and low ES of FC gamma R-mediated phagocytosis in TCGA-PRAD data.
(H) The immune-relevant KEGG pathway network. The red dots represent the six pathways. The gray dots are the intermediate pathways between two of the
immune-relevant KEGG pathways. (I) Venn plot presenting overlapped genes among the immune-relevant KEGG pathways. *p < 0.05; **p < 0.01; ***p < 0.0001.
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VAV1was significantlyassociatedwithGS≥7 (c2=10.419,p=0.001,
OR=2.315,95%CI=(1.382–3.887)),pT3–pT4 (c2=6.281,p=0.012,
OR = 1.996, 95% CI = (1.157–3.444)), lymph node invasion (N1)
(c2 = 8.536, p = 0.003, OR = 11.607, 95% CI = (1.480–91.038)), and
nerve invasion (c2=13.929,p<0.0001,OR=2.446, 95%CI= (1.522–
3.932)) (Figure 5A), indicating that VAV1 expression might affect
cell invasiveness. Furthermore, Kaplan–Meier analysis was
performed, and the results showed that patients with high VAV1
expression had poorer short-term and long-term overall survival
(OS) than those with lowVAV1 expression (log rank (Mantel–Cox):
c2=17.328,p<0.0001;Breslow (GeneralizedWilcoxon):c2=13.227,
p < 0.0001; Figure 5B). Together, these results verified the stability
and reliability of VAV1 for predicting the prognosis of PCa patients,
which further suggested that it may be developed as a potential
therapeutic target for PCa patients with poor prognoses.

In addition, based on multivariate Cox analysis, the 310 samples
were also used to construct a nomogram that integrated VAV1, GS,
and pTNM to predict the probability of 3- and 5-year OS for PCa
Frontiers in Oncology | www.frontiersin.org 824
patients (Figure 5C). The C-index of the predictedmodel was 0.829.
The predictive power of the nomogram model was evaluated and
quantified by measuring the degree of fit between the C-index and
baseline time predicted by the nomogram in the standard curve. As
shown in the calibration curve shown in Figure 5D, the nomogram
model presented well the predicting value of the 5-year OS of
PCa patients.
DISCUSSION

In recent years, the incidence of PCa has increased. Although
there are some curative therapeutic methods, the recurrence rate
remains high. However, salvage at an early stage of recurrence
can improve PCa prognoses. Therefore, the prediction of
recurrence has attracted increasing attention. There are some
prediction methods in clinical practice, such as the serum PSA
test, GS, and pTNM staging, but limitations exist. After curative
A

B

D

C

E F

FIGURE 4 | Identification of VAV1, an ILBRS-relevant predictor and therapy target for PFS of PCa patients. (A) Forest plot of the results of univariate Cox regression
analyses of the core enrichment genes of the immune-relevant KEGG pathways. The square data markers indicate estimated hazard ratios (HR). The error bars
represented 95% CIs. “cor” indicates the coefficient gained through Pearson correlation analysis. (B) The core enrichment genes are associated with PFS of PCa
patients in immune-relevant KEGG pathways. (C) Different expressions of VAV1, PIK3CD, and PIK3R5 between PCa patients with high and low ILBRS, Tregs
infiltration, and immune score, and between PCa patients with and without PFS event. (D) Pearson correlation analyses of VAV1 with Tregs infiltration, ILBRS,
immune score, and the immune-relevant KEGG pathways. (E) Heat map of the immune-relevant KEGG pathways. (F) Kaplan–Meier curves for the PCa tissues from
patients with high and low expression of VAV1 in TCGA-PRAD data. *p < 0.05; **p < 0.01; ***p < 0.0001.
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treatment, BCR is diagnosed when the serum PSA level rises.
However, this does not mean that patients with elevated PSA are
at a high risk of death from PCa in the longer term because BCR
can be mimicked by some benign conditions (4).

In contrast, GS and pTNM staging are deemedmore credible for
prognostic risk assessment. However, they depend on pathological
examinations, are subjected to subjective judgment, and cannot
identify distant micro-metastases. In addition, given the
heterogeneous nature of PCa, patients with the same GS and
pTNM staging may have different prognoses after receiving the
same treatment (17, 18). Thus, a satisfactory prognostic predictor
beyond the current risk assessment system is desired to accurately
identify patients likely to have poor prognoses, followed by better
guide management after curative therapy such as RP (19–21).
Recently, some studies indicated that the role of immune cell
infiltration and their relevant molecules in evaluating the
prognosis of PCa could not be ignored (5, 9, 10). However, the
study by Rui lacked experimental validation at the protein level and
dismissed patients with recurrences caused by focal residual (9); the
studies by Shao (5) and Liu (10) focused on BCR, by which the
constructed predictor models would have limited predictive power
Frontiers in Oncology | www.frontiersin.org 925
to identify PCa patients with poorer prognoses (4). Therefore, in the
present study, we used well-established TCGA-PRAD cohort data
to delineate the immune landscape-based prognostic signature for
PCa patients and explore its relevant underlying survival
mechanism, predictors, and therapeutic targets through analyses
at the cellular and molecular levels. Furthermore, experimental
verification was performed to prove our outcome’s stability and
reliability at the protein level using TMA data from 310
PCa patients.

Immune scores were calculated for each sample in the TCGA-
PRAD cohort, based on which ILBRS was established as the
prognostic signature for PFS in PCa patients. The formula
contained five genes, RELT, MMP11, ARHGAP4, MAP4K1, and
HAPLN3. Except forMMP11, all of them presented a strong positive
correlation with the immune score. To our knowledge, onlyMMP11
and HAPLN3 have been reported as possible diagnostic biomarkers
or prognostic predictors for PCa (22–25). There is no research on the
roles ofARHGAP4 andHAOPLN3 in PCa, but the existing evidence
indicates that their functions in tumor recurrence and metastases
should not be ignored. ARHGAP4 has been reported to play an
important role in regulating cellmigration and invasion inpancreatic
A B

DC

FIGURE 5 | Experimental verification of VAV1 in PCa tissue microarray (TMA). (A) The protein expression and localization of VAV1 in PCa TMA. (B) Kaplan–Meier
curves for the PCa tissues from patients with high and low expression of VAV1 in TMA data. (C) Nomogram integrating VAV1, GS, and pTNM to predict the
probability of 3- and 5-year OS for PCa patients in TMA data. (D) The calibration curve shows that the nomogram model has a better predictive effect on the 5-year
OS of PCa patients in TMA data.
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cancer (26). MAP4K1 could inhibit T cell function and has been
proposed as a promising target for cancer immunotherapy (27, 28).
RELT is a member of the TNFR superfamily and is primarily
expressed in immune cells and lymphoid tissues. Its immunological
function is not well defined, and no relevant study describes its
association with malignancy. However, Choi et al. proposed that
RELTcould act as anegative regulator that controls the early phase of
T-cell activation, probably by promoting T-cell apoptosis (29).
Therefore, we speculated that RELT might play a role in tumor
immunosuppression in PCa. Considered together, ILBSR reflects the
immune features of cellular migration, invasion, and
tumor immunosuppression.

Cellular and molecular analyses were performed to explore the
ILBSR-relevant underlying survival mechanism, prognostic
predictor, and therapeutic target for PCa patients. Tregs are
immunosuppressive cells that play an important role in tumor
immune escape (30). As expected, we noticed that high infiltration
was significantly associated with poor prognosis in PCa patients,
consistent with Liu et al. (10). In addition, five immune-relevant
KEGG pathways and their common core enrichment gene VAV1
were identified. VAV1 is a member of the VAV family of genes.
Previous studies have shown that VAV1 could promote T cell
transformation into Tregs, while Tregs could also indirectly induce
macrophage VAV1 which enhances the efferocytosis of
macrophages, leading to tumor immune escape (31). Our study
found thatVAV1was a key link connecting Tregs and five immune-
relevant KEGG pathways and revealed the features of tumor
invasion and immunosuppression. VAV1 was positively correlated
with immune scores, ILBRS, Treg infiltration, and five immune-
relevant KEGG pathways, and both it and its coded protein
presented significant predictive power for the prognosis of PCa
patients. Moreover, VAV1 was significantly associated with GS,
pathological T staging, lymph node invasion (pathological N
staging), and nerve invasion at the protein level, indicating its
effect on tumor cell invasiveness. Taken together, we propose that
by combining with Tregs, VAV1 might play an important
immunosuppressive role in ILBRS-related survival mechanisms
and could be more economical, convenient, and suitable as a
prognostic predictor and therapy target for PCa patients.

Finally, to provide clinicians with a quantitative approach for
predicting PCa patients’ prognosis, a nomogram that integrated
VAV1, GS, pathological T staging, and pathological N staging
was constructed. The nomogram was more accurate for
predicting short-term and long-term survival in PCa patients
than individual prognostic factors.

Although VAV1 has been reported as a predictor for the
prognosis of some malignancies (32), its role in PCa survival
remains unclear. To our knowledge, our study is the first to
report the feasibility and accuracy of VAV1 for determining PCa
prognosis. Moreover, given the immune landscape, we propose that
VAV1 is the key molecule involved in ILBRS-relevant survival
mechanisms, indicating its potential as an immune therapeutic
target for PCa patients with poor prognoses. However, this study
has several limitations. First, OS is an important clinical outcome
endpoint for survival studies, with the advantage that there is
minimal ambiguity in defining an OS event. At the same time, it
is not recommended for PCa survival studies using the TCGA
Frontiers in Oncology | www.frontiersin.org 1026
cohort, where there are only 10 OS events out of 500 cases (11).
Therefore, in this study using the TCGA database, PFS was chosen
as a substitute for OS to establish ILBRS and identify its relevant key
molecule. Although the results of experimental verification using
our TMA cohort confirmed the predictive power of VAV1 at the
protein level for OS of PCa patients, unpredictable biases may still
exist. Second, the biological mechanisms of VAV1 and Tregs
involved in the survival mechanism of PCa remain elusive.
Further in-depth investigations into their functions should be
performed in the future.

In conclusion, VAV1 was identified as a key molecule
involved in the underlying immune-relevant survival
mechanism in this study. This finding indicates that VAV1
could be an immune landscape-based prognostic predictor and
therapeutic target for PCa patients in the future.
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Development of Siglec-9
Blocking Antibody to Enhance
Anti-Tumor Immunity
Hyeree Choi‡, Michelle Ho‡, Opeyemi S. Adeniji , Leila Giron, Devivasha Bordoloi ,
Abhijeet J. Kulkarni , Alfredo Perales Puchalt , Mohamed Abdel-Mohsen*
and Kar Muthumani*†

Vaccine & Immunotherapy Center, The Wistar Institute, Philadelphia, PA, United States

Sialic acid-binding Immunoglobulin-like lectin-9 (Siglec-9) is a glyco-immune negative
checkpoint expressed on several immune cells. Siglec-9 exerts its inhibitory effects by
binding to sialoglycan ligands expressed on cancer cells, enabling them to evade
immunosurveillance. We developed a panel of human anti-Siglec-9 hybridoma clones
by immunizing mice with Siglec-9-encoding DNA and Siglec-9 protein. The lead
antibodies, with high specificity and functionality against Siglec-9, were identified
through screening of clones. The in vitro cytotoxicity assays showed that our lead
antibody enhances anti-tumor immune activity. Further, in vivo testing utilizing ovarian
cancer humanized mouse model showed a drastic reduction in tumor volume. Together,
we developed novel antibodies that augment anti-tumor immunity through interference
with Siglec-9-mediated immunosuppression.

Keywords: human Siglec 9, NK cell, monoclonal antibodies, ovarian cancer, immunotherapy
INTRODUCTION

Immune checkpoints are conventionally responsible for preventing unregulated immune responses
to ensure limited collateral damage to surrounding cells (1–5). However, cancer cells can engage
these immune checkpoints on immune cells to render them inactive/anergic, ensuring self-survival
and growth (4). Thus, one important approach of cancer immunotherapy is the usage of immune
checkpoint inhibitors [including monoclonal antibodies (mAbs)] with the ability to block the
immuno-regulatory interactions between tumor and immune cells (4, 6, 7).

One emerging class of immune checkpoints is Sialic acid-binding Immunoglobulin-like lectin
(Siglec) receptors, which are single-pass transmembrane I-type lectins present on hematopoietic
cells (5, 8–10). Siglecs are key immunomodulatory receptors expressed by several types of immune
cells, such as eosinophils, neutrophils, macrophages, natural killer (NK) cells, dendritic cells, B cells,
and T lymphocytes (11). Siglecs facilitate activation and inhibition of immune responses through
immunoreceptor tyrosine-based inhibitory motifs by interactions with sialogylcans on cancer cells
(5, 11). The expression of sialoglycans on tumor cells surfaces facilitates tumor survival as well as
growth by preventing recognition during immunosurveillance (12, 13).

Among Siglecs, Siglec-9 is expressed on myeloid cells, NK cells, and a subset of T cells (7, 14–23)
and can bind to sialoglycans (on cancer cells), resulting in inhibiting anti-tumor immune responses
(7, 17, 24). For instance, Siglec-9 expression on NK cells can inhibit anti-tumor immunity (17).
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Siglec-9 is also expressed on a subset of CD8+ T cells in the
tumor microenvironment (7), and its interactions with sialic acid
inhibit CD8+ T cell functionality (7). Finally, Siglec-E (the mice
homolog of Siglec-9) on mice neutrophils and tumor-associated
macrophages promotes cancer cell metastasis, induces apoptosis
of neutrophils, and aids in the formation of a pro-tumorigenic
phenotype of macrophages (25).

Owing to the important immunomodulatory roles of Siglec-9
in the tumor microenvironment, it has gained attention as a
target to achieve enhanced anti-tumor immunity. Siglec-sialic
acid interactions are important immune negative checkpoints
against autoimmunity (26–29), and several Siglec members share
high homology (9). Therefore, the success of targeting Siglec-9 as
a potential immunotherapy approach hinges on the availability
of highly specific antibodies to Siglec-9. In this study, we
generated and characterized monoclonal blocking antibodies
against human Siglec-9 with anti-tumor activities in vitro and
in vivo.
RESULTS

Generation, Expansion, and Binding
Characterization of Human Siglec-9 mAbs
Mice were immunized with human Siglec-9 to generate a
humoral immune response. Spleen from the immunized mice
was harvested and used for the development of hybridomas
expressing anti-human Siglec-9 antibodies. Following the
intramuscular injection of mice with an expression vector
containing DNA for human Siglec-9, a strong humoral
immune response was noted, and antibodies to human Siglec-9
were observed in the sera of all mice. The antibody reaction
became more substantial, and the polyclonal antibody titer
against human Siglec-9 remained high after subsequent
injections. Hybridomas were incubated for 2-3 weeks after
fusion with 2P2/0 mouse myeloma cells. A total of 1152 mAb
clones (hybridoma supernatants) were screened for anti-human
Siglec-9 binding activity by ELISA (data not shown). An
additional flow cytometry-based screening test called IntelliCyt
FACS analysis was performed on the top 50 candidates from the
ELISA screening. Briefly, Siglec-9-GFP overexpressing K562 cells
were stained with primary test hybridoma supernatants followed
by secondary APC-conjugated anti-mouse antibodies and
analyzed by IntelliCyt iQue screener PLUS based FACS
analysis. Gating was done for double-positive cells (GFP+ and
APC+ staining) and top 20 candidates that conferred high hits,
17 intermediate from Intellicyte screenings high % double
positive hybridoma clones (Figure 1A). We again performed
an ELISA assay for the top 20 anti-Siglec 9 mAbs from the
IntelliCyt iQue screener PLUS-based FACS analysis at 1:50
dilution to further confirmed binding (strong binding =
OD>0.6 at 450nM) (Figure 1B). Figure 1C shows tertiary
hybridoma screening for the best ten clones, which were
analyzed by serial dilutions of hybridoma supernatant by
ELISA with recombinant human Siglec 9 protein. We included
negative and positive control wells to confirm the results of
Frontiers in Oncology | www.frontiersin.org 229
primary and secondary screening and rule out the cross-
reactivity and specificity. A high level of binding was achieved
for the 8A1E9 clone, and we expanded further characterization
of this clone. Based on this analysis of high binding capacity to
human siglec-9, the selected 8A1E9 clone was moved onto the
large-scale amplification/expansion for further characterization.

Recombinant Antibody Expression in
HEK293 Cells and Functional
Characterization
We adopted the HEK293 mammalian cell line grown at high
densities in suspension and was used for recombinant antibody
expression. The antibody cloning method represents a simple
two-step protocol with complete design flexibility. Antibody
sequence (VH and VL) encoding clone 8A1E9 nucleotide
sequences were optimized for humans and then was cloned
into optimized human IgG1 and then constructed in
pCDNA3.4 expression vector for recombinant production. The
purity and apparent molecular weight of purified antibodies were
assessed by SDS-PAGE analysis. The molecular sizes
corresponding to the heavy chains (HC) (50-60 kDa) and light
chains (LC) (25 kDa) suggested that the secreted antibodies are
properly folded (Figure 2A). Figure 2B depicts recombinant
expressed antibody (clone-8A1E9) binding to recombinant
human Siglec-9 protein as measured by ELISA. Further, ELISA
analysis was carried out to determine the specificity of
recombinant anti-Siglec-9 against recombinant human Siglec-3,
Siglec-7, and Siglec-9 antigens. Anti-Siglec 9 only exhibited
significant binding and showed specificity to recombinant
human Siglec-9 protein, whereas no binding was detected with
recombinant Siglec-3 or Siglec-7 proteins (Figure 2C).

Next, we assessed the functional characteristics of the
recombinantly expressed anti-Siglec-9 (8A1E9) antibody.
Indirect ELISA was used to determine potential epitope(s) for
anti-Siglec-9 antibody binding. In this assay, 20-mer peptides
were generated against human Siglec 9 protein, and
commercially available anti-Siglec-9 antibody was used as
antigens to identify the epitope. Data from the analysis show
that the recombinantly expressed antibody (clone-8A1E9) binds
strongly to peptide # 5 and moderately to peptide # 7
(Figure 2D). No overlap between epitopes for the antibody
(clone-8A1E9) and commercial anti-human Siglec-9 antibody
was observed.

Anti-Siglec-9 Antibody Enhances Human
NK Degranulation
To evaluate the effects of the anti-Siglec-9 (clone -8A1E9) on NK
cell degranulation, Siglec-9 ligands expression on the tumor cell
lines were used in the study was tested to mitigate the validity of
the specificity of anti-Siglec-9 mAb generated. Therefore, cell
surface Siglec-9 ligand expression was characterized on ovarian
cancer cell line SKOV3 and human leukemia cell line K562 cells.
SKOV3 or K562 cells were incubated with varying amounts of
recombinant human Siglec-9 Fc protein. The binding of Siglec-9
Fc to cells was measured using an anti-human Fc fluorescent
secondary antibody (Figure 3A). Removing these ligands using
November 2021 | Volume 11 | Article 778989
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sialidase (Figure 3B) enhances PBMCs-mediated Cytotoxicity
against these cells (Figure 3C).

We then examined the effects of anti-Siglec 9 antibody
(8A1E9 clone) on NK cytotoxicity against K562 cells. K562
cells were incubated with primary NK cells in the presence of
anti-Siglec 9 antibody or control IgG. Following incubation, NK
cells were stained with antibodies against CD16, CD56, and
CD107a and evaluated by flow cytometry. The expression of
CD107a corresponds to the degree of degranulation of NK cells.
The plot of % CD107a+ vs. effector: target (NK cells: K562 tumor
cells ratio, where NK cells were fixed at 200,000 cells, shows that
the anti-Siglec 9 antibody (8A1E9 clone) induced higher
degranulation of NK cells compared to control IgG (Figure 3D).

Anti-Siglec-9 Monoclonal Antibody
Enhances Human PBMCs Toxicity
Towards Cancer Cells
To test for the 8A1E9 antibody’s ability to enhance immune
cytotoxicity, PBMCs were co-cultured with K562 cells, with and
Frontiers in Oncology | www.frontiersin.org 330
without anti-Siglec-9 antibodies (at 100:1 effector: target ratio).
In the presence of anti-Siglec-9 antibody, % cytotoxicity was
increased, as measured by the amount of LDH released from
these cells (normalized to the background as described in the
methods section), suggesting the involvement of Siglec-9
antibodies in the restoration of immune functions against
cancer cells (Figure 3E).

Anti-Siglec-9 Antibody Reduces Tumor
Volume in a Humanized Mouse Model of
Ovarian Cancer
Wild-type mice do not express human immune cells. Hu-mice is
a humanized mouse model that harbors functional human
immune cells that respond to tumor challenges (30). Hu-mice
were reconstituted from immunodeficient NSG (NOD.Cg-
Prkdcscid IL2rgtm1 Wjl/SzJ) mice with HLA-A allele matched
CD34+ hematopoietic cells and thymic cells (placed under renal
capsule) and customized cytokine cocktails delivered by DNA
(30). The reconstituted hu-mice showed strong repopulation of a
A

B

C

FIGURE 1 | Generation of monoclonal antibodies against human Siglec-9. (A)Mice were first immunized with human Siglec-9 DNA (2x), then boosted with recombinant human
Siglec-9 protein to generate a humoral immune response and tested for antibody levels. Spleens from the mice were harvested, fused with 2P2/0 mouse Myeloma cells.
Developed hybridomas were exhibiting anti-human Siglec-9 expression confirmed by ELISA and IntelliCyt FACS assay. Analysis of top 50 candidates: flow cytometry-based
screening to evaluate anti-human Siglec-9 binding; Siglec-9 overexpressing K562 cells were first stained with hybridoma supernatants primary test and subsequently with APC-
conjugated anti-mouse secondary antibodies followed by analysis using Intellicyt iQue screener PLUS system. GFP+ and APC+ cells were gated using IntelliCyt iQue screened
PLUS system, where high % double-positive cells were identified. (B) Binding ELISA of top 20 GFP+ and APC+%double positive anti-human Siglec-9 mAb candidates by
ELISA. Recombinant human Siglec-9 protein was used in ELISA to assess the antigen-specific binding. (C) Screening and titration of serially diluted mAb candidates.
Recombinant human Siglec-9 protein was used as a coating antigen for binding ELISA. The positive control shows responses, and the negative control (recombinant HIV-1
gp120 protein) shows no response with anti-human Siglec 9 hybridomas. Each point represents the OD value with the mean ± standard deviation from three determinations.
November 2021 | Volume 11 | Article 778989
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diverse human immune repertoire (Figures 4A, B). To test in
vivo the efficacy of the anti-Siglec-9 8A1E9 antibody, we
implanted SKOV3 ovarian cancer cells (a cell line expressing
high levels of Siglec-9 ligands; Figure 3A) subcutaneously in 2
groups of hu-mice. Seven days post tumor implantation; we
treated one group with 100µg of 8A1E9 antibody and the other
group with control antibody on days 7 and 14. Siglec-9 blockade
by 8A1E9 was able to significantly reduce tumor burden in this
hu-mice (Figure 4C).
DISCUSSION

Siglec-9 (expressed on the surface of several immune cells) can
bind to its sialic acid-containing ligands (overexpressed on
cancer cells). This binding exerts a negative signaling cascade
that eventually inhibits the functions of these immune cells.
Notably, the Siglec-9-mediated inhibition of immune functions
Frontiers in Oncology | www.frontiersin.org 431
is MHC-independent; therefore, cancer cells can utilize this
mechanism to evade host immune surveillance (31). Indeed,
emerging evidence suggests that Siglec-9 is an important glyco-
immune negative checkpoint that can be targeted to enhance
immune functions against cancer and virally infected cells (5, 20,
22, 24). However, the success of such an approach hinges on the
availability of specific monoclonal antibodies that can block
Siglec-9 and induce immune functions. In this short report, we
developed such an efficient antibody and tested it in vitro and
in vivo.

Siglec-9 shares around 84% sequence homology with Siglec-7
(21). However, our lead antibody showed no binding to Siglec-7
(or to Siglec-3) and a high binding to Siglec-9. This data suggest
that our novel antibody can be used, in the future, to selectively
target Siglec-9 without impacting the functions of other Siglecs.
This is important as many of these Siglec interactions are
important against autoimmunity (26–29). This high selectivity
of our lead antibody was coupled with its ability to significantly
A B D

C

FIGURE 2 | Characterization of recombinantly expressed human Siglec-9. (A) Western blot analysis of recombinantly expressed anti-Siglec-9. Recombinant
antibodies are expressed monoclonal antibodies that are generated in vitro using synthetic genes. The purified recombinant antibody was analyzed by SDS-PAGE,
Western blot analysis to determine the molecular weight and purity under non-reducing (lane 3) and reducing conditions (lane 2) alongside isotype control human
IgG1, Kappa antibody (lane 1). Reducing and non-reducing loading buffer was added to protein sample respectively, and the final concentration of protein was 0.5
mg/ml. HC, Heavy Chain; LC, Light Chain. (B) Siglec-9 antigen binding of recombinantly expressed Siglec-9 antibodies was measured by ELISA. Assay plates were
coated with recombinant Siglec-9, and recombinantly expressed mAbs were used. The binding was determined by ELISA. (C) Recombinantly expressed monoclonal
antibodies were tested by ELISA to determine the binding specificity of anti-hSiglec-9. Assay plates were coated with recombinant human Siglec 3, 7, and 9 and
then probed with recombinantly expressed anti-hSiglec-9 as well commercial antibodies (labeled as C) against each other to test immune cross reactivity. Anti-
hSiglec-9 showed binding specificity to only recombinant hSiglec-9 and did not exhibit any binding to hSiglec-3 or hSiglec-7. (D) To determine potential epitope(s)
regions for anti-Siglec-9 antibody binding, an indirect ELISA was performed. Peptide-based ELISA was performed using 100 mL/well of peptide at 2 mg/mL. ELISA
plates were coated with 20mer peptides of human Siglec 9 protein as indicated, and recombinant anti-Siglec 9 and commercial antibodies samples were diluted
1:50 and analysed by ELISA as indicated in the Materials and Methods. Data are mean ± SDs for three wells (representative of two independent experiments).
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enhance immune functions against cancer cells in vitro as well as
to reduce ovarian cancer progression in vivo in a humanized
mouse model. Together, these data suggest that this antibody
represents a promising opportunity to target Siglec-9
interactions in a selective and efficient manner.

Siglec-9 is expressed on myeloid cells, NK cells, and a subset
of T cells (7, 14–23). It will be important, in future studies, to
examine the contribution of each of these cell types in our
observed in vivo anti-tumor effects. This can be achieved by
depleting each of these cell types before the cancer challenge.
Also, it will be important to determine the potentially additive
effect of combining these antibodies with other cancer
therapeutic approaches. Finally, in addition to Ovarian cancer,
Siglec-9 interactions have been described to be important for the
progression of Melanoma (7) and Pancreatic cancer (20). Beyond
cancer, these interactions have also been shown to play a role in
Frontiers in Oncology | www.frontiersin.org 532
modulating viral infections (22). Testing our lead antibodies in
other cancer models and models of infectious diseases should be
the subject of future studies.

In summary, we used a novel approach to create a
DNA plasmid that encodes the Siglec-9 antibody sequence
with the codon and mRNA optimized for improved selectivity
and in vivo expression. Immunological and molecular
characterization assays were used to down select clones with
the highest affinity for Siglec-9 using recombinant Siglec-9
protein. Binding ELISAs and Western blot showed Siglec-9
mAb clone to bind to only Siglec-9 protein. We have also
tested our Siglec-9 antibody’s ability to enhance anti-tumor
functions in vitro and its ability to generate anti-tumor
immunity in tumor-bearing mice. Indeed, anti-Siglec-9
antibodies reduced tumor burden in vivo. The findings
observed from this investigation support the importance of this
A B

D

C

E

FIGURE 3 | Anti-Siglec-9 mAb is functional and enhances anti-tumor immune activities in vitro. (A) Cell surface Siglec-9 ligand expression on K562 and SKOV3
cells. An equal number of indicated cells were incubated with varying amounts of recombinant human Siglec-9 Fc protein. The binding of Siglec-9-Fc to cells was
measured using PE anti-human Fc fluorescent secondary antibody. (B) K562 cells were treated with 200nM or 500nM sialidase for 1 h at 37˚C and then were
incubated with 1µg recombinant human Siglec-9 Fc protein. The binding of Siglec-9 Fc to cells was revealed using PE anti-human Fc fluorescent secondary
antibody. (C) K562 (desialylated or not) cells were co-incubated with PBMCs from a healthy donor at different effector to target ratios. Cytotoxicity was determined
by the LDH assay. (D) Measurement of NK cells activity against K562 target tumor cells with and with anti-Siglec-9 recombinant mAb (8A1E9 clone). Effectors are
NK cells fixed at 200,000 cells. (E) Evaluation of antibody-dependent cell cytotoxicity using lactate dehydrogenase (LDH) measurement. The cytolytic activity of
human Peripheral Blood Monolayer Cells (PBMCs) against K562 (NK-sensitive tumor cells) targets in the presence of anti-siglec-9 antibodies (1:10 dilution).
Cytotoxicity was determined by measuring the amount of endogenous lactate dehydrogenase (LDH) released into the media. The assay was performed at ~100:1
effector-to-target ratio per well; triplicate. PBMC+K562 is the baseline cytotoxicity with no antibody. * = p<0.05, ** = p<0.01, and *** = p<0.001.
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novel Siglec-9 immune-checkpoint and the potential for
targeting it as effective cancer immunotherapy.
MATERIAL AND METHODS

Cell Culture
Cell lines K562, A549, SKOV3, HEK293, and Phoenix AMPHO
were used. Phoenix AMPHO, A549, HEK293, and SKOV3 were
maintained in Dulbecco’s Modification of Eagle’s Medium
(DMEM) (Corning Cellgro) with 4.5g/L glucose, L-glutamine,
sodium pyruvate, supplemented with 10% heat-inactivated FBS
(Atlas Biologicals). K562 cells were maintained in RPMI 1640
Medium (ThermoFisher) supplemented with 10% heat-
inactivated FBS. All cell types were maintained at 37°C in
humidified 95% air and 5% CO2 atmosphere. All cell lines
were mycoplasma negative. Primary PBMC and NK cells,
isolated from healthy donors, were purchased from the Human
Immunology Core at the University of Pennsylvania. All primary
cells were collected under a protocol approved by a University
Frontiers in Oncology | www.frontiersin.org 633
Institutional Review Board, and written informed consent was
obtained from each healthy, normal donor.
MOUSE IMMUNIZATION, HYBRIDOMA
GENERATION, AND DNA-ENCODED
mAb GENERATION

Female BALB/c mice (5-7 weeks of age) were purchased from the
Jackson Laboratory. Animals were housed under a pathogen-free
barrier facility in accordance with NIH guidelines. All animal
procedures were approved by the Institutional Animal Care
and Use Committee at The Wistar Institute (protocol #112763).
The mice were immunized intramuscularly (hind limbs) three times
at 2-week intervals (in weeks 0, 2 and 4) with 50mg (50ml in saline) of
plasmid encoding human Siglec-9 and adjuvant was mixed 1:1
(volume/volume) with CFA (Sigma-Aldrich) or IFA (Sigma-
Aldrich) in a total volume of 100ml mixed by syringe. The animals
then received two booster injections at two-week intervals, the first
booster containing Siglec-9DNAof identicalmethod and the second
A

B C

FIGURE 4 | Anti-Siglec-9 mAb reduces tumor volume in vivo in a humanized mouse model of ovarian cancer. (A) Dot plots showing selected windows and gating
strategy as applied to the identification of major immune cell populations in the hu-mice. Percentage represents the means of values obtained in 2 independent
experiments. (B) Representative flow cytometry histograms of FACS analysis immune cell populations in the hu-Mice. Each marker was tested on at least three
independent experiments and created from a batch of 27 mice; hCD45+ show n=25 dots, CD20 show n=27 dots, CD56 show n=27 dots. Data were calculated as
average % of expressing cell ± SD. All panels are representative of 3 independent experiments. (C) Effects of anti-human Siglec-9 antibody on tumor growth in hu-
mice. On day 0, humanized mice (n=5) were injected with 5x105 SKOV3 cells. 100µg of anti-hSiglec-9 antibody or control IgG was administered to each mouse on
days 7 and 14. Tumor volume was measured on days 3, 12, 19, 24, and 33. After tumors became detectable, tumor masses were measured with a manual caliper,
and tumor volumes were calculated, approximating the tumor mass to a sphere, according to the following equation: tumor volume = ½ (length x width2).
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booster containing 50mg of purified human Siglec-9 recombinant
protein. Three days after the protein boost, mice were sacrificed.
Their spleens were removed and fused with SP2/0 mouse myeloma
cells using the HY Hybridoma Cloning Kit according to the
manufacturer’s protocol using method A (Stem Cell Technologies).
Hybridomas of 1152 mAb candidates were generated and screened
using the ELISA method (> 0.6 O.D. 450nm in a binding assay as
described below), then top 50 hits were selected for further screening
using IntelliCyt-FACS analysis as described below. After
characterization and sequencing the best clones, recombinant
antibodies heavy and light chain sequences were assembled into
the human IgG1 framework and cloned into pcDNA3.4 antibody
expression vectors, as previously described (32). Plasmids were then
transfected into Expi293F cells using the Expifectamine 293
Expression Kit (Thermo Fisher Scientific), and recombinant Abs
have purified with protein A agarose (Invitrogen) (32).
ENZYME-LINKED IMMUNOSORBENT
ASSAY FOR HYBRIDOMAS SCREENING

ELISA was carried out using 96-well MaxiSorp plates (Nunc)
(Thermo Fisher Scientific) coated with 1µg/mL of recombinant
hSiglec-9, hSiglec 7, or hSiglec 3 proteins (R&D Systems) in PBS and
incubated overnight at 4°C. For the binding characterization ELISA,
anti-Siglec 3 (Mouse IgG1 Clone # 6C5/2), anti-Siglec 7 (Mouse
IgG2B Clone # 194212), and anti-Sigelc 9 (Mouse IgG2A Clone #
191240) were acquired from R& D systems and used as described
below. Following incubation, plates were washed with PBS-T (PBS
with 0.05% Tween 20) and blocked using PBS containing 10% FBS
for 1 hour at room temperature (RT). Subsequently, the plates were
washed with PBS-T and incubated with hybridoma, serially diluted
in PBS with 1% FBS and 0.1% Tween 20 for 30 minutes on a shaker
and 90 minutes at room temperature. After another wash, the plates
were treated with goat-anti-mouse IgG H+L conjugated to Horse
Radish Peroxidase (Bethyl Laboratories) at a dilution of 1:10000 for
1 hour at room temperature. After post-final wash, the plates were
developed with SigmaFast OPD substrate (Sigma-Aldrich) for 5-
10 min in the dark, and the reaction was stopped using 1N H2SO4.
The plates were read using a Synergy2 plate reader (BioTek
Instruments) at an optical density of 450nm (32).

For the avidity test, an in-house avidity assay was standardized
using a commercial ELISA kit for detecting specific IgG antibodies
modified to incorporate an elution step with urea to remove low-
avidity antibodies from the target antigen. For the assay, 100µl of
each diluted serum was added to wells of polystyrene plates coated
with human Siglec-9 protein. All serum samples were run twice in
duplicate, as described before (32).
PRODUCTION OF SIGLEC-9-GFP
OVEREXPRESSING K562 STABLE
CELL LINES

Human Siglec-9 was encoded in DNA using synthetic
oligonucleotides. The final sequence was cloned into a
Frontiers in Oncology | www.frontiersin.org 734
mammalian expression vector (pBMN-I-GFP) followed by
subsequent large-scale production (Genscript, Piscataway, NJ).
Phoenix AMPHO cells cultured in a T-182 flask (Fisher) were
allowed to attain 60-80% confluency and transfected with DNA
using GeneJammer Transfection Reagent (Agilent Technologies)
as per manufacturer’s instructions. To the transfection mixture
consisting of serum-free DMEM and GeneJammer reagent
(Agilent Technologies), 10mg of the plasmid (pBMN-I-GFP-
hSiglec-9) was added and incubated for 30 minutes at room
temperature. The transfection mixture was then added to
cultured Phoenix AMPHO cells and incubated for 24-72 hours
at standard growth conditions. Successful transfection was
confirmed using fluorescence microscopy for the expression of
GFP. The culture media-rich with lentivirus was collected 72
hours following transfection and stored at -80°C for further use
(33). For cell transduction, six-well plates were coated with 10µg/
mL of RetroNectin reagent (Takara Bio) and incubated overnight
at 4°C. The coated plates were washed with PBS-T and blocked
for 2 hours using PBS with 10% FBS at RT. Following another
wash, 1mL of generated lentivirus was added to the coated wells
and centrifuged for 120 min at 2000g. The supernatant from the
wells was discarded, and 1 million K562 cells were added to the
wells. The plates were again centrifuged for 10 minutes at
1500rpm and incubated at standard growth conditions.
Successful transduction into Sigle-9-GFP overexpressing K562
cells was confirmed using fluorescence microscopy for GFP
expression; cells were pooled and cultured at appropriate
growth conditions for further analysis (33).
HYBRIDOMA SCREENING USING
INTELLICYTE FACS ANALYSIS

1x105 of Siglec-9-GFP-overexpressing K562 cells co-cultured
with an equal number of K562 cells in 96 healthy U-bottom
plates (Fisher brand). These cells were probed with antibodies
(Siglec-9 hybridoma supernatants) from clones designated
positive from screening ELISA. Rat-anti-mouse IgG antibody
conjugated with APC (BioLegend) at 1:200 dilution was added
and incubated for 30 min at 4°C. Following incubation and
washing with PBS and 1% FBS, cells were analyzed using the
Intellicyt iQue screener PLUS system to identify double-positive
cells (GFP and APC). Cells and beads were gated on a dot plot of
side-scattered versus forward-scattered light intensity (33, 34).
CLONING AND EXPRESSION OF A
VECTOR SYSTEM FOR RECOMBINANT
ANTIBODY EXPRESSION IN
HEK293 CELLS

We adopted the HEK293 mammalian cell line, grown at high
densities in suspension, for the recombinant antibody
expression. The antibody cloning method represents a simple
two-step protocol with complete design flexibility. Sequence
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analysis was performed, and a recombinant anti-Siglec-9 mAb
plasmid was constructed. Variable- or constant-region domains
for human IgG1 designed within the pcDNA3.4 antibody
expression cassette develop a large-scale antibody production
for subsequent use in cell culture and animal model studies.
WESTERN BLOT ANALYSIS

Human recombinant Siglec-9, Siglec-3, and Siglec-7 proteins (R&D
Systems) were reduced using NuPAGE Sample Reducing Agent
(10x) (Thermo Fisher Scientific) and heated at 70°C for 10min, then
loaded onto sample lanes with Odyssey Protein Molecule Weight
(LI-COR). The gel electrophoresis was carried out using sodium
dodecyl sulfate-12% polyacrylamide gel for 50 min at 200V.
Following electrophoresis, samples were transferred onto
polyvinylidene fluoride (PVDF) membranes via an iBlot-2 system
(Thermo Fisher Scientific) and blocked using Odyssey Blocking
Buffer (35) (LI-COR) for 1-2 hours on a rocker. Membranes were
treatedwith antibody culture supernatant (1:500) inOBB containing
0.1% Tween 20 overnight at 4°C. Following incubation, the
membranes were washed four times at 5 min intervals with PBS-
T. Subsequently, washed membranes were treated with goat anti-
mouse secondary antibody (IRDye 800 CW) in OBB containing
0.1% Tween 20 and 0.01% SDS at a dilution of 1:10000 and
incubated for 60 minutes in the dark on the rocker at room
temperature. Following incubation, the membranes were rewashed
four times and scanned using Odyssey CLx Imager (LI-COR).
ANTIBODY PEPTIDE MAPPING

Human Siglec-9 derived 20-mer peptides (GenScript) were
coated on 96-well MaxiSorp plates (Nunc) (Thermo Fisher
Scientific) at a concentration of 1µg/mL and incubated
overnight at 4°C. After four washes with PBS-T, the plates
were blocked using 10% FBS containing PBS for 2 hours at
room temperature. 100µL of anti-Siglec 9 or anti-Sigelc 9 (Mouse
IgG2A Clone # 191240) at 1µg/mL were added to the washed
plates, and this setup was incubated for 2 hours at room
temperature. Post incubation and washing, 100 µL of Goat-
anti-mouse antibody conjugated with Horse Radish Peroxidase
(Bethyl Laboratories) at a dilution of 1:10000 were added and
incubated for 60 min at room temperature. After a final series of
washing, plates were developed using SigmaFast OPD substrate
(Sigma-Aldrich) for 15 min in the dark, and the reaction was
stopped using 1N H2SO4. Finally, the plates were read using a
Synergy2 plate reader (BioTek Instruments) at an optical density
of 450nm. Each clone was screened in duplicate.
EVALUATION OF NK CELL
DEGRANULATION

NK cells (effector) and K562 cells (target) at multiple effector:
target ratios (ranging from 1:10, 1:5, 1:1, 1:0.5, and 1:0.1) were
co-cultured. The number of effector cells was fixed at 2x105 cells
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per well. 10µg/mL of anti-Siglec-9 mAb was added to wells
consisting of co-cultured cells, and plates were incubated for
20 hours at 37°C. Post incubation and wash, cells were stained for
markers CD16 using APC Mouse Anti-human antibody (BD
biosciences), CD56 using PE anti-human antibody (Bio Legend),
and CD107a (a marker for NK cell activity derived from
peripheral blood) using AF700 Mouse Anti-human CD107a
antibody (BD Biosciences) and analyzed by Flow Cytometry
using LSRII flow cytometer (BD Biosciences) (36). The analysis
was done using FlowJo software (Tree Star).
EVALUATION OF PBMCs CYTOTOXICITY
USING LACTATE DEHYDROGENASE
MEASUREMENT

The cytolytic activity of human Peripheral Blood Monolayer
Cells (PBMCs) against K562 targets was determined using the
LDH method. The setup involved co-incubation of human
PBMCs and K562 cells at an effector to target ratio of 100:1
with or without Siglec-9 mAb (1:10 dilution) for 4 hours at 37°C.
Quantification of the release of endogenous LDH into the media
was used as a measure for cytolytic activity. The assay was
performed in triplicate, wherein PBMC+K562 is the baseline
cytotoxicity with no antibody (37). The following formula
was applied for calculating Cytotoxicity in this assay: %
Cytotoxicity = Experimental value-Effector cell spontaneous
control-Target cell spontaneous control divided by target cell
maximum control-Target cell spontaneous Control.
DETECTION OF CELL SURFACE SIGLEC-9
LIGANDS

2 x 105 cells were resuspended in 100µl PBS supplemented with
0.5% bovine serum albumin 0.1% sodium azide. Different
amounts (beginning at 1 µg) of recombinant human Siglec-9-
Fc (R&D Systems) were added and incubated for 1 h at room
temperature. Following incubation, cells were washed twice and
incubated with PE Fc-specific goat anti-human IgG
(eBiosceince); 1:250 dilution, for 20 min at room temperature.
Cells were further washed, fixed (BD Cytofix/Cytoperm), and
acquired by flow cytometry (LSR II, BD). Flow cytometry data
were analyzed using FlowJo software.
SIGLEC-9 LIGAND DETECTION AFTER
DESIALYLATING CELLS

5 x 105 cells were resuspended in 100 µl PBS supplemented with
0.5% bovine serum albumin 0.1% sodium azide. Sialidase (200nM
or 500nM) was added and incubated for 1 h at 37°C. To remove
residual sialidase, cells were washed twice by centrifugation 400g
for 5 min. Next, cells were evaluated for cell surface Siglec-9 ligand
content following protocol to detect cell surface siglec-9 ligands as
described. Desialylated cells were also used in LDH cytotoxicity
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assays, as described above. Sialidase was prepared in-house using
Vibrio cholerae nanH gene cloned into pCVD364 vector, which
was generously provided to us by Dr. Eric R. Vimr at the
University of Illinois Urbana (38).
OVARIAN CANCER TUMOR CHALLENGE
IN NSG AND HU-MICE MICE

For our in vivo examination of the potency of our blocking
antibodies, we used a recently developed advanced humanized
mice (hu-mice) model (30). This model harbors functional human
immune cells that respond to tumor challenges (30).
Immunodeficient NSG (NOD.Cg-Prkdcscid IL2rgtm1 Wjl/SzJ)
mice were used to generate hu-mice by injecting CD34+

hematopoietic cells (i.v.) and autologous thymus (placed under
renal capsule) and sequential delivery of cytokines as described
before (30). Hu-mice (n=5) were then injected subcutaneously
with 5x105 cells of SKOV3 on day 0. Anti-human Siglec-9 (100µg)
or control IgG was administered to each mouse on days 7 and 14.
Tumor dimensions were measured by manual caliper on days 3,
12, 19, 24, and 33 following tumor injection. Tumor volume was
calculated using the formula [tumor volume = ½ (length x
width2)] (39). All mice were maintained inappropriate
environmental conditions. All animal protocols were approved
by Wistar Institutional Animal Care and Use Committee.
STATISTICAL ANALYSIS

Differences between the means of experimental groups were
calculated using two-tailed unpaired t-tests. Error bars
represent the standard error of the mean. Survival rates were
compared using the log-rank test. All statistical analyses were
done using Graph Pad Prism 8. p < 0.05 was considered
statistically significant.
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Purpose: To investigate the diagnostic performance of using quantitative assessment
with multiparametric MRI (mpMRI) for prediction of extraprostatic extension (EPE) in
patients with prostate cancer (PCa).

Methods: We performed a computerized search of MEDLINE, Embase, Cochrane
Library, Web of Science, and Google Scholar from inception until July 31, 2021.
Summary estimates of sensitivity and specificity were pooled with the bivariate model,
and quality assessment of included studies was performed with the Quality Assessment of
Diagnostic Accuracy Studies-2. We plotted forest plots to graphically present the results.
Multiple subgroup analyses and meta-regression were performed to explore the variate
clinical settings and heterogeneity.

Results: A total of 23 studies with 3,931 participants were included. The pooled
sensitivity and specificity for length of capsular contact (LCC) were 0.79 (95% CI 0.75–
0.83) and 0.77 (95% CI 0.73–0.80), for apparent diffusion coefficient (ADC) were 0.71
(95% CI 0.50–0.86) and 0.71 (95% CI 059–0.81), for tumor size were 0.62 (95% CI 0.57–
0.67) and 0.75 (95% CI 0.67–0.82), and for tumor volume were 0.77 (95% CI 0.68–0.84)
and 0.72 (95% CI 0.56–0.83), respectively. Substantial heterogeneity was presented
among included studies, and meta-regression showed that publication year (≤2017
vs. >2017) was the significant factor in studies using LCC as the quantitative
assessment (P=0.02).

Conclusion: Four quantitative assessments of LCC, ADC, tumor size, and tumor
volume showed moderate to high diagnostic performance of predicting EPE.
However, the optimal cutoff threshold varied widely among studies and needs further
investigation to establish.
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INTRODUCTION

Extraprostatic extension (T3a and T3b) in PCa is associated with
a higher risk of biochemical recurrence and metastatic disease
after radical prostatectomy (RP) or radiotherapy (1, 2). Although
patients who undergo RP have shown high cancer-specific
survival, they have a risk of suffering from postoperative
erectile dysfunction and urinary incontinence (3). Preservation
of the neurovascular bundles (NVB) can improve postoperative
potency rate, however, which may increase the risk of positive
surgical margins, bringing about biochemical recurrence and
treatment failure (4, 5). Therefore, comprehensive risk
assessment and staging is of great importance, which will
influence the treatment planning and management. To
overcome this problem, various nomograms and guidelines
were proposed to improve the preoperative risk evaluation,
including Partin tables, Memorial Sloan Kettering Cancer
Center nomograms, and the cancer of the prostate risk
assessment score (6–8). However, these well-established
measures are roughly correlated with the final pathologic stage
and lacking accuracy in clinical practice (9, 10).

In recent years, mpMRI has been widely applied in detection,
staging, and localization of prostate cancer (PCa). In 2012, the
European Society of Urogenital Radiology (ESUR) introduced
Prostate Imaging Reporting and Data System (PI-RADS) for
performing, interpreting, and reporting the PCa with mpMRI
(11–13), which was validated and widely used in clinical practice
(14, 15). Nevertheless, for localized advantage PCa of EPE, the
ESUR PI-RADS demonstrated moderate diagnostic accuracy,
and mainly depended on radiologists’ own experience then
short of reproducibility and inter-reader agreement (16, 17). At
present, quantitative assessments of EPE with mpMRI have been
intensively studied and demonstrated the potential of improving
accuracy, inter-reader agreement, and pathology correlation (18,
19). In PI-RADS version 2.1, quantitative metrics such as length
of capsular contact (LCC), apparent diffusion coefficient (ADC),
tumor size, and tumor volume were included for assisting in
prediction of EPE (13). However, these parameters have not been
evaluated systematically up to date. Thus, the purpose of our
study was to assess the diagnostic accuracy of using quantitative
metrics for the prediction of EPE.
METHODS AND MATERIALS

This systematic review and meta-analysis was performed in
accordance with the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines (20). The
primary outcome was the diagnostic performance of using
mpMRI quantitative metrics of LCC, ADC, tumor size, and
tumor volume as independent predictors for prediction of EPE
in PCa.

Search Strategy and Selection Criteria
For this systematic review, we carried out an electronic database
search of MEDLINE, Embase, Cochrane Library, Web of Science,
Frontiers in Oncology | www.frontiersin.org 239
and Google Scholar from inception until July 31, 2021, with
language restricted to English. The searches were supplemented
by screening references from the most recent reviews and eligible
studies. The search terms combined acronyms used for MRI,
PCa, EPE, and quantitative assessments as follows: ([MR] or
[MRI] or [mpMRI] or [magnetic resonance] or [magnetic
resonance imaging]) and ([prostate cancer] or [PCa] or
[prostate carcinoma]) and ([EPE] or [extraprostatic extension]
or [ECE] or [extracapsular extension]) and ([tumor size] or
[tumor volume] or [tumor dimension] or [ADC] or [apparent
diffusion coefficient] or [LCC] or [TCL] or [length of tumor
capsular contact] or [capsule contact length] or [tumor
contact length]).

Inclusion Criteria
We included studies that met all criteria as follows: (1) patients
underwent mpMRI for assessment of suspected EPE; (2) with
quantitative metric of LCC, ADC, tumor size, and tumor volume
as independent predictors; (3) reported the true positive (TP),
false positive (FP), false negative (FN), and true negative (TN), or
other details for the reconstruction of 2×2 tables to evaluate the
diagnostic performance; and (4) with pathological results after
radical prostatectomy as the reference standard.

Exclusion Criteria
We excluded studies that satisfied any of the following criteria:
(1) studies involving less than 10 participants, (2) did not use the
quantitative metrics as an independent predictor but combined
with other scoring system or guidelines, (3) not reported
sufficient for assessing the diagnostic performance, and
(4) review articles, guidelines, consensus statements, letters,
editorials, and conference abstracts. The literature selection
was performed by two investigators (LW and SY, with 8 and
11 years of experience in performing systematic reviews and
meta-analyses) independently. All disagreements were resolved
by discussion and consultation with a third investigator (WM)
until consensus was reached.

Data Extraction and Quality Assessment
We used a standardized form to extract information from
individual studies as follows: (1) demographic and clinical
characteristics, including sample size, patient age, PSA level,
and Gleason score, number of patients diagnosed with EPE;
(2) study characteristics, including authors, year of publication,
affiliation, country of origin, duration of patient recruitment,
study design, quantitative metrics used and corresponding cutoff
thresholds, number of readers and their experience, blinding;
and (3) technical characteristics of mpMRI, including magnetic
field strength, b values, and coil type. We used the Quality
Assessment of Diagnostic Accuracy Studies-2 to evaluate the
quality of studies and likelihood of bias (21), in which four
domains were scored for individual study: patient selection,
method of the index test (parameter measurement and use of
appropriate threshold to classify lesions), using pathological
results as a reference standard, and flow and timing. Data
extraction was performed by one investigator (LW) and
confirmed by a second investigator (SY).
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Data Synthesis and Analysis
The degree of heterogeneity between studies was measured using
the inconsistency index (I2): 0–40%, might or have no
heterogeneity; 30–60%, moderate heterogeneity; 50–90%,
substantial heterogeneity; and 75–100%, considerable
heterogeneity (22). The summary estimates of sensitivity and
specificity were calculated with the bivariate model and
hierarchical summary receiver operating characteristic
(HSROC) model (23, 24). The forest plots were used to
graphically present the 95% confidence interval (95% CI) of
sensitivity and specificity for each study. In addition, an HSROC
curve with a 95% confidence region and prediction region was
constructed to demonstrate the results. The Deeks’ funnel plot
was used to estimate the publication bias, and statistical
significance was determined by the Deeks’ asymmetry test (25).

In the light of varied cutoff values reported across included
studies, multiple subgroup analyses were performed to assess the
following various clinical settings: (1) use of tumor size ≥15 mm
as the cutoff threshold, (2) use of the value of ADC mean, (3) use
of LCC ≤10 mm as the cutoff threshold, (4) use of LCC ≤12 mm
as the cutoff threshold, (5) use of LCC >10 mm as the cutoff
threshold, (6) use of LCC >12 mm as the cutoff threshold.
We performed meta-regression to explore the sources of
heterogeneity. For studies using LCC as the quantitative
metric, the following covariates were added to the bivariate
model: (1) study design (prospective vs. retrospective), (2)
patient number (≤150 vs. >150), (3) magnetic field strength
(1.5 T vs. 3.0 T), (4) malignant rate (≤30 vs. >30%), (5) LCC
length (≤10 vs. >10 mm, and ≤12 vs. >12 mm), (6) reader
number (<2 vs. ≥2), (7) blinded to the final results (blinded vs.
Frontiers in Oncology | www.frontiersin.org 340
aware partial patient information), (8) publication year (≤2017
vs. >2017), and (9) length of tumor size (15 vs. >15 mm). All
analyses were conducted using STATA 16.0, and statistical
significance was set at P values less than 0.05.
RESULTS

Literature Search
A flow chart summarizing the publication selection process is
presented in Figure 1. Our literature search initially yielded 438
results, of which 251 were excluded owing to duplicates. After
screening of titles and abstracts, a total of 125 results were
excluded. Full-text analysis was performed among the
remaining 62 potentially eligible articles, and 39 were excluded
for reasons as follows: with insufficient data to reconstruct 2×2
tables (n=27), not in the field of interest (n=8), and partially
overlapping patient cohort (n=4). Finally, a total of 23 studies
with 3,931 participants assessing diagnostic performance of
mpMRI quantitative metrics for detection of EPE were
included in this study (26–48).

Characteristics of the Included Studies
The detailed demographic characteristics are summarized in
Table 1. The sample size of the study population ranged from
25 to 553 patients, with a mean age of 60–68 years. Based on
pathological results after RP, EPE was found in 23–67% percent
of participants. The PSA levels of participants ranged from 2.1 to
58.7, with a Gleason score of 5–10. In 16 studies, LCC was used
FIGURE 1 | Study selection process for this systematic review and meta-analysis.
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for independent predictor of EPE, with cutoff values ranging
from 6 to 20 mm (27–29, 31, 32, 34–36, 38, 39, 43, 44, 46–48). In
three studies, tumor size was used for independent predictor,
with a cutoff value of 0.9–2.1 (33, 39, 42). The diagnostic
accuracy of using ADC value as independent predictor was
reported by seven studies (32, 33, 35, 39–41, 45). In five
studies, tumor volume was used as independent predictor, with
cutoff thresholds ranging from 15 to 19 mm (26, 27, 35, 37, 46).
Regarding study design, only four studies (34, 36, 38, 39) were
prospective, and all of the remaining 19 studies were
retrospective in nature. In 18 studies, the MRI was performed
with 3.0 T scanners, whereas in the remaining five studies, MRI
was performed with 1.5 T scanners (28, 32, 33, 36, 39). The MRI
images were interpreted by one to three radiologists, with
experience of 2–23 years. Most studies reported that
Frontiers in Oncology | www.frontiersin.org 441
radiologists were blinded to final pathological results; however,
in seven studies, the readers were aware that patients had PCa
(30–32, 40, 41, 45, 46). The study characteristics are summarized
in Table 2.

Quality Assessment
The overall quality of the included studies was not substantially
high. Concerning the patient selection domain, there was
generally high risk of bias because the majority of included
studies were retrospective in design (34, 36, 38, 39). In four
studies, patients who classified as PI-RADS score 1–3 were
excluded (26, 27, 43, 48), and in two studies, the location was
restricted to the anterior prostate cancer (27, 37). Regarding the
index test domain, in seven studies the radiologists were aware
that patients had biopsy-proven PCa but did not know the final
TABLE 1 | Demographic characteristics of the included studies.

First Author Country Year Period Patients
number

Malignant Age (year, mean ± SD/median,
range)

PSA (ng/ml, mean ±
SD)

GS
(Range)

Abreu-Gomez et al. (26) Canada 2020 2012/2018 267 223 63 ± 6 11.7 ± 10.8 ≥6
Ahn et al. (27) Korea 2019 Jan. 2011/Dec.

2016
221 69 <75 16.7 ± 17.4 6–9

Baco et al. (28) Norway 2014 Jan. 2010/Jul.
2013

111 40 64 (45–75) 8.9 (2.5–44.0) 6–9

Bakir et al. (30) Turkey 2020 2012/2018 86 24 62.5 ± 6.2 7.52 (2.1–40.0) NA
Caglic et al. (48) UK 2019 Sep. 2014/Jan.

2017
75 48 64.5 (57.2–67) 8.5 (5.7–10.4) 6–9

Costa et al. (29) USA 2018 Nov. 2015/Jul.
2016

80 46 64 ± 8 8.0 ± 6.1 ≥6

Dominguez et al. (32) Colombia 2018 May. 2011/Dec.
2013

79 33 61.1 ± 7.5 7.0 ± 7.25 6–9

Kim et al. (40) Korea 2014 Feb. 2006/Apr.
2008

167 23 66.5 (52–78) * 8.5 (1.1–37.3) * 6–9

Kim et al. (41) Korea 2016 Dec. 2013/Jan.
2015

292 111 64.5 (42–79) * 10.4 (0.13–58.7) * 6–10

Krishna et al. (35) Canada 2017 Nov. 2012/May.
2015

149 92 62.8 ± 6.1 7.8 ± 7.0 6–9

Lim et al. (42) Canada 2015 Jan. 2012/Jun.
2014

73 38 62.8 ± 5.7 10.7 ± 10.6 6–9

Lim et al. (43) Canada 2016 May. 2012/May.
2015

113 76 63 ± 5.8 8.8 ± 9.3 6–9

Matsuoka et al. (36) Japan 2017 Aug. 2007/Mar.
2015

210 56 67 (50–81) 7.0 (2.9–30.0) 5–10

Mehralivand et al. (38) USA 2019 Jun. 2007/Mar.
2017

553 125 60 ± 8 6.3 (0.2–170) 6–10

Rud et al. (39) Norway 2018 Dec. 2009/Jun.
2012

183 103 65 (60–68) 7.9 (5.8–11.5) 6–9

Kongnyuy et al. (34) USA 2016 May. 2017/Dec.
2015

397 87 60.0 (38–76) 5.5 (0.1–55.7) ≥6

Park et al. (46) Korea 2020 Jul. 2016/Mar.
2017

301 129 65 ± 7 7.6 ± 5.6 6–10

Woo et al. (45) Korea 2015 Jan. 2013/Dec.
2013

117 50 68.0 ± 6.8 12.2 ± 13.1 6–10

Woo et al. (44) Korea 2016 Jan. 2012/Dec.
2012

185 51 66.7 ± 7.0 10.2 ± 13.6 6–9

Schieda et al. (37) Canada 2016 Jan. 2012/Dec.
2015

25 13 65.0 ± 5.9 9.9 ± 7.7 6–9

Giganti et al. (33) Italy 2016 NA 70 23 64 (58.9–70.5) 6.8 (5.0–9.9) 6–10
Onay et al. (31) Turkey 2019 2012/2017 105 24 62 (40–77) * 7.95 (2.1–46.0) * NA
Rosenkrantz et al. (47) USA 2015 NA 90 23 64 ± 8 9.0 ± 11.4 6–9
November 2
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NA, not available; SD, standard deviation; PSA, prostate serum antigen; GS, Gleason score.
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pathological results (30–32, 40, 41, 45, 46). One study had a
concern of applicability because the blinding was not reported
explicitly (28). Concerning the flow and timing domain, all
studies were scored as low risk of bias as patients received the
same reference standard. Figure 2 shows the detailed quality
assessment of included studies.
Frontiers in Oncology | www.frontiersin.org 542
Diagnostic Performance of Different
Quantitative Methods
The pooled diagnostic performance of LCC, ADC, and tumor
size for detection of EPE is demonstrated in Figure 3, and the
HSROC curve is presented in Figure 4. Regarding LCC, the
pooled sensitivity and specificity were 0.79 (95% CI 0.75–0.83,
TABLE 2 | Study Characteristics of Included Studies.

First Author Design Readers Experience
(Year)

Magnet field
strength

b Values (mm/s2) Coil Blinded Assessment
metric

Cutoff threshold†

Abreu-Gomezet al. (26) Retrospective 2 13/17 3.0 T 0/500/1,000 Surface Yes Size 15/19
Ahnet al. (27) Retrospective 2 23/19 3.0 T 0/100/1,000 Cardiac Yes LLC/Size 10–16/18
Baco et al. (28) Retrospective 1 >700 cases 1.5 T 0/500/2,000 Surface NA LLC 20
Bakir et al. (30) Retrospective 3 3/6 3.0 T 0–800 Surface Yes* LLC 15.2/16.1
Caglic et al. (48) Retrospective 1 8 3.0 T 150/750/1,400/

2,000
PAC Yes LLC 10.5/13.5

Costa et al. (29) Retrospective 3 NA 3.0 T 0–2,000 ERC Yes LLC 10
Dominguez et al. (32) Retrospective 2 8/14 1.5 T NA None Yes* LLC/ADC 12/0.87
Kim et al. (40) Retrospective 2 7/9 3.0 T 1,000 PAC Yes* ADC 1.09
Kim et al. (41) Retrospective 2 2/9 3.0 T NA PAC Yes* ADC 0.785
Krishna et al. (35) Retrospective 2 11/15 3.0 T 0/500/1,000 Surface Yes ADC/LLC/Size 6.991/11/15
Lim et al. (42) Retrospective 2 9/14 3.0 T 0/500/1,000 Surface Yes Volume 2.1
Lim et al. (43) Retrospective 2 11/15 3.0 T 0/500/1,000 Surface Yes LLC 15
Matsuoka et al. (36) Prospective 2 5/10 1.5 T 0/1,000/2,000 Surface Yes LLC 10
Mehralivand et al. (38) Prospective 2 9/15 3.0 T 1,500/2,000 Cardiac Yes LLC 15
Rud et al. (39) Prospective 1 2 1.5 T 50–1,000 Surface Yes LLC/Volume/ADC 13/0.9/0.89
Kongnyuy et al. (34) Prospective 2 8/16 3.0 T NA Surface Yes LLC 12.5
Park et al. (46) Retrospective 2 3/15 3.0 T 0/50/500/1,000 Surface Yes* LLC/Size 10/15
Woo et al. (45) Retrospective 2 21/9 3.0 T 0/1,000 None Yes* ADC 0.893
Woo et al. (44) Retrospective 1 22 3.0 T 0/1,000 NA Yes LLC 12/13/14
Schieda et al. (37) Retrospective 2 11/16 3.0 T 0/500/1,000/

1,500
PAC Yes Size 16

Giganti et al. (33) Retrospective 3 NA 1.5 T 0/800/1,600 ERC Yes ADC/Volume 0.84/0.88
Onay et al. (31) Retrospective 2 5/12 3.0 T 0–800 Surface Yes* LLC 13/13.5
Rosenkrantz et al. (47) Retrospective 2 1/4 3.0 T 50 and 1,000 PAC Yes LLC 6
Novem
ber 2021 | Volume
ADC, apparent diffusion coefficient; ERC, endorectal coil; LCC, length of capsular contact; NA, not available; PAC, phase-array coil; RP, radical prostatectomy; SD, standard deviation.
*Aware that all patients had prostate cancer.
†For length of capsular contact and tumor size, mm; for tumor volume, ml.
FIGURE 2 | Grouped bar charts show the risk of bias and concerns for applicability of included studies.
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I2 = 67.8%) and 0.77 (95% CI 0.73–0.80, I2 = 89.3%), with area
under HSROC curve of 0.67 (95% CI 0.60–0.73). For ADC, the
pooled sensitivity and specificity were 0.71 (95% CI 0.50–0.86,
I2 = 92.7%) and 0.71 (95% CI 059–0.81, I2 = 77.2%), with area
under HSROC curve of 0.77 (95% CI 0.73–0.80). Regarding
tumor size, the pooled sensitivity and specificity were 0.62 (95%
CI 0.57–0.67, I2 = 19.8%) and 0.75 (95% CI 0.67–0.82, I2 =
82.4%), with area under HSROC curve of 0.70 (95% CI 0.66–
0.74). As for tumor volume, the pooled sensitivity and specificity
were 0.77 (95% CI 0.68–0.84) and 0.72 (95% CI 0.56–0.83), with
area under HSROC curve of 0.78 (95% CI 0.73–0.97). The Deeks’
funnel plot and asymmetry test demonstrated that there was no
significant probability of publication bias regarding the four
quantitative metrics, with P values ranging from 0.34 to
0.93 (Figure 5).

We performed direct comparisons between different
quantitative metrics in studies providing head-to-head
comparisons. Concerning LCC vs. ADC, the pooled summary
estimates based on three studies revealed that LCC yielded
significantly higher specificity as compared to ADC (0.49 vs.
0.79, P=0.047); however, there was no significant difference in
sensitivity (0.79 vs. 0.55, P=0.22) (32, 35, 39). As for LCC vs.
tumor size, the pooled summary estimates based on three studies
indicated that LCC yielded significantly higher sensitivity as
Frontiers in Oncology | www.frontiersin.org 643
compared to tumor size (0.80 vs. 0.60, P=0.003), but at the cost
of decreased specificity (0.65 vs. 0.78, P=0.13) (27, 35, 46). In
indirect comparisons, we noted that the pooled sensitivity of
LCC and tumor volume was significantly higher than tumor size,
with P values of 0.002 and 0.013, respectively. Additionally, the
pooled specificity for tumor volume was significantly higher than
tumor size (P=0.04). Otherwise, the indirect comparisons did not
identify any statistically significant differences between these four
quantitative metrics (Supplementary Table 1).

Subgroup Analysis and Meta-Regression
In view of different cutoff thresholds were used, we performed
multiple subgroup analyses to evaluate various clinical settings.
Regarding the tumor size, the pooled sensitivity and specificity
were 0.72 (95% CI 0.47–0.89) and 0.70 (95% CI 0.56–0.82) for
four studies using 15 mm as the cutoff threshold (26, 27, 35, 46).
Regarding the ADC, the pooled sensitivity and specificity were
0.67 (95% CI 0.62–0.72) and 0.70 (95% CI 0.63–0.76) for six
studies using ADC mean value (32, 33, 39–41). Regarding the
LCC, the pooled sensitivity and specificity for six studies using a
cutoff threshold ≤10 mm were 0.78 (95% CI 0.71–0.84) and 0.67
(95% CI 0.59–0.75), for 11 studies using a cutoff threshold ≤12
mm were 0.78 (95% CI 0.73–0.83) and 0.67 (95% CI 0.60–0.74),
for 20 studies using a cutoff threshold >10 mm were 0.74
A B C

FIGURE 3 | Coupled forest plot of pooled sensitivity and specificity. Numbers are pooled estimates with 95% CI in parentheses. Corresponding heterogeneity
statistics are provided at bottom right corners. Horizontal lines indicate 95% confidence intervals. (A) Length of capsular contact; (B) apparent diffusion coefficient;
(C) tumor size.
A B C

FIGURE 4 | Hierarchic summary receiver operating characteristic plots with summary point and 95% confidence area for the overall. (A) length of capsular contact;
(B) apparent diffusion coefficient; (C) tumor size.
November 2021 | Volume 11 | Article 771864
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(95% CI 0.70–0.78) and 0.68 (95% CI 0.62–0.74), for 15 studies
using a cutoff threshold >12 mm were 0.73 (95% CI 0.68–0.77)
and 0.69 (95% CI 0.61–0.75).

As considerable heterogeneity existed among included studies,
we performed meta-regression to investigate the sources.
Concerning studies using LCC, only publication year (≤2017 vs.
>2017, P=0.02) was significantly associated with heterogeneity.
Other factors such as length of LCC (≤10 vs. >10 mm and ≤12
vs. >12 mm), malignant rate (≤30 vs. >30%), study design
(prospective vs. retrospective), magnet field strength (1.5 vs. 3.0
T), number of readers (<2 vs. ≥2), number of patients (≤150 vs.
>150), and the publication year (≤2017 vs. >2017) were not
significant factors contributing to heterogeneity, with P ranging
from 0.11 to 0.96. For studies using other quantitative metrics, no
significant factor was found substantially associated with
heterogeneity, which are demonstrated in Supplementary Table 2.
DISCUSSION

In this meta-analysis, we investigated the diagnostic
performance of several quantitative metrics with mpMRI for
prediction of EPE at radical prostatectomy. The summary
estimates of sensitivity and specificity for 16 studies using
LCC were 0.79 (95% CI 0.75–0.83) and 0.77 (95% CI 0.73–
0.80), for seven studies using ADC were 0.71 (95% CI 0.50–
0.86) and 0.71 (95% CI 059–0.81), for five studies using tumor
size were 0.62 (95% CI 0.57–0.67) and 0.75 (95% CI 0.67–0.82),
and for three studies using tumor volume were 0.77 (95% CI
0.68–0.84) and 0.72 (95% CI 0.56–0.83), respectively. As
considerable heterogeneity was observed between studies, we
performed meta-regression to explore the sources. Among the
several potential factors, we found that only publication year
(≤2017 vs. >2017) was the significant factor responsible for
heterogeneity (P=0.02). As several studies provided head-to-
head comparison between LCC and ADC, as well as between
LCC and tumor size, we performed direct comparison in
available studies. According to our analyses, LCC was
significantly inferior to ADC in specificity but was superior to
tumor size in sensitivity; nevertheless, both comparisons were
based on merely three studies and need more large-sample
studies to validate in future.
Frontiers in Oncology | www.frontiersin.org 744
LLC is defined as the length of prostate tumor in contact with
the capsule, and the rationale behind which is that greater LCC
on histopathology correlates with higher probability of EPE (49).
A prior meta-analysis investigated the diagnostic accuracy of
using LCC as independent predictor for detection of EPE, in
which the pooled sensitivity and specificity were 0.79 and 0.67
(50). As for ADC, studies revealed that as tumor grade increases,
a trend of increasing cellular density, with loss of the normal
glandular structures and a decrease in the extracellular space,
limiting water diffusivity and yielding lower ADC values (51, 52).
ADC value has been shown to inversely correlate with
pathological stage (42, 53), and a previous study demonstrated
that when combining ADC value with other clinical information,
the pooled sensitivity and specificity were 0.85 and 0.71 (54). The
rationale of using tumor volume as predictor of EPE is based on
findings that the diameter of the index lesion has a strong
correlation with tumor volume at radical prostatectomy (42,
55). We performed indirect comparisons between these
quantitative metrics, and the results demonstrated that the
pooled sensitivity from tumor size was significantly lower than
LCC (P=0.002) and tumor volume (P=0.013). Moreover, our
analyses showed that the pooled specificity in tumor size was
substantially lower than tumor size (P=0.04). However, these
results were obtained from indirect comparisons thus should be
interpreted with caution.

Considering that different cutoff thresholds were used with
respect to LCC and tumor size, multiple subgroup analyses were
performed to account for various outcomes. When restricted
subgroup analysis to six studies using a cutoff value ≤10 mm, the
pooled sensitivity and specificity were 0.78 and 0.67. In contrast,
a cutoff value >10 mm yielded slightly lower sensitivity (0.74)
and equivalent specificity (0.68). Likewise, a cutoff threshold
≤12 mm yielded an equivalent diagnostic performance as
compared with >12 mm, with sensitivity of 0.78 vs. 0.73 and
specificity of 0.67 vs. 0.69. As for the tumor size, subgroup
analysis suggested that using a tumor size of 15 mm yield a
moderate diagnostic performance, with sensitivity of 0.67 and
specificity of 0.70. When compared with the subjective
assessment that mainly depends on radiologists’ personal
pattern and experience, the quantitative analysis offers several
potential advantages of improving accuracy, interobserver
agreement, and histopathology correlation. However, different
A B C

FIGURE 5 | The Deeks’ funnel plot. (A) Length of capsular contact; (B) apparent diffusion coefficient; (C) tumor size.
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measurement methods and tools, as well as MRI techniques and
sequences, all may affect the final results, then lead to widely
varied optimal cutoff values (18, 19). Regarding LCC, the
reported optimal cutoff values ranged from 6 to 20 mm, with
corresponding sensitivity of 0.60–0.89 and specificity of 0.44–
0.88. Nevertheless, no significant difference between these cutoff
thresholds. As for tumor size, although the PI-RADS
recommends 15 mm for prediction of EPE, two studies
demonstrated that a cutoff value of 16–18 mm yielded the best
diagnostic performance (27, 37). With regard to ADC, despite
that most studies included used the mean value as the
assessment, two studies reported that results from ADC ratio
or ADC entropy were superior to ADC mean value for
distinguishing malignant from benign (33, 35). Using tumor
volume as assessment for prediction of EPE was reported by
merely three studies, which may be that it is often time-
consuming and may require postprocessing on an independent
workstation (33, 39, 43).

Our study has some limitations. First, most studies included
were retrospective in study design, which resulted in a high risk
regarding patient selection domain. Nevertheless, considering
that nearly all studies available were retrospective, it was
unfeasible to calculate summary estimates from the merely
four prospective studies. Second, the heterogeneity was
substantial among studies, which affected the general
applicability of our study. We performed meta-regression and
multiple subgroup analyses to explore the sources of
heterogeneity; however, we found that most clinical covariates
were not associated with the heterogeneity, thus a large
proportion of which remains unexplained. Nonetheless, we
applied a solid and robust methodology for this meta-analysis
using the guidelines published by the Cochrane Collaboration.
Third, the diagnostic results were extracted from the most
accurate results; moreover, the size or length was measured
using different MRI sequences or techniques. Last, the
comparisons were based on indirect or merely several studies;
thus, the results should be interpreted with caution.
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CONCLUSION

The mpMRI quantitative assessments of LCC, ADC, tumor size,
and tumor volume showed moderate to high diagnostic
performance in the prediction of EPE, of them LCC and tumor
volume demonstrated higher accuracy than other assessments.
However, the optimal cutoff threshold varied widely and should
be established to apply them in clinical practice.
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BK002 Induces miR-192-5p-Mediated
Apoptosis in Castration-Resistant
Prostate Cancer Cells via Modulation
of PI3K/CHOP
Moon Nyeo Park1,2†, Hyunmin Park1†, Md. Ataur Rahman1,2, Jeong Woo Kim1, Se Sun Park1,
Yongmin Cho1,2, Jinwon Choi1, So-Ri Son3, Dae Sik Jang3, Bum-Sang Shim1,
Sung-Hoon Kim1, Seong-Gyu Ko2, Chunhoo Cheon2 and Bonglee Kim1,2*

1 Department of Pathology, College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea, 2 Korean Medicine-
Based Drug Repositioning Cancer Research Center, College of Korean Medicine, Kyung Hee University, Seoul, Republic of
Korea, 3 Collage of Science in Pharmacy, Kyung Hee University, Seoul, Republic of Korea

BK002 consists of Achyranthes japonica Nakai (AJN) and Melandrium firmum Rohrbach
(MFR) that have been used as herbal medicines in China and Korea. AJN and MFR have
been reported to have anti-inflammatory, anti-oxidative, and anti-cancer activities,
although the synergistic targeting multiple anti-cancer mechanism in castration-resistant
prostate cancer (CRPC) has not been well reported. However, the drug resistance and
transition to the androgen-independent state of prostate cancer contributing to CRPC is
not well studied. Here, we reported that BK002 exerted cytotoxicity and apoptosis in
CRPC PC3 cell lines and prostate cancer DU145 cell lines examined by cytotoxicity,
western blot, a LIVE/DEAD cell imaging assay, reactive oxygen species (ROS) detection,
quantitative real-time polymerase chain reaction (RT-PCR), and transfection assays. The
results from our investigation found that BK002 showed more cellular cytotoxicity than
AJN and MFR alone, suggesting that BK002 exhibited potential cytotoxic properties.
Consistently, BK002 increased DNA damage, and activated p-gH2A.X and depletion of
survivin-activated ubiquitination of pro-PARP, caspase9, and caspase3. Notably, live cell
imaging using confocal microscopy found that BK002 effectively increased DNA-binding
red fluorescent intensity in PC3 and DU145 cells. Also, BK002 increased the anti-
proliferative effect with activation of the C/EBP homologous protein (CHOP) and
significantly attenuated PI3K/AKT expression. Notably, BK002-treated cells increased
ROS generation and co-treatment of N-Acetyl-L-cysteine (NAC), an ROS inhibitor,
significantly preventing ROS production and cellular cytotoxicity, suggesting that ROS
production is essential for initiating apoptosis in PC3 and DU145 cells. In addition, we
found that BK002 significantly enhanced miR-192-5p expression, and co-treatment with
BK002 and miR-192-5p inhibitor significantly reduced miR-192-5p expression and
cellular viability in PC3 and DU145 cells, indicating modulation of miR-192-5p mediated
apoptosis. Finally, we found that BK002-mediated CHOP upregulation and PI3K
downregulation were significantly reduced and restrained by miR-192-5p inhibitor
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respectively, suggesting that the anti-cancer effect of BK002 is associated with the miR-
192-5p/PI3K/CHOP pathway. Therefore, our study reveals that a combination of AJN and
MFR might be more effective than single treatment against apoptotic activities of both
CRPC cells and prostate cancer cells.
Keywords: BK002, Achyranthes japonica Nakai, Melandryum firmum Rohrbach, castration-resistant prostate
cancer, miR-192-5p
INTRODUCTION

Prostate cancer (PC) is a malignant cancer that represents the
second highest death rate of male cancer worldwide, with 1.3
million new cases and 359,000 mortalities in 2018 (3.8% of
cancer deaths) (1, 2). Prostate cancer can become castration-
resistant prostate cancer (CRPC) after recurrence due to
hormone deprivation therapy (3). CRPC is classified by
intracrine/paracrine androgen secretion due to resistance
acquired after testosterone deprivation therapy (4). The
incidence of CRPC was estimated at 42,970 in 2020 and with
annual progression in the US (5). However, the mortality rate
rapidly progressed to a 50% rise in CRPC (6). After being
diagnosed with CRPC, the survival rate is 9 to 13 months (7).
Despite novel drugs, the mortality rate of CRPC is still high (8).
The androgen receptor (AR) is stimulated by androgen binding
including testosterone and dihydro testosterone which are
responsible for development or reproductive function.
However, 90% of the early stage of prostate cancer are AR-
dependent. Many researchers had conducted studies for novel
therapies for CRPC by 2020 (5). To date, abiraterone acetate
(AA, Zytiga) and enzalutamide (Xtandi) are hormone inhibitors
that have been approved by the Food and Drug Administration
(FDA) for treatment of CRPC. Additionally, AA is an inhibitor
that plays a role in inhibition of cytochrome P450 enzymatic
activation associated with testosterone synthesis. Consistently,
enzalutamide is responsible for the agonistic effect related to
inhibiting by interfering with the translocation to the nucleus by
competitively binding to AR. That is why the necessity of
discovering a new biomarker has increased for CRPC (6).

Among the most three most well-known genes of prostate
cancer, PI3K, RB, and RAS/RAF, here we investigated PI3K
which is known to induce PTEN alteration and exert malignant
progression in prostate cancer (9). Notably, PI3K is a major
mediator of resistance to therapy in a wide range of alterations
such as aggressive oncogene amplification as well as tumor
suppressor deletion which lead to CRPC (10–13). Additionally,
the endoplasmic reticulum (ER) plays a major role in protein
synthesis and maturation which is known to be associated with
disease and cancer due to its unfolded protein response (UPR)
(14–17). Therefore, ER stress induced by cancer obviously
promotes resistance to chemotherapy (18), and ER stress can
reduce the apoptotic pathway by elevating the level of
proliferation signaling activator PI3K (19, 20). Thus, in our
study, we analyzed whether the BK002 contains ecdysterone
related to drug resistance in cancer via modulation of PI3K and
ER stress-induced ROS generation.
249
Currently, herbalmedicine is known to cure the imbalance of the
human body which causes diverse diseases including diabetes,
neurodegenerative disease, and cancer (21, 22). To emphasize
these, Korean traditional medicine are used as a complementary
and alternative medicine (CAM) to modulate cancer (23, 24).
Advantages of herbal medicine include less cytotoxicity, a
reduction of side effects, and an increase in the effect of
chemotherapy (24). Recently, ecdysteroids derived from plants
have been reported to inhibit drug resistance in multidrug
resistance (MDR) cancer cells (25–29). Recently, numerous
researchers have investigated whether the anti-cancer mechanisms
of traditional herbal medicines are related to the regulation between
miRNA and cancer (30). In malignant hematological cancer,
Spatholobus suberectus Dunn, Salvia miltiorrhiza, and Cnidium
officinale Makino showed an anti-cancer effect via regulation of
miR-657/ATF-2, miR-216b/c-Jun, and miR-211/CHOP,
respectively (16a) (31, 32). MiR-192-5p has been found to have a
potential anti-cancerous effect in lung cancer cells (33).Achyranthes
japonica Nakai (AJN) was used for urinary problems including
dysuria. Melandrium firmum Rohrbach (MFR) was also used as a
traditional medicine for urinary problems, and tumor and blood
stasis. This combination of AJN and MFR (known as BK002) is
designed to increase the effect and reduce the side effects by using the
two drugs at a low dose. Thus, in our study, the anti-cancer
mechanism of BK002 treatment is investigated in androgen-
independent prostate cancer cells through enhancing pro-
apoptotic protein CHOP via downregulation of PI3K, AKT, and
PARP. Additionally, we investigate whether BK002 anti-cancer and
apoptosis effects are related to the miR-192-5p-mediated pathway
in PC3 and DU145 prostate cancer cells.
MATERIALS AND METHODS

Materials
MFR and AJN (200 g) each were harvested in Hongchungun,
Gangwondo, Korea. We prepared the extracts as previously defined
(34, 35). In brief, MFR, and AJN were filtered and extracted twice in
99% ethanol for 3 days each. The solution was extracted by an
evaporator (EYELA, Yamato, Tokyo, Japan) and dried under a
vacuum in freezing conditions (EYELA, Yamato, Tokyo, Japan).
After extraction, the powder was dissolved in DMSO.

High-Performance Liquid Chromatography
Analysis for b-Ecdysterone
The ethanol extracts of MFR (50 mg) and AJN (20 mg) were
dissolved in 1.0 and 2.0 ml of methanol, respectively, and
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sonicated for 1 h at room temperature. The standard solution of
b-ecdysterone (SigmaAldrich, St. Louis, MO, USA) was prepared
in methanol (0.5 mg/ml). To prepare the calibration standards,
the standard solution was serially diluted and finally adjusted to
15.125, 31.25, 62.5, 125, and 250 mg/ml. Prior to HPLC analysis,
samples and standard solutions were filtered with 0.2 mm PTFE
filter (Whatman Inc., Maidstone, UK). The analysis was
performed by Waters HPLC systems (Waters, Milford, MA,
USA) equipped with the W1525 binary pump, W717 plus
auto-sampler, and W996 PDA detector. The column was a
Gemini NX C-18 110A column (5 mm, 250 x 4.6 mm I.D.,
Phenomenex International, USA). The flow rate was 0.7 ml/min
with the mobile phase for aqueous 0.1% (v/v) trifluoroacetic acid
(solvent A) and acetonitrile (solvent B). The linear gradient
elution was as follows: 0–2 min, 10% B; 2–10 min 15% B; 10–
40 min 25% B; 40–48 min 100% B; 48–49 min 5% B, and then
6 min to stabilize in the initial condition. The injection volume
was 10.0 mL and the detection was conducted at 260 nm. All
analysis was repeated three times to check its reproducibility.

Cell Culture
PC3 (castration-resistant prostate cancer cell line) and DU145
(castration-resistant prostate cancer cell line) were purchased
from ATCC. MDBK (normal kidney cell line) was obtained from
Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). The
DU145 or PC3 cells, and MDBK cells were cultured with RPMI
1640 medium containing 10% fetal bovine serum (FBS), 2 mM of
L-glutamine, and 10,000 U/ml of penicillin/streptomycin (Gibco,
Grand Island, NY, USA). The medium was changed every 2-
3 days.

Cytotoxicity Assay
PC3, DU145, and MDBK cells were subjected to a cytotoxicity
assay using an EZ-Cytox cell viability assay kit (Daeil Lab Service,
Seoul, Republic of Korea) according to the manufacturer’s
protocol. Cells were seeded in a 96-well plate in which various
concentrations (12.5, 25, 50, 100, 200 mg/ml) of AJN and MFR
were added for 24 h. The combination concentrations were
determined as AJN (100 mg/ml) and MFR (50 mg/ml) in PC3
cells or AJN (50 mg/ml) and MFR (25 mg/ml) in DU145 cells for
24 h. The highest concentrations (0.035, 0.07, 0.15, 0.3, 0.6 mg/
ml) of b-ecdysterone were determined in 200 mg/ml of AJN
compared to MFR in PC3, DU145, and MDBK cells for 24 h. The
absorbance values of cell viability were measured at 450 nm using
a micro plate reader (Bio-Rad, Hercules, CA, USA).

Western Blot Analysis
The protein was isolated from cells with lysis buffer (pH=7.4, 1%
NP-40, 1 mMNa3VO4, 1 M EDTA, 1 mMNaF, 50 mM Tris-Hcl,
0.25% sodium deoxycholic acid, 150 mM NaCl) containing
protease inhibitor cocktail (Amresco, Scolon, OH, USA).
Protein quantification was normalized with b-actin using a
Bio-Rad DC protein assay kit II (Bio-Rad, Hercules, CA, USA).
The differences of protein expression were determined by
Western blotting using SDS-PAGE 8% and 10% gel by
electrophoresis. After blocking in 3% skim milk, the membrane
with protein was probed with various primary antibodies for
Frontiers in Oncology | www.frontiersin.org 350
p-AKT, pro-PARP, CHOP (Cell signaling, Beverly, MA, USA),
PI3K, and b-actin (Santa Cruz Biotechnologies, Santa Cruz, CA,
USA) for 24 h followed by exposure to horseradish peroxidase
(HRP)-conjugated secondary anti-mouse or rabbit antibodies
for 1 h. Protein expression levels were identified by the
chemiluminescence (ECL) system (Amersham Pharmacia,
Piscataway, NJ, USA).

Live and Dead Cell Imaging Assay
PC3 and DU145 (2×105 a 6-well plate at 1 ml/well. At 24 h after
seeding, the culture medium was treated with BK002 for 24 h.
Cells were washed with DPBS and then loaded for 30 min with
Calcein-AM green (LIVE/DEAD® Viability/Cytotoxicity kit,
Thermo Fisherscientific, Waltham, MA, USA) or ethidium
homodimer-1 (LIVE/DEAD® Cell imaging kit, Thermo
Fisherscientific, USA) and added to each slide according to the
manufacturer’s protocol. The images were obtained by confocal
microscopy using FV10i (OLYMPUS Fluoview USA. Green: live
cell; Red: dead cells; 50×, scale bar; 100 mm).

Measurement of ROS
TheReactiveOxygenSpeciesDetectionAssay (Abcam,Cambridge,
United Kingdom) was used to detect hydroxyl, peroxyl, and to
analyze other ROS of cellular cytosolic hydrogen peroxide (H2O2).
PC3 cells and DU145 cells were seeded into a 96-well plate and
pretreated with N-Acetyl-L-cysteine (NAC, Sigma Aldrich Co., St.
Louis, MO, USA) for 30min; untreated NAC cells were also added.
After being stained with 20 µM of DCFDA for 2 h in the dark at
room temperature (RT), PC3 cells were treated with AJN (100 mg/
ml) and MFR (50 mg/ml) and DU145 cells were treated with AJN
(50 mg/ml) andMFR (25 mg/ml) for 2 h. Then the 96-well plate was
measured using an ELISA reader (Bio-Rad, Hercules, CA, USA)
(Ex/Em= 485/535 nm).

Quantitative Real-Time PCR Analysis
RNA was isolated using the RNeasy mini kit (EZ™ Total RNA
Mini prep Kit, Enzynomics, Korea). The total RNA was reversed
transcribed using the HB miRNA Multi Assay kit ™ System І
(HeimBiotek, Seoul, Republic of Korea) according to the
manufacturer’s protocol. PCR started at 95°C for 15 min,
followed by 40 cycles at 95°C for 10 s, 60°C for 40 s, and
finished by 40 s at 60°C in the last cycle. The relative miRNA fold
change was normalized using standard Ct values of RNU6B (U6)
(HeimBiotek, Korea). The miR-specific primer Hsa-miR-192-5p
was designed and synthesized by HeimBiotek Company. Three
experiments were performed and analyzed by means of the 2-DCT

method. RT-PCR was performed using the Light Cyber™

instrument (Roche Applied Science, Indianapolis, IN, USA).

Transfection Assay
PC3 cells and DU145 cells were transfected with the miR192-5p
inhibitor using ViaFect™ Transfection Reagent according to the
protocol. After transfection for 48 h, in DU145, AJN (50 mg/ml)
and MFR (25 mg/ml) and in PC3, AJN (100 mg/ml) and MFR
(50 mg/ml) were treated for 24 h. The inhibitor oligo base type
with the following 2’ O-Methyl RNA base was applied by
HeimBiotek (Seoul, Repulbic of Korea).
March 2022 | Volume 12 | Article 791365
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Statistical Analysis
Data were presented as means ± standard deviation (SD).
Statistically significant differences between the control and
BK002-treated group were calculated by Student’s t-test using
Sigma plot version 12 software (SysTest Software Inc., San Jose,
CA, USA). All experiments were performed in triplicate. The
value of p < 0.05 was considered to represent a statistically
significant difference.
RESULTS

Identification and Quantification of b-
Ecdysterone in MFR and AJN by HPLC
To check whether MFR and AJN contain b-ecdysterone, we
measured b-ecdysterone level by HPLC methods. b-ecdysterone
and phytoestrogen derived from the root of A. bidentata have
been reported to be anti-oxidative in a concentration-dependent
manner (36, 37). The HPLC chromatograms showed the
existence of b-ecdysterone (Rt = 28.36 min) in BK002 by
comparison with retention time (Rt) and photodiode array
(PDA) spectrum of the standard solution (Figure 1). To
quantify the content of b-ecdysterone, the calibration curve of
the standard was obtained with serially diluted solutions (15–250
mg/ml). Here, we found that the MFR and AJN b-ecdysterone
peak was very small (Figures 1B–D), additionally, b-ecdysterone
exhibited more cellular cytotoxicity in normal MDBK cells than
prostate cancer PC and DU145 cells (Figure 1E), suggesting that
b-ecdysterone has no toxic effects on cancer cells. The regression
equation was y = 16421x - 36509 (r2 = 0.9993, n = 5). The contents
of b-ecdysterone in MFR and AJN were determined to be 66.43 ±
2.82 and 307.59 ± 4.18 mg/100g, respectively (Table 1).
AJN and MFR Exerts Cytotoxicity in PC3
and DU145 Prostate Cancer Cells
To investigate the potency of BK002 against prostate cancer cells,
the different concentrations of AJN, MFR, and BK002 were
exposed to PC3 and DU145 cells for 24 h, and the numbers of
viable cells were determined by an EZ-Cytox cell viability assay.
In the results from our study, we found that AJN and MFR
concentration dependently reduced cellular viability in PC3
prostate cancer cells (Figure 2A). On the other hand,
combination of AJN (100 µg/ml) and MFR (50 µg/ml), called
BK002, significantly reduced more cellular viability than AJN
and MFR single treatment in PC3 cells (Figure 2B). However, in
DU145 cells, AJN and MFR concentration dependently reduced
cell viability and combination of AJN (50 µg/ml) and MFR (25
µg/ml) significantly decreased more cellular viability than AJN
and MFR single treatment (Figures 2C, D). On the other hand,
AJN, MFR, and BK002 did not show any cytotoxic effect on
normal MDBK cells (Figures 2E, F). Taken together, these
results indicate that BK002 was more effective and cytotoxic in
prostate cancer cells rather than normal cells which suggests the
combined use of AJN and MFR for more cytotoxic activities than
single AJN and MFR in our further investigations.
Frontiers in Oncology | www.frontiersin.org 451
AJN and MFR Exhibit Anti-Proliferative
Effects in PC3 and DU145 Cells
To further determine the cytotoxic effect of BK002 on PC3 and
DU145 cells, we were interested to know whether these cytotoxic
effects might be caused by induction of apoptotic mechanisms
determined by western blot in addition to a live and dead cell
assay. It has been found that dysregulation of anti-apoptotic
proteins PI3K and AKT are known to be associated with CRPC
progression as well as drug resistance (38, 39). Here, we found
that single treatment of AJN and MFR exhibited lower PI3K and
phosphor-AKT expression, on the other hand, combined AJN
and MFR (BK002)-treated cells showed a significant reduction of
PI3K and phosphor-AKT on PC3 and DU145 cells (Figures 3A–D).
It has been implicated that pro-apoptotic protein CHOP, belonging to
the family of CCAAT/enhancer binding proteins (C/EBPs), is
involved in gene regulation of cellular proliferation, differentiation,
and energy metabolism which plays a crucial role to induce apoptosis
(40). Moreover, anti-apoptotic poly (ADP-ribosyl)ation of nuclear
proteins (PARPs) has been shown to be required for apoptosis
induction in various cell lines (41). In our investigation, we found
that BK002-treated cells significantly attenuated the full length of pro-
PARP and increased CHOP expression in DU145 cells better than in
PC3 cells, indicating that cytotoxicity was enabled by an apoptosis-
mediated pathway in both prostate cells (Figures 3A–D)

BK002 Exhibits Apoptosis in PC3
and DU145 Cells
To further investigate whether the anti-cancer effects of BK002
possibly lead to apoptosis, western blotting and a live and dead
cell assay were performed in PC3 and DU145 cells. It is well
known that drug resistance in association with the poor survival
rate of the patient and apoptosis inhibition are modulated by
survivin (42). To determine whether BK002 inhibited drug
resistance and anti-apoptotic factors, western blotting was
adopted in PC3 and DU145 cells. As shown in Figures 4A, D,
the expression of survivin was suppressed compared to untreated
groups. Consistently, activation of caspase was confirmed in
BK002-treated PC3 and DU145 cells. Pro-PARP, pro-caspase 9,
and pro-caspase 3 were depleted in PC3 and DU145 cells,
compared to untreated groups (Figures 4A, D). In addition,
BK002 increased DNA damage marker p- gH2A.X in PC3 and
DU145 cells (Figures 4A, D). Similarly, it was confirmed that the
red fluorescence probe was significantly increased due to dead
cells in BK002-treated cells compared to the untreated group by
confocal microscopy (Figures 4C, F).

BK002 Promotes ROS Generation and
ROS Scavenger Attenuates Cytotoxicity of
BK002-Treated Prostate Cancer Cells
ROS has a critical role in cell death-related pathways due to
severe ER stress (27). To evaluate the effect on ROS generation of
BK002-mediated apoptosis, a ROS measurement was performed
by a fluorescent-based 2’, 7’-dichlorofluorescein diacetate
(DCFDA) assay. Here, we found that AJN and MFR treatment
significantly increased ROS generation in both PC3 and DU145
cells (Figures 5A, B). In addition, combined treatment of AJN
March 2022 | Volume 12 | Article 791365
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and MFR (BK002) significantly promoted more ROS generation
compared to single AJN and MFR treatment in both PC3 and
DU145 cells (Figures 5A, B). Thus, the results indicate that
BK002-mediated apoptosis has an important role in generating
ROS production in prostate cancer cells. To confirm the role
of ROS production in BK002-induced apoptosis, we further used
a ROS inhibitor, N-acetyl-L-cysteine (NAC) (43), and examined
ROS generation by an ROS detection assay. Here, we found that
BK002-treated cells significantly increased ROS generation, and
co-treatment with NAC and BK002 significantly decreased ROS
production in both PC3 and DU145 cells (Figures 5C, D).
Concomitantly, the cytotoxic effect of BK002 was significantly
restrained when pre-treated by NAC on both PC3 and DU145
cells (Figures 5E, F). Because of an error, there was a difference
between the cytotoxicity value in Figures 2D and Figure 5F.
Therefore, these observations suggest that BK002-mediated
Frontiers in Oncology | www.frontiersin.org 552
apoptosis might contribute to ROS generation in prostate
cancer cells.

BK002 Increases MicroRNA-192-5p
Expression in Prostate Cancer Cells
Recently, it has been found that miR-192-5p, a member of
the miR-192 family, plays a crucial role in vital biological
processes and regulates oxidative stress, proliferation,
apoptosis, inflammatory responses, and various cancers such as
lung, liver, and breast (44). To check the effect of BK002 on the
expression of miR-192-5p, qRT-PCR was performed. We found
that combined treatment of AJN and MFR significantly
upregulated the expression of miR-192-5p compared to single
AJN and MFR treatment in both PC3 and DU145 cells
(Figures 6A, B). Additionally, co-treatment of BK002 and
miR-192-5p inhibitor significantly decreased miR-192-5p
A

B

D

E

C

FIGURE 1 | The HPLC chromatograms of (A) a diagram of the structure of b-ecdysterone (B) MFR, (C) AJN, and (D) b-ecdysterone detected at 260 nm. The
presence of b-ecdysterone was confirmed according to the retention time and PDA spectrum. b-ecdysterone was observed at Rt 28.36 min. (E) Cytotoxic effects of
b-ecdysterone in PC3, DU145, and MDBK cells were determined in a concentration-dependent manner by an EZ-cytox cell viability assay. Data represent means ±
SD; *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated control.
TABLE 1 | Calibration curve of b-ecdysterone.

Standard solutions Regression equations R2 8 Stability (RSD%) Inter-day Intra-dav

b-ecdysterone y = 16421x + 36509 0.9993 0.155053 RT3 (mm) RSD4 RT3 (mm) RSD4

b-ecdysterone 28.38083 0.155053 28.41133 0.389274
Area. ppm6 Sample conc. b -ecdysterone b-ecdysterone

Conc. (%)7 Conc.(mg/100g)7 Area. ppm6 Sample conc. Conc. (%)7 Conc.(mg/100g)
MFR1 584.765 33.213 50 mg ml 0.0664260 66.43 AJN2 1.301,194 76.898 25 mg/ml 0.3075933 307.59
SD5 23.098 1.408 0.003 2.817 SD5 17.122 1.044 0.004 4.178
March 2022
 | Volume 12
All the results were shown as the mean n = 3.
1MFR, Melandrium firmum Rohrbach; 2AJN, Achyranthes japonica Nakai; 3RT, Retention time;4 RSD, relative standard deviations; 5 SD, standard deviation; 6ppm, parts per million; 7Con.,
concentration; 8R2, R-squared.
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expression in both PC3 and DU145 cells determined by a
transfection assay (Figures 6C, D). However, cellular viability
was significantly increased with co-treatment of BK002 and miR-
192-5p inhibitor in both prostate cancer cells (Figures 6E, F). All
together these investigations suggest that BK002-induced
cytotoxicity is also dependent on a miR-192-5p-mediated pathway.

BK002 Regulates Apoptosis-Related
Protein via Modulation of miR-192-5p
in Prostate Cells
We investigated whether the role of miR-192-5p in an apoptosis
pathway and CHOP and PI3K expressions are closely related
with cancer progression (45). Here, we found that co-treatment
with BK002 and miR-192-5p inhibitor significantly reduced pro-
apoptotic protein CHOP expression in both cells when miR-192-
5p was suppressed by the transfection of miR-192-5p inhibitor
(Figures 7A–C). Conversely, PI3K expression was significantly
restrained with co-treatment of BK002 and miR-192-5p inhibitor
in PC3 cells and DU145 cells examined by suppression of miR-
Frontiers in Oncology | www.frontiersin.org 653
192-5p via transfection of miR-192-5p inhibitor (Figures 7D–F).
Taken together our results demonstrate that BK002-mediated
apoptosis was regulated by miR-192-5p in prostate cancer cells.
DISCUSSION

Prostate cancer has the third highest mortality rate of middle and
older aged men characterized by malignant progression due to
frequently recurrence and resistance (46, 47). Approximately,
90% of cases have an increased survival rate with early treatment
such as local radiotherapy, prostatectomy, and chemotherapy
(47). Notably, over 30% of patients diagnosed with disease
progression depend on androgen, at this state, androgen
deprivation is a very effective treatment including single and
combination administration of gonadotropin-releasing hormone
(GnRH). Despite such a prognosis, most patients commonly
experience recurrence within 3 years and the disease state
progresses toward prostate cancer (48). In the present study,
A B
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C

FIGURE 2 | Cytotoxic effects of AJN and MFR in PC3 and DU145 cells. The indicated concentrations of AJN and MFR were added to (A) PC3, (C) DU145, and
(E) MDBK for 24 h. (B, D, F) A cell viability assay was performed in AJN and MFR-treated cells using an EZ-cytox cell viability assay. The values above represent the
means of three experiments. Means ± SD; ***p<0.001 compared to untreated control, ###p<0.001 between two groups.
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we investigated the anti-cancer effect of natural plant extracts on
CRPC PC3 and DU145 prostate cancer cells and focused our
mechanistic investigations on cancer treatment resistance as well
as micro-RNA-192-5p modulation.

Prostate cancer is treated by androgen deprivation therapy
(ADT), referred to as endocrine therapy, that leads to 80%
symptomatic improvement, temporarily. Then, most patients
experience a hormone-independent state. In such a condition, we
should change the terminology from hormone-independent
cancer to CRPC (49). CRPC was identified as the major cause
of morbidity in prostate cancer (50). The treatment selection of
the CRPC patient is restricted to docetaxel and prednisone (DP)
which was approved by the United States’ FDA in 2004. The
benefit of DP is not for improving the survival rate but
consolidation of bone pain due to palliative quality of life, of
which tolerability is still debatable due to the burden to older
patients. During a 3-week trial, DP was replaced by
mitoxantrone and prednisone (MP) as the standard guideline
of care for CRPC (50). The median progression-free survival
(PFS) of MP was about 6 months and overall survival (OS) was
less than 2 years (50). Despite chemotherapy and consolidation
treatment, patients had an unfavorable response due to acquired
heterogenous mutations and different side effects (51). Recently,
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it has been found that natural products have been used as a
complement to cancer chemotherapy via pharmacological
modulation of the apoptosis pathway (52). Of note, natural
products have been known to have antitumor, antioxidative,
antibacterial, and anti-inflammatory capabilities as they contain
bioactive components (53). Therefore, natural products might be
required for further consideration of apoptosis induction which
could lead to treatment for castration-resistant prostate cancer.
Herein, a natural product is required for accurate analysis due to
the diversity of bioactive components which lead to toxicity by
accumulative doses containing components not yet identified
(54). Recently, it was found that a combination of b-ecdysterone
(250~750 mM) and doxorubicin (0.15 or 0.25 mM) enhanced the
anticancer effect in drug-resistant breast cancer cells (55). Based
on the above, to find the potential pharmacological effect of
BK002 in CRPC, qualitative and quantitative analysis of
bioactive compound b-ecdysterone in BK002 was investigated
by HPLC (Figure 1). Thus, the underlying anticancer effect of
BK002 was investigated in association with multiple targeting
mechanisms for possible applications in CRPC.

Of note, we elucidated that combined treatment of
Achyranthes japonica Nakai and Melandrium firmum
Rohrbach (BK002) increased significant cytotoxicity in prostate
A

B

DC

FIGURE 3 | Treatment of BK002 induced apoptosis in PC3 and DU145 cells. Cells were treated with AJN (100 mg/ml) and MFR (50 mg/ml) in (A) PC3 cells or AJN
(50 mg/ml) and MFR (25 mg/ml) in (C) DU145 cells for 24 h. The proteins isolated from both PC3 and DU145 cells were subjected to western blot for PI3K, p-AKT
pro-PARP, and CHOP. b-actin was exploited as a loading control. (B, D) The graph shows the quantification of western blot replicates. Data represent means ± SD;
*p<0.05, **p<0.01, ***p<0.001 compared to untreated control.
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cancer cells without killing normal cells, implying selective
damage to cancer in association with a reduction of side effects
(56, 57) (Figure 2). Additionally, for the possibility of a
synergistic anti-cancer effect, single treatment compared to the
combination of BK002 was investigated. Notably, the effect of
BK002 was significant in PC3 and DU145 in prostate cancer cells
without affecting MDBK normal cells. PC3 cells have a high
aggressive metastatic potential and DU145 cells have a moderate
aggressive potential that is consistent with the fact that DU145
cells are more susceptible to BK002 than PC3 cells. In addition,
both PC3 and DU145 cells are similar to androgen hormone-
independent cells.

Recently, analysis of accumulation of AS in CRPC has been
reported, which is controlled by interconnection between the
truncated isoform of AR activation and the PI3K pathway
(58, 59). Accordingly, the PI3K pathway has been highlighted
as a prognostic and clinical biomarker of CRPC (60, 61).
Nevertheless, the underlying anticancer effect of BK002
has not been revealed in relation to regulation of PI3K in
CRPC. To date, BK002 has been mostly used for anti-diabetic,
anti-inflammatory, anti-microbial, anti-oxidative, and
osteoprotective effect (62). In the present investigation, we
found that BK002-induced apoptosis was associated with PI3K
regulation in CRPC (Figure 3). Additionally, the ER implement
retained the homeostasis of posttranslational modification for
protein activity and structure (63). Whereas, the ER stress
condition might be generated by a cancer-derived abnormal
state including hypoxia and malnutrition, resulting in
accumulations of unfolded proteins. Under severe ER stress,
Frontiers in Oncology | www.frontiersin.org 855
the ER-induced CHOP-mediated apoptosis pathway was
associated with degradation of pro-PARP (50, 57). Besides,
BK002 significantly reduced PI3K and phospho-AKT, a
castration-resistant progression biomarker, and this apoptosis
increased ER-related apoptotic proteins such as CHOP and pro-
PARP (Figure 3). Therefore, in this study, the role of PI3K and
CHOP has been elucidated in association with BK002-induced
anti-cancer effect in CHOP-sensitive and hormone-independent
PC3 cells and DU145 prostate cancer cells.

Moreover, DNA damage-induced apoptosis signaling is the
critical target for cancer treatment (64). So far, survivin has been
known as a poor prognostic factor in various malignant cancers
due to chemoresistance and inhibition of caspase activation (42,
65). Herein, BK002-treated PC3 and DU145 cells significantly
suppressed survivin leading to caspase activation. BK002
stimulated the inactive zymogenic form of caspase such as
caspase 9 or caspase 3 or pro-PARP and was modified
posttranslationally by ubiquitination (66) (Figure 4). It is well
known that p-gH2A.X is a critical marker for double strand
breaks (DSBs) due to ionizing radiation or chemotherapy (67).
Herein, BK002 significantly induced the expression of p-gH2A.X,
demonstrating potential pro-apoptotic properties in resistant
prostate cancer cells and prostate cancer cells as well. Notably,
this was confirmed by the LIVE/DEAD™ Cell imaging kit using
dying cell DNA-binding dyes in BK002-treated PC3 cells or
DU145 cells (Figure 4). Of note, fluorescein diacetate (FDA) is a
very sensitive and selective probe that is associated with live cells,
where green fluorescence is produced by cytoplasmic esterase,
and in dying and dead cells, a bright red fluorescence is generated
A
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C

FIGURE 4 | Treatment of BK002 induced apoptosis in PC3 and DU145 cells. Cells were treated with AJN (100 mg/ml) and MFR (50 mg/ml) in (A–C) PC3 cells or
AJN (50 mg/ml) and MFR (25 mg/ml) in (D–F) DU145 cells for 24 h. (A, D) Effect of BK002 on pro-PARP, survivin, pro-caspase-9, pro-caspase-3, and p-gH2A.X in
PC3 and DU145 cells. Both PC3 and DU145 cells were subjected to western blot analysis. (B, E) The bar graph represents the results from the western blot
analysis. (C, F) Cells were stained with calcein AM and ethidium homodimer-1 for the live and dead assay. The green fluorescent indicates the live cells and red
fluorescent indicates dead cells. Live and dead results were visualized with a fluorescent optical filter (485 ± 10 nm) and rhodamine optical filter (530 ± 12.5 nm).
Magnification × 50. (Scale bar, 100 mm). The graph shows the quantification of western blot replicates. Data represent means ± SD; *p<0.05, **p<0.01, ***p<0.001
compared to untreated control.
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upon binding to DNA (68). Consistently, BK002 promoted
effective apoptosis in DU145 cells as well as resistant PC cells,
contributing to deepen the biological understanding under the
live cell condition.

While studying whether the anticancer effect of BK002 is due
to ER stress-related apoptosis, we found that BK002 significantly
induced expression of ER-related apoptotic proteins such as
CHOP and caspase activation (Figures 3, 4).

Under normal conditions, ROS are responsible for
stimulation of a second messenger in the Ca2+-mediated
cascade due to mitochondrial oxidative respiration. Meanwhile,
ER stress caused by the upsurge of ROS generation in cancer cells
persists in ROS-mediated cancer cell death. Several natural
products have been found to induce apoptosis-mediated cell
death via modulation of ROS generation. For example, the
antiproliferation effect of natural products from Withania
somnifera encourages ROS generation in addition to
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mitochondria-induced apoptosis in HL-60 myeloid leukemia
cells (69). BK002 triggered an upsurge of ROS generation
compared to control and single AJN and MFR treatment.
These results have been identified as similar in ROS mediated-
apoptosis induced by natural compounds (70, 71). Furthermore,
ROS generation is reduced by ROS inhibitor NAC, implying the
anticancer effect in DU145 cells or PC3 cells in accordance with
ROS-mediated apoptosis against CRPC (Figure 5). Therefore,
the current study suggests that BK002-mediated apoptosis is
required to generate ROS production.

It has been extensively investigated whether miRNAs
function as oncogene silencers or tumor suppressor gene
enhancers depending on the target mRNA in various cancers
including colon, prostate, pancreatic, lung, breast, bladder, and
kidney (72). Recently, herbal medicine has been identified as
having a potential anti-cancer effect via regulation of the miRNA
network (73). Several studies have revealed the anti-cancer effect
A B
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C

FIGURE 5 | BK002 increased ROS generation and NAC pretreatment reduced the cytotoxic effect of BK002 in PC3 and DU145 cells. Cells were subjected to a
permeable fluorescent-based and chemiluminescent probe with 20 mM of DCFDA for 45 min at 37 °C in the dark. Cells were treated with AJN (100 mg/ml) and
MFR (50 mg/ml) in (A) PC3 cells or AJN (50 mg/ml) and MFR (25 mg/ml) in (B) DU145 cells for 24 h. ROS generation was measured by using a microplate reader.
(C, D) NAC was pretreated, and the cytotoxic effect of BK002 was studied in PC and DU145 cells. (E, F) A cell viability assay was conducted using EZ-Cytox by an
absorbance measurement via an optical spectrometer. (Ex/Em=485/535). The values above represent the means of three experiments. Means ± SD; *p<0.05,
***p<0.001 compared to untreated control, #p<0.05, ###p<0.001 between two groups.
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of a Sophorae Flos and Lonicerae japonicae Flos-regulated miR-
let-7/f-CCR7 network (74), SSD-regulated miR-657/ATF2
network (16), SM-regulated miR-216b/c-Jun network (32),
COM extract-regulated miR-211/CHOP network (31), and
Panax ginseng C.A. Meyer (Rg3)-regulated miR-21/PI3K/AKT
network (75). Accumulated evidence has shown that the herbal
medicine-derived component inhibited oncogenes or enhanced
tumor suppressor genes (76). In the present investigation, we
found that transfection of miR-192-5p inhibitor significantly
repressed miR-192-5p and increased cell viability via co-
treatment with BK002 (Figure 6). In addition, our
investigation also demonstrated that the mature sequence
containing hsa-miR-192-5p within miR-192 was a significantly
repressed oncogene and induced CHOP-mediated ER stress-
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related apoptosis (Figure 7). MiR-192-5p has been identified as a
poor prognostic factor in metastatic colon cancer (77, 78). Here,
our results suggested that BK002 increased miR-192-5p which
implied the potential regulation of apoptosis via the miR-192-5p/
PI3K pathway.
CONCLUSIONS

BK002 has been shown to have a significant effect on prostate
cancer in PC3 cells and DU145 cells without affecting normal
cells. Notably, BK002 treatment efficiently induced ROS-
mediated endoplasmic reticulum-associated degradation
(ERAD) in proteins such as CHOP along with caspase
A B
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FIGURE 6 | Treatment of BK002 significantly increased miR-192-5p expression in PC3 and DU145 cells. Cells were treated with AJN (100 mg/ml) and MFR (50 mg/
ml) in (A) PC3 cells or AJN (50 mg/ml) and MFR (25 mg/ml) in (B) DU145 cells for 24 h and the expression of miR-192-5p was measured by qRT-PCR in PC3 and
DU145 cells. (C, D) Cells were transfected with miR-192-5p inhibitor for 48 h using a transfection reagent and the expression of miR-192-5p was calculated.
(E, F) The effect of BK002 on cell viability in miR-192-5p inhibitor-transfected PC3 and DU145 cells was determined by an EZ-CYTOX cell viability assay kit. The
values above represent the means of three experiments. Means ± SD; **p<0.01, ***p<0.001 compared to untreated control, ##p<0.01, ###p<0.001 between two groups.
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activation and attenuated survivin or PI3K/AKT, leading to
activation of p-gH2A.X. Moreover, BK002 treatment
upregulated miR-192-5p, and inhibition of miR-192-5p
modulated apoptosis signaling through regulation of CHOP
and PI3K. BK002-mediated apoptosis induction has been
Frontiers in Oncology | www.frontiersin.org 1158
presented in our proposed model in Figure 8. Therefore, the
present study suggests that BK002 synergistic treatment might be
useful as a potential therapeutic approach in CRPC control
compared to single treatment of Achyranthes japonica Nakai
and Melandrium firmum Rohrbach.
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FIGURE 7 | The anti-cancer effect of BK002 was inhibited by miR-192-5p inhibition. Cells were transfected with miR-192-5p inhibitor for 48 h using a transfection
reagent, and the expression of miR-192-5p was calculated. Cells were treated with AJN (100 mg/ml) and MFR (50 mg/ml) in (A, D) PC3 cells or AJN (50 mg/ml) and
MFR (25 mg/ml) in (B, E) DU145 cells for 24 h. Western blotting was conducted for CHOP and PI3K in PC3 and DU145 cells. (C, F) The bar graph represents the
fold change of protein expression above. The values above represent the means of three experiments. Means ± SD; *p<0.05, ***p<0.001 compared to untreated
control, #p<0.05 between two groups.
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Objective: Prostate cancer (PCa) is one of the most common malignant tumors,
accounting for 20% of total tumors ranked first in males. PCa is usually asymptomatic
at the early stage and the specificity of the current biomarkers for the detection of PCa is
low. The present study evaluates circulating tumor DNA (ctDNA) in blood or urine, which
can be used as biomarkers of PCa and the combination of these markers may increase
the sensitivity and specificity of the detection of PCa.

Methods: Tissue, blood, and urine samples were collected from patients with PCa. All
prostate tissue specimens underwent pathological examination. A hybrid-capture-based
next-generation sequencing assay was used for plasma and urinary ctDNA profiling.
Sequencing data were analyzed by an in-house pipeline for mutation calling. Mutational
profiles of PCa and BPH were compared in both plasma and urine samples. Associations
of detected mutations and clinical characteristics were statistically analyzed.

Results: A significant association of mutation allele frequencies (MAFs) in the blood
samples with patients with metastatic PCa rather than patients with primary PCa, and
MAFs are changed after treatment in patients with PCa. Further, the number of mutations
in urine is not associated with clinical characteristics of PCa patients, but the frequencies
of mutation alleles in the urine are associated with patient age. Comparison of cfDNA
aberration profiles between urine and blood reveals more alterations in urine than in blood,
including TP53, AR, ATM, MYC, and SPOP mutations.

Conclusion: This work provides the potential clinical application of urine, in addition to
blood, as a powerful and convenient non-invasive approach in personalized medicine for
patients with PCa.

Keywords: biomarker, circulating tumor DNA, liquid biopsy, mutation allele frequency, prostate cancer
INTRODUCTION

Prostate cancer (PCa) is one of the most common malignant tumors in males. The American Cancer
Society estimated 191,930 newly diagnosed PCa cases that account for 20% of male tumors ranked first
in male cancers and 33,330 deaths ranked second in male cancers in 2020 (1). PCa is usually
asymptomatic at the early stage and mostly diagnosed through the blood test of prostate-specific
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antigen (PSA), a biomarker widely used for over 20 years (2),
combined with magnetic resonance imaging (MRI) and digital
rectal examination. However, serum PSA is organ-specific rather
than cancer-specific, and PSA levels also increase in association with
benign prostatic hyperplasia (BPH) and prostatitis. It has been
reported that the specificity for the detection of PCa is only about
30% (3). Therefore, alternative biomarkers for the early diagnosis,
prevention, and treatment of PCa are eagerly required (4).

Tissue biopsy for the analysis of primary andmetastatic lesions is
efficient but invasive and is limited by the heterogeneity of
individual lesions. As an alternative to a tissue biopsy, the liquid
biopsy is minimally invasive and can be easily acquired, thus often
being used in clinical practice when a tumor sample is unavailable
or difficult to obtain. The detection of circulating nucleic acids in
human plasma was first described in 1948 (5). In recent years, liquid
biopsy has achieved clinical utility for predicting the responsiveness
of treatment, drug resistance, and disease recurrence through
analyzing circulating tumor DNA (ctDNA) in blood samples.
Generally, tumor cells are constantly shed in the patient’s body,
releasing cellular components such as DNA and proteins, which
may enter into the blood circulation. Therefore, the peripheral blood
from tumor patients may contain ctDNA, extracellular vesicles, and
circulating tumor cells (CTCs) carrying tumor genomic information
which might reflect tumor burden and progression (6).

A previous study showed that primary tissue and ctDNA
share relevant somatic alterations, suggesting that ctDNA can be
used for molecular subtyping in metastatic castration-sensitive
PCa (7). Moreover, it has been reported that a ctDNA assay is
sufficient to identify all driver DNA alterations presented in
matched tissue in most metastatic castration-resistant PCa
(mCRPC) cases, indicating that the management of patients
with mCRPC could be based on ctDNA profiling alone (8). In
general practice, liquid biopsy analysis can guide the use of
androgen receptor (AR)-targeted therapy (9). Most interestingly,
DNA fragments can also be detected in urine. The detection of
the Y-chromosome SRY gene fragment in the urine supernatant
was reported in 1999 (10), indicating the potential use of urine-
based DNA biomarkers. Ten years later, transrenal DNA (tr-
DNA) filtered by the kidney from the blood was detected in the
urine and confirmed to be cell-free DNA (cfDNA) (11). Urine is
also an effective source of tumor DNA and is more patient-
friendly due to its non-invasive collection methods (12).

Liquid biopsy has been increasingly used in clinical
applications. However, the diagnostic value of blood-based
ctDNA and urinary ctDNA has not been fully validated. In the
present study, we determined whether these circulating nucleic
acids could be used as biomarkers of PCa and if the combination
of these markers could increase the sensitivity and specificity of
the early detection of PCa.
MATERIALS AND METHODS

Patient and Study Design
A total of 54 plasma samples and 20 urine samples were collected
from patients with PCa (33 cases) and BPH (15 cases) at Jinshan
Frontiers in Oncology | www.frontiersin.org 263
Hospital, Fudan University fromMarch 2017 to November 2018.
The follow-up of patients was from March 2017 to December
2020. Written informed consent was obtained from each
participant. The study was approved by the Ethics Committee
of Jinshan Hospital (approval # IEC-2020-S27).

Tissue Sample Preparation and
Pathological Assessment
The clinical diagnosis was based on the PSA level, a transrectal
needle biopsy of the prostate gland, and histopathological
examination. After surgery or biopsy, tissues from patients
without neoadjuvant therapies such as hormonal therapy,
chemotherapy, or radiotherapy were immediately frozen in
liquid nitrogen and stored at -80°C for subsequent use. Fresh
normal, BPH, and PCa tissues were used in this study. All tissues
from patients without neoadjuvant therapies such as hormonal
therapy, chemotherapy, or radiotherapy were immediately
frozen in liquid nitrogen after surgery or biopsy and stored at
-80°C for subsequent use.

All prostate tissue specimens underwent pathological
examination after surgery in the Department of Pathology,
Jinshan Hospital. The clinical diagnosis including histological
grade and TNM stage were made by experienced pathologists
and urologists according to the World Health Organization
(WHO) classification and the American Joint Committee on
Cancer (AJCC) Manual (eighth edition).

Liquid Sample Preparation and Cell-Free
DNA Extraction
Peripheral blood was collected in EDTA vacutainer tubes and
processed within 2 hours. The blood samples were allowed to clot
for 30 min before centrifugation for 15 minutes at 1000 x g and
the plasma was collected and stored at -80°C prior to cfDNA
extraction. For urine sample collection, an in-house urine
collection kit was developed to maintain the integrity of
urinary cfDNA and to facilitate the transportation of urine
samples. Morning urine was obtained through the urine
collection cup and transferred into four vacuum tubes, where
the urine samples were mixed thoroughly with prefilled
preservation buffer.

Next-Generation Sequencing (NGS)-Based
Liquid Biopsy
ctDNA sequencing and bioinformatic analysis were conducted
based on previously published methods (13, 14). Briefly, plasma
and urinary cfDNAs were extracted using the QIAamp
circulating nucleic acid kit (Qiagen) from plasma and urine
samples, respectively. Up to 30 ng of extracted cfDNA were used
for library construction and then the amplified libraries were
subjected to hydrid-based target panel (PredicineCARE) capture.
The library was loaded to an Illumina HiSeqX Ten for 2 x 150 bp
pair-end sequencing. Lastly, the sequencing data were analyzed
by an in-house developed pipeline to identify point mutation,
insertions, or deletions. For plasma samples, mutations with
allele frequencies greater than 0.1% and with at least 4 unique
supporting reads were called. For urine samples, mutations with
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allele frequencies greater than 0.5% and with at least 4 unique
supporting reads were called.

MSK-IMPACT Dataset
Publicly available prostate cancer mutation data were
downloaded from MSK-IMPACT (15), in which 504 prostate
cancer patients were reported in this study.

Blood Tests for PSA, Hemoglobin, Creatin,
Albumin, Glucose
Serum PSA levels were tested using the Access Hybritech PSA kit
(Beckman Coulter, Brea, CA, USA). The normal concentration
of PSA ranged from 0 to 4 ng/mL. Hemoglobin levels were
determined using the sodium lauryl sulfate – hemoglobin (SLS-
Hb) method. Creatin levels were tested using the enzyme-linked
immunosorbent assay (ELISA). Albumin levels were tested using
bromocresol green. Glucose levels were tested using hexokinase
ultraviolet colorimetry.

Microscopic Hematuria
Microscopic hematuria was diagnosed when there was no
obvious change in the appearance of urine, but following
centrifugation, there were more than 3 red blood cells per
high-power field of view of the pelleted cell sample during
microscopic examination.

Computed Tomography (CT) Scanning
CT scans were conducted using a 64-detector row scanner
(Brilliance, Philips, Cleveland, OH, USA). The thickness of a
section was 1 mm.

Statistical Analysis
Statistical analyses were conducted using the R language software
(version 4.0) (https://www.r-project.org/) and Prism 8
(GraphPad Software, San Diego, CA, USA). Differences in gene
mutation allele frequency (MAF) between patient groups were
detected using a Mann-Whitney U test. The association of MAF
or the number of mutations and categorized clinicopathological
characteristics of the PCa patients was analyzed using a
Mann-Whitney U test for two categories and a Kruskal-Wallis
test for categories greater than two. The Association of MAF and
continuous clinical features were evaluated by Spearman’s
correlation. Differences in the number of mutations between
PCa and BPH patients were detected using a Mann-Whitney U
test . A P-va lue of less than 0 .05 was cons idered
statistically significant.
RESULTS

PCa Patient Clinicopathological
Characteristics
A total of 33 PCa patients and 15 BPH patients were enrolled in
the present study. Compared to BPH, PCa was positively
correlated with age and PSA concentration. We found that
patients with PCa were older (P = 0.016) and the level of PSA
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was higher (P = 0.002) (Supplementary Table 1). Next, we
compared the number of variants (< 2 vs. ≥ 2) among PCa
patients. 19 PCa patients had variants < 2 and 14 PCa patients
had variants ≥ 2. PCa patients with variants ≥ 2 were more
advanced for M stage (P = 0.035) (Table 1).

Mutation Allele Frequencies Are
Significantly Higher in The Plasma of
Patients With PCa and Are Related to
Metastasis
Next, we compared MAFs between PCa and BPH in plasma
DNA sequencing. We observed a trend that patients with PCa
have higher MAFs detected (Figures 1A, B), although it does not
reach statistical significance (P = 0.10). Further, statistical
analysis showed that there was no difference in MAF (P =
0.27; Figure 1C) between PCa and BPH.

Further analysis demonstrated that the MAF was associated
with metastasis status. MAFs were significantly higher in
metastatic PCa (P = 0.02) and lower in treatment naïve PCa
patients (P = 0.03; Supplementary Figures 1A, B). MAF was not
associated with Gleason score (P = 0.40), tumor stage (P = 0.17),
PSA (P = 0.18), or age (P = 0.32) (Supplementary Figures 1C-F).
Patients with PCa at stage IV tended to have higher MAFs
(Supplementary Figure 1D).

Furthermore, we found that the number of mutations was
associated with metastatic status and tumor stage. The number of
mutations was significantly higher in metastatic PCa (P < 0.01;
Figure 1D). Furthermore, the number of mutations was
significantly associated with the tumor stage (P < 0.05;
Figure 1E), being the highest frequent in patients with PCa at
stage IV. However, the number of mutations was not associated
with treatment naïve status (P = 0.53), PSA (P = 0.16), Gleason
score (P = 0.61), or age (P = 0.32; Figures 1F–I).

PSA Levels Are Not Associated With
Metastatic Status
We found that PCa patients had higher plasma PSA levels
compared to BPH patients (Figure 2A). The serum PSA was
significantly higher in PCa than in BPH patients (P < 0.01).
However, there was no association of PSA concentration with
MAF (P = 0.18; Supplementary Figure 1E), number of variants
(P = 0.16; Figure 1G), metastatic status (P = 0.14; Figure 2B),
treatment naïve status (P = 1.00; Figure 2C), Gleason score (P =
0.33; Figure 2D), tumor stage (P = 0.48; Figure 2E), or age (P =
0.49; Figure 2F).

Plasma cfDNA Genomic Alterations
Across Samples
Alterations in some genes were detected in PCa patients,
including TP53, AR, ATM, MYC, APC, CTNNB1, and SPOP,
etc. (Figures 1A, 3). In BPH, several genes were altered,
including TP53, PIK3CA, GNAS, VHL, CDK4, EGFR, NF1,
RB1, and SMAD4 (Figure 1A). One patient harbored a
PIK3CA p.Arg108His hotspot mutation. The spectrum of
alterations in our study was almost identical and correlated
with the clinical sequence cohort in the MSK-IMPACT
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database (37 vs. 504 samples; Figure 3). The mutation prevalence
of SPOP and APC is lower in our dataset, which may be due to
the limited sample size.

Mutation Allele Frequencies Are Changed
After Treatment in Patients With PCa
Dynamic changes in MAFs in plasma samples during treatment
were observed. For instance, in the case #1 patient, we observed
changes of MAFs in SPOP, BRAF, ATM, ESR1, and AR after 6 or
12 months of treatment (Figure 4A). This patient was a 66-year-
o ld man whose prostate biopsy revea led pros tate
adenocarcinoma with a Gleason score of 7 (3 in major + 4 in
minor). At the time of diagnosis, the CT scan did not show bone
metastasis (Supplementary Figure 2A), and the liquid biopsy
revealed BRAF and SPOP mutations (Figure 4A). After oral
treatment with bicalutamide and leuprolide for 4 months, the CT
scan indicated multiple bone metastasis (Supplementary
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Figure 2A). After continuous treatment for 6 months, the
liquid biopsy revealed the presence of ATM and ESR1
mutations and the disappearance of BRAF and SPOP
mutations. After treatment for 12 months, the liquid biopsy
revealed ATM, ESR1, and AR mutations (Figure 4A). After
treatment for 41 months with follow-up to August 2020, a CT
scan still indicated multiple bone metastases (Supplementary
Figure 2A). The case #2 patient was an 83-year-old man whose
prostate biopsy revealed prostate adenocarcinoma with a
Gleason score of 10 (5 in major + 5 in minor). At the time of
diagnosis, the CT scan did not show metastasis (Supplementary
Figure 2B) and the liquid biopsy did not reveal any gene
mutations (Figure 4B). Subsequently, case #2 patient
underwent bi lateral orchiectomy and received oral
bicalutamide treatment. After treatment for 5 months, the
liquid biopsy revealed a CDH1 mutation (Figure 4B). After
treatment for 25 months and follow-up to April 2019, CT scans
TABLE 1 | Correlation between No. of mutations and clinicopathological characteristics of the PCa patients.

Characteristic No. of variants< 2 (n=19) No. of variants≥ 2 (n=14) P-value

Age at diagnosis, mean ± SD 77.14 ± 6.70 78.00 ± 6.62 0.7249
PSA, median (range) 56.0 (5.04-3327.0) 103.1 (10.37-6132.0) 0.4160
History of radiotherapy 0.8230
Yes, n (%) 1 (5.3) 1 (7.1)
No, n (%) 18 (94.7) 13 (92.9)

Castration-resistant 0.4791
Yes, n (%) 2 (10.5) 1 (7.1)
No, n (%) 17 (89.5) 12 (85.7)
Unknown, n (%) 0 (0.0) 1 (7.1)

Grade group, n (%) 0.9136
1, n (%) 2 (10.5) 1 (7.1)
2, n (%) 2 (10.5) 2 (14.3)
3, n (%) 2 (10.5) 2 (14.3)
4, n (%) 2 (10.5) 3 (21.4)
5, n (%) 6 (31.6) 4 (28.6)

Unknown, n (%) 5 (26.3) 2 (14.3)
T stage, n (%) 0.6693
cT1, n (%) 6 (31.6) 2 (14.3)
cT2, n (%) 7 (36.8) 5 (35.7)
cT3, n (%) 2 (10.5) 3 (21.4)
cT4, n (%) 3 (15.8) 2 (14.3)
cTx, n (%) 1 (5.3) 2 (14.3)

N stage, n (%) 0.9162
N0, n (%) 12 (63.2) 9 (64.3)
N1, n (%) 2 (10.5) 2 (14.3)
Nx, n (%) 5 (26.3) 3 (21.4)

M stage, n (%) 0.0346
M0, n (%) 16 (84.2) 7 (50.0)
M1, n (%) 3 (15.8) 7 (50.0)

Stage group, n (%) 0.3035
I, n (%) 1 (5.3) 0 (0.0)
II, n (%) 2 (10.5) 2 (14.3)
III, n (%) 8 (42.1) 2 (14.3)
IV, n (%) 5 (26.3) 8 (57.1)
Unknown, n (%) 3 (15.8) 2 (14.3)

Treatment naïve, n (%) 0.3174
Yes, n (%) 7 (36.8) 7 (50.0)
No, n (%) 12 (63.2) 6 (42.9)
Unknown, n (%) 0 (0.0) 1 (7.1)
March 2022 | Volume 12 | Article
Contingency tables were analyzed using the chi-square test. Numerous data chosen from the normal population were analyzed using Student’s t-test. Numerous data that were not
chosen from the normal population were analyzed using the Mann-Whitney test. The bold value indicates a statistical significance. T, primary tumor; N, regional lymph node metastasis; M,
distant metastasis.
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FIGURE 1 | Plasma cfDNA mutation profiles and association of the number of mutations detected in plasma cfDNA and clinical characteristics of prostate cancer.
(A) cfDNA mutation profile of prostate cancer and prostatic hyperplasia. Blue color indicates mutation and red color indicates hotspot mutation which is defined as a
mutation with occurrence greater than 20 in the COSMIC database. (B) The number of mutations in prostate cancer and prostatic hyperplasia. (C) Mutation allele
frequencies in prostate cancer and hyperplasia. (D) Association of the number of mutation and metastatic status. p-value was calculated by the Mann-Whitney U
test. (E) Association of the number of mutations and tumor stage. P-value was calculated by the Kruskal-Wallis test. (F) Association of the number of mutations and
treatment naïve status. P-value was calculated by the Mann-Whitney U test. (G) Association of the number of mutations and PSA. Spearman’s rank correlation
coefficient and the corresponding P-value are shown. (H) Association of the number of mutations and Gleason score. P-value was calculated by the Kruskal-Wallis
test. (I) Association of the number of mutations and age. Spearman’s rank correlation coefficient and the corresponding p-value are shown. Each dot indicates one sample.
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FIGURE 3 | Detection of gene mutation prevalence in plasma cfDNA samples. The plasma spectrum of alterations in this study was almost identical and correlated
with tissue samples in the MSK-IMPACT Clinical Sequence Cohort of prostate cancer (37 vs. 504 samples).
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FIGURE 2 | Association of PSA and clinical characteristics of prostate cancer. (A) PSA in prostate cancer and prostatic hyperplasia. P-value was calculated by the
Mann-Whitney U test. (B) Association of PSA and metastatic status. P-value was calculated by the Mann-Whitney U test. (C) Association of PSA and treatment
naïve status. p-value was calculated by Mann-Whitney U test. (D) Association of PSA and Gleason score. P-value was calculated by the Kruskal-Wallis test.
(E) Association of PSA and tumor stage. P-value was calculated by the Kruskal-Wallis test. (F) Association of PSA and age. Spearman’s rank correlation coefficient
and the corresponding P-value are shown. Each dot indicates one sample.
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indicated cancer recurrence and pelvic lymph node metastases
(Supplementary Figure 2B). These data suggest that dynamic
changes of MAFs may relate to metastases.

Number of Mutations and Mutation
Allele Frequencies Detected in Urine
From PCa Patients
In the urinary cfDNAs study, the number of mutations and the
frequency of mutation alleles tended to be higher in PCa than in
BPH (P = 0.25 and P = 0.06; Supplementary Figures 3A, B),
indicating that urine may represent an alternative source for the
diagnosis of PCa. The number of mutations in urine was not
associated with clinical features such as metastatic status (P =
0.74). treatment naïve status (P = 0.95), Gleason score (P = 0.31),
stage (P = 0.39), PSA level (P = 0.44), or age (P = 0.66)
(Supplementary Figure 4). MAF was positively correlated with
age (P = 0.03) but not associated with metastatic status (P =
0.80), treatment naïve status (P = 0.42), Gleason score (P = 0.23),
tumor stage (P = 0.43), or PSA level (P = 0.69) (Figure 5).

cfDNA Genomic Alterations Across Urine
Samples and Matched MSK-IMPACT
There were several altered genes in urine samples (n = 15) in our
detection that were almost identical and correlated with the
clinical sequence cohort (n = 504 samples) in the MSK-IMPACT
database (Supplementary Figure 5).

Comparison of cfDNA Between
Urine and Plasma
Next, we compared the sequencing results using urinary cfDNA
to plasma cfDNA. 15 patients with paired urine and plasma
samples were compared. Interestingly, the mutation profiles in
plasma and urine are largely different. The prevalence rates are
higher in urine than it in plasma, including TP53 (27% vs. 20%),
APC (33% vs. 7%), KMT2D (33% vs. 0%), SPOP (20% vs. 13%),
AR (20% vs. 7%), FGFR2 (20% vs. 7%), ARID1A (20% vs. 7%),
PIK3CA (13% vs. 7%) and ARAF (20% vs. 0%) (Figure 6A). The
Frontiers in Oncology | www.frontiersin.org 768
average mutations per sample were higher in urine than it in
plasma (5.2 vs. 1.3, P = 0.002). Interestingly, the MAFs were
detected to be significantly higher in plasma than in urine by using
the same variant calling cut-off 0.5% (P < 0.01; Figures 6B, C).
From the comparison of the mutation landscape, we detected more
mutations in PCa samples than BPH samples as well as more
mutations in urine samples than plasma samples (Figure 6D).
DISCUSSION

The mechanism underlying the shift from an indolent castration-
sensitive phenotype to a lethal castration-resistant PCa (CRPC)
is not clear. Patients with PCa, compared with patients with
BPH, had more genetic mutations in TP53, AR, ATM, MYC,
ESR1, and SPOP genes and most of them were hotspot
mutations. Mutations were also found in BPH samples which,
as a group, harbored more NF1, RB1, and SMAD4 mutations. In
addition, TP53, ATM, SPOP, and AR gene mutations were more
common in metastatic patients, which was consistent with the
previous studies (16).

The TP53 gene is a tumor suppressor gene and its inactivation
plays an important role in tumorigenesis. The present study
detected TP53 mutation in the plasma and urine of patients with
PCa. Indeed, TP53 is the most frequently mutated gene in human
cancers, and its mutations can cause cell cycle disorders, leading
to abnormal proliferation and malignant transformation (17).
About 3-47% of PCa specimens have TP53mutations and 2-15%
contain homozygous deletions (18, 19). Previous studies have
shown that a TP53R270H mutation was sufficient to induce PCa
in mice (20). Mutations or deletions of TP53 are also associated
with an increased risk of the recurrence of PCa (21). The
inactivation of p53 protein, encoded by the TP53 gene, in the
primary PCa may be predictive of inferior outcomes in response
to novel hormonal therapies in CRPC (22).

The current study also detected mutations in the AR gene,
which functions as a steroid hormone-activated transcription
A B

FIGURE 4 | Dynamic changes of mutation allele frequencies in plasma samples during treatment. (A) Plasma samples from the case #1 patient. (B) Plasma samples
from the case #2 patient. The baseline indicates plasma samples collected from the patient before treatment.
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factor. AR gene aberrations are rare in prostate cancer before
primary hormone treatment but emerge with castration
resistance. Several studies reported the association between AR
copy number gain in serum and abiraterone resistance (23–25).
RNA in urine-derived extracellular vesicles is available for
androgen receptor splice variant 7 (AR-V7) expression
analysis, which is higher in patients with advanced PCa (26).
Thus, liquid biopsy has detected AR gene mutations during late-
stage PCa and in association with resistance to androgen
deprivation therapy. We observed AR variants in 3/33
PCa patients.

The ATM gene is a DNA-damage response gene that is
commonly mutated in cancer. The mutation status of ATM
distinguishes lethal vs. indolent PCa and is associated with earlier
age at death and shorter survival time (27). In addition, the
mutation status of ATM is associated with grade reclassification
among men undergoing active surveillance (28). Therefore,
detecting the mutation status of ATM by liquid biopsy may aid
decision-making for PCa screening and treatment.

The MYC gene is a proto-oncogene and encodes a nuclear
phosphoprotein that plays a role in cell cycle progression,
apoptosis, and cellular transformation. The MYC gene is
overexpressed and contributes to the tumorigenesis and
Frontiers in Oncology | www.frontiersin.org 869
progression of PCa (29). A previous study reported that
amplification of MYC ctDNA in serum was associated with
worse failure-free survival and/or overall survival (OS), which
remained significant after multivariable analysis (30).

SPOP gene mutation is common in solid tumors, especially in
PCa (31–33). T speckle-type POZ protein, encoded by the SPOP
gene, is a substrate adaptor of the cullin3-RING ubiquitin ligase
and localizes to nuclear speckles. Recent genomic studies
reported a decreased frequency of SPOP mutations in mCRPC
when compared to localized disease (16, 34). Detection of SPOP
mutations in serum is expected to become a new biomarker
for PCa.

In the current study, liquid biopsy profiling of the case #1
patient detected BRAF and SPOP mutations after the
pathological diagnosis and before treatment. Following
androgen deprivation treatment, the liquid biopsy revealed the
presence of ATM, ESR1, and AR mutations, but not BRAF or
SPOP mutations. Previous studies discovered that ESR1
mutation was associated with bone metastasis of breast cancer
(35, 36). However, the role of ESR1mutation in PCa has not been
investigated. The CDH1 gene encodes E-cadherin protein, which
mediates calcium cell-cell adhesion. CDH1 mutations are
associated with metastatic progression in various malignant
A B
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FIGURE 5 | Association of mutation allele frequency (MAF) detected in urine cfDNA and clinical characteristics of prostate cancer. Each dot indicates one sample.
(A) Association of MAF and metastasis status. P-value was calculated by the Mann-Whitney U test. (B) Association of MAF and treatment naïve status. P-value was
calculated by the Mann-Whitney U test. (C) Association of MAF and Gleason score. P-value was calculated by the Kruskal-Wallis test. (D) Association of MAF and
tumor stage. P-value was calculated by the Kruskal-Wallis test. (E) Association of MAF and PSA. Spearman’s rank correlation coefficient and the corresponding P-
value are shown. (F) Association of MAF and age. Spearman’s rank correlation coefficient and the corresponding P-value are shown. Each dot indicates one sample.
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tumors (37–40). Our liquid biopsy detected a CDH1mutation in
the case #2 patient after 7 months of treatment before the CT
scan, which revealed cancer recurrence and pelvic lymph node
metastases, indicating that liquid biopsy may have the ability to
Frontiers in Oncology | www.frontiersin.org 970
find clues of cancer recurrence and metastasis before traditional
imaging examinations.

By profiling the genomic alterations in plasma and urine, we
detected frequently mutated genes in PCa patients that have been
A

B

D

C

FIGURE 6 | Comparison of cfDNA between urine and plasma. (A) Mutation landscape of urine (left) and plasma (right) samples from patients with prostate cancer.
Some genes with only one mutation were not shown in the figure. (B) Mutation allele frequencies detected in paired urine and plasma samples from patients with
prostate cancer. (C) Mutation allele frequencies of matched mutations detected in paired urine and plasma samples. (D) The landscape of mutations in urine and
plasma samples from patients with prostate cancer (PCa) and benign prostatic hyperplasia (BPH).
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reported in previous studies. Mutations were detected in both
plasma and urine samples, suggesting that the liquid biopsy
technology, including both plasma- and urine-based NGS tests,
may have great potential to impact PCa diagnosis, treatment
selection, and disease monitoring. Interestingly, by comparing
the mutations detected in plasma and urine samples from the
same patients, we found more mutations were detected from
urine, but higher mutation frequencies were detected in plasma.
These findings suggest that the ctDNA in plasma and urine
samples may come from different tumor sources. ctDNA in
plasma samples are more likely from metastatic lesions, whereas
ctDNA-based alterations in urine are more likely from the
primary lesions. This observation suggests different clinical
application scenarios of plasma- and urine-based NGS tests.

Although we recruited clinical cases and tried to focus on the
evaluation of ctDNA in the blood and urine of PCa patients,
there were some limitations in the current study. First, due to the
short patients-recruiting period (one year and nine months), we
had collected a total of 54 plasma samples and 20 urine samples.
Therefore, the sample size seems to be relatively small. Second,
samples of plasma and urine were not all paired from patients.
Third, the follow-up timeframe was also short (three years and
ten months). In the future study, we would continue to collect
more samples and to follow up for five years even to ten years.
Nevertheless, we thought that ctDNA can be used as biomarkers
to increase the sensitivity and specificity of the detection for PCa.

In conclusion, we have used NGS-based liquid biopsy to
detect alterations in several genes, including TP53, AR, ATM,
MYC, and SPOP in PCa patients, which may be utilized for
monitoring tumorigenesis. Thus, liquid biopsy is a powerful
approach for analyzing tumor DNA sourced from blood and
urine samples; the latter is the most convenient source for a
patient and has great potential for clinical application.
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Overexpression of CDCA8 Predicts
Poor Prognosis and Promotes Tumor
Cell Growth in Prostate Cancer
Shun Wan†, Yang He†, Bin Zhang, Zhi Yang, Fang-Ming Du, Chun-Peng Zhang,
Yu-Qiang Fu and Jun Mi*

Department of Urology, Lanzhou University Second Hospital, Lanzhou, China

Human cell division cycle-related protein 8 (CDCA8) is an essential component of the
vertebrate chromosomal passenger complex (CPC). CDCA8 was confirmed to play a role
in promoting malignant tumor progression. However, the exact function of CDCA8 in the
development and progression of prostate cancer (PCa) remains unclear. In this study, the
database GSE69223 was downloaded by the gene expression omnibus (GEO) database,
as well as CDCA8 expression differences in multiple tumor tissues and normal tissues
were detected by The Cancer Genome Atlas (TCGA), TIMER, Oncomine, and Ualcan
databases. Kaplan-Meier and Cox regression methods were used to analyze the
correlation between CDCA8 expression and prognosis in PCa. We confirmed the
expression of CDCA8 in PCa tissues by HPA. We also analyzed the association of
CDCA8 expression with PCa clinical characteristics in the TCGA database. To further
understand the role of CDCA8 in PCa, we assessed the effects of CDCA8 on PCa cell
growth, proliferation, and migration in vitro studies. As a result, CDCA8 was significantly
overexpressed in PCa cells compared with normal prostate cells. High CDCA8 expression
predicts poor prognosis in PCa patients, and CDCA8 expression was higher in high-grade
PCa. In addition, silencing of CDCA8 significantly inhibited PCa cell proliferation and
migration. In summary, CDCA8 promoted the proliferation and migration of PCa cells.

Keywords: prostate cancer, CDCA8, proliferation, immune infiltration, molecular mechanism
INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer death in men worldwide, with nearly 1.28
millionnew cases and 3.59milliondeathsworldwide, according to epidemiological statistics in 2018 (1).
Genetic testing plays an increasingly important role in treating patients with PCa. Studies now
recommend that all patients with pancreatic or metastatic PCa and those with a family history of a
high incidenceofGleasonhigh-gradePCashouldundergogenetic testing. Identifying geneticmutations
canguidepatients toassess the risk ofothercancers and identifyandmanagediseases in relatives (2).The
human cell division cycle-associated 8 (CDCA8) protein is a chromosomal complex essential for
genome transmission during cell division (3). It has been shown that the CDCA8 gene is highly
expressed inbreast cancer cells and thatCDCA8gene knockdown can inhibit the survival and growth of
cancer cells. Another interesting phenomenon is that higher CDCA8 gene expression is positively
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correlated with the poor prognosis of which cancers. CDCA8 is,
therefore, a key mediator of estrogen-stimulated breast cancer cell
growth and survival (4). Studies have confirmed that CDCA8 plays
a crucial role in mitosis, chromosome segregation, and cancer cell
division (5). A study showed that CDCA8 was overexpressed in
colorectal cancer. At the same time, loss of CDCA8 inhibited the
growth of cancer cells and induced apoptosis (6). In addition, it has
been reported that high expression of CDCA8 is significantly
associated with lymph node metastasis in melanoma (7). This
study aimed to evaluate the prognostic significance of CDCA8 gene
expression in PCa by bioinformatics analysis of clinical features and
survival information from The Cancer Genome Atlas (TCGA). We
also performed in vitro experiments to investigate the effect of
CDCA8 expression on PCa cell proliferation and invasion. Our
results suggest that CDCA8 can be used to predict the prognosis of
PCa patients and that high expression of CDCA8 is associated with
poor prognosis in these patients.
MATERIALS AND METHODS

Dataset and Sample Extraction
From TCGA data (https://portal.gdc.cancer.gov/), RNA
sequencing (RNA-seq) data on PCa and related cancers were
obtained. The data were RNA-seq data in transcripts per million
reads format of TCGA and GTEx uniformly processed by the
Toil process (8). Ethics committee approval was not required as
the data involved in this study were obtained from the TCGA
database and adhered strictly to TCGA publication guidelines.

Screening of DEGs and Hub Genes
There were 15 PCa samples and 15 standard samples in this study.
GSE69223 was downloaded from the Gene expression omnibus
(GEO) database through the GEO query package to remove probes
with a probe corresponding to multiple molecules. DEGs were
identified by the GEO2R online analysis tool using adjusted P <
0.05 and | logFC | ≥ 1 as cut-off criteria. The GEOquery package was
used for data collection and download. A complex heatmap package
was used to visualize the heat map. The target DEGs were imported
into the Gene MANIA online database to construct a PPI network.
The top 30 genes in the PPI network were selected as central genes.
The cluster profile package was used for GO and KEGG enrichment
analysis. The ggplot2 package was used for visualization. When the
data satisfiesp studieswere includedwhenpadj<0.05&qvalue<0.2.

Epigenetic Inheritance of CDCA8 in
Urinary Tumors
We used the UCSC Xena database (http://xena.ucsc.edu/) to
analyze the gene copy number, methylation, somatic mutations,
gene expression of CDCA8 in urinary tumors (PCa, ACC, KIRP,
and KIRC).

Correlation Between CDCA8 and Human
Immune Cells and Infiltration Level
Investigating the correlation between CDCA8 and human
immune cells, the TISIDB database was used to explore
CDCA8 expression in human cancer with human immune
Frontiers in Oncology | www.frontiersin.org 274
cells and chemokines. The TIMER algorithm was used to
determine the possible link between CDCA8 expression and
immune cell infiltration.

Expression of CDCA8 in Pantothenic
Carcinoma and Its Expression in PCa
The GSE69223 dataset downloaded from the GEO database was
analyzed for CDCA8 expression using R language visualization.
The expression of CDCA8 in pan-cancer was obtained using the
TCGA database. Immunohistochemical pictures of CDCA8 in
normal prostate and PCa were obtained from the HPA
online database.

CDCA8-Associated Signaling Pathways
To gain more insight into the function of CDCA8, GSEA was
used to map the KEGG pathway and GO analysis databases. We
performed GSEA using low and high CDCA8 expression
datasets to identify signaling pathways differentially activated
in PCa. The relevant gene pathways were selected based on the
cut-off criteria FDR < 0.05 and gene size≥100.

Cell Line and Cell Transfection
RWPE-1, a normal prostate epithelial cell line, was cultured in
DMEM (G4510; Servicebio, Wuhan, China) and PCa cell lines
(LNCaP, DU-145, and PC3) were cultured in RPMI-1640
(G4530; Servicebio, Wuhan, China). All cell lines were
obtained from the Second Hospital of Lanzhou University and
incubated at 37°C and 5% CO2 in a humidified incubator. All
mediums were supplemented with 10% fetal bovine serum (FBS;
1276-025; Gibic, Beijing, China). Transfection was performed
using Homo-CDCA8 (shRNA-CDCA8) and shRNA-negative
control (shRNA-NC) lentivirus (GebePharma; Shanghai,
China). LNCaP and DU-145 were cultured in six-well plates
and transfected with lentivirus and Polybrene enhancer for 16 h.
After 72 h, 2 ml 0.1 mg/ml puromycin was added to select stable
cell lines. The shRNA single-strand sequences were as follows:
Sh-CDCA8: 5’-TTGACTCAAGGGTCTTCAA-3’; Sh-NC: 5’-
ACTACCGTTGTTATAGGTG-3’.

Real-Time PCR
Total RNA was extracted from cultured cells using
TRIzol (AG21101; Hunan, China) reagent following the
manufacturer’s instructions and reverse transcription. Real-
time quantitative PCR was performed as Yang et al. (9)
described. All results for gene expression were normalized to
those for b-actin. Relative quantification was performed using
the 2–DDCT method. Primers used for qRT-PCR were as follows:
CDCA8: forward primer, 5’-CCAGAGGCCTTGGGAAACAT-
3’; reverse primer, 5’-AGGAACATGGCTCCTTGC-3’; GAPDH:
forward primer, 5 ‘-GGAAGCTTGTCATCAATGGAAATC-3’
and reverse primer, 5 ‘-TGATGACCCTTTTGGCTCCC-3’.

Western Blotting
Total protein samples were extracted from tissues and cultured
cells. Then, samples were separated using 10% SDS-PAGE and
transferred to polyvinylidene fluoride membranes. After
blocking with 5% skimmed milk in Tri-buffered water for 1 h,
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membranes were incubated overnight at 4°C with target
antibodies against the following proteins: anti-CDCA8 (1:1000,
DF6115; Affinity, USA), anti-b-actin (1:2000; SA0000-1-Ig;
Proteintech, Beijing, China), IRDye 800CW secondary
antibody (1:20000; 926-32211; licor, Shanghai, China). b-actin
was used as a reference. After three TBST washes, IRDye 800CW
secondary antibody was added for 1 h at room temperature.
Next, the bands were visualized by an Odyssey CLX dual-color
infrared laser imaging system (CLX-0470, Genecompany,
Shanghai, China). Finally, relative protein expression levels
were assessed using Image J software.

Cell Proliferation Assay
For cell proliferation analysis, selected stable transplants of sh-
CDCA8 and sh-NC from LNCaP and DU-145 cells were seeded in
96-well plates (2000 cells/well). CCK-8 reagent (100 mL/well) was
thenadded toeachwell andculturedat 37°C for2h.Cell growthat0,
24, 48, and 72 h were analyzed with Cell Counting Kit-8 (CCK-8;
Apexbio, USA). The absorbance was measured at 450 nm.

Clonogenic Assay
Transfected LNCaP cells and DU-145 cells (shRNA-CDCA8,
shRNA-NC) were seeded onto six-well plates with 700 cells per
well and incubated for 14 days. They were fixed in 10%
formaldehyde for 15 minutes, stained with 4% crystal violet for
30 minutes, and counted. Image J was used to calculate the
number of colonies per well.
Wound-Healing Assay
Transfected LNCaP cells and DU-145 cells (shRNA-CDCA8,
shRNA-NC) were seeded into six-well plates at 400,000 cells per
well and cultured in an incubator for 24 h. Take out the 6-well
plate use a ruler to draw a horizontal line on the bottom of the
six-hole plate with a marking pen. The distance between each
horizontal line and each horizontal line is 0.5 cm. The next day,
use a 200 ml tip perpendicular to the surface of the six-hole plate
and draw three vertical lines from the top perpendicular to the
bottom. The culture medium was sucked off, the subcultured
cells were washed off with PBS, and a serum-free medium was
added for culture. The last scratch widths were collected under
an inverted microscope for 0 and 24 hours.
Statistical Analysis
R (version 3.6.0), SPSS Statistics25.0 (IBM, Inc., Chicago), and
ImageJ software performed all statistical analyses. To compare
survival curves, we used the log-rank test to calculate HR and
log-rank P values in Kaplan-Meier Plotter and GEPIA.
Univariate Cox regression models were used to calculate HR
and Cox P values in Progno Scan. R software and ggplot2 were
used to visualize these cancers associated with CDCA8 and the
poor prognosis of PCa. Differences in quantitative data between
two groups were analyzed using paired or unpaired Student’s
t-test, Mann-Whitney U test, or Dunnett’s test as appropriate.
Two-way ANOVA with Sidak’s multiple comparisons was
Frontiers in Oncology | www.frontiersin.org 375
applied for multiple comparisons. We considered P < 0.05 as
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
RESULTS

Screening of DEGs and Hub Genes in
TCGA and GEO
After filtering the GSE69223 data set, the samples were
homogeneous and normalized by box plots (Figure 1A). Group1
(normal) andgroup2 (cancer) samplegroupswerequitedifferent by
PCa analysis (Figure 1B), and Figure 1C shows the expression of
the top 20 up-regulated and 20 down-regulated DEGs with fold
change 2. A total of 1203 DEGs were detected after analysis of
GSE69223, of which 380 up-regulated genes and 823 were down-
regulated (Figure 1D). Moreover, most of these genes were up-or
down-regulated inmetastatic PCa.We successfully constructed the
PPI network based on the degree of correlation from high to low.
Finally, We selected the top 12 central genes: CDCA8, HOXC6,
CRISP3, ZIC2, FEY, PTK6, NKX2-3, GCNT1, KCNC2, STX19,
ALDH3B2, GPR158 (Supplementary Figure 1). The results
indicated that CDCA8 had a significant correlation with these
Hub genes. In order to better study the mechanism and
immunity of a single gene, we selected CDCA8 for further study.

Gene Methylation, Mutation, and CNV With
CDCA8-Related in PCa
To analyze the potential mutation sites and methylation
modifications of CDCA8 at the genetic level in urinary tumors. We
used theUCSCXenadatabase to analyze the epigenetic inheritanceof
CDCA8 in PCa, ACC, KIRP, and KIRC. The results indicated that
CDCA8 expression was significantly elevated in PCa, ACC, KIRP,
andKIRC. Thenwe assessed the cause of the elevated CDCA8 levels.
The heatmap indicated that CDCA8 mRNA expression correlated
with CNV and DNA methylation in PCa (Figure 2A), ACC
(Figure 2B), KIRP (Figure 2C), and KIRC (Figure 2D), but not
with somatic mutations in PCa, ACC, and KIRC. As a result, DNA
methylation, gene mutation, and CNV are closely related to genetic
and epigenetic regulation and are associatedwith cancer progression.
Therefore, we suggest that CNV and DNA methylation may cause
elevated CDCA8 levels in PCa, ACC, KIRP, and KIRC.

CDCA8 Correlates With Immune Cell
Infiltration and Chemokines in PCa
We used the TISIDB online database to analyze the link between
CDCA8 expression and immune cell infiltration in cancers. The
results indicated that CDCA8 expression was significantly positively
correlated with tumor purity, infiltration levels of B cells, CD8+T
cells, CD4+T cells, andmacrophages in PCa (Figure 3). In analyzing
theassociationofhumancancerswith immunecells andchemokines,
we found that CDCA8 expression was positively correlated with
human immune cells Act-CD4 (rho = 0.465, p < 0.01), Th2, MeM-B
and chemokines CCL in PCa (Supplementary Figure 2). A separate
analysis of the correlation between CDCA8 and immune cell
infiltration in PCa revealed that CDCA8 was positively correlated
with cellular infiltration such as Th2 and Tcm.
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Expression of CDCA8 in Pantothenic
Carcinoma Including PCa
Investigating the differential expression of CDCA8 between
human tumors and normal tissues, the expression levels of
CDCA8 in pan-cancer were analyzed using the TCGA
database. The results showed that CDCA8 was highly
expressed in ACC, BLCA, BRCA, ESCA, PRAD, and UCS
cancer compared with each normal tissue (Figure 4A). Visual
analysis showed that the expression of CDCA8 in PCa was
significantly higher than that in normal tissues (Figure 4B),
and analysis after another pairing to remove heterogeneity
revealed the same results (Figure 4C). Receiver operating
characteristic curve (ROC) was used to analyze the sensitivity
and specificity of CDCA8 in the diagnosis of PCa (Figure 4D),
and the result showed that the cut-off value of CDCA8 in the
diagnosis of PCa was exact (AUC = 0.843). We then validated in
GSE69223 that CDCA8 expression is significantly higher in PCa
than in normal tissues (Supplementary Figure 3B); the above
results were significantly different (P < 0.05). We obtained
immunohistochemical pictures of normal prostate tissue and
prostate cancer from HPA (Supplementary Figures 3C, D).

High CDCA8 Expression Is Associated
With Poor Prognosis in PCa
This study analyzed the association between CDCA8 expression
with OS and DFS in PCa, ACC, KIRP, KIRC, KICH, and LUAD
patients by Kaplan-Meier analysis. The results showed that high
expression of CDCA8 was associated with poor OS (HR = 5.08,
Frontiers in Oncology | www.frontiersin.org 476
95% confidence interval (CI) = 1.21-21.28, P = 0.026) and poor
DFS (HR = 2.31, 95% CI = 1.49-3.58, P < 0.001) in PCa patients.
Similar high CDCA8 expression was associated with worse OS and
DFS in patients with ACC, KIRP, KIRC, KICH, and LUAD
(Figures 5A–L). After Cox regression analysis by collating OS,
PFI, and DSS data of human cancers associated with CDCA8,
human cancer was expressed using a deep forest plot. As a result,
the expression of CDCA8 is correlated with OS, PFI, and DFS in
PCa (Supplementary Figure 4). When analyzing the correlation
between CDCA8 expression and clinical characteristics of PCa
patients. 499 prostate samples were downloaded from the TCGA
database, including the low CDCA8 expression group (n = 249)
and the high CDCA8 expression group (n = 250). The high
CDCA8 expression was positively correlated with PSA > = 4 and
Gleason score > 7 (Table 1). Further visualization findings that
high CDCA8 expression might be associated with poor clinical
outcomes (Figure 6). Univariate analysis using logistic regression
indicated that high expression of CDCA8 was significantly
associated with Gleason score (8&9&10 vs. 6&7, OR= 3.53, 95%
CI= 2.43–5.16, p < 0.001), T classification (T3&T4 vs. T2, OR =
3.09, 95%CI= 2.12–4.54, p < 0.001), and N classification (OR =
2.73, 95%CI = 1.62–4.74, p < 0.001) (Table 2).

The above results indicate that CDCA8 expression is
significantly higher in PCa than in normal tissues. ROC curves
indicate that CDCA8 can more accurately predict PCa. On the
other hand, the higher the expression of CDCA8 is expressed,
the worse the prognosis of PCa. Therefore, ultimately we chose
the association of CDCA8 with PCa for further analysis.
A B

DC

FIGURE 1 | Screening of relevant PCa genes in TCGA and GEO databases. (A) Sample homogeneous representation in the GSE69223 dataset. (B), PCA indicates that
the selected samples have good heterogeneity. (C) Differentially expressed genes between tumors and non-tumors. (D) Distribution of differentially expressed genes.
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Enrichment Analysis of CDCA8
Co-Expressed Genes in PCa
To understand the signaling function of CDCA8 in PCa, GSEA
was used to map KEGG pathways and GO analysis. GSEA was
performed using low and high CDCA8 expression datasets to
identify signaling pathways differentially activated in PCa.
According to the selection criteria, the results showed four
functional gene sets related to metastasis or oncogene
pathways. This result indicated that high expression of CDCA8
was enriched in TP53 (ES=2.26, p=0.04, FDR=0.03), interleukins
(ES=1.52, p=0.04, FDR=0.03), NOTCH (ES=1.54, p=0.04,
FDR=0.03), and metabolism (ES=1.47, p=0.04, FDR=0.03)
(Figures 7A–D). These results indicate that high CDCA8
expression shows differential enrichment in interleukin,
metabolic function, TP53, NOTCH pathways.

CDCA8 Is Significantly Expressed in PCa
Cells and Silencing of CDCA8 Inhibits PCa
Cell Proliferation
We performed cell experiments to explore whether CDCA8
promotes PCa progression in vitro experiments. We first examined
CDCA8expression inprostatenormalepithelial cellsRWPE-1versus
Frontiers in Oncology | www.frontiersin.org 577
PCa cell lines (LNCaP, DU-145, and PC-3). The results showed that
CDCA8 was overexpressed in LNCaP, DU-145, and PC-3 cells
compared with RWPE-1 (Figures 8A, B). For the following
experiments, we selected LNCaP cells with the highest CDCA8
expression and DU-145 cells for subsequent experiments.

In order to investigate the effect of CDCA8 on the growth of
PCa cells. A CCK-8 assay was performed to detect cell
proliferation using stable transfer LNCaP and DU-145 cells
obtained by sh-CDCA8 and sh-NC knockdown. LNCaP and
DU-145 cells were transfected using shRNA-CDCA8 and
shRNA-NC. The transfection efficiency was observed at
80% using an inverted fluorescence microscope after 72 h
(Figures 8C, D). The knockdown efficiency was further
verified using RT-PCR and Western blot experiments
(Figures 8E–H). Our results indicated that down-regulation of
CDCA8 significantly inhibited the proliferation of LNCaP and
DU-145 cells (Figures 9A, B). In the colony formation assay,
knockdown of CDCA8 also significantly reduced the number of
cell colonies compared with sh-NC-transfected cells
(Figures 9C–F). Both CCK8 cell proliferation and colony
formation assays indicated that the decrease in CDCA8
expression inhibited the proliferation of PCa cells.
A B

DC

FIGURE 2 | Mutation, Copy Number Variation, and Methylation Analysis of CDCA8. CNV, DNA methylation and somatic mutations in PCa (A), ACC (B), KIRP
(C) and KIRC (D).
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CDCA8 Silencing Reduces the Migratory
Capacity of PCa Cells
We performed a wound-healing assay to investigate whether
CDCA8 silencing affects PCa cell migration. The results showed
Frontiers in Oncology | www.frontiersin.org 678
that in LNCaP and DU-145 cells, wound healing was inhibited in
sh-CDCA8-transfected cells compared with sh-NC-transfected
cells for LNCaP (Figures 10A, B), DU-145 (Figures 10C, D) at 0
h and 24 h. The relative migration distances were analyzed in
A

B

FIGURE 3 | (A) The correlation between PCa, KIRP, KIRC, LUAD, and immune cell infiltration. (B) The correlation between PCa and immune factor infiltration.
A

B DC

FIGURE 4 | (A) Expression of CDCA8 in pan-cancer. (B, C) Differential expression analysis of CDCA8 between prostate cancer and normal tissues in TCGA
database; (D) Sensitivity and specificity of CDCA8 in the diagnosis of PCa. nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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TABLE 1 | Clinical features of PCa associated with CDCA8.

Characteristic Low expression of CDCA8 High expression of CDCA8 p

n 249 250
T stage, n (%) <0.001
T2 124 (25.2%) 65 (13.2%)
T3 119 (24.2%) 173 (35.2%)
T4 3 (0.6%) 8 (1.6%)
N stage, n (%) 0.004
N0 174 (40.8%) 173 (40.6%)
N1 25 (5.9%) 54 (12.7%)
M stage, n (%) 1.000
M0 221 (48.3%) 234 (51.1%)
M1 1 (0.2%) 2 (0.4%)
PSA(ng/ml), n (%) 0.016
<4 215 (48.6%) 200 (45.2%)
>=4 7 (1.6%) 20 (4.5%)
Gleason score, n (%) <0.001
6 32 (6.4%) 14 (2.8%)
7 145 (29.1%) 102 (20.4%)
8 30 (6%) 34 (6.8%)
9 41 (8.2%) 97 (19.4%)
10 1 (0.2%) 3 (0.6%)
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FIGURE 5 | Survival analysis of CDCA8-Associated Cancers. OS and DFS in patients with PCa (A, B), ACC (C, D), KIRP (E, F), KIRC (G, H), KICH (I, J), and LUAD (K, L).
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LNCaP and DU-145 cells, respectively. The results indicated that
the cell migration rate of the sh-CDCA8 phase was lower than
that of the sh-NC group, and the difference between the two
groups was statistically significant (P < 0.01). These results
indicate that CDCA8 promotes the migration of PCa cells and
that the knockdown of CDCA8 inhibits their migration.
DISCUSSION

As stated in an epidemiological survey study that the incidence of
PCa increased by 169.11% in 2019 compared with 1990 (10).
Prostate specific antigen (PSA) is of great value in diagnosing of
PCa. It is an FDA-approved biomarker for PCa (11). However,
unnecessary biopsies and overtreatment in clinical practice are
rising due to the low specificity of PSA in diagnosis (12). After
the normal epithelium of the prostate developed into a tumor,
the expression of PSA increased significantly. In people over 60
years of age, PSA production also increases, thereby reducing the
sensitivity of PSA detection (13). Also, there was no significant
correlation between PSA levels and PCa severity (14). Current
Frontiers in Oncology | www.frontiersin.org 880
target therapy is challenging in diagnosing and treating PCa (15).
Therefore, exploring new PCa diagnostic and therapeutic targets
has important clinical significance. Recent studies of high-
throughput gene chips for analysis of patient average and
tumor tissue samples have provided us with an opportunity to
discover and explore the entire molecular landscape of tumors at
various levels, from copy number changes and somatic
mutations at the genomic level to altered gene expression at
the transcriptional level (16–18). Microarrays currently have
very few clinical applications. This limitation is broken when
the advent of detecting many genes by gene profiling. However,
there is still a lack of independent reliability, reproducibility, and
complex statistical analysis for clinical application. At the same
time, experimental identification of critical genes on a genome-
wide scale is very time-consuming and laborious. An optimal
method that can be processed by routine analysis needs to be
developed to put these expression profiles into clinical practice as
soon as possible. In addition, there is a clear need to improve our
ability to enhance PCa patients at high risk of metastasis and
recurrence after radical prostatectomy for PCa. The challenge of
accurately predicting PCa metastasis and recurrence may be
A B

DC

FIGURE 6 | Box plot evaluating CDCA8 expression of patients with lung adenocarcinoma according to different clinical characteristics. (A) PSA; (B) Gleason score;
(C) T classification; (D) N classification, (**P < 0.01, ***P < 0.001).
TABLE 2 | Univariate regression analysis associated with high CDCA8 expression.

Characteristics Total (N) Odds Ratio (OR) P value

Age (>60 vs. <=60) 499 1.306 (0.917-1.862) 0.139
PSA(ng/ml) (>=4 vs. <4) 442 1.827 (0.831-4.230) 0.142
Gleason score (8&9&10 vs. 6&7) 499 3.529 (2.431-5.163) <0.001
T stage (T3&T4 vs. T2) 492 3.092 (2.122-4.543) <0.001
N stage (N1 vs. N0) 426 2.729 (1.619-4.742) <0.001
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partially attributed to the complex pathways that promote
disease development (19). CDCA8 plays a vital role in various
tumor-related processes. In pancreatic ductal adenocarcinoma,
CDCA8 promotes tumor cell proliferation (20). Consumption of
CDCA8 leads to cell cycle arrest in the G2/M phase, increased
DNA damage and apoptosis, and enhanced sensitivity of ovarian
cancer cells to cisplatin and olaparib (21). Through the ROCK
signaling pathway, CDCA8 knockdown may inhibit cancer cell
proliferation and invasion (22). However, the importance of
CDCA8 in PCa has not been fully elucidated. In a bioinformatics
article, Songz et al. (23) built a PPI network through the KEGG
database to analyze the interactions of visualized central genes.
The discovery of CENPA, KIF20A, and CDCA8 may promote
the development and progression of PCa, which may be new
therapeutic targets and biomarkers for PCa diagnosis and
prognosis. Some essential genes (including CDCA8) were
validated and found to be associated with tumor stage,
metastasis, biochemical recurrence, and survival. They
suggested that these central genes can control cellular processes
and have high clinical value. This study is the first to report that
they are upregulated in PCa and correlate with survival in PCa
patients. However, the authors only stated that high CDCA8
expression was associated with poor prognosis in PCa patients in
this study. Nevertheless, not studied the epigenetic, genetic
mutation role of CDCA8 in PCa patients and in vitro studies.
Therefore, in our study, we further investigated the epigenetic,
genetic mutation role of CDCA8 in PCa patients and further
validated the role of CDCA8 in PCa patients with in vitro
experiments. Although some prominent pathways involving
Frontiers in Oncology | www.frontiersin.org 981
AR, SPOP, MYC, RB1, and PTEN-related pathways also play a
crucial role in PCa. In these complex and comprehensive
processes, these central genes are involved in almost all critical
cellular pathways, given that they can interact with many
proteins (24–27). In another study, the authors analyzed a total
of 367 PCa cases through the Cancer Genome Atlas database and
performed weighted gene co-expression network analysis. The
selected four central genes were CKAP2L, CDCA8, ERCC6L, and
ARPC1A. The results indicate that these four central genes can
distinguish tumor from normal tissue and are promising
biomarkers for lymph node metastasis of PCa (28). This study
provides novel insights that explain the mechanism of lymph
node metastasis of PCa at the molecular level. The identified
central genes may become potential biomarkers and therapeutic
targets for precise diagnosis and treatment in the future. The
above studies provide a more detailed molecular mechanism for
lymph node metastasis with biochemical recurrence in PCa
patients and provide clues for potential biomarkers and
therapeutic targets. To get a reliable conclusion, we first
explored CDCA8-promoted PCa progression in the TCGA and
GSE69223 databases and then validated this conclusion in our
experiments. In 15 pairs of PCa and prostate normal tissues from
the TCGA database, CDCA8 expression was significantly higher
in cancer than in normal controls. Similarly, in cell experiments,
the content of CDCA8 was significantly higher in PCa cell lines
than in normal prostate cells. High CDCA8 expression was
associated with advanced N stage and lymphovascular
invasion. In addition, CDCA8 expression gradually increased
from stage I to stage III in the TCGA and GSE69223 databases.
A B
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FIGURE 7 | GSEA analysis of CDCA8 co-expressed genes. High CDCA8 expression showed differential enrichment in TP53 (A), interleukin (B), NOTCH (C), and
metabolic function (D) pathways.
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Therefore, we hypothesize that CDCA8 may be a cancer-
promoting biomarker for PCa. We first validated our
hypothesis in a public database. The high expression of
CDCA8 in the TCGA database showed poor OS, DSS, and
PFI, which confirmed the poor prognosis of the high
expression of CDCA8 in PCa. All these findings indicate that
CDCA8 plays a vital role in the carcinogenesis and progression
of PCa. It has been stated that CDCA8 is highly expressed in
LUAD cells, while miR-133b is lowly expressed, and that the
promoting effect of CDCA8 on LUAD cell proliferation,
migration, and invasion can be regulated by miR-133b (29).
Future studies could further investigate how CDCA8 promotes
prostate cancer proliferation and metastasis. Genetic testing has
an extensive range of applications. Over the past few decades,
Frontiers in Oncology | www.frontiersin.org 1082
this technology has made significant progress, and genetic
defects in humans can be confirmed by genetic testing (30).
Moreover, genetic testing can determine the appropriate targeted
drug for cancer patients, which significantly improve the survival
rate of cancer patients and avoid overtreatment to achieve
precise treatment, thereby improving the quality of life and
improving the prognosis (31, 32). It is not a problem to obtain
99% accurate DNA sequences based on the current technology.
The main problem is what the ATCG combination in these DNA
sequences represents and how much association is with human
health remains to be solved. Monogenic diseases are relatively
simple, and the corresponding relationship is also relatively easy
to study. However, monogenic diseases are rare, so people often
pay attention to highly prevalent complex diseases. Such as
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FIGURE 8 | The mRNA expression levels of CDCA8 in RWPE-1 and PCa cells. Sh-NC, negative control. CDCA8 expression levels were higher in PCa
cells (A, B). The knockdown efficiency of LNCaP and DU-145 cells was observed by inverted fluorescence microscopy (C, D). After sh-CDCA8 and
sh-NC were transfected into LNCaP and DU-145 cells, the expression levels of CDCA8 were detected by qRT-PCR and Western blotting (E-H), *P < 0.5;
***P < 0.001; two-tailed t-test.
April 2022 | Volume 12 | Article 784183

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wan et al. CDCA8 Promotes Prostate Cancer Proliferation
A B

D

E F

C

FIGURE 9 | The proliferation ability of PCa cells was significantly attenuated after the knockdown of CDCA8. (A, B) Cellcountingkit-8 (CCK8) analysis
showed that down-regulation of CDCA8 inhibited the growth of LNCaP and DU-145 cells (nsP > 0.05; *P < 0.05; ***P < 0.001. two-way ANOVA). (C-F) In a
colony formation assay, silencing of CDCA8 reduced the number of colonies in LNCaP and DU-145 cells (***P < 0.001 versus sh-NC; two-tailed t-test). NC,
negative control.
DC
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FIGURE 10 | Knockdown of CDCA8 inhibited the migration of PCa cells in vitro. (A, C) Wound healing assay, LNCaP and DU-145 at 0 and 24 h, respectively. (B,
D) Relative migration distance was analyzed in LnCap and DU-145 cells, respectively. *P < 0.05; **P < 0.01; two-tailedt-test.
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tumors, diabetes, and cardiovascular diseases are usually many
opportunities to interact and participate in environmental
factors (33, 34). Therefore, the limitations of genetic testing
applications in risk inference for complex diseases are more
pronounced. Moreover, the basic research of the CDCA8 gene in
PCa needs further study. Alternatively, our study lacks clinical
samples from our hospital, and future work will be needed to
investigate the effects of CDCA8 in vivo.
CONCLUSION

In conclusion, our findings suggest that CDCA8 is significantly
upregulated in PCa cell lines. High expression of CDCA8
correlates with tumor histological grade of PCa and predicts
poor prognosis. Knockdown of CDCA8 inhibits PCa cell
proliferation. Therefore, CDCA8 can serve as a promising
diagnostic and prognostic biomarker and a new therapeutic
target in PCa.
Frontiers in Oncology | www.frontiersin.org 1284
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Prostate cancer is the second most diagnosed cancer among men worldwide. Androgen
deprivation therapy, the most common targeted therapeutic option, is circumvented as
prostate cancer progresses from androgen dependent to castrate-resistant disease.
Whilst the nuclear receptor transcription factor, androgen receptor, drives the growth of
prostate tumor during initial stage of the disease, androgen resistance is associated with
poorly differentiated prostate cancer. In the recent years, increased research has
highlighted the aberrant transcriptional activities of a small number of transcription
factors. Along with androgen receptors, dysregulation of these transcription factors
contributes to both the poorly differentiated phenotypes of prostate cancer cells and
the initiation and progression of prostate carcinoma. As master regulators of cell fate
decisions, these transcription factors may provide opportunity for the development of
novel therapeutic targets for the management of prostate cancer. Whilst some
transcriptional regulators have previously been notoriously difficult to directly target,
technological advances offer potential for the indirect therapeutic targeting of these
transcription factors and the capacity to reprogram cancer cell phenotype. This mini
review will discuss how recent advances in our understanding of transcriptional regulators
and material science pave the way to utilize these regulatory molecules as therapeutic
targets in prostate cancer.

Keywords: prostate cancer, transcription factor, epigenetic, ubiquitin-proteasome system, protein-protein
interactions, targeting approaches
INTRODUCTION

Prostate cancer is the second most diagnosed cancer in men worldwide, with approximately 1.4
million cases in 2020 alone (1). Prostatic intraepithelial neoplasia (PIN) is a premalignant lesion
characterized by the uncontrollable cell growth within the prostate gland (2). This unchecked
proliferation precedes the development of localized prostate adenocarcinoma, whereby the tumor
increases in volume and cells begin to infiltrate through the basement membrane. The initial
pathogenesis of this disease is largely dependent on the activity of the transcriptional factor,
androgen receptor (AR) (3). However, once the disease progresses to a more aggressive phenotype, the
tumor becomes androgen resistant, evolving into castrate-resistant prostate carcinoma (CRPC) (4).
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Metastatic CRPC (mCRPC) is the advanced/final stage of the
disease, with cancer cells undergoing metastasis to distal organs
such as bone, liver and lungs (5). In addition to androgen
resistance, phenotypic changes such as alteration to chromatin
structure and nucleus enlargement also occur during the
malignant transformation in prostate cells (6, 7).

AR is a ligand activated transcription factor and it functions
through the binding of androgens, such as testosterone and 5-a-
dihydrotestosterone, which releases AR from its chaperone heat
shock protein (HSP) 90. Similar to many steroid hormone
nuclear receptors, this results in translocation of AR to the
Frontiers in Oncology | www.frontiersin.org 287
nucleus to regulate the expression of genes associated with
growth and maintenance of the prostate epithelium (8). AR,
along with a small number of other transcription factors, have
been well established as regulatory molecules that govern
prostate cell phenotype and are implicated in the initiation and
progression of prostate cancer (Table 1, also see reviews (2, 36).
As the same transcription factor has the ability to bind to
regulatory regions of different genes (37), targeting
transcription factors provides a direct target in developing
effective treatments for prostate cancer and allows for the
coordinated inhibition of various oncogenic genes and
TABLE 1 | Identified transcription factor targets and their implications in prostate cancer.

Target Types Transcription
Factors/Proteins

Biological Functions & Implications in Prostate Cancer References

Nuclear hormone
receptors

AR Drives prostate cancer cell proliferation; maintain prostate cancer cell survival; mutation and amplification
of AR in prostate cancer contributes to androgen deprivation therapy resistance.

(3)

ERs ERa stimulates prostate cancer cell proliferation and promotes the development of prostate malignancy;
ERb downregulates AR signaling and acts as tumour suppressor.

(9)

Glucocorticoid
receptor

Promotes prostate cancer cell proliferation; contributes to androgen deprivation therapy resistance. (10)

Progesterone
receptor

Prevents prostate cancer cell migration and invasion. (10)

Vitamin D receptor Promotes cell differentiation and apoptosis; inhibits cell growth, prostate cancer cell migration and
angiogenesis.

(10)

Retinoic acid
receptors

Suppresses AR signaling; reduces prostate cancer cell proliferation. (10)

ERRa Regulates energy homeostasis in prostate cells; regulates prostate cancer cell proliferation (11)
Tumour protein p53 p53 Responds to cellular stress; regulates the expression of genes that are involved in DNA repair, cell

arrests and apoptosis; inactivation of p53 is associated with poor clinical outcome.
(12)

ETS fusions TMPRSS2-ERG
fusion

Common chromosomal translocation observed in prostate cancer; increases incidence of prostatic
intraepithelial neoplasia development.

(13–15)

Histone methyltransferase EZH2 Acts as transcription regulators for genes such as PD-1; often overly expressed in advanced stage of
prostate cancer.

(16)

MYC c-Myc Remodels chromatin structures to stimulate prostate cancer cell growth; promotes oncogenic signaling
via hyperacetylation.

(17, 18)

n-Myc Maintains prostate tumour cell survival; promotes poorly differentiated aggressive prostate cancer
phenotype; drives the development of neuroendocrine prostate cancer.

(19)

BET proteins BRD2 Regulates by androgen; interacts with YY1 to co-activate downstream oncogenic genes; promotes
prostate cancer cell growth.

(20)

BRD4 Regulates the expression of oncogenic transcription factor MYC; regulates prostate cancer cell
proliferation; drives ETM transition in CRPC.

(21, 22)

Ubiquitin-proteasome
system

MDM2 Regulates prostate cancer cell growth, apoptosis, and the expression of tumour suppressor p53. (23–25)
USP2a Regulates the expression of p53 indirectly by deubiquitinating MDM2. (26)
USP5 Acts as a DUB for p53; regulates the expression of p53. (27)
USP9X Acts as DUB for ERG; regulates the expression of transcription factor ERG. (28)

Core binding factor
transcription complex

RUNX proteins Promotes prostate cancer cell growth and increases metastatic potential via matrix metalloproteinase
signaling.

(24)

Molecular chaperone HSP90 Interacts with oncogenic transcription factors include AR, p53 and HIF-1a (29, 30)
Hypoxia inducible factor
transcription complex

HIF-1a Induces angiogenesis; promotes cancer cell proliferation and survival; facilitates the development of
CRPC and metastasis

(31)

Tumour suppressing
phosphatase

PTEN Regulates the PI3K-Akt signaling pathway; loss of PTEN increases the aggressiveness of prostate
cancer.

(32)

Prostate specific
homeobox gene

NKX3.1 Regulates prostate epithelial cells differentiation and growth; reduced level of NKX3.1 increases the
aggressiveness of prostate cancer.

(33)

NF- kB NF- kB Promotes prostate tumour invasion; increases metastatic potential; inhibits prostate cancer cell death;
contributes to chemotherapy resistance.

(34)

FOX protein family FOXA1 Drives prostate cancer cell proliferation; maintain prostate cancer cell survival; regulates ETM transition. (35)
April 2022 | Volume 12 | A
AR, androgen receptors; ER, estrogen receptor; ERRa, estrogen related receptor alpha ETS, E-twenty-six; TMPRSS2, transmembrane-protease-serine 2; ERG, ETS related gene; EZH2,
enhancer of zeste homolog 2; PD-1, programmed cell death protein 1; BET, bromodomain extra-terminal enhancer; BRD, bromodomain-containing protein; YY1, transcription factor Ying
Yang 1; ETM, epithelial to mesenchymal; CRPC, castrate resistant prostate cancer; DUB, deubiquitinase; MDM2, murine double minute 2; USP, ubiquitin-specific peptidase; RUNX, runt-
related transcription factor; HSP, heat shock protein; HIF-1a, hypoxia inducible factor 1 alpha; PTEN, phosphatase and tensin homolog; PI3K, phosphoinositide-3-kinase; Akt, protein
kinase B; NF- kB, nuclear factor kappa B; FOX, Forkhead box.
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signaling pathways. Whilst several direct approaches to alter
transcription factor expression such as siRNA loaded
nanoparticles and lentiviruses are under development, this
mini review will focus on indirect approaches such as
modulation of epigenetic mechanisms, manipulation of the
ubiquitin-proteasome system, targeting the molecular
chaperone network and exploitation of proteins in
transcriptional complexes, with the discussion of some recent
successful attempts (Figure 1).
THERAPEUTIC TARGETING OF
TRANSCRIPTION FACTORS

Historically, many transcription factors have been considered as
‘undruggable’ targets, owing to their ‘intrinsically disordered’
interaction network formed with their functional partners (38,
39). In cells, transcription factors regulate gene expression through
protein-protein interactions (PPIs) with their co-activators and
co-repressors as well as via direct sequence specific DNA binding
(40). As a result, the lack of enzymatic activities and catalytic sites
presents a major blockade in the development of transcription
factor inhibitors and modulators (41). In addition, the
Frontiers in Oncology | www.frontiersin.org 388
transcription factor-DNA binding interfaces are often positively
charged and structurally convex, whereas the sites for
transcription factor-co-regulator interactions are much flatter
than the typical enzyme ligand binding pockets (42, 43).
Together, these properties further exacerbate the challenges in
developing small molecule inhibitors and modulators with
desirable ADME (Absorption, Distribution, Metabolism and
Excretion) indices (42, 43). In recent years, a plethora of studies
have demonstrated success in targeting transcription factors in
prostate cancer, showcasing the feasibility of this approach, and
challenging previous dogma. In particular, chemical inhibitors
targeting the AR ligand binding domains such as bicalutamide and
enzalutamide, have been developed (44, 45). Whilst the use of AR
inhibitors are now amongst the primary options for androgen-
targeted therapies in early-stage prostate cancers (45, 46), these
options become ineffective once the tumor becomes castrate-
resistant, as they are able to circumvent androgen targeted
treatments via various mechanisms which include AR
amplification, point mutation, splicing variants and replacing
AR functions with glucocorticoid receptors (4, 47, 48). As there
is a profound paucity of effective treatments for mCRPC patients
(49), research into methods of targeting non-AR transcription
factors in prostate cancer is critical.
FIGURE 1 | Current indirect methods for targeting transcription factors for prostate cancer therapy. Transcription factor (TF) activity may be indirectly modulated by
targeting enzymatic and non-enzymatic proteins involved in epigenetic signaling, through repurposing and manipulating aspects of the ubiquitin-proteasomal system
for control of transcription factor degradation, by targeting the molecular chaperone network and by exploiting co-activator and co-repressors associated with a
transcriptional complex. Using these methods, transcription factor activity can be favorable modified to decrease cancer cell survival, overall tumour growth and the
potential for metastatic dissemination.
April 2022 | Volume 12 | Article 854151

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xie et al. Targeting Transcription Factors
MODULATION OF EPIGENETIC
MECHANISMS

Modulating epigenetic signaling pathways is one approach used
to target oncogenic transcription factors within prostate cancer.
As enzymes are druggable targets with relatively high tractability,
epigenetic writers and erasers such as acetyl transferase,
methyltransferase, deacetylases and demethylases provide a
direct target for inhibitor development (50). Enhancer of zeste
homolog 2 (EZH2) is an important epigenetic regulator and in
prostate cancer, it was found that EZH2 negatively regulates the
expression of interferon stimulated genes (ISGs) such as
programmed cell death protein 1 (PD-1) and major
histocompatibility complex, creating an immunosuppressive
tumor microenvironment and increasing resistance to immune
checkpoint blockade (ICB) therapies (16). In a recent study by
Morel and colleagues, inhibition of EZH2 restored the expression
of ISGs and reversed the resistance to ICB treatments,
highlighting the therapeutic potential of EZH2 inhibitors in
prostate cancer (51). The clinical applicability of EZH2
inhibitors was reinforced by Bai and colleagues, where EZH2
inhibition with GSK126 prevented prostate specific antigen
expression and overcame enzalutamide resistance in CRPC
(52). Furthermore, the development of neuroendocrine
prostate cancer (NEPC), an aggressive subtype of CRPC, was
also found to be associated with dysfunctional EZH2 activity
(53). Using GSK126, Dardenne and colleagues showed that
NEPC cells were more sensitive to EZH2 inhibition than
androgen sensitive LNCaP cells (54), however, the clinical
efficacy of EZH2 inhibitors against NEPC warrants further
investigation. Whilst EZH2 represents a major target for
prostate cancer, alternative targets include histone acetyl
transferase E1A binding protein (p300) and CREB binding
protein (CBP). In prostate cancer, p300 and CBP interact with
numerous oncogenic transcription factors, including p53, MYC
and AR, to drive tumour progression (55). These epigenetic
enzymes can be inhibited by a CellCentric developed compound,
CCS1477, where administration of CCS1477 was shown to
downregulate the expression of AR and MYC, resulting in
decreased tumor growth in a 22Rv1 xenograft model of CRPC
(56, 57).

Alternatively, targeting regulators that do not possess enzymatic
activities in the epigenetic signaling pathway have also proven
successful. MYC is one of the most dysregulated transcription
factors in human cancers (17). In prostate cancer, MYC remodels
the chromatin structure to stimulate cell growth and promote
oncogenic signaling via hyperacetylation (17, 18) and it has been
shown that these oncogenic effects are partly mediated by the
epigenetic reader protein, bromodomain extra-terminal (BET)
(58). As a result, targeting the BET family of proteins provides a
potential avenue to indirectly regulate the expression of MYC,
ultimately regressing prostate tumor progression. Indeed, I-
BET762, a BET inhibitor, has been shown to reduce MYC
expression. This was associated with decreased prostate cancer
cell proliferation, increased programmed cell death and reduced
in vivo prostate tumour burden, highlighting the possibility of
Frontiers in Oncology | www.frontiersin.org 489
targeting BET proteins as a treatment for prostate cancer (59).
The therapeutic potential of BET inhibition is further accentuated
by JQ1, an inhibitor that targets bromodomain containing protein
(BRD) 4 (60). BRD4 is a member of the BET family of proteins, and
it has been shown to interact with transcription factors such as AR
and MYC to mediate oncogenic effects (21). More recently, it has
been suggested that BRD4 also plays a role in regulating tumor
immune microenvironments. This is supported by Mao and
colleagues, where BRD4 inhibition with JQ1 reduced PD-1
expression and promoted CD8-mediated lysis of prostate tumor
cells both in vitro and in vivo (61). In addition, JQ1 was found to
mediate anticancer effect by downregulating the expression of
Achaete-scute homolog 1 (ASCL1) in small-cell lung cancer (62).
With recent evidence suggesting that ASCL1 as a key driver for
NEPC (63), JQ1 along with other BET inhibitors may have potential
as NEPC therapeutics. The BET inhibitors, BMS-986158 and
RO6870810 are now also in various phases of multicancer clinical
trials, with the pan-BET inhibitor ZEN-3694, showcasing
therapeutic efficacy in a Phase Ib/IIa mCRPC study (64–66).
MANIPULATION OF THE UBIQUITIN-
PROTEASOME SYSTEM

Another way to target transcription factor in prostate cancer is
utilizing the ubiquitin-proteasome system (UPS). Appropriate
levels of transcription factor expression in cells is key in
maintaining cellular homeostasis (67). Aberrant transcription
factor expression or failure in the expression of regulatory
circuits may lead to catastrophic effects and result in
pathophysiological states. Ubiquitin ligases (E3 ligases) are
enzymes in the UPS that catalyze the cellular process of
ubiquitylation, in which ubiquitin covalently attaches to the
substrate protein for proteasomal degradation as a method to
regulate transcription factor expression (68, 69). This unique
degradation pathway provides a potential platform for
controlling transcription factor expression in prostate cancer.

In several human cancers, including prostate cancer, the
expression of transcription factor and tumor suppressor p53, is
known to be highly dysregulated (70). This dysregulation can
arise from the increased activity of murine double minute 2
(MDM2), an E3 ligase, which decreases the expression of p53
and ultimately results in poor clinical outcomes for the patient
(12, 23). Thus Nutlins, a novel class of MDM2 inhibitors, were
developed by Vassilev and colleagues. The use of these inhibitors
increased cellular expression of p53 and its target gene p21 (71),
whilst further research using in vivo mouse xenograft models
with androgen dependent LNCaP and androgen independent
22Rv1 cell lines, demonstrated increased apoptosis and reduced
tumor burden in both cell types following Nutlins treatment (72,
73). To further improve the potency and selectivity of these
Nutlins, a second-generation compound Idasanutlin (RG7738/
RO5503781), was developed (74). Research shows that use of this
compound induces cell death via a combined mechanism of cell
cycle arrest and cytotoxic insult in LNCaP cells (75). The clinical
applicability of E3 ligase inhibition has recently been assessed in
April 2022 | Volume 12 | Article 854151
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a Phase I clinical trial for prostate cancer patients who have not
received docetaxel treatment previously (76). Whilst the trial was
terminated due to safety concerns and financial withdrawal from
Roche, promising preliminary results highlight the potential for
this class of compound, and E3 ligases in general, to be further
investigated as a prostate cancer therapy.

The utilization of the UPS (more specifically E3 ligase) to
target transcription factors within prostate cancer was taken
further with the discovery of proteolysis targeting chimeras
(PROTACs). PROTACs are bifunctional molecules comprised
of a protein interacting ligand, as well as an E3 ligase recruiting
ligand (77). The two ligands in PROTACs are linked in a
covalent manner, with protein interacting ligand binding with
the protein of interest such as a transcription factor, whereas E3
ligase recruiting ligand facilitates the process of ubiquitylation
and subsequent protein degradation (78). PROTACs generate a
‘knocked-down’ effect in cells, abrogating the cellular function of
the protein of interest (79). Furthermore, it was discovered that
this process is highly catalytic, where a single PROTAC molecule
can eliminate multiple protein of interest (80). As discussed
above, BET proteins regulate the expression of many pro-
oncogenic transcription factors such as AR and MYC, and
pharmacological inhibition of these regulatory molecules
results in an anticancer effect. Therefore, the use of PROTACs
could represent another avenue of pharmacological modification
on dysregulated transcription factor expression in prostate
cancer. WWL0245 is a highly selective and potent PROTAC-
based degrader of BRD4 and has been shown to function by
inducing cell cycle arrest of the androgen sensitive prostate
cancer cell lines, LNCaP and VCaP, in vitro. This was
simultaneously associated with the downregulation of
oncogenic transcription factors AR and c-Myc, which
highlights the therapeutic potential and clinical feasibility of
this approach in prostate cancer (81). Such notion was further
supported by Raina and colleagues, where they demonstrated
that pan-BET PROTAC, ARV-771, induced cell apoptosis and
tumour regression in a mouse xenograft model of CRPC (82).
Excluding BET, most of the current research is focused on the
PROTAC-based approached on targeting AR (83–85), whereas
attempts to target other dysregulated transcription factors in
prostate cancer via PROTACs is limited. Thus, identifying a
wider variety of protein interacting ligands should be the topic of
prospective research.

Another way to alter transcription factor expression is to inhibit
the activities of deubiquitinases (DUBs). DUBs are enzymes that
remove ubiquitin proteins in the UPS, terminating the ubiquitin-
mediated proteasomal degradation process (86). Ubiquitin-specific
peptidase (USP) 2a act as a DUB for MDM2, in which it positively
regulates the expression of MDM2 (26). Since MDM2 is an E3 ligase
for transcription factor p53, inhibition of USP2a would promote the
proteasomal degradation of MDM2 and indirectly regulate the
expression of p53 (23, 86). This was supported by Stevenson and
colleagues, where siRNA inhibition of USP2a led to the
accumulation of p53 protein in vivo, highlighting the therapeutic
potential to inhibit DUBs in prostate cancer (87). Inhibition of DUBs
in the context of prostate cancer is not limited to the p53 signaling
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pathway. The gene fusion product transmembrane-protease-serine-2
(TMPRSS2)-ETS-related gene (ERG) as a result of chromosomal
translocation is observed in 20 to 50% of prostate cancer patients
with different ethnicities (13, 14). The TMPRSS2-ERG fusion protein
was showed tomediate prostate cancer cell invasion and activation of
transcriptional programs for invasion-associated genes (15). The
expression of ERG is regulated by E3 ligase tripartite-motif-
containing-25 (TRIM25), whereas USP9X acts as DUB for ERG
deubiquitylation (28, 88). Thus, target inhibition of ERG or
TMPRSS2 may be beneficial in prostate cancer. WP1130 is a small
molecule inhibitor comprised of two protein reactive moieties, a 2-
bromo-pyridine functional group as well as an a,b-unsaturated
amide moiety that is able to undergo Michael addition reactions
(89). This enables WP1130 to interact with proteins in a partly
selective manner and exerts inhibitory effects onmultiple DUBs such
as USP5, USP9X and USP14 (90). It has been shown that WP1130
reduces the level of ERG in vitro by inhibiting the enzymatic function
of USP9X. This was associated with a decrease in tumour volume in
murine xenografts with VCaP cells, highlighting the clinical
feasibility to target DUBs in prostate cancer (28).
TARGETING THE MOLECULAR
CHAPERONE NETWORK

The molecular chaperone network is responsible for various
biological processes such as appropriate protein folding,
intracellular localization, and degradation, thus maintaining
protein homeostasis in cells (29). Chaperone protein such as
HSP90 exert these functions by interacting with a diverse range
of client proteins, and amongst them, many are oncogenic
transcription factors. They include AR, p53 and hypoxia
inducible factor (HIF)-1a (29, 30). As a result, disrupting
HSP90-transcription factor interactions via small molecule
inhibitors provide a potential pathway to rectify the
dysregulated mechanisms that cause prostate malignancy. 17-
AAG is the first-in-class HSP90 inhibitor developed by Schnur
and colleagues. However, the weak potency and poor
bioavailability of this compound has sparked further
optimization (30). Ganetespib is a second-generation HSP90
inhibitor with improved potency. It has been shown that
Ganetespib induced cell cycle arrest in LNCaP and LAPC4
cells and resulted in tumor regression in a PDX model of
CRPC (91), highlighting the feasibility and clinical applicability
of HSP90 inhibition as an anticancer treatment. This notion was
reinforced recently by SU086, another novel HSP90 inhibitor
that was found to reduce the proliferation of PC3 and DU145
prostate cancer cells in vitro and inhibit tumor growth in a
preclinical murine model of prostate cancer (92). In addition to
HSP90, other emerging targets from the molecular chaperone
network include HSP70 and HSP90 co-chaperone CDC37,
however, drug-like inhibitors targeting these two proteins are
yet to be developed (93). Whilst targeting chaperone proteins
other than HSP90 in prostate cancer are not well understood and
requires further investigation, it represents a novel strategy for
prostate cancer treatment.
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EXPLOITING OTHER PROTEINS IN A
TRANSCRIPTIONAL COMPLEX

Another approach to modulate transcription factor expressions
can be achieved via the exploitation of proteins in a
transcriptional complex. HIF is a transcriptional complex that
plays a key role in inducing angiogenesis, an essential
requirement for prostate tumour growth and the CRPC
development. Prior to sufficient vascular development by the
prostate tumour, cancer cells must adapt to the low oxygen
concentration to fulfil their large energy expenditure (31).
Estrogen related receptor alpha (ERRa) is involved in the
regulation of prostate energy homeostasis (11). It has been
shown that ERRa can interact with hypoxia inducible factor 1
(HIF) transcription factor complex to prevent HIF-1a from
undergoing proteasomal degradation and augments the cellular
adaptive response to hypoxia generated by the prostate tumour
cells (94, 95). As a result, interference of this indispensable PPI
is a lucrative approach to develop prostate cancer therapeutics.
XCT790 is an inverse agonist of ERRa (94). It was
demonstrated that administration of XCT790 attenuated
ERRa-HIF-1 interactions and reduced the expressions of
HIF-1 (95). This was associated with a decrease in LNCaP
prostate cancer cell proliferation in vitro (95), outlining the
clinical applicability of this approach to disrupt transcription
factor interactions.

The heterodimeric transcription factor complex core binding
factor (CBF) is another emerging target. CBF consists of two
proteins: DNA binding runt-related transcription factor (RUNX)
and its non-DNA binding beta subunit (CBFb) (96). The CBFb
functions as a co-activator to RUNX, resulting in RUNX being
relieved from its autoinhibited state, facilitating the CBF complex
binding to DNA and regulation of target gene expression (97). In
recent years, there has been growing recognition of RUNX
transcription factors in promoting cell growth and metastatic
potential of prostate cancer via matrix metalloproteinase
signaling (24). Therefore, targeting such essential PPIs may
disrupt the transcription process of oncogenic genes, resulting
the anticarcinogenic effects. Successful targeting of this modality
was achieved using a monovalent derivative of the AI-10-49
scaffolds, a bivalent inhibitor that was originally developed to
target CBFb-smooth muscle myosin heavy chain interactions
(98). This novel monovalent inhibitor interferes the binding
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between wildtype CBFb and the RUNX1 protein by altering
their conformational dynamics (99). In a study on triple negative
breast cancer, CBFb-RUNX1 inhibition was shown to abolish
colony formation and alter the expression of epithelial-
mesenchymal transition genes, a characteristic cancer hallmark
associated with metastasis (99). With regards to prostate cancer,
this finding highlights the therapeutic potential to disrupt RUNX
interaction circuity, which may be applicable for developing
prostate malignancy therapeutics.
CONCLUSION

This mini review briefly summarized the recent success in
targeting non-AR transcription factors. However, it is worth
noting that possible approaches to modulate non-AR
transcription factors are not restricted to the ones mentioned
above, and these successful discoveries only mark the starting
point of further transcription factor research. Nevertheless, the
newly discovered inhibitors and modulators represent an
encouraging potential to develop effective treatment options
for mCRPC by targeting non-AR transcription factor.
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Prostate cancer (PCa) is a common malignant type of urogenital tract tumor with poor
prognosis. Despite therapeutic advances, the recurrence and mortality rates of PCa have
continued to increase with poor prognoses. Pyroptosis, also known as inflammatory cell
necrosis, is a recently identified type of programmed cell death that can regulate the
invasiveness, differentiation, proliferation, and metastasis of tumor cells; thus, it has a
profound effect on the prognosis of patients with tumors. However, the relationship
between pyroptosis and PCa remains unclear. We first identified 25 pyroptosis-related
genes (PRGs) that were differentially expressed between PCa tissues and matched
normal tissues in The Cancer Genome Atlas (TCGA) cohort. Based on the expression
levels of 25 PRGs, PCa patients were clearly divided into two clusters and 17 PRGs were
found to be significantly different between the two clusters, suggesting probable roles for
these genes in the progression and recurrence of PCa. Therefore, the GSE40272 dataset
with recurrence follow-up information was used to verify their value. Univariate analysis
suggested that 5/17 genes were associated with recurrence, the number of genes did not
decrease after least absolute shrinkage and selection operator (LASSO) regression
analysis, and 5 PRGs constituted the risk score formula. Low-risk and high-risk
subgroups identified using the recurrence model showed different disease-free survival
(DFS) times (P<0.001) and the risk score of five PRGs was a factor of independence for
recurrence in patients with PCa. In addition, Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses suggested that these pathways, and
comprising PRGs might be closely related to carcinogenesis and invasion of tumors,
tumor microenvironment, and immune response. In conclusion, the expression signatures
of PRGs play an important role in predicting PCa recurrence.
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INTRODUCTION

Prostate cancer (PCa) is the most malignant tumor of the male
genitourinary tract, with approximately 1,276,106 new cases of
PCa worldwide and a total of 358,989 deaths in 2018, ranking
second in the incidence of male malignant tumors and posing a
serious threat to the health of elderly men (1). With the spread of
awareness regarding prostate-specific antigen (PSA) screening
and health examination, more patients have access to radical
local treatment but 30–40% of patients with PSA still show
recurrence after local treatment or transfer. In medium–high risk
patients, the biochemical recurrence rate within 5 years after
radical prostatectomy is more than 50%, suggesting the need for
attention to residual tumors after treatment, metastasis before
treatment, or new therapeutic strategies to compensate for the
lack of local treatment (2–4). Genetic biomarkers have shown
potential for predicting PCa recurrence; however, these have not
yet been used in medical practice and are only in the molecular
research stage. Therefore, it would be of great significance to
discover the prognostic or genetic characteristics associated with
the recurrence of PCa.

In 2001, scientists proposed the concept of pyroptosis,
describing it as a new type of programmed inflammatory cell
death that triggers certain inflammatory bodies by activating
inactive factors and lysing gasdermin D, leading to a variety of
diseases, such as heart disease, stroke, microbial infections, and
tumors (5–7). The relationship between pyroptosis and cancer is
extremely complex. Although pyroptosis inhibits tumorigenesis
and tumor progression, it also creates a microenvironment that
delivers nutrients to the tumor and accelerates its growth (8).
Studies have increasingly shown that pyroptosis affects the
Frontiers in Oncology | www.frontiersin.org 296
invasiveness, differentiation, proliferation, and metastasis of
tumor cells, thereby affecting the prognosis of tumors (9–11).
In addition, several studies have suggested that pyroptosis may
be associated with regulation of the tumor immune
microenvironment (12, 13).

In this study, pyroptosis likely had both positive and negative
effects on PCa development. To date, the function of PRG
expression in the prognosis of PCa is still unclear and none of
the previous publications comprehensively evaluated PRGs in
PCa. Moreover, the prognostic value of pyroptosis in PCa has not
been reported. Therefore, studying the effect of pyroptosis on
tumorigenesis and the development of PCa can facilitate: the
evaluation of prognosis and recurrence in patients, a better
understanding of the progression and metastasis of PCa, along
with better guidance for the identification of new therapeutic
targets. In the present study, we performed a comprehensive
evaluation of differentially expressed PRGs in PCa and identified
PRG-based differences to predict the recurrence of PCa, which
may provide a new approach for its diagnosis and treatment.
MATERIALS AND METHODS

Datasets
The design process and grouping are illustrated in Figure 1. The
RNA sequencing (RNA-Seq) data of PCa patient samples,
matched normal samples, and corresponding clinical features
were obtained from the TCGA database (https://portal.gdc.-
cancer.gov/, Table 1). Validation cohort of RNA-seq data and
clinical information were from the GEO database on August 16,
2021 (https://ncbi.nlm.nih.gov/geo/, ID: GSE40272, Table 1).
FIGURE 1 | The flowchart of the overall procedures. This flowchart illustrates the process of data collection and analysis for prognostic study.
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Identification of DE-PRGs Between PCa
and Matched Normal Control Groups
From the Reactome database (https://reactome.org/) and
Molecular Signatures Database (https://www.gsea-msigdb.org/),
42 PRGs were obtained and verified in several reviews (13–20).
TCGA expression data were uniformly standardized to
fragments per kilobase per million (FPKM) prior to
comparison. The 25 DE-PRGs were identified using the
“limma” package, and the P value threshold was less than 0.05.
The 25 DE-PRGs were annotated as follows: * P < 0.05, ** P <
0.01, and *** P <0.001. A protein–protein interaction (PPI)
network was modelled using the Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) version 11.0.

Cell Lines and Cell Culture
PCa cell lines PC3, C4-2, 22RV1 and human prostatic epithelial
cells (RWPE-1) were purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA). All PC cell lines were
cultured in RP1640 medium (RP1640, Gibco) supplemented
with 10% foetal bovine serum (FBS, Gibco), 100 U/mL
penicillin, and 100 mg/mL streptomycin at 37°C in 5% CO2.

Reagents and Antibodies
Reagents and antibodies used were: Cytochrome C antibody
(AF0146) (Affinity Biosciences,USA); anti-GSDMB antibody
(ab235540) and anti-caspase-8 antibody (Abcam, USA); and
Bak (BAK1) antibody (AB016), BAX antibody, and TP53
antibody (AF1270) (Beyotime, China).

Western Blotting
Cells were lysed in cold RIPA buffer (Beyotime, China) in the
presence of 1 × protease inhibitor cocktail and 1 × PhosStop (Roche,
Isere, France) after two washes with phosphate-buffered saline
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(PBS). The lysate was removed by sonication, and the protein
concentration was determined using a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, MA, USA).
Equal amounts of proteins were loaded onto polyacrylamide gels.

Immunohistochemistry
Prostate tissue blocks were cut into 5-mm-thick sections, dewaxed in
xylene, and rehydrated in an ethanol gradient. Antigen was
retrieved by boiling the tissue sections for 20 minutes in retrieval
buffer. Sections were later immersed in a 3% hydrogen peroxide
solution for 15 minutes to block endogenous peroxidase activity.
Next, the slides were rinsed with PBS 3 times, blocked with 3% BSA
at room temperature for 30 minutes, and then incubated with
purified rabbit anti-human primary antibody (1:300 dilution) at 4°C
overnight. After incubation, the slides were incubated with diluted
goat anti-rabbit secondary antibody for 1 hour at room
temperature. They were then rinsed twice with PBS. The
detection reagent DAB was added and the slides were incubated
in the dark at room temperature for 10 minutes. After DAB
staining, the slides were rinsed in running tap water for 3
minutes. Finally, they were incubated with haematoxylin to
counterstain the nucleus. All slides were independently examined
by two authorized pathologists who were not informed of the
patients’ clinical statuses or outcomes.

RNA Extraction and Quantitative Analysis
Real-Time PCR (qRT–PCR)
Total RNA was extracted from cell lines with TRIzol Reagent
(Invitrogen, USA). Total RNA was reverse-transcribed into cDNA
with PrimeScript RT Master Mix (Takara, USA) and then used to
perform quantitative real-time PCR (qRT–PCR) with SYBR qPCR
Master Mix (Vazyme, China). GAPDH was used as an internal
control for gene quantification. The 2−DCT was calculated for every
sample and normalised to GAPDH. The primer sequences used are
shown in Table 2.

Ethics Approval and Consent to Participate
Fifteen cases of cancer tissues and eleven cases of paracancerous
tissues were extracted at the Pathology Department of the First
Affiliated Hospital of Anhui Medical University and all patients
were clinically diagnosed with prostate cancer from February 25,
2022 to March 26, 2022. The project was approved by the Ethics
Committee of the hospital and written informed consent was
obtained from each patient who enrolled in the study (Reference
number: Quick-PJ 20220320).

Consensus Clustering Analysis of PRGs
Consensus clustering, a technique for combining multiple
clusters into a more stable single cluster, was used to
distinguish different pyroptosis correlation patterns associated
with pyroptosis regulation using the k-means method. The
quantity and stability of the clusters were determined using the
consensus clustering algorithm in the ConsensusClusterPlus
package. The chi-square test and R package “survival” were
used to analyse the correlation between clusters and overall
survival (OS), showing the results by Kaplan–Meier curves.
The differential expression analysis of PRGs among different
TABLE 1 | Clinical characteristic of patients with prostate cancer.

TCGA GEO

Number of patients
Age
<60 283 25
≥60 202 38
Stage
T TI-T2 187 –

T3-T4 296
unknown 7

N N0 340 –

Nl 78
Unknown 72

M unknown –

Disease state
Dlive 476 –

Dead 9
Disease free survival – 63
Treatment
Operation – 62
Operation and hormone – 1

Time
Median disease free survival time – 35.82 months
Median follow-up survival time 1092.89 days –
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clusters was performed again, and 17 DE-PRGs were displayed in
the form of heatmaps.

Establishment and Validation of the PRG
Model of Recurrence and Prognosis
Seventeen PRGs were found to be related to PCa progression.
Since very few patients died in the TCGA cohort, it was difficult
to select PRGs closely related to OS. Therefore, the GSE40272
dataset with disease-free survival (DFS) traits was used to
construct a prognostic model. First, univariate Cox regression
analysis was used to assess the association between DFS status
and 17 PRGs to evaluate their prognostic value. With 0.05 as the
cut-off value, 5/17 genes involved in recurrence were identified
for further analysis. Subsequently, the LASSO Cox regression
model (R package “glmnet”) was used to construct a refined
recurrence prediction model. Finally, the 5 PRGs and their
coefficients were reserved to determine the penalty parameter l
using the minimum standard. The risk scoring formula was as
follows: PCa recurrence risk score (PRRS) =oi

(n=1)Coefi ∗Xi
expression level (Coefi indicates the coefficients, and Xi
represents the standardised levels of gene expression). Patients
with PCa from the GSE40272 cohort were divided into low- and
high-risk groups according to the median risk score, and the DFS
time of the two groups was compared using Kaplan–Meier
analysis. On the basis of the 5-gene signature, principal
component analysis (PCA) was used to assess the separability
of the two groups according to the “prcomp” function. A three-
year ROC curve was analysed using the “survival”, “survminer”,
and “time ROC” R packages.
GO and KEGG (Gene Set Enrichment)
Analysis of the DEGs
Patients with PCa from the GEO cohort were classified into two
groups based on the median risk score. According to the specific
standard (|log2FC| ≥ 1 and P value < 0.05), the DEGs between
the low- and high-risk groups were extracted. Based on these
DEGs, the “cluster profiler” package was applied to enrich GO
and KEGG pathways and the “GO plot” package was used to
visualize the results.
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Immune Infiltration Analysis
Single-sample gene set enrichment analysis (ssGSEA) was
performed using the “gsva” package to calculate the immune
cell infiltration score and to assess the activity of immune-
related pathways.

Statistical Analysis
Univariate analysis of variance was used to compare the gene
expression levels between matched normal prostate tissues and
PCa tissues, while the Pearson chi‐square test was applied to
compare the categorical variables. The Kaplan–Meier method
was used to perform a bilateral log-rank test to assess the DFS of
patients in the two subgroups. In addition, a univariate Cox
regression model was used to evaluate the recurrence value of
this risk model. The infiltration of immune cells and activation of
immune pathways were compared between the two groups and
the Mann–Whitney test was performed. R software (v4.0.2) was
used to perform all statistical analyses.
RESULTS

Identified DEGs From Matched Normal
and Cancer Tissues in the TCGA Cohort
The expression levels of 42 PRGs were detected in 485 tumor
tissues and matched normal tissues from the TCGA database and
25 DE-PRGs were identified (P < 0.05). Among them, 10 genes
(BAK, BAX, CASP8, CHMP2A, CHMP4C, CSCY, GSDMA,
GSDMB, TP53, and ZBP1) were upregulated, whereas 15 genes
(CASP1, CHMP2B, CHMP3, CHMP7, ELANE, GSDMD, GSDME,
HMGB1, IL18, ILa, ILb, IRF2, NLRP1, NLRP9, and TP63) were
downregulated in the cancer tissues. The RNA expression profile
of the DEGs is shown in Figure 2A (red and blue colors indicate
higher and lower expression levels, respectively). Figures 2B, C
shows the PPIs and related network of DE-PRGs in TCGA data,
where the interaction score was 0.9 (the highest confidence). The
results showed that BAK1, BAX, CASP8, CASP1, IL18, IL1b,
CYCS, GSDMB, GSDMD and TP53 are hub genes.

Validation of the Hub DE-PRGs by
Western Blotting and
Immunohistochemical Staining
Western blotting was used to validate the expression levels of
differentially expressed pyroptosis-related genes, including CASP8,
BAK, BAX, CYCS, TP53, and GSDMB in three castration-resistant
prostate cancer (CRPC) cell lines (PC3, C4-2, and 22RV1) and one
normal human prostatic epithelial cell line (RWPE-1). The results
showed that the protein expression levels of CASP8, BAK, BAX,
CYCS, TP53, and GSDMB were higher in the three CRPC cell lines
than in the control cell line (RWPE-1). Subsequently,
immunohistochemical validation of human tissues was
performed. This finding was consistent with our prediction
(Figures 3, 4). The results showed that the expression of
glandular epithelium (cytoplasm, cell membrane) in the tumor
group was significantly higher than that in the normal group
(clearly deepened yellowish brown compared to normal groups).
TABLE 2 | Primer Sequences Used in the qRT-PCR Assay.

Primer Sequence (5'-3'))

BAK-For GTTTTCCGCAGCTACGTTTTT
BAK-Rev GCAGAGGTAAGGTGACCATCTC
BAX-For CCCGAGAGGTCTTTTTCCGAG
BAX-Rev CCAGCCCATGATGGTTCTGAT
CASP8-For TTTCTGCCTACAGGGTCATGC
CASP8-Rev GCTGCTTCTCTCTTTGCTGAA
CYCS-For CTTTGGGCGGAAGACAGGTC
CYCS-Rev TTATTGGCGGCTGTGTAAGAG
GSDMB-For TGATTGCCGTTAGAAGCCTTG
GSDMB-Rev TCCCGTTGAGTCTACATTATCCA
TP53-For CAGCACATGACGGAGGTTGT
TPS3-Rev TCATCCAAATACTCCACACGC
GAPDH-For GGAGCGAGATCCCTCCAAAAT
GAPDH-REv GGCTGTTGTCATACTTCTCATGG
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All pathological tissues and immunohistochemical sections were
confirmed by two senior pathologists.

Validation of the Hub DE-PRGs Genes by
qRT-PCR
qRT–PCR was used to validate the expression of the hub DE-
PRG genes, including CASP8, BAK, BAX, CYCS, TP53, and
GSDMB in human prostate cancer tissues and matched normal
prostate tissues. The results show that the CASP8, BAK, BAX,
CYCS, TP53, and GSDMB genes were highly expressed in human
prostate cancer tissues compared to matched normal prostate
tissues. This is consistent with our predictions. The results are
shown in Figure 5.

Tumor Classification Based on the
DE-PRGs in the TCGA Cohort
Consensus clustering analysis was performed on all 485 patients
with PCa in the TCGA cohort to study the relationship between
Frontiers in Oncology | www.frontiersin.org 599
the expression of 25 DE-PRGs and PCa subtypes. An
unsupervised clustering method was used to identify two
different regulatory patterns by increasing the clustering variate
k from 2 to 10. When k was equal to 2, the intragroup and
intergroup correlations were the highest and lowest, respectively,
which could be well classified into two clusters (Figure 6A). The
heatmap shows the DE-PRGs between the two clusters
(Figure 6B). Subsequently, the OS time between the two
clusters was compared and no significant differences were
found (P = 0.058, Figure 6C).

Construction of the Prognostic Model
Based on DE-PRGs in a GEO Cohort
Information on 63 patients with PCa was obtained from the
GEO database (GSE40272), and the data were randomized. Five
out of seventeen genes (BAK, BAX, CHMP7, GSDMB, and
NLRP1) met the standard of P value < 0.05 by univariate Cox
regression analysis. Among these, three genes (BAK1, BAX, and
A B

C

FIGURE 2 | Expressions of the 25 differentially expressed pyroptosis-related genes between tumor and normal and the interactions among them. (A) Heatmap
(green: low expression leveI; red; high expression level) of the pyroptosis-related genes between the normal (N, brilliant blue) and the tumour tissues (T.red). P values
were showed as: *P < 0.05; **P < 0.01; ***P < 0 001. (B) PPl network showing the interactions of DEPRGs (interaction score= 0.9). (C) The correlation network of
DEPRGs (red line: positive correlation: blue line negative correlation. The depth of the colours reflects the strength of the relevance).
FIGURE 3 | WESTERN-BLOT validation of hub DE-PRGs expressions in normal and tumor tissues, the results showed that protein expression levels of CASP8,
BAK, BAX, CYCS, TP53, and GSDMB genes were highly expressed in three CRPC (Castration Resistant Prostate Cancer) cell lines compared to the control normal
cell line (RWPE- I ). CRPC cell lines (PC-3, C4-2, 22RVI), Control cell line (normal human prostatic epithelial cell, RWPE-1).
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CHMP7) were related to increased risk in HR>1, while the
other two genes (GSDMB and NLRP1) were associated with
lower risk in HR<1 (Figure 7A). LASSO Cox regression
analysis did not reduce the genes; thus, a 5-gene signature
was constructed based on the optimum l value (Figures 7B, C)
and subsequently, a pyroptosis-related signature risk score
known as the “PRRS” was built. The PRRS was calculated as
PRRS = (0.598*BAK exp.) + (0.223*BAX exp.) + (0.800*CHMP7
exp.) + (-0.863*GSDMB exp.) + (-0.155*NLRP1 exp.). The
high-risk group of 31 patients with PCa and the low-risk
group of 32 patients with PCa were divided according to the
GEO cohort median risk score (Figure 7D). The PCA indicated
the separation of satisfaction between the two groups
(Figure 7E). Furthermore, a clear distinction in DFS was
observed in the Kaplan–Meier analysis between these two
groups (P value <0.001, Figure 7F). ROC analysis in the GEO
cohort had a significant predictive effect on PCa recurrence (1-
year AUC = 0.793, 2-year AUC = 0.757, and 3-year AUC =
0.772) (Figure 7G).
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Functional Enrichment Analysis of DEGs
To identify other pathways that may be closely related to
pyroptosis-related pathways, all DEGs (Table S1) of the two
risk groups were analyzed for GO and KEGG enrichment. These
significant DEGs were found in the major positive regulation of
cell junction assembly, protein targeting, protein maturation,
peroxisome organization, ficolin-1-rich granule lumen, neuron-
to-neuron synapse, recycling endosome, and cadherin binding in
GO analysis. Moreover, KEGG analysis showed that these DEGs
were mainly involved in the regulation of Fc gamma R-mediated
phagocytosis, peroxisomes, chemical carcinogenesis, ECM-
receptor interaction, and focal adhesion (Figures 8A, B).

Association between the Immune Status
of Patients and PCa Risk in the
GEO Cohort
We further explored the changes in immune cell infiltration
between the low- and high-risk groups. Based on functional
analysis, the activity of 13 immune-related pathways and the
FIGURE 4 | Verification of hub DE-PROs expressions in normal and tumour tissue with lmmunohistochemistry (lHC), the expression of glandular epithelium (cytoplasm,
cell membrane) in tumour group was significantly higher than that in normal group (obviously deepened in yellowish brown compared to normal groups. “ !”).
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enrichment fractions of 16 types of immune cells were compared
in the two risk groups and the results were compared using
ssGSEA in the GEO cohort. The results showed that, the level of
immune cell infiltration was generally lower in the high-risk
subgroup, especially in Tfh and Th1 cells. Conversely, CCR and
the inflammatory-promoting activity of immune pathways were
lower in the high-risk group (Figures 9A, B).
DISCUSSION

Pyroptosis, mediated by the gasdermin family and associated
with inflammatory and immune responses, is a recently
discovered form of programmed cell death. The early stage of
pyroptosis has always been considered an apoptotic process and
Frontiers in Oncology | www.frontiersin.org 7101
the downstream pathway of pyroptosis activation by infection or
injury has been elucidated. Recent evidence suggests that
pyroptosis is related to cancer and the dual effects of
pyroptosis have aroused the interest of researchers. However,
the relationship between pyroptosis and PCa has not been
elucidated. Pyroptosis may have two sides in cancer patients,
acting as a double-edged sword. The most direct way to better
understand pyroptosis and its importance is to establish a
prognostic model.

In this study, we first clarified the expression and prognostic
value of PRGs in PCa, studied the mRNA expression levels of 42
PRGs in PCa and matched normal tissues, and found 25
differentially expressed genes. To explore the relationship
between the expression of these PRGs and PCa subtypes, we
identified 17 pyroptosis-related DEGs associated with survival.
A B

C

FIGURE 6 | Tumour classification based on the pyroptosis-related DEGs. (A) 485 PC patients were grouped into two clusters according to the consensus clustering
matrix (k=2). (B) Heatmap and the clinicopathologic characters of the two clusters classified by these DEPRGs. (C) Kaplan-Meier OS curves for the two clusters.
FIGURE 5 | qRT-PCR validation or hub DE-PRGs in human prostate cancer tissues compared to control tissues. *p < 0.05; ***p < 0.001. Cancer (n = 5-6), human
prostate cancer tissues. Control (n = 5-6), matched human normal prostate tissues.
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Our findings suggested that these genes play an important role
both in the pathogenesis of cancer and in the heterogeneity of
cancer patients and we inferred that differential expression of
these genes was related to a reduced death rate in the TCGA
database. Therefore, to further evaluate the relationship of these
PRGs with PCa survival, we searched the GEO database and
other related databases and found insufficient follow-up survival
data on PCa; however, a set of follow-up data of recurrence (DFS)
rate caught our attention. Although not significant in the survival
analysis, the high recurrence rate of primary PCa may be
valuable. Therefore, we aimed to verify the relationship
between these PRGs and recurrence. In addition, we evaluated
the prognostic value of these pyroptosis-related regulatory
factors and obtained the risk profile of five genes using
univariate Cox and LASSO Cox regression analyses with the
GEO cohort. The results showed that these pyroptosis-related
risk genes constitute a risk formula to predict the recurrence of
Frontiers in Oncology | www.frontiersin.org 8102
patients, which is similar to a biomarker: the higher the risk score
is, the worse the recurrence.

In our study, ten hub genes were identified in the PPI
network. However, how these PRGs interact and whether they
are relevant to patient prognostic outcomes remain unclear. For
example, Casp1 encodes CASP1, a member of the caspase family
that is activated by inflammasomes and induces pyroptosis (21).
Casp1 is underexpressed in a variety of tumor tissues when it acts
as a tumor suppressor (22). Based on our differential gene sorting
analysis, it was observed to be poorly expressed in tumors, which
is consistent with previous reports. Casp8 can cause pyroptosis
by cleaving GSDMD into its active form when TAK1 is
suppressed, and TAK1 inhibition also leads to GSDME
cleavage (23). In addition, activation of Casp8 can drive
inflammasome-independent IL-1b and exogenous cell death
receptor signaling downstream of GSDMD to convert
apoptotic signals into GSDMD-dependent pyroptosis-like cell
A B

FIGURE 8 | Functional analysis based on the DEGs between the two-risk groups in the GEO cohort. (A) Barplot graph for GO enrichment (the longer bar means the
more genes enriched, and the increasing depth of red mans the differences were more obvious). (B) Bubble graph for KEGG pathways (the bigger bubble means the
more genes enriched, and the increasing depth of red means the differences were more obvious; q-value: the adjusted p-value).
A B D

E F G

C

FIGURE 7 | Construction of risk signature in the GEO cohort. (A) Univariate cox regression analysis of DFS for each pyroptosis-related gene, and genes with P <
0.05. (B) LASSO regression of the 5 DFS-related genes. (C) Cross-validation for tuning the parameter selection in the LASSO regression. (D) Distribution of patients
based on the risk score. (E) PCA plot for PCs based on the risk score. (F) Kaplan-Meier curves for the DFS of patients in the high- and low-risk groups. (G) ROC
curves demonstrated the predictive sensitivity of the risk score.
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death (24). Both our prediction and experimental validation
showed that Casp8 was elevated, suggesting that we can treat
PCa by activating the Casp8 pathway to trigger cell death in the
future. There is an opportunity to further verify this. BAK and
BAX are well-known regulators of the apoptosis pathway and
have been found to play a role in the pyroptotic pathway. As
tumors grow and progress, these pathways inevitably interact.
Studies have shown that the Bak/Bax-Caspase-3-GSDME
pathway can enhance the antitumor effect (25). Similar to
CASP8, BAK and BAX were elevated in our prediction and
validation and were important components of the prediction
formula. We hypothesized that BAK and BAX could be used to
treat high-risk recurrent PCa by coactivating upstream and
downstream genes to promote pyroptosis and kill tumors.
Furthermore, interleukin IL1b, a proinflammatory factor that
induces pyroptosis (26), has a tumorigenic effect, and its main
role is to promote proliferation, migration, and metastasis (27).
GSDMB belongs to the GSDM family and is more widely
expressed than other members of the GSDM family. Pyroptosis
is induced by the cleavage of GSDMB by lymphocytic granzyme
A (28). This study demonstrates that activation of GSDMB
induces pyroptosis and promotes tumor clearance, supporting
an important regulation of reactivation in our predicted formula
with a high-risk factor. NLRP1 is an NLR family protein that can
also induce apoptosis and pyroptosis, which can impact cancer
pathogenesis by modulating congenital immune responses,
dysregulation of NLR family members, and results in various
inflammatory diseases and autoimmune disorders. Studies have
shown that the mRNA and protein levels of NLRP1 are reduced
in colorectal cancer cells compared to normal cells and the
anticancer drug DAC increases the expression of NLRP1 to
inhibit the progression of colorectal cancer (29, 30). In our
differential pyroptosis gene expression and prediction formula,
NLRP1 was identified as a low-risk factor, which was consistent
with literature reports. Immunohistochemistry showed that
NLRP1 expression was lower in the high-grade PCa group
than in the low-grade PCa group. According to our results,
some of these PRGs appear to be cancer suppressor genes
Frontiers in Oncology | www.frontiersin.org 9103
because they are downregulated threefold in cancer tissues,
Nevertheless, they also help prolong patients’ DFS because they
are enriched in the low-risk group. Additionally, five genes were
identified as promoters of pyroptosis in the prognostic model.
However, not all of these promoters were related to better PCa
prognosis in our study, indicating that these five genes are in the
same formula and their sensitivity and specificity are mutually
restricted to achieve the optimal ROC. Therefore, it was not
possible to determine the expression level of one gene separately
to evaluate high or low risk. We will further study how these
genes interact with each other during pyroptosis.

To identify other pathways that might be closely related to
pyroptosis-related pathways, all DEGs (Table S1) in the two risk
groups were analyzed for GO and KEGG enrichment. The results
showed that these genes were mainly involved in regulatory
protein targeting, cadherin binding, chemical carcinogenesis,
ECM-receptor interaction, and focal adhesion. Studies have
shown that cadherin-11 affects the invasiveness and migration
of PCa cells (31–34). These functions or pathways suggest that
PRGs might play an important role in the oncogenesis,
recurrence, and metastasis of PCa and may be related to the
intensity of pyroptosis or counter-regulation.

Another important finding of our study was that PRGs were
correlated with immune infiltration, and 13 of 16 important
antitumor immune cells were increased in the low-risk group
compared to the high-risk group. However, some comparisons
were not significantly different, probably because of the limited
number of samples in the two cohorts. In the GEO cohort, the
accumulation of cancer-promoting immune cells in the tumor
microenvironment was generally observed in the high-risk
group. Tfh and Th1 cells were statistically significant in our
study. Relevant studies have shown that blood Th1 levels are
negatively correlated with PCa and can reduce the occurrence of
prostate bone metastasis and improve survival. Notably, Th1
levels in the high-risk group were lower than those in the low-
risk group and exhibited a potential immunotherapeutic effect,
which is consistent with our findings (35–37). Based on these
results, poor DFS in high-risk PCa patients might be related to
A B

FIGURE 9 | Comparison of the ssGSEA scores for immune cells and immune pathways. (A) Comparison of the enrichment score s of 16 types of immune cells
between low- (blue box) and high-risk (red box) group in the GEO cohort. (B) Comparison of the and 13 immune-related pathways between low- (blue box) and
high-risk (red box) group in the GEO cohort. P values were showed as: ns not significant; *P < 0.05; **P < 0.01.
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the suppressed levels of antitumor immunity and changes in the
tumor microenvironment.

The advantage of our study lies in the systemic analysis based
on TCGA and GEO cohorts and the evaluation of PRGs in PCa.
Our study has several limitations. Owing to the nature of publicly
available datasets, the number of deaths among patients with
PCa was very limited. The specific mechanism by which PRGs
regulate PCa occurrence and progression remains to be explored.
Large and well-designed clinical or in vivo experiments are
required to validate our predictive model. Despite these
limitations, our experiments achieved some consistency with
the predictions. In summary, we conducted a comprehensive and
systematic bioinformatics analysis and identified PRG signatures
that were significantly associated with DFS in patients with PCa
and some relevant experiments were performed to verify our
results. Furthermore, the risk score based on the prognostic
model of five PRGs was an independent risk factor for PCa
recurrence and was found to be related to the immune
microenvironment, which should be verified in future studies.
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Background: Pyruvate dehydrogenase (PDH) complex converts pyruvate into acetyl-
CoA by pyruvate decarboxylation, which drives energy metabolism during cell growth,
including prostate cancer (PCa) cell growth. Themajor catalytic subunit of PDH, PDHA1, is
regulated by phosphorylation/dephosphorylation by pyruvate dehydrogenase kinases
(PDKs) and pyruvate dehydrogenase phosphatases (PDPs). There are four kinases,
PDK1, PDK2, PDK3 and PDK4, which can phosphorylate and inactivate PDH; and two
phosphatases, PDP1 and PDP2, that dephosphorylate and activate PDH.

Methods: We have analyzed by immunohistochemistry the expression and
clinicopathological correlations of PDHA1, PDP1, PDP2, PDK1, PDK2, PDK3, and
PDK4, as well as of androgen receptor (AR), in a retrospective PCa cohort of patients.
A total of 120 PCa samples of representative tumor areas from all patients were included
in tissue microarray (TMA) blocks for analysis. In addition, we studied the subcellular
localization of PDK2 and PDK3, and the effects of the PDK inhibitor dichloroacetate (DCA)
in the growth, proliferation, and mitochondrial respiration of PCa cells.

Results:We found heterogeneous expression of the PDH complex components in PCa
tumors. PDHA1, PDP1, PDK1, PDK2, and PDK4 expression correlated positively with
AR expression. A significant correlation of PDK2 immunostaining with biochemical
recurrence and disease-free survival was revealed. In PCa tissue specimens, PDK2
displayed cytoplasmic and nuclear immunostaining, whereas PDK1, PDK3 and PDK4
showed mostly cytoplasmic staining. In cells, ectopically expressed PDK2 and PDK3
were mainly localized in mitochondria compartments. An increase in maximal
mitochondrial respiration was observed in PCa cells upon PDK inhibition by DCA, in
parallel with less proliferative capacity.
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Conclusion: Our findings support the notion that expression of specific PDH complex
components is related with AR signaling in PCa tumors. Furthermore, PDK2 expression
associated with poor PCa prognosis. This highlights a potential for PDH complex
components as targets for intervention in PCa.
Keywords: prostate cancer (PCa), pyruvate dehydrogenase (PDH), pyruvate dehydrogenase kinase (PDK),
androgen receptor (AR), dichloroacetate (DCA)
INTRODUCTION

PCa is a long-latency cancer, evolving from low malignancy early
stages (prostatic intraepithelial neoplasia) to high-grade and
metastatic adenocarcinomas, which frequently do not respond to
anti-androgen hormone therapies (castrate-resistant prostate
cancer, CRPC) (1–3). The androgen pathway is the central
signaling pathway in PCa, together with the retinoblastoma (RB),
PI3K/PTEN/AKT/mTOR, and RAS/RAF/MAPK pathways (4–7).
Frequent alterations in PCa include gene amplification of MYC
transcription factor and androgen receptor (AR), the gene deletion
of NKX3.1 homeobox, RB1, and PTEN phosphatase, and the gene
reorganization of the ETS family of transcription factors (8–12).
Currently, the identification of early tumor markers, including
metabolic biomarkers, and molecular targets for effective PCa
treatment is a research priority (13–17).

PCa presents a high extent of metabolic modifications, mainly
relatedwith increase in aerobic glycolysis and protein and fatty acid
synthesis (18, 19). As in other cancer types, this metabolic switch
facilitates the synthesis ofbiomolecules requiredby the tumorcell to
support its rapid growth and division (20). PCa cells display high
levels of aerobic glycolysis in themore advanced tumor stages,while
primary PCa cells show higher oxidative respiration than non-
transformed prostatic cells. This is mainly due to a decrease in Zn
accumulation in primary PCa cells, which allows citrate oxidation
through the Krebs cycle. High de novo fatty acid synthesis is
characteristic of PCa progression towards CRPC, which is
facilitated by high expression of fatty acid synthase (FASN) and
other lipogenic enzymes (21, 22). PCa progression and metastasis
has been recently linked to glycolytic enzymes such as pyruvate
kinase isoform M2 (PKM2) (23). Together, these observations
suggest that specific interference with key metabolic reactions
could be useful to improve the current therapies for advanced PCa.

The enzyme pyruvate dehydrogenase (PDH) is essential in the
glycolytic and Krebs cycle metabolism, and play important roles in
carcinogenesis, making this enzyme a feasible therapeutic target in
cancer (24–27). PDH exists as a multi-enzyme complex formed by
three catalytic (E1 [two genes: PDHA1-2], E2 [DLAT], and E3
[DLD]) and three regulatory subunits (E3BP [PDHX], PDKs [four
genes: PDK1-4], and PDPs [two genes: PDP1-2). The mRNA
expression patterns of these genes in prostate tissues and prostate
tumors are distinct, as shown in databases GTEx (Genotype-
Tissue Expression; https://gtexportal.org) and TCGA (The Cancer
Genome Atlas; https://www.proteinatlas.org), but comprehensive
comparative studies on the expression at the protein level of these
enzymes in PCa are lacking. The association of PDKs expression
with poor prognosis and resistance to anti-cancer therapies is
2107
widely documented, and PDKs inhibition (which results in PDH
activation) constitutes a potential therapeutic possibility in several
cancer types, including PCa (28–34). In addition, differing results
have been reported on the association of other PDH components,
such as PDHA1 and PDP1, with PCa prognosis (35, 36). Together,
this makes relevant to investigate comparatively the individual
expression and function of the distinct components of the PDH
complex in relation with PCa progression and malignancy.

In this study, we have evaluated the expression and subcellular
localization of components of the PDH complex in PCa, including
PDHA1, PDP1, PDP2, PDK1, PDK2, PDK3 and PDK4. We have
found specific correlations between the expression of some of these
PDH complex components and AR expression in PCa tumors.
Furthermore, a significant correlation of PDK2 PCa tumor
immunostaining with patient biochemical recurrence and
disease-free survival has been revealed. We discuss the potential
of PDH complex components as targets for intervention in PCa.
MATERIAL AND METHODS

Cell Lines
Simian kidney COS-7 cells were cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium) (Lonza, Basel, Switzerland) medium
supplemented with 5% FBS (Fetal Bovine Serum) (Sigma Aldrich,
St. Louis,MO,USA).Humanprostate carcinoma LNCaP cells were
cultured in RPMI-1640 (Lonza) medium supplemented with 10%
FBS. Human prostate carcinoma DU-145 cells were cultured in
EMEM (Eagle’s Minimal Essential Medium) (Lonza) medium
supplemented with 10% FBS. All media were supplemented with
1% L-Glutamine and 1% penicillin/streptomycin (Lonza). Cells
were incubated at 37°C and 5% CO2.

Plasmids, Transfection, and Immunoblot
Human PDK2 (NM_002611.4) and PDK3 (NM_001142386)
cDNAs, cloned in pcDNA3.1+/C-DYK mammalian expression
plasmids (C-terminal Flag fusion), were purchased from
GeneScript (Piscataway, NJ, USA). pRK5 Flag-PTEN was made
by PCR incorporation of an N-terminal Flag sequence to human
PTEN (NM_000314) from pRK5 PTEN (37). Cells were
transiently transfected with empty vector, pRK5 Flag-PTEN,
pCDNA3.1 PDK2-Flag, or pCDNA3.1 PDK3-Flag using
GenJet reagent (SignaGen, Frederick, MD, USA). Cells were
lysed in M-PER extraction reagent (ThermoFisher, Waltham,
MA, USA) and processed for immunoblot as described (38).
Primary antibody used was mouse anti-Flag (1:500, MAB3118,
Sigma Aldrich). Secondary antibody was IRDye 680RD Goat
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anti-Mouse (LI-COR, Lincoln, NE, USA). Blots were processed
with Odyssey CLx Imaging system (LI-COR).

Metabolism/Seahorse
Oxygen Consumption Rate Assay Kit (Cayman Chemical, Ann
Arbor, MI, USA) was used to measure extracellular oxygen
consumption levels according to manufacturer’s instructions.
XF96 Mitochondrial stress test was performed using Seahorse
Extracellular Flux Analyzer XF96e (Agilent Technologies, Santa
Clara, CA, USA) to measure the oxygen consumption rate
(OCR) of cells according to manufacturer’s instructions.
Seahorse assays were performed in at least triplicate wells in
three independent experiments for each condition.

Cell Proliferation and Confluence
Cell proliferation/viability of LNCaP and DU-145 cells was
assessed as described (39). 5x103 cells/well were plated in 96-
well culture plates. A day after plating the cells, different
concentrations of dichloroacetate (DCA; Sigma Aldrich) or
vehicle were added. Cell proliferation was measured with the
CellTiter 96®AQueous One Solution Cell Proliferation Assay Kit
(MTS Assay, Promega, Madison, WI, USA) in 96-well plates, and
luminescence was measured at 490 nm using Victor3 microplate
reader (PerkinElmer, Waltham MA, USA). To assess cell
confluence, 5x103 cells/well were seeded on 96-well plates and
the cell confluence was measured every three hours by the
IncuCyte FLR imaging microscopes (Essen Biosciences, Ann
Arbor, MI, USA), as described (40). The cells were treated with
the indicated DCA concentrations 21 h post-plating and were
scanned for 72 h after adding the drug.

Immunofluorescence
3x104 COS-7 cells per well were plated in 8-well chamber slides
for immunofluorescence (Ibidi, Gräfelfing, Germany). Transient
transfection was performed as described above. Cells were
washed and mitochondria were stained with Mitotracker™

Red CMXRos following manufacturer’s instructions (250 nM,
20 min) (ThermoFisher). before they were fixed in methanol for
5 min at -20°C and blocked in blocking solution (Phosphate
Buffered Saline (PBS) containing 3% Bovine Serum Albumin
(BSA). Mouse anti-Flag primary antibody (1/100 in blocking
solution) was incubated overnight at 4°C in a wet chamber.
Subsequently, cells were washed three times with PBS-BSA for 10
min prior to incubation with anti-mouse FITC secondary
antibody (1/100) for 1 h in a wet chamber and darkness at
room temperature. Cells were washed and mounted in Mounting
Medium with DAPI (4’6-diamidino-2-phenylindole) (Abcam)
and visualized by standard [NIKON ECLIPSE TE2000 (Nikon,
Tokyo, Japan)] or confocal microscopy [ZEISS LSM880
AIRYSCAN (Zeiss, Jena, Germany)].

Clinical Data and Tumor Samples
The PCa cohort has been previously described (41). Briefly, it
consisted of 120 PCa patients treated with radical prostatectomy
at Cruces University Hospital (Barakaldo, Spain) between 2000
and 2005. An experienced pathologist (JIL) selected tumor areas
Frontiers in Oncology | www.frontiersin.org 3108
with well‐preserved tissue, representative of the whole tumor,
from formalin‐fixed and paraffin‐embedded (FFPE) tumor tissue
blocks, and TMA blocks were made from these areas. 4 mm
sections were made from the TMA blocks, one of which was
stained with hematoxylin and eosin (H&E) to verify the presence
of tumor content. Biochemical recurrence (BR) was defined as a
Prostate-Specific Antigen (PSA) measurement equal to or greater
than 0.4 ng/ml after surgery. Follow‐up has been recorded until
October 1, 2016. Cancer of the Prostate Risk Assessment
Postsurgical (CAPRA‐S) score was calculated according to its
definition (42), that is, by combining preoperative PSA, Gleason
grade, surgical margins, extracapsular extension, seminal vesicle
invasion, and lymph node invasion.

Immunohistochemistry and Scoring
Immunohistochemistry (IHC) was carried out using the following
primary antibodies: PDHA1 (Sigma Aldrich, HPA047864, dilution:
1:10), PDP1 (Sigma Aldrich, HPA019081, dilution 1:10), PDP2
(Sigma Aldrich, HPA019950, dilution 1:65), PDK1 (Cell Signaling,
Danvers, MA, USA, HPA027376, dilution: 1:120), PDK2 (Sigma
Aldrich, HPA008287, dilution 1:25), PDK3 (Sigma Aldrich,
HPA046583, dilution 1:50), PDK4 (Sigma Aldrich, HPA056731,
dilution 1:100), and AR (SP107 ready to use, Ventana, Roche, Basel,
Switzerland) antibodies. Antigen retrieval was performed at pH 6
and pH 9 using PT link system (Agilent Technologies). IHC
immunostainings were performed in automated immunostainers
(EnVision FLEX, Dako Autostainer Plus; Dako, Glostrup, Denmark
and BenchMark Ultra, Ventana Medical Systems, Tucson, AZ,
USA). Antibodies were incubated for 30 min, followed by
secondary antibody incubation for 15 min using Goat Anti
Mouse and Anti-rabbit Ig/HRP secondary antibodies (Dako),
FLEX/HPR for 20 min, FLEX DAB/Sub Chromo for 10 min, and
finally counterstaining with hematoxylin. Immunostainings were
evaluated in tumor cells as negative (weak/no staining) or positive
(medium/high staining). The analysis was performed using a Nikon
Eclipse 80i microscope (Nikon, Tokyo, Japan).

Statistical Analysis
Error bars in results represent ± standard deviation (S.D.). Cell
data was analyzed by GraphPad Prism t Test Calculator (San
Diego, CA, USA), where significance was calculated using two-
tailed student t-test. p values smaller than 0.05 were considered
significant and are indicated with an asterisk (*). All experiments
were performed at least twice, and results shown are from one
representative experiment. The SPSS version 23 software (SPSS
Inc., Chicago, IL, USA) was used for statistical calculations of the
clinical material. For all the experiments, any p value below 0.05
was considered statistically significant.
RESULTS

PDH complex components, including the negative regulators of
PDH activity, PDKs, have been involved in PCa carcinogenesis
(27). We analyzed the role of PDKs in the growth, proliferation,
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and mitochondrial respiration of PCa cells, using the PDK
inhibitor dichloroacetate (DCA), which selectively shifts the
cancer cell metabolism from glycolysis to oxidative
phosphorylation (29). As expected, DCA treatment inhibited
in a dose-response manner the growth/viability of LNCaP and
DU-145 PCa cells, as shown by MTS assay and cell confluence
measurements (Figures 1A–C). In addition, an increase in
maximal oxygen consumption rate (OCR) was observed in
LNCaP PCa cells upon PDK inhibition by DCA, in parallel
with less proliferative capacity and cell viability (Figure 1D).
These results suggest a role for PDKs in the regulation of cell
growth and viability of PCa cells.

This prompted us to investigate the expression of PDKs and
other PHD complex components in PCa patient tumor samples.
The expression of PDHA1, PDP1, PDP2, PDK1, PDK2, PDK3,
and PDK4, as well as the expression of AR was evaluated by IHC
in a retrospective cohort of 120 PCa patients (Tables 1–3). FFPE
samples from representative tumor areas were included in TMAs
for analysis, and expression was scored as negative or positive.
We observed heterogeneous expression of PDHA1, PDP1, PDP2,
PDK1, PDK2, PDK3, and PDK4 in PCa specimens, and
examples of different patterns of staining for the different
PDKs are shown in Figure 2. PDK2 expression in tumors
displayed a nuclear/cytoplasmic pattern, whereas PDK1, PDK3,
and PDK4 expression was mostly cytoplasmic (Figure 2). PDP1
expression positively correlated with stage (p = 0.037) and
extracapsular extension (p = 0.027) (Table 1). Importantly, we
found a significant positive correlation of PDK2 immunostaining
with biochemical recurrence (p = 0.033), and negative
correlation with disease-free survival (p = 0.045), suggesting a
negative prognostic role for PDK2 expression in PCa (Table 2).
Significant positive correlations were found with respect to AR
expression for PDHA1 (p = 0.035), PDP1 (p = 0.046), PDK1 (p =
0.003), PDK2 (p = 0.001), and PDK4 (p = 0.031) expression
(Table 3 and Figure 3). PDP2 and PDK3 did not show any
significant correlation. Together, these findings show a
heterogeneous expression pattern of PDH complex
components in PCa related with AR and suggest an association
between PDK2 expression and PCa progression.

PDH complex components are found at the mitochondria, but
they have also been found in the nucleus, which has been
proposed to have clinical implications (36, 43). Next, we
investigated by immunoblot and immunofluorescence the
expression and subcellular localization of PDK2 and PDK3
(tagged with a Flag epitope at the C-terminus) ectopically
expressed in COS-7 (as a suitable cell model for ectopic protein
expression) and LNCaP PCa cells (Figures 4A–D). The
expression of the phosphatase PTEN was monitored as a
control. PDK2-Flag and PDK3-Flag proteins displayed a
predominant punctate pattern of expression that overlapped
with Mitotracker marker staining, indicating a major
mitochondrial localization in cells (Figures 4B–D). This is in
accordance with the mitochondrial subcellular localization
reported for PDH components in other human cancer cell lines
(43). In contrast, Flag-PTEN displayed cytoplasmic/nuclear
localization (Figure 4B). Together, these results illustrate
differential subcellular localization of PDKs in cells and in
Frontiers in Oncology | www.frontiersin.org 4109
PCa tissues. In the case of PDK2, which showed predominant
nuclear localization in PCa tissues, further studies are required to
A

B

C

D

FIGURE 1 | Viability, proliferation and mitochondrial function of PCa cells
treated with DCA. (A) Cell viability is shown for LNCaP and DU-145 PCa
cells, as determined by MTS analysis, after 72 h in the presence of DCA (5
mM and 20 mM). (B) Cell viability is shown for LNCaP cells, as determined by
MTS analysis, after 72 h in the presence of DCA (1 mM and 5 mM). (C) Cell
growth is shown for LNCaP cells, as determined by Incucyte live-cell analysis,
after 72 h in the presence of DCA (1 mM and 5 mM). (D) Mitochondrial
respiration is shown for LNCaP cells, as determined by Seahorse extracellular
flux analysis, after 48 h in the presence of DCA (1 mM and 5 mM). p value
below 0.05 are indicated with *.
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TABLE 1 | Correlation between clinical and pathological variables and PDHA1, PDP1 and PDP2 protein expression in prostate cancer.

PDP1 positive PDP2 negative PDP2 positive
(N = 13) (N = 88) (N = 31)

0.745 r = -0.086 / P = 0.564
9.9 (5.9-15) 10.7 (1-16) 10 (5.9-15)

0.615 r = 0.011 / P = 0.970
64 (53-69) 63 (48-73) 63 (50-70)

0.767 r = 0.013 / P = 0.888
9 (69) 58 (66) 20 (64.5)
4 (31) 30 (34) 11 (35.5)

0.819 r = -0.168 / P = 0.311
5 (38.5) 23 (26) 13 (42)
5 (38.5) 32 (36.5) 11 (35.5)
3 (23) 26 (29.5) 7 (22.5)
0 (0) 4 (4.5) 0 (0)
0 (0) 3 (3.5) 0 (0)

0.545 r = 0.065 / P = 0.480
7 (54) 55 (62.5) 16 (52)
4 (31) 14 (16) 8 (26)
0 (0) 6 (7) 1 (3)
2 (15) 13 (14.5) 6 (19)

0.037 r = - 0.024 / P = 0.797
8 (61.5) 72 (82) 26 (84)
5 (38.5) 16 (18) 5 (16)

0.360 r = -0.1 08 / P = 0.239
10 (77) 55 (62.5) 23 (74)
3 (23) 33 (37.5) 8 (26)

0.027 r = -0.011 / P = 0.907
8 (61.5) 73 (83) 26 (84)
5 (38.5) 15 (17) 5 (16)

0.506 r = -0.124 / P = 0.175
12 (92) 83 (94.5) 31 (100)
1 (8) 5 (5.5) 0 (0)

0.388 r = -0.1 45 / P = 0.240
4 (31) 36 (41) 12 (39)
6 (46) 34 (39) 9 (29)
0 (0) 9 (10) 0 (0)
3 (23) 9 (10) 10 (32)

0.360 r = 0.013 / P = 0.888
10 (77) 58 (66) 20 (64.5)
3 (23) 30 (34) 11 (35.5)

0.463 r = -0.046 / P = 0.652
3 (23) 28 (32) 12 (39)
7 (54) 43 (49) 15 (48)
3 (23) 17 (19) 4 (13)
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Patients – no. N = 120 PDHA1 negative PDHA1 positive PDP1 negative
(N = 91) (N = 28) (N = 106)

Median follow-up time (IQR) – year 120 r = -0.182 / P = 0.720 r = -0.124 / P
10.5 (9.8-12.4) 10.9 (1-16) 9.9 (5.9-15) 10.6 (1-16)

Median age at surgery (IQR) – year r = 0.057 / P = 0.739 r = 0.041 / P
63 (59-68) 63 (48-71) 63.5 (52-73) 63 (48-73)

Age at surgery – no. (%) r = 0.015 / P = 0.872 r = -0.027 / P
< 65 year 78 (65) 60 (66) 18 (64) 69 (65)
> 65 year 42 (35) 31 (34) 10 (36) 37 (35)

Preoperative PSA – no. (%) r = -0.100 / P = 0.440 r = -0.082 / P
≤ 6 ng/ml 36 (30) 25 (27.5) 11 (39.5) 31 (29)
> 6 ng/ml and ≤ 10 ng/ml 43 (35) 34 (37.5) 8 (28.5) 37 (35)
> 10 ng/ml and ≤ 20 ng/ml 33 (27.5) 25 (27.5) 8 (28.5) 30 (28)
> 20 ng/ml 4 (3.3) 4 (4.5) 0 (0) 4 (4)
Missing 4 (3.3) 3 (3) 1 (3.5) 4 (4)

Gleason grade – no. (%) r = -0.051 / P = 0.389 r = -0.004 / P
≤ 6 72 (60) 55 (60.5) 16 (57) 64 (60)
3+4 22 (18) 14 (15.5) 8 (28.5) 18 (17)
4+3 7 (6) 6 (6.5) 1 (3.5) 7 (7)
≥ 8 19 (16) 16 (17.5) 3 (11) 17 (16)

Stage - no. (%) r = 0.107 / P = 0.243 r = 0.191 / P
T2 99 (82.5) 77 (84.5) 21 (75) 90 (85)
T3 21 (17.5) 14 (15.5) 7 (25) 16 (15)

Surgical margins – no. (%) r = -0.069 / P = 0.454 r = -0.084 / P
Negative 78 (65) 58 (64) 20 (71.5) 68 (64)
Positive 42 (35) 33 (36) 8 (28.5) 38 (36)

Extracapsular extension– no. (%) r = 0.122 / P = 0.185 r = 0.203 / P
No 100 (83) 78 (86) 21 (75) 91 (86)
Yes 20 (17) 13 (14) 7 (25) 15 (14)

Seminal vesicle invasion – no. (%) r = -0.017 / P = 0.849 r = 0.061 / P
No 20 (17) 87 (96) 27 (96.5) 102 (96)
Yes 100 (83) 4 (4) 1 (3.5) 4 (4)

CAPRA-S risk group – no. (%)* r = -0.111 / P = 0.529 r = -0.005 / P
Low 48 (40) 35 (38.5) 13 (46.5) 44 (41.5)
Intermediate 44 (37) 34 (37) 9 (32) 37 (35)
High 9 (8) 8 (9) 1 (3.5) 9 (8.5)
Missing 19 (15) 14 (25.5) 5 (18) 16 (15)

Biochemical recurrence – no. (%) r = -0.027 / P = 0.769 r = -0.084 / P
Negative 78 (65) 59 (65) 19 (68) 68 (64)
Positve 42 (35) 32 (35) 9 (32) 38 (36)

Disease-free survival – no. (%) r = 0.105 / P = 0.299 r = 0.074 / P
Yes 41 (34) 32 (35) 8 (28) 37 (35)
No 58 (48) 41 (45) 17 (61) 51 (48)
Missing 21 (18) 18 (20) 5 (11) 18 (17)

*The CAPRA-S scores were categorized to give the three risk groups: Low risk if sscore 0-2; Intermediate risk if score 3 to 5; High risk if score 6 to 12.
Spearsman´s correlation r (95% CI) / P value.
IQR, interquartile range; PSA, prostate-specific antigen; AR, androgen receptor.
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TABLE 2 | Correlation between clinical and pathological variables and PDK1, PDK2, PDK3 and PDK4 protein expression in prostate cancer.

tive PDK3 positive PDK4 negative PDK4 positive
) (N = 100) (N = 14) (N = 96)

.006 / P = 0.592 r = -0.315 / P = 0.016
3.9) 10.5 (1-16) 13.2 (1-15) 10.3 (2.1-16)
.035 / P = 0.065 r = 0.019 / P = 0.834
3) 63 (48-71) 62 (52-71) 63 (48-73)
.022 / P = 0.817 r = 0.041 / P = 0.668

66 (66) 10 (71) 63 (66)
34 (34) 4 (29) 33 (34)

0.056 / P = 0.715 r = 0.109 / P = 0.280
32 (32) 7 (50) 29 (30)
36 (36) 2 (14) 34 (36)
27 (27) 4 (29) 27 (28)
3 (3) 0 (0) 4 (4)
2 (2) 1 (7) 2 (2)

.042 / P = 0.839 r = 0.075 / P = 0.199
61 (61) 8 (57) 60 (62.5)
18 (18) 5 (36) 16 (16.5)
5 (5) 1 (7) 5 (5)

16 (16) 0 (0) 15 (16)
.095 / P = 0.315 r = 0.107 / P = 0.243

81 (81) 14 (100) 77 (80)
19 (19) 0 (0) 19 (20)

.022 / P = 0.817 r = -0.132 / P = 0.165
66 (66) 7 (50) 66 (69)
34 (34) 7 (50) 30 (31)

.088 / P = 0.350 r = 0.169 / P = 0.076
82 (82) 14 (100) 78 (81)
18 (18) 0 (0) 18 (19)

0.081 / P = 0.389 r = 0.074 / P = 0.437
97 (97) 14 (100) 92 (96)
3 (3) 0 (0) 4 (4)

.032 / P = 0.817 r = 0.032 / P = 0.544
39 (39) 6 (43) 38 (40)
39 (39) 7 (50) 35 (36)
6 (6) 0 (0) 6 (6)

) 16 (16) 1 (7) 17 (18)
.028 / P = 0.763 r = 0.163 / P = 0.088

65 (65) 12 (86) 60 (62.5)
35 (35) 2 (14) 36 (37.5)

0.030 / P = 0.770 r = -0.170 / P = 0.106
34 (34) 2 (14) 35 (36)

) 39 (39) 9 (64) 45 (47)
) 27 (27) 3 (22) 16 (17)
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Patients – no. N = 120 PDK1 negative PDK1 positive PDK2 negative PDK2 positive PDK3 neg
(N = 26) (N = 89) (N = 17) (N = 102) (N = 13

Median follow-up time (IQR) – year 120 r = -0.180 / P = 0.295 r = 0.080 / P = 0.580 r =
10.5 (9.8-12.4) 12 (8.4-14.9) 10.3 (1-16) 10 (2-14) 10.5 (1-16) 10.2 (9.4-

Median age at surgery (IQR) – year r = 0.097 / P = 0.632 r = -0.112 / P = 0.603 r =
63 (59-68) 62 (50-73) 63 (48-71) 64 (54-73) 63 (48-71) 61 (52-7

Age at surgery – no. (%) r = 0.046 / P = 0.625 r = -0.108 / P = 0.237 r =
< 65 year 78 (65) 18 (69) 57 (64) 9 (53) 69 (68) 9 (69
> 65 year 42 (35) 8 (31) 32 (36) 8 (47) 33 (32) 4 (31

Preoperative PSA – no. (%) r = 0047 / P = 0.305 r = 0.020 / P = 0.875 r =
≤ 6 ng/ml 36 (30) 10 (38.5) 26 (29) 5 (29.5) 31 (30.5) 4 (31
> 6 ng/ml and ≤ 10 ng/ml 43 (35) 6 (23) 34 (38) 6 (35) 36 (35) 3 (23
> 10 ng/ml and ≤ 20 ng/ml 33 (27.5) 9 (34.5) 23(26) 5 (29.5) 28 (27.5) 4 (31)
> 20 ng/ml 4 (3.3) 0 (0) 4 (5) 0 (0) 4 (4) 1 (7.5
Missing 4 (3.3) 1 (4) 2 (2) 1 (6) 3 (3) 1 (7.5

Gleason grade – no. (%) r = 0.179 / P = 0.056 r = 0.092 / P = 0.617 r =
≤ 6 72 (60) 19 (73) 51 (57) 12 (70) 59 (58) 8 (62
3+4 22 (18) 4 (15.5) 17 (19) 3 (18) 19 (18) 3 (23
4+3 7 (6) 3 (11.5) 4 (5) 0 (0) 7 (7) 1 (7.5
≥ 8 19 (16) 0 (0) 17 (19) 2 (12) 17 (17) 1 (7.5

Stage - no. (%) r = 0.083 / P = 0.371 r = 0.000 / P = 1 r =
T2 99 (82.5) 23 (88.5) 72 (81) 14 (82) 84 (82) 12 (92
T3 21 (17.5) 3 (11.5) 17 (19) 3 (18) 18 (18) 1 (8)

Surgical margins – no. (%) r = -0.042 / P = 0.654 r = -0.007 / P = 0.937 r =
Negative 78 (65) 16 (61.5) 59 (66) 11 (65) 67 (66) 9 (69
Positive 42 (35) 10 (38.5) 30 (34) 6 (35) 35 (34) 4 (31

Extracapsular extension– no. (%) r = 0.073 / P = 0.437 r = -0.009 / P = 0.921 r =
No 100 (83) 23 (88) 73 (82) 14 (82) 85 (83) 12 (92
Yes 20 (17) 3 (12) 16 (18) 3 (18) 17 (17) 1 (8)

Seminal vesicle invasion – no. (%) r = -0.011 / P = 0.907 r = 0.085 / P = 0.351 r =
No 20 (17) 25 (96) 86 (96) 17 (100) 97 (95) 12 (92
Yes 100 (83) 1 (4) 3 (4) 0 (0) 5 (5) 1 (8)

CAPRA-S risk group – no. (%)* r = 0.085 / P = 0.492 r = 0.180 / P = 0.197 r =
Low 48 (40) 13 (50) 32 (36) 10 (59) 38 (37) 6 (46
Intermediate 44 (37) 8 (31) 36 (40) 5 (29) 38 (37) 4 (31
High 9 (8) 2 (7.5) 6 (7) 0 (0) 9 (9) 1 (7.5
Missing 19 (15) 3 (11.5) 15 (17) 2 (12) 17 (17) 2 (15.5

Biochemical recurrence – no. (%) r = 0.142 / P = 0.128 r = 0.195 / P = 0.033 r =
Negative 78 (65) 20 (77) 54 (61) 15 (88) 63 (62) 9 (69
Positve 42 (35) 6 (23) 35 (39) 2 (12) 39 (38) 4 (31

Disease-free survival – no. (%) r = -0.141 / P = 0.168 r = -0.202 / P = 0.045 r =
Yes 41 (34) 6 (23) 34 (38) 2 (12) 38 (37) 4 (31
No 58 (48) 15 (58) 42 (47) 11 (65) 47 (46) 7 (53.5
Missing 21 (18) 5 (19) 13 (15) 4 (23) 17 (17) 2 (15.5

*The CAPRA-S scores were categorized to give the three risk groups: Low risk if sscore 0-2; Intermediate risk if score 3 to 5; High risk if score 6 to 12.
Spearsman´s correlation r (95% CI) / P value.
IQR, interquartile range; PSA, prostate-specific antigen; AR, androgen receptor.
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Nunes-Xavier et al. PDH Complex in PCa
elucidate how its localization at specific subcellular compartments
in PCa tumors may affect PCa progression.
DISCUSSION

PCa cells show a unique metabolic reprogramming process
during their progression towards malignancy, in which
signaling through AR plays an essential role. Primary PCa
tumor cells display unusual high oxidative respiration levels,
which switch in CRPC cells to high aerobic glycolysis upon
androgen-independent AR signaling (44). PDH enzymatic
activity is a major universal driver of the energy metabolism in
cells, coordinating the energy flux through the glycolytic and the
mitochondrial TCA-oxidative pathways. Accordingly, PDH
complex plays an important role in cancer-associated
metabolic reprograming (27). Here, we have analyzed by IHC
the expression of PDH components in PCa tumor samples. We
have found a positive correlation of AR expression with PDHA1,
PDP1, PDK1, PDK2, and PDK4 expression, which sustains the
involvement of AR signaling in the control of PDH activity in
PCa cells. In this regard, PDHA1 and PDK2 have been reported
in a meta-analysis study as common androgen-regulated genes
(45). In concordance, PDH/PDHA1 protein and its activator
Frontiers in Oncology | www.frontiersin.org 7112
phosphatase PDP1 have been found to be overexpressed in PCa,
in association with high Gleason score (36, 46), although low
PDHA1 protein expression in PCa tumors has also been
associated with poor prognosis (35). In our study, we found
significant correlation of PDP1 expression, but not PDHA1, with
stage and extracapsular extension. Prostate conditional Pten-null
mice, knocked-out for PDHA1 expression in the prostate,
displayed growth inhibit ion of prostate cel ls , and
pharmacological inhibition of PDH activity in prostate Pten-
null mice and in human PCa cells caused tumor and cell growth
inhibition (36). Similarly, diminished cell growth was observed
in PDHA1 knock-out LNCaP PCa cells (35, 47). Overall, these
findings suggest a potential therapeutic benefit of PDH
inhibition in advanced PCa tumors.

PDKs are physiologic negative regulators of PDH. In a
variety of cancer types, PDK1-3 have been proposed to play
oncogenic roles, whereas PDK4 has been proposed to play both
oncogenic and tumor suppressive functions depending on the
tumor type (33). In PCa, PDK1 has been found to be
upregulated in correlation with disease progression, and
PDK1 knock-down using siRNAs increased PCa cell
migration and invasion, without significantly affecting cell
proliferation (48). On the other hand, low PDK4 expression
has been associated with biochemical recurrence in PCa
datasets (49). PDK4 mRNA, followed by PDK2, are the more
abundant PDK mRNAs detected in prostate and PCa
(Supplementary Figure 1), and our IHC analysis revealed
expression of all PDK proteins in PCa tumors. Notably, we
detected correlation of PDK2 high expression with higher
biochemical recurrence and lower disease-free survival,
suggesting a pro-oncogenic role for PDK2 in PCa. This is in
line with the proposed oncogenicity of PDK2 overexpression in
other cancer types (50, 51). The tumor suppressor p53
negatively regulates PDK2 transcription (52), making of
interest the analysis of the participation of p53 in the
regulation of PDK2 expression in PCa cells. PDK2 showed a
marked nuclear localization in PCa tumors, but not in PCa cell
lines, which displayed PDK2 mitochondrial localization.
Additional experiments are necessary to uncover the
functional activities of nuclear PDK2 in PCa tissue.

The inhibition of PDKs by DCA, alone or in combination
with other drugs, has been proposed as an alternative
therapeutic anti-cancer approach, especially in chemoresistant
tumors (34, 53–56). In our study, treatment of LNCaP and DU-
145 PCa cells with DCA resulted in diminished cell
proliferation, suggesting the feasibility of DCA, or DCA-
related drugs, in the treatment of PCa. However, the clinical
use of DCA in cancer therapy is limited, mainly due to
undesired side effects, including peripheral neurotoxicity (32,
57). Kailavasan et al. reported metabolite ratios alterations in
highly metastatic LNCaP-LN3 cells upon DCA treatment,
which were not detected in poorly metastatic LNCaP cells
(28). It has also been reported the sensitization to radiation
of PCa cells by DCA (58), as well as PDK isozyme-specific
effects of DCA on PCa cells (34). Interestingly, early studies on
PDKs enzymatic activity revealed PDK2 as the PDK more
TABLE 3 | Correlation between PDHA complex components and androgen
receptor protein expression in prostate cancer.

Patients - no. N = 120 AR negative AR positive
(N = 26) (N = 92)

Missing 2
PDHA1- no. (%) p = 0.195 / P = 0.035
Negative 89 (75) 23 (88) 66 (72)
Positive 28 (24) 2 (8) 26 (28)
Missing 1 (1) 1 (4) 0 (0)

PDP1 - no. (%) p = 0.184 / P = 0.046
Negative 104 (88) 25 (96) 79 (86)
Positive 13 (11) 0 (0) 13 (14)
Missing 1 (1) 1 (4) 0 (0)

PDP2 - no. (%) p = 0.124 / P = 0.180
Negative 86 (73) 21 (80) 65 (70)
Positive 31 (26) 4 (15) 27 (30)
Missing 1 (1) 1 (4) 0 (0)

PDK1 - no. (%) p = 0.282 / P = 0.003
Negative 26 (22) 11 (42) 15 (16)
Positive 87 (74) 13 (50) 74 (81)
Missing 5 (4) 2 (8) 3 (3)

PDK2 - no. (%) p = 0.299 / P = 0.001
Negative 15 (13) 8 (30) 7 (7)
Positive 102 (86) 17 (65) 85 (93)
Missing 1 (1) 1 (4) 0 (0)

PDK3 - no. (%) p = -0.046 / P = 0.625
Negative 13 (11) 2 (8) 11 (12)
Positive 99 (84) 21 (80) 78 (85)
Missing 6 (5) 3 (12) 3 (3)

PDK4 - no. (%) p = 0.206 / P = 0.031
Negative 14 (12) 6 (23) 8 (9)
Positive 96 (81) 17 (65) 79 (86)
Missing 8 (7) 3 (12) 5 (5)
Spearsman's correlation p (95% Cl) / P value; AR, Androgen receptor.
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efficiently inhibited by DCA (59). Whether DCA selectively
targets PDK2 in PCa cells needs to be tested. It cannot be ruled
out a DCA antiproliferative effect in PCa cells mediated by
Frontiers in Oncology | www.frontiersin.org 8113
other PDKs. Dedicated studies are required to ascertain the
involvement of inhibition of specific PDKs in the sensitivity to
current anti-PCa therapies.
1A 1B 1C 1D 1E

2A 2B 2C 2D 2E

3A 3B 3C 3D 3E

4A 4B 4C 4D 4E

FIGURE 2 | Expression of PDKs in PCa specimens. Immunohistochemical staining of expression of PDKs in four representative prostate carcinoma patient samples
(1-4). Hematoxylin and eosin (H&E) staining (1A, 2A, 3A, 4A). High expression of all PDKs (case 3: 3B, 3C, 3D, 3E). Low expression of all PDKs (case 2: 2B, 2C, 2D,
2E). High expression of PDK2 and PDK4 (case 1: 1C, 1E), and low expression of PDK1 and PDK3 (case 1: 1B, 1D). High expression of PDK2 and PDK3 (case 4:
4C, 4D), and low expression of PDK1 and PDK4 (case 4: 4B, 4E). Magnification: X100.
FIGURE 3 | Immunohistochemical profile of a prostate adenocarcinoma specimen, showing positive staining for androgen receptor (AR, nuclear), PDHA1 and PDP1
(cytoplasmic), and negative for PDP2. Magnification: X400.
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FIGURE 4 | Expression and subcellular localization of PDK2 and PDK3 in PCa cells. (A) Immunoblot of ectopically expressed PDK2-Flag, PDK3-Flag, and Flag-PTEN (as
a control) in COS-7 and LNCaP cells using anti-Flag antibody. (B) Immunofluorescence of PDK2-Flag, PDK3-Flag, and Flag-PTEN in COS-7 cells, using anti-Flag
antibody (green). (C) Immunofluorescence of PDK2-Flag and PDK3-Flag (green) as in B, with Mitotracker as a mitochondria marker (red). (D) Immunofluorescence of
PDK2-Flag and PDK3-Flag (green) in LNCaP cells, with Mitotracker as a mitochondria marker (red). In (B–D) nuclei were stained with DAPI (blue). Note the punctuated
and mitochondrial localization of PDK2 and PDK3, as compared to the cytoplasmic PTEN localization.
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Prostate cancer is the most prevalent malignant tumor in men across developed
countries. Traditional diagnostic and therapeutic methods for this tumor have become
increasingly difficult to adapt to today’s medical philosophy, thus compromising early
detection, diagnosis, and treatment. Prospecting for new diagnostic markers and
therapeutic targets has become a hot topic in today’s research. Notably, exosomes,
small vesicles characterized by a phospholipid bilayer structure released by cells that is
capable of delivering different types of cargo that target specific cells to regulate biological
properties, have been extensively studied. Exosomes composition, coupled with their
interactions with cells make them multifaceted regulators in cancer development.
Numerous studies have described the role of prostate cancer-derived exosomal
proteins in diagnosis and treatment of prostate cancer. However, so far, there is no
relevant literature to systematically summarize its role in tumors, which brings obstacles to
the later research of related proteins. In this review, we summarize exosomal proteins
derived from prostate cancer from different sources and summarize their roles in tumor
development and drug resistance.

Keywords: chemoresistance, exosomal proteins, prostate cancer, tumor markers, cancer treatment
INTRODUCTION

Prostate cancer (PCa) is a highly prevalent and the second highest cause of cancer-related
mortalities in men. Although PCa incidence is lower in Asia, relative to that in Europe and the
United States, there is a continuous increasing trend (1). Currently, clinical treatment of PCa faces
numerous challenges, due to its progression to Castration-resistant prostate cancer (CRPC)and a
high rate of bone metastasis. Therefore, prospecting for new diagnostic and therapeutic targets is
imperative to effective management of the malignancy. Previous studies have shown that novel
diagnostic and therapeutic pathways, represented by exosomes, have potential for solving such
problems. For example, miR-21 in PCa-derived exosomes (PCaDE) was found to inhibit apoptosis
thereby promoting survival of cancer cells (2), whereas miR-423-5p was differentially expressed in
PCa bone metastases a phenomenon that provided a basis for diagnosis of potential bone metastases
(3). On the other hand, long non-coding RNA (lncRNA)was associated with vascular regeneration,
tumor survival and metastasis, as well as tumor microenvironment (TME) establishment (4). Apart
from RNA, prostate cancer-derived exosomal proteins (PCaDEPr), such as Exportin1(XPO1) which
June 2022 | Volume 12 | Article 8732961117
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is present in all PCa cell lines exosomes, have been studied.
Notably, this nuclear protein which is involved in nucleoplasmic
exportation of the carry signal protein, not only plays a crucial
role in the tumorigenic signaling pathway but also increases with
the Gleason score (5, 6). This may be a new avenue for diagnosis
and treatment of advanced PCa.

Exosomes are small membranous vesicles with a diameter of
30-150 nm that are formed by cells budding inward to form early
endosomes that subsequently evolve into multi-vesicular bodies,
which then fuse with the plasma membrane and are eventually
released into the extracellular matrix. They participate in
intercellular signaling by carrying various biomolecules such as
proteins and nucleic acids, and regulate the pathophysiological
processes of the organism (7). Exosomal proteins include
endosomal proteins, plasma proteins and nuclear proteins. In
PCa, these proteins have been shown to have a higher level of
glycosylation than cellular ones (1). In addition, exosomes carry
both membrane transport and fusion proteins, such as
RabGTPases, Annexin, flotillins1(Flot), microvesicle-forming
proteins Alix and Tsg101, as well as lipid-associated protein
families including CD9, CD81, CD82and CD63 integrin proteins
(8–11). Notably, the four transmembrane proteins play an
important role in exosome-mediated regulation of cellular
homeostasis components (Figure 1).

Although several studies have described the role of exosomal
proteins in PCa, precise markers for PCa development have not
been elucidated. Therefore, identification of the main types of
PCaDEPr, coupled with elucidating the precise roles and
underlying mechanisms of action for these proteins in cancer
are imperative to guiding future developmental studies. Recent
studies have demonstrated that exosomes proteins derived from
PCa cell lines, plasma, tissues and urine are closely associated
with tumor development (Figure 2). Therefore, understanding
the roles played by these proteins, coupled with elucidating their
underlying mechanisms of action in tumors will enable better
targeting of these proteins for clinical treatment and improve the
quality of survival of PCa patients (Figure 3).
PCADEPR FROM DIFFERENT SOURCES

PCaDEPr in the Cell Line
Findings from several exosomal proteomics and subsequent
functional validation in PCa cell lines have shown that
exosomal proteins secreted by the cell lines play an important
role in both tumorigenesis and development (Table 1). The
exosomal proteins secreted by PCa cell lines are relatively high in
tetraspanins such as CD9, CD82, CD61, heat shock protein
(HSP) family HSP90, HSP70, and integrin proteins ITGA3,
ITGB1, etc., and previous studies have confirmed these
Proteins may play a role in the occurrence and development of
tumors. Kurozumi et al. found that knocking down ITGA3 and
ITGB1 significantly downregulated phosphorylation of FAK,
SRC, AKT and ERK1/2 proteins, thereby markedly inhibiting
migration and invasion of PCa cells (16). Similarly, Ramteke
et al. extracted exosomes from LNCaP and PC3 cells exposed to
Frontiers in Oncology | www.frontiersin.org 2118
hypoxic (1% O2) and normoxic (21% O2) media and found that
CD63, CD81, HSP90, HSP70, Annexin II were expressed at
higher levels in the hypoxic environment and that hypoxia
enhanced the invasiveness and motility of LNCaP and PC3
cells as confirmed by cell invasion assays. Further research
found that this may be related to the above-mentioned
proteins promoting the formation of pre-metastatic niche in
cancer cells and inducing stem cell proliferation and epithelial–
mesenchymal transition (EMT) transformation (38).
Furthermore, an exosomal protein study by Jinlu et al. found
that the exosomal protein PKM2 secreted by C4-2B cells can be
transported to bone marrow stromal cells (BMSC) via exosomes
and upregulate CXCL12 production in BMSC in a HIF-1a-
dependent manner to promote bone metastasis of PCa (45).

PCaDEPr in Plasma
Studies evaluating the clinical value of exosomal proteins in PCa
have confirmed that plasma-derived exosomal proteins play a
key role in tumor survival and metastasis, among others
(Table 2). Notably, PCa patients exhibit significantly higher
levels of proteins involved in substance metabolism (P-gp),
bioactive enzymes (NEU3, C1r), and cell survival (Survivin,
PIF1) in their plasma exosomes, relative to cell lines, and have
reportedly been associated with a variety of tumor survival and
metastasis. Bergelson et al. found that NEU3 is highly expressed
in various cancers such as colon cancer and renal cancer, and
significantly inhibits the apoptosis of cancer cells. Another study
found that NEU3, as an enzyme that specifically hydrolyzes
gangliosides, can reduce the ganglioside-mediated immune
activation process (54). This result suggests that NEU3 may act
as an immunosuppressant in tumors. Kishi et al. detected the
expression of Survivin in the tissues of 82 PCa patients and found
that its expression was positively correlated with the pathological
stage, Gleason score (ranges from 1-5 and describes how much
the cancer from a biopsy looks like healthy tissue (lower score) or
abnormal tissue (higher score)) and cell proliferation activity of
PCa, and could inhibit cell apoptosis (58). Additional research
evidences have shown that plasma exosomal proteins may also
have bidirectional effects on tumors. For example, P-gp in
exosomes was reportedly elevated in doxorubicin-resistant PCa
(18), while another study showed that it enhanced the anti-
cancer ability of anti-cancer cytokines, such as CD4+ T cells, in
ovarian cancer (84). Conversely P-gp was also found to activate
expression of pro-tumor progressive M2 type macrophages (85).
Collectively, these findings suggest that plasma exosomeal
protein P-gp may be a potential therapeutic target for tumors.

PCaDEPr in Urine
Numerous studies have shown that urinary exosomal proteins from
PCa patients play a non-negligible role in tumors (Table 3). The
urine exosomes are more abundant in substance synthesis
(Sepiapterin), signaling (Ras GTPase, Flot-2), tight junction
(Claudin-3, d-catenin) and other proteins compared to the
plasma exosomes. Wu et al. compared SMMC-7721 containing
epiapterin reductase (SPR) with SMMC-7721(human
hepatocarcinoma cells) containing this mutant and concluded
that SPR might be a tumor promoter in HCC (hepatocellular
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carcinoma). Results from further cellular experiments, as well as
analysis of a nude mouse xenograft model, revealed that SPR
depletion inhibited HCC cell proliferation and promoted
apoptosis, affirming that SPR may regulate hepatocellular
carcinoma progression via the FoxO3a/Bim pathway (a
transcriptional target in apoptosis regulation in vivo and in vitro)
(99). On the other hand, Hazarika et al. performed
immunohistochemical staining of Flot-2 and found significantly
higher intensities in metastatic melanoma from lymph nodes or
visceral sites relative to those in nevi and primary melanoma and
their results indicated that overexpression of Flot-2 promoted tumor
cell proliferation and vascular regeneration (124). In addition, Flot-2
reportedly plays a role in promoting tumor metastasis, such as and
has been shown to induce metastasis in nasopharyngeal carcinoma
by activating the NF-kB and PI3K/Akt3 signaling pathways (125).
This factor has also been shown to regulate the cell cycle and induce
EMT, thereby promoting growth and metastasis of HCC (126). Lin
et al. found that knocking down the expression of Claudin 3
(CLDN3) resulted in significant changes in the phenotype of
ovarian cancer cells, and further studies found that this would
significantly downregulate the expression level of E-cadherin and
upregulate the expression of N-cadherin. Therefore, CLDN3may be
involved in regulation of the EMT to promote metastasis in ovarian
cancer (47). Exploration of the value of urinary exosomal proteins
during early diagnosis of PCa is of great importance for subsequent
clinical use, owing to the ease of obtaining urine samples. Results
from differential protein analysis between healthy men and PCa
patients revealed that 246 proteins were differentially expressed, 221
of which were significantly upregulated in exosomes of PCa patients
(86). Taken together, these findings suggest that exosomal proteins
may have potential as diagnostic and therapeutic markers in PCa.
Frontiers in Oncology | www.frontiersin.org 3119
PCaDEPr in Tissues
Apart from plasma and urine exosomal proteins from PCa patients,
exosomal proteins from PCa tissues have also been extensively
studied (Table 4). For example, results from mass spectrometry
analysis revealed that PCa tissue exosomal protein types are mainly
involved in vesicle transport and composition (Annexin A5,
Annexin A3), biotransformation enzymes (such as Glutathione
synthetase, and D-3-phosphoglycerate dehydrogenase),
cytoskeletal molecules (Syntenin-1) and other related proteins.
Moreover, previous studies have confirmed that these proteins
play a role in tumor initiation and progression. Tang et al.
demonstrated that Annexin A5 could activate the PI3K/Akt/
mTOR signaling pathway to regulate the EMT process and
matrix metalloproteinase (MMP) expression thereby significantly
promoting proliferation, migration and invasion of renal cancer
cells both in vitro and in vivo (145). Kennedy et al. reported that
Glutathione plays a role as an intracellular antioxidant in cancer, a
where it regulates reactive oxygen species (ROS)-mediated signaling
pathways, including NF-kB and MAPK/ERK, to maintain tumor
survival and induce tumorigenesis (128). ROS, which are closely
related to Glutathione, were found to regulate Cav-1 expression in
human lung cancer H460 cells, thereby modulating their migration
and invasion. However, different ROS exert different effects in
tumors. Superoxide anion and hydrogen peroxide were found to
significantly downregulate Cav-1 expression and inhibit both cell
migration and invasion, while hydroxyl radicals reportedly
upregulated Cav-1 expression and also promoted cell migration
and invasion (163). With regards to chemoresistance, Iwamoto et al.
reported that Syntenin-1 was upregulated in rectal cancer (CRC)
tumor tissues, while its downregulation mediated a significant
downregulation of prostaglandin E2 receptor (PTGER2). On the
FIGURE 1 | Profile of the basic structure of exosomes.
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other hand, silencing PTGER2 decreased chemoresistance of cancer
stem cells to oxaliplatin. Taken together, these results indicated that
Syntenin-1 may promote chemoresistance in cancer cells (147).
PCADEPR IN TUMOR CELL INITIATION
AND PROLIFERATION

The basic understanding of tumorigenesis is uncontrolled cell
proliferation or uncontrolled apoptosis. In addition to changes in
tumor cells, changes also occur in the tumor microenvironment,
Frontiers in Oncology | www.frontiersin.org 4120
including variations in structure and function of stromal cells
such as fibroblasts, lymphocytes, epithelial cells, and matrix
molecules, like growth factors and cytokines. Previous studies
have shown that PCaDEPr can induce tumor cell initiation and
proliferation processes by regulating metabolic, apoptotic, and
TME pathways.

Inhibition of Apoptosis Induces Cell
Tumorigenesis
Apoptosis is an orderly and coordinated process of cell death that
occurs under physiological and pathological conditions. In
FIGURE 2 | Potential mechanisms of action of exosomal proteins in prostate cancer.
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cancer, dying cells do not receive apoptotic signals, due to an
imbalance between cell division and cell death, a phenomenon
that causes normal cells to tumorize. Apoptosis can induce
development of cancer cells through intrinsic and extrinsic
pathways, which involve action of many proteins that regulate
apoptosis and these proteins are also present in prostate cancer-
derived exosomes. For example, Sepiapterin reductase (SPR), an
important regulator of tetrahydrobiopterin (BH4) biosynthesis,
has been shown to be a promoter of various tumors. Zhang et al.
found that ROS-mediated apoptosis could be induced by
knocking down SPR expression to inhibit progression of breast
cancer cells (100). Similarly, Basu et al. found a strong
association between S100 Calcium Binding Protein P (S100P)
expression and prostate tumorigenesis, with S100P expression
mediating basal apoptosis and impeding camptothecin-induced
apoptosis. Moreover, silencing of S100P significantly inhibited
growth of 22Rv1 cells, while overexpressing S100P in PC3 cells
resulted in increased proliferation of tumor cells (164). In
addition, other exosomal proteins interact with apoptosis-
related proteins to induce tumorigenesis. Ingo et al. found that
ornithine decarboxylase (ODC) and Sepiapterin reductase (SPR)
proteins interacted to elevate ODC activity, thereby inhibiting
apoptosis and inducing neuroblastoma cell genesis (165).
Frontiers in Oncology | www.frontiersin.org 5121
Exosomal protein phosphatase and tensin homolog (PTEN)
was shown to negatively regulate expression of the cyclin-
dependent kinase (CDK) inhibitor p27 (KIP1), thereby
inhibiting apoptosis (166). Previous studies have shown that
S100 calcium-binding protein A6 (S100A6) interacts with p53 to
affect oligomerization and activity of p53, thereby reducing its
ability to promote apoptosis (167, 168). Moreover, tumor cells
can also induce cancer by secreting exosomes to eliminate
proteins that initiate apoptosis. Diederick et al. showed that
cancer cells can remove PDCD6IP, a protein involved in
programmed cell death, by exosome secretion to inhibit
apoptosis, explained by high PDCD6IP abundance in PCa-
derived exosomes and low abundance in autologous tumor
cells this possibility (6). Collectively, these studies indicate that
exosomal proteins can induce tumorigenesis and proliferation by
inhibiting the apoptotic process both directly and indirectly.

Involvement in Substance Metabolism and
Oxidative Stress
Alteration of pathways regulating cellular substance metabolism
is more common in cancer, compared to normal tissue cells. In
fact, alterations in normal cellular substance metabolism have
been implicated in convergence of cells to a tumor state. Previous
FIGURE 3 | The potential role of PCaDEPrs in cancer. Exosomes originating from the tumor cell play a crucial role in tumor development. During tumor initiation,
they mediate apoptosis, lipid metabolism, TME, and tumorigenic signaling, and also interfere with the cell cycle to induce cancer development. During tumor survival
and progression, they regulate remodeling the tumor microenvironment, hormonal regulation and metabolic alterations, as well as lysosomal function and distribution,
and inhibition of cancer cell apoptosis. During tumor metastasis, PCaDEPrs can contribute to EMT transformation, trigger microenvironment alteration, and
establishment of a pre-metastatic ecological niche. Finally, they can also regulate tumor resistance to chemotherapeutic agents.
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studies have shown that alterations in tumor metabolism include
glycolysis, lipid hydrolysis, increased nutrient utilization, and
increased production of biosynthetic intermediates required for
cell growth and proliferation. Liu et al. found that Fatty acid
synthase (FASN) protein was upregulated in exosomes derived
from Vertebral-Cancer of the Prostate (VCaP) cells. Additional
studies have demonstrated that FASN catalyzes formation of
long-chain fatty acids from acetyl coenzyme A, malonyl
coenzyme A and NADPH, to promote proliferation of VCaP
cells, and that inhibition of FASN effectively and selectively kills
cancer cells (166). Qin et al. demonstrated that ADP-ribosylation
factor-like 8b (Arl8b) Arl8b depletion reduced the ability of PCa
cells to establish subcutaneous xenografts in mice. Under a low
nutrient environment, Arl8b maintained efficient metabolism in
PCa cells thereby allowing them maintain their excessive
proliferative capacity by promoting lipid hydrolysis. Metabolic
defects in the proliferation of cells with low Arl8b expression
inhibit tumor growth initiation in vivo. The phenomenon may be
attributed to the fact that Arl8b depletion impairs intracellular
neutral lipid hydrolysis, thereby shifting the metabolic profile to
an abnormal lipogenic phenotype, which subsequently impairs
glucose utilization and limits the propensity for cytokinesis
(169). In addition, Webber et al. demonstrated that the
exosomal protein TGFb1 secreted by cancer-associated
fibroblasts enhanced proliferation of PCa cells under both
Frontiers in Oncology | www.frontiersin.org 6122
hypoxic and low nutrient environments by inhibiting
mitochondrial oxidative phosphorylation and elevating
anaerobic glycolysis (170).

Oxidative stress, a series of adaptive responses caused by an
imbalance between ROS and the body’s antioxidant system, plays
a key role in cancer development and progression. Previous
studies have shown that by interfering with the normal redox
state of cells, oxidative stress causes generation of peroxides and
free radicals that subsequently damage cellular proteins, lipids
and DNA, thereby causing tumor development. For example,
ROS can either initiate or stimulate tumorigenesis and support
the transformation and proliferation of cancer cells. Over-
proliferation of tumor cells is often accompanied by high ROS
production, and thrives under such oxidative load conditions. At
the same time, tumor cells can optimize the ROS-driven cell
proliferation process by increasing their antioxidant capacity, to
avoid the ROS threshold that triggers senescence, apoptosis and
iron-induced cell death (171). Previous studies have shown that
some proteins in exosomes can influence ROS expression during
oxidative stress in cells, thereby affecting the tumor initiation
process. For example, Qin et al. reported that ectopic expression
of six transmembrane epithelial antigen of prostate 4 (STEAP4)
in PCa cells significantly increased tumor cell proliferation and
colony formation, suggesting that STEAP4 may be playing a role
in tumor growth. This phenomenon may be explained by the fact
TABLE 1 | Exosomal protein derived from prostate cancer cell line.

protein Prostate cancer source Role in tumors references

PDCD6IP, FASN, XPO1, ENO1 PNT2C2, RWPE-1, PC346C,
and VCaP

Inhibition of apoptosis Involved in lipid metabolism and oncogenic signaling pathways (6, 12–15)

ITGA3, ITGB1 LNCaP and PC3 Activate oncogenic signaling pathway. (2, 16, 17)
p-glycoprotein docetaxel-resistant PC3、

PC3
Chemotherapy resistance (2, 18)

Ets-1 PC3 and DU145 Enhance osteoblast differentiation (2, 19)
Integrin beta4, vinculin taxane-resistant PC3 Interacts with proteins to promote tumor metastasis (20, 21)
ANXA2, CLSTN1, FLNC,
FOLH1, GDF15

PC3, DU145, VCaP, LNCaP,
C4-2, and RWPE-1

Involved in fat metabolism, cell proliferation, migration and drug resistance, remodeling
of cytoskeleton, Angiogenesis, oncogenic signaling pathways

(22–26)

CD9, CD82 LNCaP and PC3 Inhibit the movement of tumor cells, chemoresistance (27, 28)
CML28 DU145, LNCaP Activate immunity (28, 29)
Integrin alphavbeta6 PC3, DU145, C4-2B,

RWPE-1
Activating MMP2 promotes the autonomous osteolysis process of cells (30)

Trop-2 PC3 Activate the metastasis signaling pathway FAK (31)
CD61, CD81, HSP90, HSP70,
Annexin II

PC3, LNCaP cellular activation、cell motility、tumor cell metastasis、Metabolic reprogramming,
mediating immune microenvironment, tumor resistance

(32–38)

TGF-beta PC stem cells Proliferation, apoptosis, differentiation, epithelial -mesenchymal transition (EMT)
and migration

(38, 39)

Rab1a, Rab1b, Rab11a C4-2B Tumor reprogramming of patient-derived adipose stem cells promotes
tumor proliferation

(40)

CD276 DU145, 22Rv1, and LNCaP Acts as a T cell inhibitor to promote tumor proliferation and invasion (41)
d-catenin PC3 Interacts with E-cadherin to inhibit tumor migration (42, 43)
LDHA VCaP, LNCaP, C4-2B Cell metabolism (22, 44)
CLU, FN1, KRT8, LAMA5,
NPM1, PRDX1, TFRC

DU145, PC3 cells Regulate cell death and intercellular signaling (22)

PKM2 LNCaP, DU145, and PC3 Promote the expression of CXCL12 in stromal cells (45)
Claudin 3 DU145 Increase cell motility and survival by activating MMP -2/Suppression of EMT (46, 47)
MDR-1、MDR-3、Endophilin-
A2 、PABP4、PACSIN2

U145 Tax-Res Chemotherapy resistance (48)

Caveolin-1 PC3 suppresses tumor formation through the inhibition of the unfolded protein response (49)
CD147 、CD44 U145 Tax-Res Activation of PI3K and MAPK pathways mediate tumor me -tastasis and

chemotherapy resistance
(50, 51)

ACTN4 DU145 Promote the movement and proliferation of tumor cells (52, 53)
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that high STEAP4 expression not only downregulates IRS-1,
PI3K and AKT phosphorylation but also impairs insulin-
mediated GLUT4 translocation, thereby resulting in ROS-
associated mitochondrial dysfunction (169). In another study,
silencing of STEAP4 significantly inhibited growth of mouse PCa
xenografts in a mouse model. Furthermore, STEAP4 expression
was found to mediate elevation of ROS levels probably by
increasing levels of ferrous iron in cells after using it as a redox
intermediate (electron donor) to generate free radicals. In
addition, STEAP4 expression reportedly depleted production
of NADPH (172), an inhibitor of ROS production, thereby
resulting elevated ROS production. Notably, persistently high
ROS levels were found to promote cancer development, owing to
is oncogenic nature (113).

Activation of TME Regulatory and
Tumorigenic Signaling Pathways
The tumor microenvironment refers to the surrounding
microenvironment where tumor cells exist, including surrounding
blood vessels, immune cells, fibroblasts, bone marrow-derived
inflammatory cells, adipose stem cells and various signaling
molecules and the extracellular matrix (ECM). During early stages
of cancer development, tumor cells appropriately regulate the
microenvironment. For example, various microenvironmental
changes, such as adjustment of the ECM, immune response,
stromal stem cell transformation and induction of angiogenesis,
can be triggered during tumor initiation (173). Recent studies have
Frontiers in Oncology | www.frontiersin.org 7123
shown that PCaDEPr may promote production of tumor cells
through this pathway. Zakaria et al. found that the PCa cell
microenvironment disrupts adipose-derived stem cells in PCa
patients to induce tumor transformation, but unlike normal stem
cells, the use of PCa cell-conditioned medium effectively triggers
conversion of adipose-derived stem cells into prostate-like tumor
lesions in vivo. Furthermore, exosomal proteins, namely Rab1a,
Rab1b, and Rab11a, in PCa were found to recapitulate the
formation of prostate tumorigenic mimics generated by adipose-
derived stem cells triggered by PCa cell conditioned medium. In
fact, the use of PCa cell-derived conditioned medium (CM) or
exosomes was found to effectively trigger adipose stem cells to
undergo genetic instability, mesenchymal-to-epithelial
transformation (MET), and oncogenic transformation, thereby
inducing PCa in vivo. This may be explained by the fact that
exosomes deliver oncogenic factors, such as Rab proteins (Rab1a,
Rab1b, and Rab11a) translocated to pASCs to inhibit large tumor
suppressor kinase 2 (LATS2) and programmed downregulation of
cell death protein 4 (PDCD4), thereby promoting tumor growth
(40). In the tumor vascular microenvironment, Dominique et al.
showed that HSP27 interacted with CD283, thereby inducing NF-
kB activation, which subsequently led to vascular endothelial
growth factor (VEGF)-mediated angiogenesis in the tumor
microenvironment (174).

In addition, PCaDEPrs have also been shown to induce
tumorigenesis by modulating alterations in tumorigenic signaling
pathways. For example, flotillins that are also present in tumor-
TABLE 2 | Exosomal proteins in the blood of prostate cancer patients.

protein Role in tumors references

NEU3 Immunosuppressive (2, 54, 55)
p-glycoprotein Chemotherapy resistance (18)
CYP17A1、CYP17 Activate AR (56)
HSP72 Activate immunity (57)
Survivin Inhibit apoptosis (58, 59)
CML28 Promote cell proliferation (28, 29)
avb3 integrin Participate in cell migration (60)
Claudin 3 Tumor metastasis (61)
DNA Helicase Homolog PIF1 suppresses Apoptosis (62)
Four and a Half LIM Domain 3 Protein interaction (63)
Glutathione S Transferase Omega 2 Participate in cell metabolism (64)
Maternal Embryonic Leucine Zipper Kinase Chemotherapy resistance (65)
Iroquois Homeobox Protein 5 Promote cell proliferation (66)
Leucine Rich Zipper Containing 4 Enhance cell migration (67)
Minichromosome Maintenance complex Component 5 Enhance cell migration (68)
Mitochondrial Tumor Suppressor 1 Isoform 4 Increase cell proliferation and invasion (69)
Nasopharyngeal epithelium Specific Protein Interfering oncogenes (70)
Ubiquitin-like with PHD and ring finger domains Interfering oncogenes (71)
Trinucleotide repeat containing 6B Isoform 3 Promote cell proliferation (72)
Apolipoprotein E (isoform E2) Protein interaction (73, 74)
C3a anaphylatoxin des Arginine Inhibit T cell toxicity (74, 75)
Complement C1q subcomponent Promote angiogenesis、Promote immune suppression (74, 76)
Complement C1r subcomponent Inhibit apoptosis、Promote angiogenesis (74, 77)
D-dimer Promote angiogenesis (74, 78)
Fibrinogen Changes in the tumor microenvironment (74, 79)
Fibrinogen gamma chain Interaction with FGF-2 promotes cancer growth (74, 79)
Fibronectin Interacts with proteins to promote tumor progression or inhibit tumor survival (74, 80)
Properdin Activate the complement system to inhibit tumor survival (74, 81)
von Willebrand factor mediate multiple cell–cell interactions (74, 82)
PTEN Tumor suppression (83)
ACTN4 Promote the movement and proliferation of tumor cells (52, 53)
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derived exosomes. Jang et al. showed that palmitoylation of Flot-1
could regulate proliferation of PCa cells by activating the IGF-1R
signaling pathway. Moreover, palmitoylation (S-palmitoylation)
modification of Flot-1 was found to regulate intracellular
signaling proteins p53, STAT1 (signal transducer and activator of
transcription 1) and IkBa (nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha), thereby inducing
oncogenic effects (175). Furthermore, Takahashi-Niki et al. found
that Parkinson disease protein 7 (DJ-1) binds to Topors/p53BP3
(176), both in vitro and in vivo, thereby releasing the
monoglycosylated form of p53 and helping to restore the
transcriptional activity of p53. Recent research evidence showed
that DJ-1 directly binds to Sirtuin1 (Sirt1), to stimulate Sirt1
deacetylase activity. Furthermore, DJ-1 downregulated the
Frontiers in Oncology | www.frontiersin.org 8124
transcriptional activity of sirt1-suppressed sirt1 target p53 (177).
Taken together, these results indicated that p53 is closely associated
with DJ-1, suggesting presence of a finely regulated circuit between
both proteins during tumorigenesis and apoptosis. Previous studies
have also shown that major facilitator superfamily domain
containing 12 (MFSD12), which is highly expressed in melanoma,
induces proliferation of melanoma cells via the PI3K- AKT
signaling pathway (102).

Interference With the Cell Cycle
Continued unregulated growth of cancer cells is a fundamental
abnormality during cancer development and progression. In fact,
the first step in the process, tumor initiation, is believed to be the
basis for initiation of abnormal proliferation of individual cells.
TABLE 3 | Exosomal protein in urine of prostate cancer patients.

protein (86) Role in tumors references

PPP2CA Reverse EMT transformation to inhibit prostate tumor growth and metastasis (87)
Rab-35 Induced EMT、intracellular signaling、apico-basal polarity、cytokinesis and cell migration Promote the differentiation

and proliferation of tumor cells
(88)

S100-A6 S100A6 interacts with annexin 2 promotes cancer cell motility (89)
P2X purinoceptor 4 Induction of immunosuppression and angiogenesis, Activate anti-tumor response (90)
Galectin-3 These include inhibition of apoptosis, promotion of cell growth, and regulation of TCR signal transduction, promotes

angiogenesis
(91–94)

flotillin-2 Molecules involved in signal transduction, adhesion, and extracellular matrix remodeling (95)
Calmodulin The interaction of CaM and AR promotes the proliferation of LNCaP cells (96)
3-hydroxybutyrate
dehydrogenase type 2

Induce apoptosis (97)

Thioredoxin domain-containing
protein 17

Induces autophagy to promote chemotherapy resistance (98)

Sepiapterin reductase Regulate FoxO3a、Bim signal to promote tumor progression、Induce ROS-mediated apoptosis and inhibit tumor cell
proliferation

(99, 100)

Melanophilin Accelerate EMT to promote tumor metastasis (101)
MFSD12 Promote G1 phase (102)
LIMP-2(Lysosome membrane
protein 2)

Transport lysosome (103)

Glucosamine-6-phosphate
isomerase 1

Promote metabolism and inhibit apoptosis (104)

GDP-mannose 4.6 dehydratase Regulate TRAIL-induced apoptosis and increase NK cell-mediated tumor surveillance (105)
Claudin-3 Increase cell motility and survival by activating MMP-2/Suppression of EMT (46, 47)
Claudin-2 Epithelial-mesenchymal transition (EMT), tumor initiation, and chemotherapy resistance (61)
Claudin-10 Transforming growth factor-b (TGF-b)- or WNT/b-catenin-induced EMT affects the progress of OC (106)
Tetraspanin-6 Regulate EGFR-dependent signaling (107)
Proton myo-inositol cotransporter Regulate Hif-1a to promote tumor cell hypoxia (108)
ADP-ribosylation factor-like
protein 8B

Lysosomal transport (109)

Synaptotagmin-like protein 4 Chemotherapy resistance (110)
Protein S100-P Chemotherapy resistance (86, 111)
Protein DJ-1 Inhibit PTEN tumor suppressor (112)
Metalloreductase STEAP4 Involved in the metabolism of cell iron and copper (113)
ATP6V0C Enhance the function of V-ATPase to promote the migration and invasion of cancer cells (114)
Ras-related protein Rab-7a Prevent HGF-induced lysosomal trafficking, cathepsin B secretion and cell invasion (115)
Ras-related protein Rab-3D Induces cytoskeleton remodeling, enhances cancer cell movement, induces EMT, regulates Hsp90a secretion and

promotes tumor cell invasion
(116)

Ras-related protein Rab-3B Inhibit apoptosis and maintain cancer cell survival (117)
Ras-related protein Rab-2A Activate Erk signal to promote breast cancer stem cells and tumorigenesis (118)
Plastin-2 Regulate integrin-mediated tumor cell adhesion (119)
Ragulator complex protein
LAMTOR1

Affect lysosomal localization (120)

ADIRF Induce PPARG expression to promote adipocyte differentiation (121)
PSA, PSMA Related to angiogenesis (2, 122)
d-catenin Interacts with E-cadherin to inhibit tumor migration (42, 43)
ITGA3, ITGB1 Activate oncogenic signaling pathway (16)
Transmembrane Protein 256 Induce tumor formation (123)
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Subsequent cell proliferation causes growth of clonally derived
tumor cell populations. Numerous studies have identified a
number of proteins that regulate proliferation of the cell cycle,
to subsequently trigger tumorigenesis. For example, one study
showed that estrogen stimulates the proliferative cycle of
endometrial cells, while exposure to excess estrogen
significantly increases the risk of endometrial cancer in women
(178). PCaDE also contains similar proteins that interfere with
cell cycle processes, to promote tumor cell development. For
instance, Bosch et al. demonstrated that Ca2+ and calmodulin
(CaM) play a key role in proliferation and viability of a variety of
cells, including PCa. This phenomenon may be attributed to the
fact that CaM interacts with various proteins that regulate the
cell cycle, including p21Cip1, D1-Cdk4 and CaM kinase II, to
control their activities and nuclear localization, thereby
influencing proliferation of tumor cells (179). Moreover, cell
cycle protein A in LNCaP cellular extracts was found to directly
or indirectly bind to CaM, indicating that its expression is
sensitive to the inhibitory effect of the anti-CaM drug W-7.
Notably, this indicates that CaM regulates expression of cell cycle
Frontiers in Oncology | www.frontiersin.org 9125
protein A in PCa cells to induce over-proliferation of LNCaP
cells (96). In addition, previous studies have shown that
expression of MFSD12, a novel suppressor gene in lung cancer,
and its protein, can control cell cycle distribution, matrix
attachment and cell motility, thereby regulating tumor growth
and development. MFSD12 was significantly upregulated in
melanoma tissues, with interreference in its expression in
A2058 and M14 melanoma cells found to significantly
suppress tumor cell proliferation. Results from flow cytometry
analysis confirmed that silencing MFSD12 expression mediated
increase and decrease in the proportion of cells in the G1and S
phases, respectively, suggesting that MFSD12-induced
proliferation is associated with promotion of the G1 phase (102).
PCADEPR IN CANCER SURVIVAL AND
PROGRESSION

Evasion of death is imperative to cancer cells’ persistence and
their subsequent progression. Several tumor survival proteins are
TABLE 4 | Exosomal proteins in prostate cancer tissue.

protein (127) Role in tumors references

Glutathione synthetase Inhibit oxidative stress, tumor progression and chemotherapy resistance (128)
D-3-phosphoglycerate
dehydrogenase

Up-regulation of cancer-promoting genes, regulation of metabolism, chemotherapy resistance (129)

Cytosol aminopeptidase Affects MHC class I mediated antigen presentation (130)
Alpha-enolase Protein-protein interactions that regulate glycolysis, activation of signaling pathways, and resistance to chemotherapy (131)
Keratin, type I cytoskeletal 10 Inhibit cell cycle progression (132)
Actin, cytoplasmic 1 Causes cytoskeletal changes to promote tumor progression (133)
Isocitrate dehydrogenase 1 (NADP+),
soluble

Control lipid metabolism and inhibit apoptosis (134)

Alcohol dehydrogenase [NADP+] Activate the carcinogenic effects of acetaldehyde (135)
Sorbitol dehydrogenase Inhibit cell hypoxia (136)
F-Actin-capping protein subunit
alpha-1

Remodeling the cytoskeleton inhibits EMT, thereby inhibiting cancer migration and invasion (137)

N(G), N(G)-Dimethylarginine
dimethylaminohydrolase 1

Inhibit angiogenesis (138)

Annexin A1 Induces apoptosis, activates immunity, mediates cancer pathways, and protein interactions (139–143)
14-3-3 Protein sigma Induces cell cycle arrest and apoptosis of cancer cells, affects transcription factors and cell signal transduction in

cancer cells, and resists oxidative stress
(144)

Annexin A5 Annexin A5 can activate the PI3K/Akt/mTOR signaling pathway to promote epithelial-mesenchymal transition (EMT)
and the expression of MMP2 and MMP9

(145)

Annexin A3 Participate in cell signal transduction and promote tumor development (146)
Syntenin-1 Regulating PTGER2 expression enhances CSC amplification, oxaliplatin chemoresistance and migration (147)
Heat-shock protein beta-1 Inhibit cell apoptosis in various malignant tumors, up-regulate the expression of MMP-9, promote the invasion of

breast cancer cells, and increase VEGF) to induce angiogenesis
(148–151)

Peroxiredoxin-6 Regulate the expression of uPAR, Ets-1, MMP-9, RhoC and TIMP-2 to increase the invasion and metastasis of
breast cancer

(152)

Triosephosphate isomerase Regulate glycolysis and metabolism, as an oncogene (153)
Phosphatidylethanolamine-binding
protein 1

Inhibit most of the kinase functions in the signal cascade, metastasis inhibitors, participate in cell proliferation, inhibit
metastasis, and promote apoptosis

(154)

Semenogelin-1 Activate androgen receptor (155)
Superoxide dismutase [Cu-Zn] Inhibit the oxidative stress response of cells (156)
Ubiquitin-conjugating enzyme E2 N Involved in DNA repair, cell cycle progression, cell apoptosis and carcinogenic signals (157)
Prolactin-inducible protein Enhance anti-tumor immunity and promote tumor metastasis (158)
Protein S100-A9 Regulate tumor immune microenvironment (159)
Histidine triad nucleotide-binding
protein 1

Inhibition of oncogene transcriptional control pathways (160)

Acyl-CoA-binding protein Maintain fatty acid oxidation to induce tumorigenesis (161)
Protein S100-A11 Regulate cell cycle, promote cell proliferatio n, migration, invasion and EMT, activate Wnt, b-catenin signaling

pathway to induce cancer
(162)
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present in the tumor survival microenvironment, where they
play a key role in regulatory processes including apoptosis (180),
metabolism (181), immune escape, nutrient transport, hypoxic
environment and drug resistance, that promote tumor cell
survival. Proteins related to apoptosis and also present in PCa
exosomes, such as Bcl-2, inhibitor of apoptosis (IAP) and heat
shock protein (HSP) and proteins related to cell metabolism,
such as glucose transporter 1 (GLUT1) and Ras, etc. Considered
a family of survivin proteins of tumor cells (180). Abnormal
expression of these proteins is associated with a series of
biological regulatory processes that promote cancer cell
survival, proliferation, and treatment resistance (181). In
addition, cancer cells employ progression as a means for
tumors to maintain survival, thus tumor survival is closely
associated with progress ion. Tumor progression is
characterized by rapid changes in the tumor phenotype, a
phenomenon that has made tumors to become more
aggressive. Exosomal proteins are thought to play various roles
in progression of various tumor types, including remodeling of
the tumor microenvironment, promoting epithel ial
mesenchymal transition (EMT), angiogenesis induction,
promoting migration, invasion and immune escape of cancer
cells, as well as regulating the corresponding signaling
pathways (182).

Remodeling the Tumor Microenvironment
Immune escape is an important aspect in tumor survival, as
tumor cells can only proliferate, migrate and invade tissues if
they escape killing by immune cells, such as phagocytes, T cells,
and NK cells. The exosomal proteins, which are secreted by
cancer cells support immune escape to promote tumor cell
survival. For instance, exosomal proteins support immune cell
migration (such as neutrophils, macrophages and regulatory T
cells) to secondary sites, suppress immune responses to tumors
by inhibiting the efficacies of antigen-presenting cells, such as
dendritic cells. They can also impair immune functions of T and
NK cells by activating apoptosis (183, 184). Moriwaki et al.
demonstrates that tumor cells lacking GDP-mannose-4,6-
dehydratase (GMDS) can evade NK cell-mediated tumor
immune surveillance by acquiring resistance to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis (105). Aled et al. found that TGF-b-positive
exosomes downregulated natural-killer group 2, member D
(NKG2D) expressions in NK and CD8+ T cells, which in turn
impaired immune effector functions (185). TGF-b-rich exosome
inhibits lymphocyte responses to IL-2, thereby altering the tumor
microenvironment to promote immune escape functions of
tumor cells (186). In addition, documented those expressions
of some purinergic receptors directly or indirectly inhibit T cells
and NK cells effects, thereby suppressing immune responses to
primary tumors. For instance, oncogenic exosomes with elevated
CD39 and CD73 levels can promote adenosine production,
thereby enhancing regulatory T cell and myeloid cell
prol i ferat ion to suppress immune functions (187).
Interestingly, exsomeal proteins have also been shown to
promote tumor progression by activating tumor-associated
immune cells. Wang et al. found that LAMP 2a contributes to
Frontiers in Oncology | www.frontiersin.org 10126
tumor progression by degrading PRDX1 (peroxiredoxin 1) and
CRTC1 (CREB-regulated transcriptional coactivator 1), which
enhances tumor-associated macrophage activation (188). These
studies confirm that cancer-derived exosomal proteins can
mediate the escape of tumor cells from immune surveillance to
promote their survivability.

In addition to regulation of immune microenvironments,
exosomal proteins are involved in construction of other tumor
microenvironments to maintain tumor survival. For example,
tumor cell over proliferation leads to the development of hypoxic
environments, therefore, the ability to regulate tumor cell tolerance
to hypoxic environments is necessary for tumor cell survival, and
some proteins in exosome can play this function. Hypoxia-inducible
factor-1a (HIF-1a), a master transcription factor, is stable under
hypoxic conditions. It regulates the expressions of several target
genes and enhances the adaptability of tumor cells to hypoxia (189).
Zhong et al. found that under hypoxic conditions, DJ-1 is involved
in regulation of HIF-1a transcriptional activities, promoting PCa
adaptation to hypoxic environments (190). Inflammatory
microenvironments can also affect tumor survival and
progression. For instance, DJ-1 is involved in creation of
inflammatory tumor microenvironments. In their study, Chien
et al. found elevated levels of IL-1b in cultured macrophages from
DJ-1 DJ-1 Knockdown mice and DJ-1 knockdown mice (191). It
was also confirmed that the inflammatory microenvironment
generated by DJ-1 dysregulation sustained melanoma survival at
the point of lung metastasis. Another study found that adipose-
derived stem cells (ADSCs) induced by exosomal proteins exhibited
typical characteristics of tumor-associated myofibroblasts, and
could induce the phenotype and function of myofibroblasts in
ADSCs by activating intracellular signaling pathways. Increased
expression of smooth muscle actin (a-SMA) and tumor-promoting
factors such as the stromal cell-derived factor 1 (SDF-1) and TGF-b.
These outcomes are associated with increased expressions of TGF-b
receptors I and II in exosomes (189). Therefore, exosomal proteins
contribute to the generation of tumor-associated myofibroblasts in
the tumor stroma to construct an extracellular matrix environment
suitable for tumor survival.
Hormone Receptor Regulation and
Metabolic Reprogramming
Although the emergence of castration-resistant PCa poses
difficulties for androgen deprivation therapy (ADT), androgen
depletion and hormonal regulation have been the mainstay of
advanced disease treatment since the landmark discovery of
Huggins and Hodges (192). The PCaDEPr that are associated
with hormone receptor regulation, including adhesion spot
protein (VCL), play an important role in cancer progression.
Kawakami et al. reported that the VCL, through which integrins
associate with the actin cytoskeleton, promotes paclitaxel
resistance-associated PCa invasion. They found that VCL levels
were highest in CRPC, negative or very low in BPH and non-
CRPC, and confirmed that VCL overexpressions promotes PCa
progression by altering androgen receptor (AR) levels (21).
Iwamoto et al. found that Syntenin-1 levels are positively
correlated with prostaglandin E2 receptor (PTGER2) levels and
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promotes rectal cancer cell progression (147). In addition to
regulation of hormone receptors, these proteins mediate
hormone levels, thereby activating hormone receptors.
Abiraterone acetate (CYP17A1), an integrase involved in
adrenal steroid conversion and de novo synthesis of androgens,
is involved in CRPC production. Attard et al. used an inhibitor of
CYP17A1 synthesis to treat 21 desmoresistant PCa patients.
They reported a decrease in serum androstenedione,
dehydroepiandrosterone (DHEA) and testosterone levels in
vivo, and in CRPC patients. The antifungal drug, ketoconazole,
is similar to CYP17A1 inhibitors and suppresses testosterone
synthesis (193). Therefore, CYP17A1 promotes androgen
expressions, which have a significant role in AR activation.
Therefore, PCaDEPr mediated regulation of hormone
receptors may be one of the pathways in cancer progression.

Metabolic processes are crucial for cell survival, especially tumor
cells. The exosomal proteins have the ability to regulate substance
metabolism-related proteins to induce metabolic reprogramming
and provide energy as well as biosynthetic pathways to tumor cells.
For example, glucose transporter protein 1 (GLUT1) regulates
cellular glucose uptake and responds to suppressed
intracytoplasmic glucose levels. Cheng et al. found that Rab25
(member RAS oncogene family) regulates GLUT1 transport to cell
surfaces to enhance glucose uptake and ultimately increases glycogen
reserves as well as ATP levels in ovarian cancer cells (194). Even
though dysregulated glucose metabolism is important for metabolic
reprogramming in tumor cells, metabolic reprogramming in tumor
cells also involves lipid storage andmobilization.Walther et al. found
that Rab GTPases regulates GLUT (glucose transporter protein)
transport and lipid droplet (LD) formation during glucose and lipid
metabolism in cancer cells. Lipid droplets (LD) have a role in
intracellular lipid storage and maintenance of intracellular levels of
free lipids and energy homeostasis (195). Wu et al. reported that
Rab8a regulates lipid droplet fusion and cancer cell growth in
hepatocellular carcinoma (196), thereby maintaining hepatocellular
carcinoma cell survival.

Regulation of Lysosomal Functions
and Distribution
Lysosomes are important components of the endosomal system.
They are involved in various biological processes, including
macromolecular degradation, antigen presentation, intracellular
pathogen destruction, plasma membrane repair, exosomesrelease,
cell adhesion/migration, and apoptosis. Functional states and spatial
distributions of lysosomes are closely associated with cancer cell
proliferation, energy metabolism, invasion and metastasis, as well as
immune escape. Invasiveness of radiation-surviving cancer cells is
associated with altered lysosomal exocytosis induced by activation
of Arl8b present in prostate cancer-derived exosomes. Ping-Hsiu
Wu et al. found that after radiation, Arl8b, a small GTPase that
regulates lysosomal transport, increased its binding to its effector-
SifA and kinesin-interacting protein (SKIP) through the regulation
of the BORC (Biogenesis of lysosome-related organelles complex)
subunit. Knockdown of Arl8b or the BORC subunit suppressed
lysosomal cytokinesis and invasiveness of radiation-surviving breast
cancer tumor cells. In vivo, suppression of Arl8b levels inhibited
Frontiers in Oncology | www.frontiersin.org 11127
radiation-induced invasive tumor growth and distant metastasis
(109). Moreover, Arl8b is also a key regulator of lysosomal
localization (197). The active form of Arl8b is mainly located in
the lysosome, where it regulates lysosomal transport to the cell
periphery (198). The cis-transport of lysosomes from the center of
microtubule tissues to the cell periphery is regulated by the BORC/
Arl8b/SKIP complex (199). Therefore, Arl8b regulates spatial
distribution of lysosomes and protease release through lysosomal
localization, leading to elevated tumor cell invasiveness. In addition,
as a key protein in lysosomal functions, cathepsin D is widely found
in PCa-derived exosomes and is associated with tumor progression.
Yong et al. found that cathepsin D levels are positively correlated
with colorectal cancer malignancy, and that patients with elevated
cathepsin D levels have lower survival rates (200).

Inhibition of Cancer Cell Apoptosis
Homeostatic balance in an organism is maintained by
programmed cell death or apoptosis. In addition to being
associated with tumor survival, apoptosis is also closely
associated late survival of tumor cells. In cancer patients,
tumor cells also undergo their own apoptosis, leading to the
death of cancer cells. However, some biomolecules such as
proteins present in prostate cancer-derived exosomes inhibit
this process to keep tumor cells alive. Hahm et al. reported
that induction of lysosomal-associated membrane protein 2A
(LAMP2A) expression inhibited the apoptotic abilities of
prostate cells, thereby enhancing cancer cell survival. LAMP2A
protein knockdown in PC-3 and 22Rv1 cells significantly
increased the apoptotic rate in both cells, confirming that
LAMP2A is involved in induction and activation of the
apoptotic protein (Bcl-2) (201). Ding et al. documented that
LAMP2A downregulation significantly increased positive
apoptosis-staining of hepatocellular carcinoma cells, while
decreasing Ki-67(a staining for lipid membranes) staining,
confirming that LAMP2A contributes to cancer persistence by
inhibiting apoptosis and promoting cell proliferation (202).
Moreover, in primary breast cancer samples, DJ-1 levels were
negatively correlated with PTEN immunoreactivity and
positively correlated with PKB (Protein kinase B)/Akt
hyperphosphorylation. Co-expressions of DJ-1 and PTEN
completely rescued the apoptotic processes of PTEN-induced
tumor cells (112).

Apoptosis affects tumorigenesis and has an important role in
late tumor progression. Therefore, interference with apoptosis
can promote cancer progression. In vitro and in vivo, elevated
caveolin-1 expressions in metastatic mice and human PCa cells
have been reported, suggesting that inhibition of apoptosis
promotes tumor progression. Overexpressions of caveolin-1 in
LNCaP) or upregulation of Cav-1 in androgen-insensitive
LNCaP clones makes these cells resistant to apoptosis (203). Li
et al. found a significant association between elevated
glucosamine-6-Phosphate Deaminase 1 (GNPDA1) levels and
advanced tumor stage, TNM (the TNM classification of
malignant tumors) stage or grade, and the subsequent
apoptotic staining analysis revealed that elevated GNPDA1
levels inhibited HCC cell apoptosis (104). Therefore, GNPDA1
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promotes hepatocellular carcinoma progression by inhibiting
HCC cell apoptosis.
PCADEPR IN CANCER TRANSFER

Approximately 90% of human cancer-associated deaths are
attributed to metastases (204). One of the hallmarks of
malignancy is a high degree of invasiveness and metastatic
capacity. During development of most cancer types, sooner or
later, the primary tumor mass produces free cells that invade
adjacent tissues and migrate to distant sites, where they establish
new tumor cell colonies. Presumably, the processes involved in
invasion and metastasis are: separation from the primary tumor
mass, reorganization/remodeling of the extracellular matrix, cell
migration, recognition, movement through endothelial cells and
vascular circulation, as well as colonization and proliferation
within the ectopic stroma. The key and initial to all these
processes is an increased ability of cancer cells to move
themselves and escape the control of normal physiological
regulation. Various biomolecules, including proteins, are
involved in regulation of tumor cell invasion and metastasis.
This could be because, proteins can influence the tumor
microenvironment, EMT, target microenvironment, vascular
regeneration, and metastatic signaling pathways to induce
distant tumor cell metastasis.
Establishment of pre-Metastatic
Ecological Niches
Tumor cells require a permissive environment in terms of nutrients,
extracellular matrix and immune cells to successfully metastasize to
distant organs. Therefore, tumor-adapted metastable environments
are particularly important for tumor metastasis, and the process of
constructing these microenvironments involve the establishment of
pre-metastatic ecological niches. Studies on metabolic networks and
seeding mechanisms of cancer cells in specific environments have
revealed that some integrin proteins are involved in establishment of
these ecological niches. During metastasis, tumor cells must acquire
the ability to remodel the extracellular matrix (ECM) to achieve
invasion and metastasis. Some exosomal proteins are involved in
regulation of this process. Bijnsdorp et al. found that Integrin Subunit
Alpha 3 (ITGA3) and Integrin beta-1 (ITGB1)were highly expressed
in urinary esosomes of metastatic PCa patients, and that ITGA3 and
ITGB1, as well as ITGA3 in exosomes, stimulated non-cancerous
epithelial cell migration and invasion. This enables the progression
and distant metastasis of cancer cells (205). Moreover, the
immunosuppressive microenvironment is important in
development of pre-metastatic niches, and some exosomal proteins
in PCa are involved in establishment of immunosuppressive
microenvironments. Allard et al. found that synergistic actions of
two extracellular nucleotidases (CD39 and CD73), constituted the
main source of extracellular adenosine in TME and were jointly
involved in development of immunosuppressive TME, such as
through tumor kinetics to redirect ATP to the immunosuppressive
adenosine-rich tumor microenvironment (206).
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Vascular regeneration of tumor cells enhances the migratory as
well as metastatic capacities of tumor cells, in addition to providing
them with a favorable nutritional environment (207). Some
exosomal proteins promote distant tumor cell metastasis through
this process. Gesierich et al. reported that quadruple transmembrane
protein-8 (Tspan8)-positive exosomes promoted endothelial cell
production and increased the expressions of vascular endothelial
growth factors as well as growth factor receptors in fibroblasts,
thereby promoting angiogenesis in pancreatic and gastric cancers
(208). Chen et al. found that in patients withmetastatic colon cancer,
high serum Galectin-3 levels were associated with elevated serum G-
CSF, IL-6 and sICAM1 levels, which interacts with the vascular
endothelium to increase the expressions of vascular cell adhesion
protein type I (VCAM-1) on endothelial cell surfaces, leading to
increased cancer cell-endothelial adhesion and increased endothelial
cell migration and small vessel formation (209). In addition,
intramembrane cleavage mediated by g-secretase, a large protease
complex consisting of a catalytic subunit (presenilin-1 or presenilin-
2) and auxiliary subunits (Pen-2, Aph1 and nicastrin), is an
important link in the Notch signaling pathway. Zeng et al.
documented that g-secretase affects cancer metastasis after Notch
activation cascade reactions, probably because g-secretase promotes
angiogenesis in solid tumors through Notch signaling (210).

In conclusion, the establishment of metastatic ecotone, including
immunosuppression and angiogenesis suggests that PCaDEPr is
involved in mediating the establishment of pre-metastatic ecotone
in tumors, thereby inducing cancer metastasis.

Alterations of Microenvironments at the
Target Site
Adaptive regulation of the microenvironment at tumor colonization
sitesprior tometastasis is important for tumorcolonization.Recently,
exosomal proteins have been shown to promote tumor cell
colonization of tissues and organs by modulating the tumor
metastasis target site microenvironments. In addition to alterations
of tumor microenvironments at the target site, there are changes in
bone colonization processes, such as the number and structures of
outcomes and osteoclasts. Prior to the arrival of tumor cells, primary
tumors actively regulate the nutritional, extracellular matrix and
immune environments of distant organs by secreting regulatory
factors, thus producing a permissive and supportive ecological
niche for tumor survival at the metastatic site. In tumor bone cell
metastasis, malignant communication between PCa cells and bone
cells (osteoblasts and osteoclasts) is established. Casimiro et al. found
thatPCacells provideosteoblastswithosteogenic cytokines [e.g. bone
morphogenetic proteins (BMPs), platelet-derived growth factors
(PDGF), endothelin-1 (ET1)] and osteolytic factors [e.g. MMPs
and vascular endothelial growth factor (VEGF)], which enables
these cells to make bone-derived cell growth factors (211). Itoh
et al. identified the ETS Proto-Oncogene 1 (Ets1) protein in PCa-
derived exosomes to be an osteoblast differentiation-related
transcription factor and found it to be a candidate inducer of
osteoblast differentiation (19). A standard exosomal protein study
found that exosome-mediated translocation of pyruvate kinase M2
(PKM2) fromPCa cells into BMSCs promotes PCa bonemetastasis.
Moreover, the PKM2 protein upregulates hypoxia-inducible factor
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1a (HIF-1a) in BMSCs to promote CXCL12 expressions in stromal
cells. Biologically, exosome-mediated PKM2 transport of prostate
tumor origin is a key mediator of PCa bone metastasis (45).

EMT Transformation and Regulation of
Cell Motility
Prior to metastasis, tumor cells are detached from their original sites
through loss of attachment and adhesion capacities and metastasize
to their target sites with blood or lymphatic chemotaxis, eventually
undergoing clonal growth at metastatic sites. Therefore, epithelial-
mesenchymal transition processes of EMT formation are important
in initiation of cancer metastasis. Various molecules, including
exosomal proteins, are involved in EMT transformation in tumor
cells. The loss of E-cadherin is associated with the loss of
intercellular contacts, disruption of the E-cadherin-catenin
complex, abnormal activation of b-catenin signaling as well as
cytoskeletal changes. This is critical for cells to lose their epithelial
polarity and acquire aggressive phenotypes. In primary PCa,
suppressed E-cadherin levels and elevated nucleus b-catenin levels
are strongly associated with metastasis and poor prognostic
outcomes. Zhang et al. observed elevated E-cadherin levels and
suppressed N-cadherin as well as wave protein levels in response to
melanopsin depletion. Silencing of melanopsin was associated with
suppressed total and activated b-catenin levels. In a subsequent
study, it was noted that when melanopsin was downregulated, PCa
cells exhibited decreased proliferation, migration and invasion
abilities (101). In addition to melanopsin, Rab3D induces
epithelial mesenchymal transformation. Tauro et al. found that
Rab3D regulates EMT transformation of tumor cells by activating
the Akt/GSK-3b/Snail signaling pathways (212). In addition,
overexpressing cells with melanopsin-like Rab2A suppresses E-
calmodulin while elevating N-calmodulin, wave protein, and
fibronectin levels, which affects the EMT phenotype (118).

Cell motility is key in cancer invasion and metastasis. The loss of
cell-cell adhesion and enhanced cell-matrix interactions are essential
for enhanced tumor cell motility (213). Four-transmembrane
proteins are associated with various processes, including signal
transduction pathways, cell activation, proliferation, motility,
adhesion, tissue differentiation, angiogenesis, tumor progression,
and metastasis (214, 215)and are present in urinary exosomes of
PCa patients. Even though most tetra-transmembrane proteins are
downregulated in metastatic tumors, the CD151 glycoprotein was
the first member of the tetra-transmembrane protein to be
identified as a metastasis promoter. This shows that the tetra-
transmembrane superfamily protein CD151 promotes cancer
migration and metastasis (216). Detchokul et al. revealed that
CD151 can regulate the redistribution of adhesion components
required for cell migration as well as invasion and the process of
targeted delivery of matrix degrading enzymes, confirming that
CD151 promotes cell motility and tumor invasion (217). Gesierich
et al. found that colocalization of integrin b4 with CD151 activates
PKC to promote integrin internalization, thereby increasing tumor
cell motility (218). Ang et al. found that CD151-transfected LNCaP
cells had greater motility, compared to controls and that PC3 cells
with CD151 knockdown showed reduced motility. However, the
responsible mechanisms have not been elucidated (219). In
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conclusion, CD151 induces distant cancer cell metastasis by
regulating tumor cell motility.

Activation of Metastatic Signaling
Pathways
Tumor-associated exosomal proteins have the ability to mediate
the activation of common signaling pathways to induce tumor
cell metastasis. Hao et al. found that CD44 or CD147 knockdown
downregulated p-Akt and p-Erk levels in PC3 cells and inhibited
the activations of PI3K/Akt and MAPK/Erk signaling pathways.
The administration of drugs that selectively target CD44/CD147
alone or in combination with docetaxel restricted CaP metastasis
(50). Therefore, CD44 and CD147 enhances the metastatic
abilities of CaP cells, possibly by activating PI3K and MAPK
pathways. He et al. found that DJ-1 knockdown markedly
suppressed invasive and migration abilities of pancreatic
cancer cells, inhibited the expressions and activities of uPA
and induced cytoskeletal disruption. These outcomes may have
been because DJ-1 downregulation inhibited SRC and ERK1/2
phosphorylation, which suppressed SRC and ERK signaling
pathways-mediated expressions of uPA (220). Yang et al.
reported that the exosomal protein (Rab3D) was highly
expressed in malignant breast cancer but not in normal tissues
and benign breast tumors. The knockdown of Rab3D
significantly inhibited the migration abilities of breast cancer
cells, which was confirmed to be mediated by Rab3D activations
of AKT/GSK-3b/Snail signaling pathways (116). In addition,
exosoemal proteins are involved in intermediate pathways of
metastatic signaling pathways to induce cancer metastasis.
Boscher et al. found that EGF activations of downstream
integrin signaling pathways in breast cancer adenocarcinoma
epithelial cells induces tumor metastasis dependent on
synergistic actions of Galectin 3 and p-Caveolin-1 (221). Thus,
PCaDEPr activates multiple tumor metastasis signaling
pathways to induce cancer metastasis.
PCADEPR IN CANCER DRUG
RESISTANCE

Tumor cell sensitivity to chemotherapeutic agents is essential for
cancer drug therapy. Many biological factors modulate the sensitivity
as well as resistance of tumors to chemotherapeutic agents (222,
223). In patients with prostate tumors, exosomal proteins have been
shown to be essential for the development of drug resistance. With
increasing administrations of chemotherapeutic drugs, the rates of
tumor drug resistance have been increasing year by year. Therefore,
elucidation of the mechanisms involved in chemotherapeutic
resistance to identify new therapeutic targets is the direction of
today’s oncology research. Previous exosomes studies found that
PCaDEPr regulates tumor sensitivity to drugs through various
pathways. For example, Survivin is expressed in PCa-derived
exosomes and its downregulation sensitizes PCa cells to
chemotherapeutic agents (59). Doxorubicin is a chemotherapeutic
agent that usually becomes ineffective against tumor cells over time
due to chemoresistance. Breast cancer cells lacking LAMP2A exhibit
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increased sensitivity to this drug (224). In addition, LAMP2-
mediated autophagy in PCa-derived exosomes modulates lung
cancer cell resistance to temozolomide (225). Pedram et al. found
that resistance of DU145 and PC-3 to docetaxel and paclitaxel was
partly due to P-gp expressions and confirmed that P-gp protein
levels in exosomes reflect P-gp levels in PCa cells (226).

In cisplatin-resistant ovarian cancer cells, claudin-4 was
overexpressed 7.2-fold and was one of the most overexpressed
proteins, suggesting that it may be associated with cisplatin
resistance in ovarian cancer. Expressions of claudin, including
claudin-3, -4 and -7, were markedly higher in chemoresistant
ovarian cancer cells than in chemo-sensitive ovarian cancer cells.
Their high expressions were positively correlated with ovarian
cancer resistance to chemotherapy (227). Liu et al. found that
elevated levels of synaptic binding protein-like 4 (SYTL4), a Rab
effector in vesicular transport, are associated with poor prognostic
outcomes in TNBC (triple negative breast cancer, referring to breast
cancer lacking estrogen receptor (ESr or Er), progesterone receptor
(Pr) expression with lack of epidermal growth factor receptor-2
gene (HER) expression), especially in paclitaxel treated TNBC. It
has been postulated that SYTL4 confers resistance to paclitaxel in
triple-negative breast cancer (110).

These findings demonstrate that PCaDEPr plays an
important role in promoting drug resistance in tumor cells.
SUMMARY AND OUTLOOK

With further research on PCaDE, tumor-derived exosomal proteins
have attracted special attention. In this review, we discuss recent
advances in research related to PCaDEPrs from the perspective of
promoting tumorigenesis and progression. The role of these
exosomal proteins present in cells or other tumors is also
highlighted, although this does not mean that they remain such
in specific tumor exosomes. However, because of this, this may
provide researchers who identify differential proteins by routine
protein analysis for subsequent functional validation with new
directions for these exosomal proteins in prostate cancer research.

AlthoughPSA is of great value as a commonly used tumormarker
in the diagnosis and prognosis of prostate cancer, it has undeniable
limitations, especially for the early diagnosis of bone metastatic
prostate cancer. Exosomes may have more potential than PSA for
therapeutic purposes, with a number of publications reporting that
interference with exosome production and expression of exosome-
containing substances will significantly reduce tumor metastasis and
aggressiveness. In addition, important progress has beenmade in the
study of drug-loaded exosomes, modified exosomes, and MSC
exosomes in disease therapy. However, several questions remain to
be addressed in future studies:1. With the study of exosome
proteomics, more and more different kinds of proteins have been
discovered one after another. However, it is not possible to conclude
that the extracted proteins are necessarily present in exosomes
according to the current database, so a more rigorous and extensive
study is still needed to clarify the types of substances contained in
tumor-derived exosomes in order to exclude heterogeneous proteins.
2. Due to the limitations of current extraction techniques, it is difficult
Frontiers in Oncology | www.frontiersin.org 14130
to extract exosomes with 100% purity, and exosomes themselves
contain a variety of secretory proteins, so it is difficult to determine the
exact source of secretory proteins in exosomes of somatic fluid origin:
exosomal origin? Body fluids themselves contain? 3. We found that
tumors can release some exosomes rich in protective proteins that can
inhibit cancer progression, so extracting these exosomes for
interfering with tumor progression may be a new avenue for tumor
therapy. 4. A large number of studies have found that some proteins
present in exosomes and with protective effects significantly decrease
with cancer progression. it remains unclear whether the effect of
exosomes derived from primary and bone metastatic PCa on the
establishment of the target microenvironment is persistent or
transient, and further studies of these exosomes are therefore
still necessary.

Bone metastatic prostate cancer and the emergence of CRPC
types pose great difficulties in the treatment of PCa. Recent literature
has demonstrated that tumor-derived exosomal proteins can be
transported to distant metastatic targets, creating “fertile ground” to
promote cancer metastasis. This may offer hope for finding ways to
diagnose and treat bone metastases from prostate cancer.
Furthermore, exploring the role of tumor-derived exosomes in
cancer development may be a way to address these challenges.
The successful treatment of these complex cancers depends on our
full understanding of the single actions or interactions and
mechanisms of action of the various components of exocytosis.
We elucidated on the various functions and possible mechanisms of
exosomeal proteins in PCa body fluids or tissues during tumor
development. The exosomeal proteins can influence tumor
initiation, progression, and drug resistance processes through
various complex mechanisms. Elucidation of the mechanisms
through which biomolecules, such as proteins, act on these
processes will make it possible for us to target these proteins for
cancer treatment. However, the most suitable exosomes molecular
target for the diagnosis and treatment of PCa has yet to be identified,
and the clinical applications of exosomes are associated with some
challenges. For instance, exosomes isolation and extraction methods
are still limited to the laboratory, relatively harsh storage conditions
for exosomes, and medical costs. With rapid advances in exosome-
related technologies and in-depth research on PCaDEPr,
applications of exosomal proteins in the diagnosis and treatment
of PCa will soon be realized.
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Izabela Siemińska1,2 and Jarek Baran1*

1 Department of Clinical Immunology, Jagiellonian University Medical College, Cracow, Poland, 2 University Centre of
Veterinary Medicine, Jagiellonian University - University of Agriculture, Cracow, Poland

Prostate cancer (PC) is the second most often diagnosed malignancy in men and one of
the major causes of cancer death worldwide. Despite genetic predispositions,
environmental factors, including a high-fat diet, obesity, a sedentary lifestyle, infections
of the prostate, and exposure to chemicals or ionizing radiation, play a crucial role in PC
development. Moreover, due to a lack of, or insufficient T-cell infiltration and its
immunosuppressive microenvironment, PC is frequently classified as a “cold” tumor.
This is related to the absence of tumor-associated antigens, the lack of T-cell activation
and their homing into the tumor bed, and the presence of immunological cells with
regulatory functions, including myeloid-derived suppressor cells (MDSCs), regulatory T
cells (Treg), and tumor-associated macrophages (TAMs). All of them, by a variety of
means, hamper anti-tumor immune response in the tumor microenvironment (TME),
stimulating tumor growth and the formation of metastases. Therefore, they emerge as
potential anti-cancer therapy targets. This article is focused on the function and role of
MDSCs in the initiation and progression of PC. Clinical trials directly targeting this cell
population or affecting its biological functions, thus limiting its pro-tumorigenic activity, are
also presented.

Keywords: prostate cancer, myeloid-derived suppressor cells, immunosuppression, immunotherapy, anti-tumor
immune response
PROSTATE CANCER—EPIDEMIOLOGY

Prostate cancer (PC) is the most common, after lung cancer, malignancy in men—in 2020, more
than 1.4 million new cases of PC were diagnosed worldwide (1, 2). Advanced age, race, and
ethnicities such as African descent and family history are well-established risk factors of PC (3–6).
Additionally, a higher incidence of PC has been associated with a diet rich in saturated animal fat
and red meat, low intake of fruits/vegetables, obesity, hyperglycemia, lack of physical activity,
prostate inflammation, as well as exposure to chemicals or ionizing radiation (6–8). The most
common genetic predispositions for PC development are related to aberrations of the PTEN tumor
suppressor gene. Inactivation of PTEN by deletion or mutations is identified in ∼20% of primary PC
and as many as 50% of advanced castration-resistant tumors (9). The role of the immune system
and prostatitis in PC development was also confirmed, indicating that inflammatory mediators may
promote prostatic carcinogenesis via inhibition of apoptosis, promotion of cell proliferation, and
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even loss of the tumor suppressor genes (10). Importantly, not
only the local, prostate inflammation, but also systemic reaction
associated with chronic inflammatory diseases, including asthma
and allergies, are associated with the higher risk of PC (11).

Most of the patients develop a low-risk neoplasm (12);
however, approximately 15% of men with localized PC present
with high-risk tumors, which will progress, metastasize, and
finally result in death (13). In men with advanced metastatic
prostate cancer (mPC), hormonal–androgen deprivation therapy
is a method of choice with a good response rate. In some patients,
however, the mPC will evolve into metastatic castration-resistant
prostate cancer (mCRPC) (14). While a radical prostatectomy
may be beneficial for patients with high-risk PC (15), only
multimodal treatment, including surgery, radiation, and
systemic therapy, gives the best chance for a long-term
progression-free outcome (13). Nowadays, immunotherapy
options, including anti-PC vaccines, e.g., Sipuleucel-T
(Provenge), and the use of immune checkpoint inhibitors
(anti-CTLA-4 and anti-PD-1/PD-L1 monoclonal antibodies or
antagonists) further improve the effectiveness of the PC
treatment (16).

PC is often considered a “cold” tumor, meaning that due to
the reduced or complete lack of T-cell infiltration, e.g., because of
the missing tumor-associated antigens, lack of T-cell activation
and the i r homing into the tumor bed , and loca l
immunosuppression, it does not trigger a strong immune
response. This term emphasizes the role of the immune system
in PC progression (16, 17). Studies indicate that regulatory T
cells (Tregs) and other cell populations, namely, myeloid-
derived suppressor cells (MDSCs; attracted to TME by low-
grade chronic inflammatory signals) and tumor-associated
macrophages (TAMs) (17), are mainly responsible for the
immunosuppression observed in PC (18). Among them,
MDSCs emerge as potential therapeutic targets (19).
MYELOID-DERIVED SUPPRESSOR CELLS
—THEIR ORIGIN AND ACTIVITY

The term “myeloid-derived suppressor cells” has been used in
the literature since 2007; however, the history of these cells dates
back to the early 20th century, when it was shown that cancer is
often accompanied by extra-medullary hematopoiesis (EMH)
and neutrophilia (20, 21). These immature leukocytes were
further characterized by their suppressive activity and called
myeloid suppressor cells (MSC) (22). This term was
further changed to MDSCs (22), and although current, the
progress in resolution techniques, including a high-
dimensional single-cell analysis, has raised concerns regarding
the development and activation state of MDSCs (23); it is still
accepted that MDSCs represent a heterogeneous population of
immature myeloid cells, promptly expanding during
pathological conditions, including infection, inflammation, and
cancer (24). With respect to their origin, MDSCs have been
divided into two main subsets—monocytic (Mo-MDSCs) and
granulocytic or polymorphonuclear (PMN-MDSCs). Recently, a
Frontiers in Oncology | www.frontiersin.org 2138
third population of the so-called early-stage MDSCs (e-MDSCs)
was also described (25). In cancer, the accumulation of MDCSs is
inseparably related to the production of pro-inflammatory
mediators by the tumor microenvironment (TME), which
activate and drive their suppressive activity (26). The
immunosuppressive mechanisms developed by MDSCs are
diverse and may include arginase-1 (ARG1) and inducible
nitric oxide synthase (iNOS) activity; secretion of TGFb, IL-10,
and cyclooxygenase-2 (COX-2); and depletion of tryptophan by
indoleamine 2,3-dioxygenase (IDO) (27). Although the
immunosuppressive nature and the induction of antigen-
specific T-cell tolerance is common for all the MDSCs subsets
(28), they differ in the mechanism of action. In this context, Mo-
MDSCs suppress T-cell response in both an antigen-specific and
an unspecific manner, utilizing the mechanisms associated with
iNOS activity and production of nitric oxide (NO) (29, 30). In
contrast, PMN-MDSCs suppress immune response primarily in
an antigen-specific manner, using the STAT3-mediated
mechanisms of NADPH-oxidase and ARG1 activities (31).
PMN-MDSCs store ARG1 in the granules and release it to the
extracellular milieu, leading to the local depletion of L-arginine,
affecting T-cell functionality. Both MDSCs subsets release ROS,
which are essential for their immunosuppressive activity, and for
retaining their undifferentiated status. Numerous studies
confirmed the interplay between chronic inflammatory factors
and expansion of MDSCs (24, 32). The transcription factor
STAT3 plays a central role in the generation and functioning
of MDSCs (33–35). Various cytokines, including IL-6, IL-1b, IL-
10, GM-CSF, and VEGF, secreted mainly in the TME by tumor
cells (26), are involved in the activation of pSTAT3. Conversely,
chronic inflammation is associated with the initiation and
progression of the tumor (10). In this context, chemokines and
their receptors, e.g., CCL2/CCL12-CCR2, CXCL5/2/1-CXCR2,
CCL3/4/5-CCR5, CCL15-CCR1, and CXCL8-CXCR1/2, are
relevant for a rapid progression of PC and the recruitment of
MDSCs (36, 37). PC patients were shown to have higher MDSCs
infiltration than those with a benign prostate hyperplasia (38).
Therefore, the role of inflammation in the development and
expansion of MDSCs, and hence in PC progression,
is unquestionable.
EXPANSION OF MDSCs IN PC

Studies with the use of PTEN KO murine PC model documented
that lack of this gene was associated with upregulated
inflammatory response (enhanced production of CSF-1 and IL-
1b), and an extensive MDSCs tumor infiltration (39). Another
mechanism involved in the recruitment of MDSCs in PC could
be linked to the Hippo–YAP signaling. This pathway, relevant
for the regulation of cell proliferation and apoptosis, is often
deregulated in human solid tumors and associated with
enhanced cancer cell proliferation (40). In PC, the
hyperactivated Hippo–YAP signaling causes the upregulation
of CXCL5 in cancer cells, which promotes the MDSCs
recruitment via the CXCL5–CXCR2 axis (41, 42). The
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Siemińska and Baran MDSCs in PC
recruitment of MDSCs to the tumor mass may also benefit from
the tumor-related hypoxia. This is supported by the observation
that the hypoxia-targeted therapy may lead to a long-lasting
decrease in the accumulation of MDSCs in the tumor (43). A
significant role in the recruitment of MDSCs to PC has also been
assigned to chromodomain helicase DNA-binding protein 1
(CHD1), an essential tumor suppressor (44). Its depletion was
found in 29.7% of cases in African Americans, and 11.0% of
European PC patients (45). It has been shown that CHD1
deficiency may recruit MDSCs via an IL-6-dependent
mechanism (46). Interestingly, a positive correlation between
CHD1 and CD15 expression (a surface marker of PMN-MDSCs)
in PC was also documented (46).

A growing list of evidence suggests that miRNA carried by
tumor-derived extracellular vesicles (TEVs) may also play a role
in the generation of MDSCs in many types of cancer (47–49).
Although there are no data confirming such a role of EV miRNA
in PC, some miRNAs already shown as relevant in the induction
of MDSCs in other cancers have also been considered for
PC (50).

The crosstalk between MDSCs and the TME in PC is
schematically presented in Figure 1.
ROLE OF MDSCs IN PC DEVELOPMENT
AND PROGRESSION

In various cancers, the level of tumor-infiltrating MDSCs has
been proposed as a prognostic marker (51, 52). In PC, however,
such data are scarce and refer mainly to the PTEN mouse model
(39). In contrast, there are observations that the MDSCs’ blood
level could be a useful parameter for monitoring the disease
burden in PC, allowing researchers to distinguish between
metastatic cancer, localized PC, and cancer-free men (53).
Additionally, circulating MDSCs correlate well with PSA level
and metastasis (33, 54). The pivotal role of MDSCs in the
Frontiers in Oncology | www.frontiersin.org 3139
development and progression of PC was further confirmed in
randomized clinical studies showing that the increased level of
MDSCs after the treatment is associated with the overall worse
patients’ survival (55, 56). Moreover, in a mouse model of PC,
the lung infiltration by MDSCs was associated with the
formation of lung metastases (57). However, what type of
MDSCs subpopulation is pivotal and prevalent in PC remains
controversial, mainly due to the lack of reproducibility and
standardization of such research. The work showing MDSCs as
a negative prognostic marker in mCRPC indicates only blood
Mo-MDSCs as relevant (58). Furthermore, in patients with
mCRPC, a positive correlation between Mo-MDSCs and Treg
cells has been described (58), suggesting a mutual positive
feedback loop (59). Generally, most of the studies in PC have
focused on Mo-MDSCs rather than on PMN-MDSCs (55, 58,
60). Even early reports on circulating immunosuppressive cells in
patients with PC were concentrated on CD14+HLA-DRlow/-

monocytes (54). This may result from the fact that Mo-MDSCs
are more frequent in peripheral blood than PMN-MDSCs (61,
62). Another reason could be the fact that, in many studies, a
cryopreserved material was used (63), affecting the recovery of
PMN-MDSCs (64). Recently, Wen et al. documented infiltration
of the primary prostate tumor by cells referred to as PMN-
MDSCs (65); however, the markers used for their identification
did not allow researchers to distinguish them from the
population of tumor-associated neutrophils (TANs) (25). In
this context, the phenotype definition of circulating blood
PMN-MDSCs seems to be more reliable, but still, this should
be further confirmed by functional tests that document the
immunosuppressive nature of these cells (25).

Studies in PC showed that Mo-MDSCs and PMN-MDSCs are
transcriptomically different (61), pointing out the ARG1 as
typical for PMN-MDSCs (66) and iNOS or IDO for Mo-
MDSCs (58, 60). Moreover, PMN-MDSCs can exert their
immunosuppressive action also by the release of neutrophil
elastase (NE), which was shown to stimulate the proliferation,
FIGURE 1 | Crosstalk between MDSCs and tumor microenvironment in prostate cancer (created with BioRender.com).
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migration, and invasion of cancer cells both in vitro and in vivo
in a mouse model of PC (67, 68).

It is proposed that, in PC, the tumor-infiltrating PMN-
MDSCs express upregulated IL-1b and IL-23a (66). Although
the IL-1b-restrained antitumor immunity was described before
for other tumors (69), the secretion of IL-23 by PMN-MDSCs so
far has been documented only for PC. In this context, it was
shown that IL-23 preserves the androgen receptor’s (AR)
functionality, enabling survival and proliferation of PC in the
androgen-deprived environment. The same mechanism is
postulated as a driving force in the development of castration
resistance (40). However, castration resistance may also be
related to the secretion of IL-8 and subsequent tumor
infiltration by PMN-MDSCs (66).
TARGETING MDSCs IN PC

Due to a lack of, or insufficient T-cell infiltration and
immunosuppressive microenvironment in PC, there is a need
to design new therapies that could “turn up the heat on the cold
immune microenvironment” (17), to enhance the local anti-
tumor immune response (16). Radiation per se has been found to
activate the immune response (70); however, studies using the
animal models of PC revealed that radiotherapy induces a rapid
increase in the tumor-infiltrating MDSCs (71). Our previous
studies showed that surgery or hormonal therapy alone did not
reduce the level of circulating Mo-MDSCs in PC patients (62). In
this context, in addition to the standard treatment,
immunotherapy (72) or dietary strategies (73) are
implemented, targeting cells with immunosuppressive
potential, including MDSCs. One of the major challenges in
targeting human MDSCs is their heterogeneous nature, e.g.,
differences in phenotype and mechanisms of suppression. A
type of “universal” approach, covering the above aspects, may
be the use of gemtuzumab ozogamicin, a calicheamicin-
conjugated anti-CD33 humanized monoclonal antibody,
already approved to treat a subset of patients with acute
myeloid leukemia, which has also been highly effective against
MDSCs in many solid tumors, including PC in vitro (61).

Clinically, MDSCs may be targeted by different approaches,
including, e.g., inhibition of MDSCs expansion, MDSCs
depletion, induction of their differentiation, functional
inhibition, or multifactorial treatment. The clinical trials
concerning all these potentially therapeutic strategies in PC
have been described below Table 1.

Inhibition of MDSCs Expansion
Currently, there are three registered clinical trials, aiming at the
inhibition of MDSCs expansion in PC. As mentioned,
chemokines and their receptors are pivotal for the recruitment
of MDSCs and the rapid progression of PC (36, 37); therefore,
targeting the chemokine receptors or the use of chemokine
inhibitors seems to be a promising form of immunotherapy in
PC (74). One of the ongoing clinical trials (NCT03177187) seems
to verify this hypothesis by using the CXCR2 antagonist
Frontiers in Oncology | www.frontiersin.org 4140
AZD5069 in combination with enzalutamide—the androgen
receptor’s antagonist in patients with mCRPC (75). An
important additional factor associated with MDSCs expansion
is VEGF (26); thus, administration of cabozantinib (a small-
molecule inhibitor of tyrosine kinase receptor, including the
VEFG pathway) followed by radical prostatectomy vs.
prostatectomy alone (NCT03964337) is being tested in men
with high-risk PC. Moreover, cabozantinib has already shown
inhibitory effects on MDSCs (76). Another trial concerning
dietary intervention, NCT03654638, is focused on soy bread,
containing isoflavones, which were shown to reduce the level of
pro-inflammatory cytokines and MDSCs (77).

MDSCs Depletion
MDSCs isolated from both mice and humans display elevated
levels of STAT3, while inhibition of its pathway resulted in
enhanced antitumor activity (28, 78). Circulating Mo-MDSCs
maintain high levels of STAT3 until they reach the tumor, where
hypoxia induces its rapid downregulation, causing differentiation
of MDSCs to TAMs (79). STAT3 regulates the expression of the
main factors of MDSCs activity, e.g., IDO, ARG1, IL-6, IL-10, IL-
1b, and VEGF, among others, suggesting this pathway as an
attractive therapeutic option (26). In this context, a fungal-
derived pSTAT3 inhibitor, galiellalactone, was recently assessed
for its ability to prevent PC-induced generation of MDSCs in
vitro (53). In keeping with this, the clinical trial NCT03709550,
aiming at testing decitabine (5-aza-2′-deoxycytidine), a
hypomethylating agent with the ability to selectively deplete
Mo-MDSCs, in mCRPC patients was implemented (80).

Inhibition of MDSCs Differentiation
Another therapeutic option involves a controlled differentiation
of MDSCs towards the M1 anti-tumor macrophages with the use
of curcumin (81). This approach will be considered in the
recruiting clinical trial (NCT03769766). A similar approach
will be used in the phase I clinical study in patients with
biochemically recurrent PC, testing the effectiveness of the
white button mushroom (WBM) extract containing b-glucan
(NCT04519879). b-glucans, the most abundant carbohydrates
found in yeast and mushrooms (82), may induce MDSCs
differentiation to antigen-presenting cells, eliminating their
suppressive abilities (83). The rationale for this concept was
additionally grounded on the preclinical data showing that
dietary WBM powder reduced not only the frequency of
circulating MDSCs but also the level of prostate-specific
antigen (PSA) (84).

Inhibition of MDSCs Induced
Suppressive Circuits
There is also a possibility to inhibit some of the MDSCs-induced
suppressive mechanisms operating in PC. One of such
approaches is represented by a combination of abiraterone, a
novel hormone therapy available for CRPC (85), and
tildrakizumab (anti-IL-23 mAb) (NCT04458311), altering the
production of IL-23 and therefore having a potential to target the
MDSCs function specific for PC (41). In another clinical trial, a
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TABLE 1 | Clinical trials targeting MDSCs in PC patients.

Mechanism of action Trial number Status
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Siemińska and Baran MDSCs in PC

Frontiers in Oncology | www.frontiersin.org
 6142
combination of ipatasertib (inhibitor of all three isoforms of
protein kinase AKT, which blocks the PI3K/AKT signaling
pathway—a key driver of cancer cell growth and proliferation
in PC), atezolizumab (anti-PD-L1 monoclonal antibodies)—a
checkpoint inhibitor on MDSCs (86), and docetaxel
(NCT03673787) will be tested in patients with mCRPC.
Currently, in Europe, there is one registered clinical trial
focused on blocking the MDSCs function in PC patients (no.
2017-001857-14). It tests the combination of vinorelbine, a
cytostatic drug, and two checkpoint inhibitors, durvalumab
and tremelimumab, which are anti-PD-L1 and anti-CTLA-4
mAb, respectively.

Multifactorial Intervention: Inhibition of
MDSCs Expansion and Blocking Their
Suppressive Activity
Combinations of both the inhibition of MDSCs expansion and
blocking their suppressive activity provide the opportunity for
multifactorial interventions with potential better therapeutic
effectiveness. One of such trials tests the combination of
STAT3 inhibitor (AZD9150), a selective CXCR2 antagonist
(AZD5069), and the PD-L1 inhibitor (MEDI4736) (no. 2015-
002525-19), where each can inhibit either MDSCs expansion or
function. Another drug combination that is being tested is
gemcitabine and RQ-00000007 (grapiprant) , where
gemcitabine inhibits MDSCs expansion (87), while grapiprant
—an inhibitor of PGE2-receptor—reduces the differentiation,
expansion, and suppressive activities of Mo-MDSCs (88),
confirming its role in MDSCs functioning (26).

Potential New Targets
Despite a wide scope of the ongoing clinical research, there are
other available potential therapeutic options targeting MDSCs in
PC. One, yet unexplored route, concerns the angiotensin-
converting enzyme (ACE)–angiotensin pathway, where the
overexpression of ACE in monocytic cells was shown to reduce
the generation of MDSCs (89), while angiotensin was able to
reduce the tumor malignancy in PC (90). Nowadays, during the
SARS-CoV-2 pandemic, this pathway, however, takes on a quite
different significance. However, other forms of angiotensin may
impact the biological properties of PC cells by modulating
inflammatory reac t ion , or even genes , inc lud ing
downregulation of HIF1a and upregulation of CDH-1 (91)
expression, both associated with MDSCs recruitment. Another
potential approach involves estrogen, used previously in PC
therapy (92). The combined therapy, linking activation of
estrogen receptor b (ERb) and the checkpoint inhibitor anti-
PD-1 mAb, diminishes MDSCs infiltration in mouse models of
colorectal and breast cancer (93). Interestingly, apoptosis and/or
differentiation of PC cells may be promoted during the ERb
activation (94). Additionally, studies confirmed the benefits of
ERb activation in androgen-dependent CRPC, decreasing the
viability of the tumor cells (95). Also, ARG1 is a potential
therapeutic target in PC, and its inactivation through STAT3
inhibition was already confirmed (34). The ongoing clinical trials
aiming at targeting MDSCs may be a trigger for more frequent
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use of immunotherapy in combination with other forms of
PC treatment.
CONCLUSION

Although thefirst observations reporting the negative role ofMDSCs
inantitumorresponses inPCdateback fromthebeginningof the21st
century, the last decade saw an upsurge of studies indicating their
mechanisms of action and clinical relevance (96). Although several
questions remainunanswered, the roleofMDSCs in thedevelopment
and progression of PC seems unquestionable, suggesting their
potential as a therapeutic target. Hence, the implementation of the
combination therapy, e.g., radiotherapy and immunotherapy,
targeting both the tumor and MDSCs in PC seems crucial. Such
therapymay increase the frequencyof the abscopal response,which is
a phenomenon associated with tumor shrinkage, occurring not only
locally at the siteof the treatmentbutalso inother locations,where the
tumor has already spread (97).
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Siemińska and Baran MDSCs in PC
28. Marigo I, Bosio E, Solito S, Mesa C, Fernandez A, Dolcetti L, et al. Tumor-Induced
Tolerance and Immune Suppression Depend on the C/Ebpb Transcription Factor.
Immunity (2010) 32:790–802. doi: 10.1016/j.immuni.2010.05.010

29. Kumar V, Patel S, Tcyganov E, Gabrilovich DI. The Nature of Myeloid-
Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol
(2016) 37:1–13. doi: 10.1016/j.it.2016.01.004

30. Gabrilovich DI. Myeloid-Derived Suppressor Cells. Cancer Immunol Res
(2017) 5:3–8. doi: 10.1158/2326-6066.CIR-16-0297

31. Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D,
et al. Myeloid Cell-Derived Arginase in Cancer Immune Response. Front
Immunol (2020) 11:938. doi: 10.3389/fimmu.2020.00938

32. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated Regulation of
Myeloid Cells by Tumours. Nat Rev Immunol (2012) 12:253–68. doi: 10.1038/
nri3175

33. Hossain DMS, Pal SK, Moreira D, Duttagupta P, Zhang Q, Won H, et al.
TLR9-Targeted STAT3 Silencing Abrogates Immunosuppressive Activity of
Myeloid-Derived Suppressor Cells From Prostate Cancer Patients. Clin
Cancer Res (2015) 21:3771–82. doi: 10.1158/1078-0432.CCR-14-3145
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54. Vuk-Pavlović S, Bulur PA, Lin Y, Qin R, Szumlanski CL, Zhao X, et al.
Immunosuppressive CD14+HLA-DRlow/– Monocytes in Prostate Cancer.
Prostate (2010) 70:443–55. doi: 10.1002/PROS.21078

55. Santegoets SJ, Stam AG, Lougheed SM, Gall H, Jooss K, Sacks N, et al. Myeloid
Derived Suppressor and Dendritic Cell Subsets are Related to Clinical Outcome
in Prostate Cancer Patients Treated With Prostate GVAX and Ipilimumab.
J ImmunoTher Cancer (2014) 2:31. doi: 10.1186/S40425-014-0031-3

56. Takahashi R, Amano H, Ito Y, Eshima K, Satoh T, Iwamura M, et al.
Microsomal Prostaglandin E Synthase-1 Promotes Lung Metastasis via
SDF-1/CXCR4-Mediated Recruitment of CD11b+Gr1+MDSCs From Bone
Marrow. Biomed Pharmacother (2020) 121:109581. doi: 10.1016/
J.BIOPHA.2019.109581

57. Koga N, Moriya F, Waki K, Yamada A, Itoh K, Noguchi M. Immunological
Efficacy of Herbal Medicines in Prostate Cancer Patients Treated by Personalized
Peptide Vaccine. Cancer Sci (2017) 108:2326. doi: 10.1111/CAS.13397

58. Idorn M, Køllgaard T, Kongsted P, Sengeløv L, thor Straten P. Correlation
Between Frequencies of Blood Monocytic Myeloid-Derived Suppressor Cells,
Regulatory T Cells and Negative Prognostic Markers in Patients With
Castration-Resistant Metastatic Prostate Cancer. Cancer Immunol
Immunother (2014) 63:1177–87. doi: 10.1007/S00262-014-1591-2

59. Lee C-R, Kwak Y, Yang T, Han JH, Park S-H, Ye MB, et al. Myeloid-Derived
Suppressor Cells Are Controlled by Regulatory T Cells via TGF-b During
Murine Colitis. Cell Rep (2016) 17:3219–32. doi: 10.1016/j.celrep.2016.11.062

60. Hellsten R, Lilljebjörn L, Johansson M, Leandersson K, Bjartell A. The STAT3
Inhibitor Galiellalactone Inhibits the Generation of MDSCs-Like Monocytes
by Prostate Cancer Cells and Decreases Immunosuppressive and Tumorigenic
Factors. Prostate (2019) 79:1611–21. doi: 10.1002/PROS.23885

61. Fultang L, Panetti S, Ng M, Collins P, Graef S, Rizkalla N, et al. MDSCs
Targeting With Gemtuzumab Ozogamicin Restores T Cell Immunity and
Immunotherapy Against Cancers. EBioMedicine (2019) 47:235–46.
doi: 10.1016/j.ebiom.2019.08.025
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MAFG-AS1 is a prognostic
biomarker and facilitates
prostate cancer progression
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Ming Zhan1, Zhong Wang1*‡ and Yanbo Chen1*‡

1Department of Urology, Shanghai Ninth People’s Hospital Affiliated to Shanghai Jiaotong
University School of Medicine, Shanghai, China, 2Department of Endocrinology and Metabolism,
Peking University People's Hospital, Beijing, China, 3The Core Laboratory in Medical Center of
Clinical Research, Department of Molecular Diagnostics and Endocrinology, Shanghai Ninth
People’s Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China, 4Department
of Molecular Diagnostics, Shanghai Ninth People’s Hospital Affiliated to Shanghai Jiaotong
University School of Medicine, Shanghai, China
Long Noncoding RNAs (LncRNAs) have recently been identified as key

regulator in tumor progression. The LncRNA MAFG-AS1 has been reported to

facilitate the progression of multiple cancers, however, its role in prostate

cancer is still unknown. Here, we reported that MAFG-AS1 was upregulated in

prostate cancer. Importantly, high expression of MAFG-AS1 indicated advanced

stage prostate cancer. Univariate and Multivariate Cox regression analyses

showed that high MAFG-AS1 expression was independently correlated with

poor progression-free interval (PFI). According to the result of The Cancer

Genome Atlas (TCGA) database and tissue microarray, high MAFG-AS1

expression indicated a poor prognosis in prostate cancer patients. In

addition, gene functional enrichment analysis revealed that MAFG-AS1 may

be involved in ribosome biogenesis, ribonucleoprotein complex subunit

organization, ribonucleoprotein complex assembly, rRNA metabolic process,

structural constituent of ribosome, and ribonucleoprotein complex binding.

Furthermore, MAFG-AS1 knockdown by siRNA markedly impaired prostate

cancer cell proliferation, migration, and invasion.

KEYWORDS

MAFG-AS1, lncRNAs, prostate cancer, prognosis, tumor-microarray
Introduction

Prostate cancer is one of themost common cancers inmen worldwide.With regard to the

cancer-related mortality of prostate cancer, it is currently ranked first in the US (1–3).

According to the American Cancer Society (ACS), 161,360 new cases of prostate cancer

accounted for the first incidence of malignant tumors in men (19%), and 26,730 new deaths

from prostate cancer accounted for the third highest mortality rate among male malignant
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tumors (8%) in 2017 (4). Androgen deprivation therapy (ADT) is

the first-line therapy for prostate cancer patients, and it has been

proven to improve the overall survival (OS) of men diagnosed with

metastatic prostate cancer (5). However, the tumor will

subsequently progress to resistance to ADT and inevitably

develop into castration-resistant prostate cancer (CRPC).

Metastasis has become a bottleneck restricting the long-term

survival of prostate cancer patients and is also the key to

overcoming prostate cancer. The molecular mechanisms

underlying the progression of prostate cancer remain largely

unknown. Therefore, there is an urgent need to elucidate the

underlying mechanisms of prostate cancer and explore novel

molecular targets that are crucial for the development of new

diagnostic and therapeutic drugs for the treatment of

prostate cancer.

Long non coding RNAs (lncRNAs) are a large class of no

protein-coding capacity transcripts that are longer than 200

nucleotides (6). lncRNAs have been reported to be involved in

different biological processes, such as cell proliferation,

apoptosis, angiogenesis, migration, invasion, and drug

resistance (7–11). Accumulating evidence has demonstrated

that dysregulation of lncRNAs is strongly associated with the

development and progression of cancer. Furthermore, many

lncRNAs have been reported to regulate the pathogenesis of

prostate cancer (12). Previous studies have suggested that

lncRNA NEAT1-1 is involved in bone metastasis of prostate

cancer and promotes the binding ability between CYCLINL1

and CDK19 in an N6-methyladenosine dependent manner (13).

Luo et al. showed that lncRNA-p21 is upregulated in

neuroendocrine prostate cancer (NEPC) and overexpressed

lncRNA-p21 induces the neuroendocrine differentiation

(NED) (14). Mechanistically, lncRNA-p21 can disrupt the

PRC2 complex and promote the methylation of STAT3 to

induce NED. Several studies have demonstrated that MALAT1

upregulation promotes prostate cancer cell growth, migration,

and invasion (15). Furthermore, the lncRNA MAFG-AS1 was

upregulated in breast cancer and facilitated breast carcinoma

progression by regulating MMP15 expression (16). MAFG-AS1

also promoted cell proliferation, migration, and invasion of

hepatocellular cancer via targeting miR-3196/OTX1 axis (17).

Additionally, MAFG-AS1 regulated tumorigenesis of colorectal

cancer by acting as a sponge of miR-149-3p (18). However, the

role of MAFG-AS1 in prostate cancer progression remains

largely unknown.

In the current study, we investigated the expression of

MAFG-AS1 in prostate cancer according to the TCGA

database and a tissue microarray, and determined its role as a

prognostic biomarker in prostate cancer. In addition, we

searched for the gene set most related to the expression of

MAFG-AS1, then predicted the functions and pathways of

MAFG-AS1 in prostate cancer through gene enrichment

analysis. Furthermore, to investigate the role of MAFG-AS1 in
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cell proliferation, migration, and invasion in prostate cancer, we

performed a series of in vitro experiments.
Methods and materials

RNA-sequencing data and
bioinformatics analysis

A total of 495 cases containing both gene expression data

(HTSeq-Counts) and clinical information from the PRAD

database were obtained from The Cancer Genome Atlas

(TCGA) for further analysis. HTSeq-Counts data were

transformed into transcripts per million reads (TPM). Data of

495 cases were used for survival analysis. Next, the

characteristics of patients consists of T stage, N stage, Gleason

score of pathologic of surgical specimens, and progression-free

interval (PFI) result. Pathological T and N stage were performed

according to the extent of tumor invasion and the presence of

lymphatic metastasis. This study satisfied the publication

requirements stated by TCGA (http://cancergenome.nih.gov/

publications-/publicationguidelines).
Cell lines and culture

The human prostate cancer cell line PC-3 originated from

bone marrow metastases in a 62-year-old white male patient

diagnosed with grade IV prostate cancer. Prostate cancer cells

DU145 were established from a brain metastasis of a 69-year-old

Caucasian patient with prostate cancer. The cells were obtained

from the National Collection of Authenticated Cell Culture at

the Chinese Academy of Science (Shanghai, China). PC-3 and

DU145 cells were cultured in MEM supplemented with 10% fetal

bovine serum (FBS) (Gibco, USA). Cell authentication was

validated using STR profiling.
Small interfere RNA (siRNA) construction

Small interfering RNAs (siRNAs) targeting MAFG-AS1

were obtained from GenePharma (Shanghai, China), and the

sequence information targeting MAFG-AS1 was as follows:

siMAFG-AS1-1, GGAGTCAGGGCAATTCCAA; siMAFG-

AS1-2, GGTAACATAGAGACCCTAT.
Total RNA isolation and real-time qPCR

Total RNA was extracted from prostate cancer cells using

TRIzol reagent (Invitrogen, USA) according to the

manufacturer’s protocol. Total RNA was then reverse
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transcribed to cDNA using random primers using a Revert Aid

First Strand cDNA Synthesis kit (Thermo Fisher, USA). RT-

qPCR was performed using TB Green Premix Ex Taq (Takara,

Germany). GAPDH was used as an internal control. qPCR

primers were synthesized from BioSune (Shanghai, China).

The primers used were as follows: MAFG-AS1-F: CGGGAGG

AAGATAAACGGGG, MAFG-AS1-R: TGACCACGGAAC

ACCTTCAG, GAPDH-F: CTGGGCTACACTGAGCACC,

GAPFH-R: AAGTGGTCGTTGAGGGCAATG.
Cell proliferation assay and colony
formation assay

For the cell proliferation assay, a total of 3000 prostate

cancer cells were seeded into 96-well plates and incubated in

10% CCK-8 medium for one hour at 0 hour, 24 hours, 48 hours,

and 72 hours after seeding. The absorbance was measured at 450

nm with a spectrophotometer. For the colony formation assay,

prostate cancer cells were seeded in 6-well plates at a density of

200 cells per well and cultured for 2 weeks. The cells were then

fixed and subsequently examined by crystal violet staining.
Transwell migration assays and transwell
invasion assay

For the transwell migration assay, 20000 cells were

suspended in 200 ml of medium without FBS and were seeded

in the upper chamber of transwell inserts (Corning, USA). 500 ml
medium with 20% FBS were added into the lower chamber. The

cells were then incubated for 18 h. For the transwell invasion

assay, 30000 cells were suspended in 200 ml of medium without

FBS and were seeded on the upper chamber of transwell inserts

coated with Matrigel (BD Biosciences, USA). The cells were then

cultured for 24 h. Cells were fixed with 4% PFA and stained with

a crystal violet staining solution. Images were captured with

a ×20 objective using a Leica DM LB light microscope and the

number of cells was counted using ImageJ.
Statistical analysis

All statistical analyses were conducted using SPSS (22.0).

Pearson’s c2 test was used to determine the correlation between

MAFG-AS1 expression and clinicopathological variables. The t-test

was used to determine statistically significant differences between

the two groups. Kaplan–Meier analysis was performed to compare

the survival time differences between the MAFG-AS1 high

expression group and low expression group. The log-rank test p

< 0.05 suggested the significance of survival time differences. The

hazard risk of the individual indicators was estimated using hazard

ratios (HRs) with 95% confidence intervals (CIs). All reported P-
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values were two-sided and P-values of less than 0.05 were

considered to be significant. * represents P < 0.05, ** represents P

< 0.01, and *** represents P < 0.001.
Result

MAFG-AS1 was highly expressed in
prostate cancer

The data collected from TCGA in October 2019 contained

495 tumor samples with both clinical information and gene

expression data (Table 1) and the clinical features of the patients

included age, TNM stage, Gleason scores, and PFI events. To

evaluate the expression of MAFG-AS1 in prostate cancer, we

compared MAFG-AS1 expression in 495 prostate cancer and 50

adjacent normal tissues, and the results suggested that MAFG-

AS1 was upregulated in prostate cancer (Figure 1A). Similarly,

by comparing 50 pairs of prostate cancer tissues and adjacent

normal tissues, we also found that MAFG-AS1 was highly

expressed in prostate cancer (Figure 1B). In addition, we

collected 18 pairs of prostate cancer tissues and adjacent

normal tissues, and the results of RT-qPCR demonstrated that

MAFG-AS1 expression was upregulated in prostate cancer

(Figure 1C). Next, the results of RT-qPCR indicated that

MAFG-AS1 expression in prostate cancer cell lines PC-3 and

DU145 was higher than that in the normal prostate epithelial cell

line RWPE-1 (Figure 1D). These results demonstrated that

MAFG-AS1 expression is overexpressed in prostate cancer.
MAFG-AS1 was upregulated in advanced
prostate cancer and indicated a poor
prognosis in TCGA database

Logistic regression analysis demonstrated that higher

MAFG-AS1 expression, regarded as an independent variable,

was correlated with better prognostic characteristics (Table 2).

High MAFG-AS1 expression in the PRAD cohort was

significantly associated with T classification (OR = 1.952 for

T3&T4 vs. T2, P < 0.001), N classification (OR = 2.005 for N1 vs.

N0, P = 0.008), and Gleason score (OR = 2.074 for 8&9&10 vs.

6&7, P < 0.001). These results revealed that prostate cancer with

high MAFG-AS1 expression is more likely to be in a primitive

stage than those with low MAFG-AS1 expression. The

expression level of MAFG-AS1 was higher in the T3&T4 stage

than in the T2 stage (Figure 2A). Similarly, MAFG-AS1

expression was higher in advanced prostate cancer according

to N stage, Gleason scores, and PFI events (Figures 2B–D).

Consistently, MAFG-AS1 high expression was significantly

correlated with poor prognosis in patients with prostate cancer

patients (Figure 2E). Furthermore, univariate Cox regression

analysis showed that high MAFG-AS1 expression was correlated
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with a poor PFI (hazard ratio [HR]: 1.985; 95% confidence

interval [CI]: 1.299- 3.035; P < 0.01), and other clinical variables,

including advanced T stage, N stage, and Gleason score,

remained associated with a poor prognosis (Table 3).

Multivariate analysis suggested that high MAFG-AS1

expression was independently associated with poor PFI (HR =

1.78; CI: 1.121- 2.847; P = 0.015).

We then performed a stratified analysis based on the clinical

information of prostate cancer patients. KM-plot analysis revealed

that high MAFG-AS1 expression was associated with a poor

prognosis in T3&T4 stage patients with prostate cancer; however,

MAFG-AS1 expression was not associated with prognosis in T2

stage patients (Figures 2F, G). In patients with or without lymph

node metastasis, MAFG-AS1 expression could be used as a

prognostic marker, indicating poor PFI (Figures 2H, I). Similarly,

in patients with high or low Gleason scores, high expression of
Frontiers in Oncology 04
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MAFG-AS1 was correlated with poor prognosis (Figures 2J, K). In

addition, high MAFG-AS1 expression was associated with a poor

prognosis in prostate cancer patients with PSA levels more than 4

ng/ml or less than 4 ng/ml (Figures 2L, M).
MAFG-AS1 indicated a poor prognosis in
tissue-microarray

To critically evaluate the prognostic value of MAFG-AS1 in

prostate cancer, we performed a tissuemicroarray (Figure 3A; Figure

S1), and theclinical informationofTMApatient cohortwas shownin

Table 4. The ISH results demonstrated that MAFG-AS1 expression

was higher in the T3&T4 stages than in the T2 stage (Figure 3B).

Similarly, MAFG-AS1 was upregulated in the N1 stage compared to

theN0 stage (Figure 3C). Furthermore, prostate cancer with a higher
TABLE 1 Correlation between MAFG-AS1 expression and clinicopathological characteristics of prostate cancer.

Characteristic Low expression of MAFG-AS1 High expression of MAFG-AS1 p

n 249 250

T stage, n (%) <0.001

T2 113 (23%) 76 (15.4%)

T3 128 (26%) 164 (33.3%)

T4 3 (0.6%) 8 (1.6%)

N stage, n (%) 0.010

N0 177 (41.5%) 170 (39.9%)

N1 27 (6.3%) 52 (12.2%)

M stage, n (%) 1.000

M0 224 (48.9%) 231 (50.4%)

M1 1 (0.2%) 2 (0.4%)

Age, n (%) 0.226

<=60 119 (23.8%) 105 (21%)

>60 130 (26.1%) 145 (29.1%)

PSA(ng/ml), n (%) 0.923

<4 212 (48%) 203 (45.9%)

>=4 13 (2.9%) 14 (3.2%)

Gleason score, n (%) <0.001

6 34 (6.8%) 12 (2.4%)

7 134 (26.9%) 113 (22.6%)

8 30 (6%) 34 (6.8%)

9 50 (10%) 88 (17.6%)

10 1 (0.2%) 3 (0.6%)

PFI event, n (%) 0.002

Alive 216 (43.3%) 189 (37.9%)

Dead 33 (6.6%) 61 (12.2%)

Primary therapy outcome, n (%) 0.012

PD 13 (3%) 15 (3.4%)

SD 9 (2.1%) 20 (4.6%)

PR 14 (3.2%) 26 (5.9%)

CR 187 (42.7%) 154 (35.2%)

Age, meidan (IQR) 61 (56, 66) 62 (57, 66) 0.231
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Gleason score showed higher MAFG-AS1 expression (Figure 3D).

KM-plot analysis suggested that high expression of MAFG-AS1

indicated a poor overall survival (OS) in the TMA patient cohort

(Figure 3E). These results demonstrate thatMAFG-AS1 is correlated

with prostate cancer clinical features, and high expression ofMAFG-

AS1 is associated with a poor prognosis in prostate cancer.
Functional enrichment analysis of MAFG-
AS1 in prostate cancer

Next, we performed a functional gene enrichment analysis of

MAFG-AS1. We searched for the top 500 genes related to MAFG-

AS1 expression according to the TCGA-PRAD database. The

results showed that these genes were enriched in ribosome

biogenesis, ribonucleoprotein complex subunit organization,
Frontiers in Oncology 05
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ribonucleoprotein complex assembly, and rRNA metabolic

process in biological process (BP). Results also showed that these

genes were enriched in ribosome and ribosomal subunit in cellular

component (CC), and enriched in structural constituent of

ribosome and ribonucleoprotein complex binding in molecular

function (MF) (Figures 4A–C). Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analysis revealed that MAFG-AS1

related genes were enriched in the ribosome and DNA replication

pathways (Figure 4D).
The correlation analysis between MAFG-
AS1 and ribosome related genes

Since functional enrichment analysis revealed that MAFG-AS1

may be involved in ribosome biogenesis, we investigated the
A B

D

C

FIGURE 1

MAFG-AS1 was highly expressed in prostate cancer. (A) MAFG-AS1 expression in prostate cancer and adjacent normal tissue in TCGA database.
(B) MAFG-AS1 expression in 50 pairs of prostate cancer and adjacent normal tissue in TCGA database. (C) MAFG-AS1 expression in prostate
cancer and normal prostate tissue using RT-qPCR. (D) MAFG-AS1 expression in prostate cancer cell lines (PC-3, DU145) and normal prostate
epithelial cell line (RWPE-1). Data were indicated as mean ± standard deviation, ns P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001..
TABLE 2 MAFG-AS1 expression associated with clinical pathological characteristics (logistic regression).

Characteristics Total (N) Odds Ratio (OR) P value

T stage (T3&T4 vs. T2) 492 1.952 (1.352-2.831) <0.001

N stage (N1 vs. N0) 426 2.005 (1.213-3.378) 0.008

M stage (M1 vs. M0) 458 1.939 (0.185-41.906) 0.590

Gleason score (8&9&10 vs. 6&7) 499 2.074 (1.445-2.989) <0.001

PSA (ng/ml) (>=4 vs. <4) 442 1.125 (0.514-2.480) 0.768
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FIGURE 2

MAFG-AS1 was upregulated in advanced prostate cancer and indicated a poor prognosis. (A) MAFG-AS1 expression in prostate cancer with
T3&T4 stage or T2 stage. (B) MAFG-AS1 expression in prostate cancer with N1 stage or N0 stage. (C) MAFG-AS1 expression in prostate cancer
with Gleason score 6&7&8 or 9&10. (D) MAFG-AS1 expression in prostate cancer patients with different PFI. (E) Kaplan-Meier survival analysis
revealed that prostate cancer patients with high MAFG-AS1 expression exhibited a shorter PFI. (F, G) Kaplan-Meier survival analysis of prostate
cancer with different MAFG-AS1 level with T2 or T3&T4 stage. (H, I) Kaplan-Meier survival analysis of prostate cancer with different MAFG-AS1
level with N0 or N1 stage. (J, K) Kaplan-Meier survival analysis of prostate cancer with different MAFG-AS1 level with Gleason score 6&7&8 or
9&10. (L, M) Kaplan-Meier survival analysis of prostate cancer with different MAFG-AS1 level with PSA level < 4ng/ml or > 4ng/ml. Data were
indicated as mean ± standard deviation, ns P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001..
TABLE 3 Univariate and multivariate analysis of factors associated with PFI using Cox regression.

Characteristics Total (N) Univariate analysis Multivariate analysis

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

T stage (T3&T4 vs. T2) 492 3.785 (2.140-6.693) <0.001 3.386 (1.752-6.544) <0.001

N stage (N1 vs. N0) 426 1.946 (1.202-3.150) 0.007 1.225 (0.732-2.051) 0.441

M stage (M1 vs. M0) 458 3.566 (0.494-25.753) 0.208

PSA (ng/ml) 442 4.196 (2.095-8.405) <0.001 2.616 (1.186-5.768) 0.017

MAFG-AS1 (High vs. Low) 495 1.985 (1.299-3.035) 0.002 1.787 (1.121-2.847) 0.015
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correlation between MAFG-AS1 and ribosome-related genes.

Among the top 500 genes most related to MAFG-AS1 expression,

a number of genes were the components of ribosomes or involved

in ribosome biosynthesis. For example, MAFG-AS1 expression was

positively correlated with 60S ribosomal proteins (RPL6, RPL7,

RPL7A, RPL8, etc.) and 40S ribosomal proteins (RPS2, RPS3,

RPS3A, RPS7, etc.) (Figure 4E). Collectively, these results suggest

that MAFG-AS1 may be involved in ribosome biogenesis to

regulate prostate cancer tumorigenicity.
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MAFG-AS1 knockdown significantly
impaired prostate cancer cell
proliferation, migration and invasion

To further elucidate the role of MAFG-AS1 expression in

prostate cancer, we selected two prostate cancer cell lines (PC-3

and DU145) for subsequent research. RT-qPCR results showed

that MAFG-AS1 expression was effectively downregulated in

PC-3 and DU145 cells transfected with si-MAFG-AS1
A B

D EC

FIGURE 3

high expression of MAFG-AS1 indicated a poor prognosis. (A) Representative ISH results of prostate cancer patients in different groups (Scale
bar: 200mm) (B) MAFG-AS1 expression in prostate cancer in T3&T4 or T2 stage by in situ hybridization (ISH). (C) MAFG-AS1 expression in
prostate cancer in N1 or N0 stage by in situ hybridization (ISH). (D) MAFG-AS1 expression in prostate cancer in Gleason score<8 or ≥8. (E) High
expression of MAFG-AS1 indicated a poor overall survival (OS) by Kaplan-Meier analysis.
TABLE 4 Clinicopathological characteristics of prostate cancer patients in TMA cohort.

Characteristic high exp low exp p

n 41 108

T stage, n (%) 0.031

T2 11 (7.4%) 50 (33.6%)

T3&T4 30 (20.1%) 58 (38.9%)

N stage, n (%) 0.052

N0 16 (10.7%) 63 (42.3%)

N1 25 (16.8%) 45 (30.2%)

Gleasion scores, n (%) 0.026

<8 23 (15.4%) 83 (55.7%)

≥8 18 (12.1%) 25 (16.8%)

ages (years), mean ± SD 66.98 ± 7.16 68.92 ± 5.89 0.093
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(Figure 5A). The results of the CCK-8 assay demonstrated that

MAFG-AS1 knockdown significantly inhibited prostate cancer

cell viability (Figures 5B, C). The colony formation assay

demonstrated that downregulation of MAFG-AS1 decreased

the colony formation rate in prostate cancer cells (Figure 5D).

For further studies, we conducted a transwell assay to clarify the

role of MAFG-AS1 in prostate cancer migration and invasion.

The results suggested that migration and invasion abilities were

prominently impaired in MAFG-AS1 knockdown prostate

cancer cells (Figures 5E, F). Taken together, we demonstrated

that MAFG-AS1 knockdown significantly inhibited prostate

cancer cell proliferation, migration, and invasion.
Discussion

Several studies have highlighted the potential of MAFG-AS1

as a therapeutic target for cancer treatment. Mechanistically,
Frontiers in Oncology 08
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MAFG-AS1 acts as a microRNA sponge to regulate

tumorigenesis (16–20). For example, MAFG-AS1 facilitates

esophageal squamous cell cancer progression by regulating

miR143/LASP1 (19). MAFG-AS1 promotes the progression of

pancreatic cancer by acting as a sponge for miR-3196 (20). In

addition, MAFG-AS1 inhibited the stability of P53 to support

cancer cell survival and division. Mechanistically, MAFG-AS1

binds to P53 and competitively inhibits TRIML2-mediated P53

SUMOylation and promotes the degradation of P53 by

polyubiquitination (21). However, the role of MAFG-AS1 in

prostate cancer has not been clearly elucidated.

Bioinformatics analysis showed that MAFG-AS1 expression

was elevated in prostate cancer compared with normal prostate

tissue and was higher in more advanced prostate cancer,

indicating that MAFG-AS1 is a diagnostic biomarker for

prostate cancer. In addition, KM-plot analysis and Cox

regression analysis suggested that high expression of MAFG-

AS1 was associated with a poor prognosis, and a series of
A
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FIGURE 4

Gene functional enrichment analysis of the most relative genes with MAFG-AS1 expression. (A) Gene Ontology analysis of MAFG-AS1 related
genes in biological process (BP). (B) Gene Ontology analysis of MAFG-AS1 related genes in cellular component (CC). (C) Gene Ontology analysis
of MAFG-AS1 related genes in molecular function (MF). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of MAFG-AS1
related genes. (E) The correlation analysis between MAFG-AS1 and ribosome related genes. ns P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.
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functional experiments demonstrated that MAFG-AS1

knockdown significantly impaired prostate cancer cell

progression. This indicates that MAFG-AS1 is a potential

therapeutic target in prostate cancer.

Ribosomes are intracellular organelles that are responsible

for translation of messenger RNAs (mRNAs) into functional

proteins. Eukaryotes have 80S ribosomal subunits composed of

large (60S) and small (60S) subunits. The 60S subunit consists of

5S rRNA, 5.8S rRNA, 28S rRNA, and approximately 47 proteins

(RPL). The 40S subunit consists of 18S rRNA and approximately

33 proteins (RPS) (22, 23). Ribosomes play a pivotal role in the
Frontiers in Oncology 09
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maintenance of cell growth, proliferation, and differentiation.

Ribosomal dysfunction can lead to various diseases (24–26).

Additionally, a large amount of evidence has demonstrated that

ribosomal proteins are involved in tumor progression (27–30).

In this study, we discovered that MAFG-AS1 expression was

related to a number of RPLs and RPSs, and the genes most

closely related to MAFG-AS1 expression were enriched in

ribonucleoprotein complex subunit organization and

ribonucleoprotein complex assembly, suggesting that MAFG-

AS1 may be involved in ribosome biogenesis. However, further

experimental evidence is needed to prove our hypothesis.
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FIGURE 5

MAFG-AS1 knockdown significantly inhibited prostate cancer cell progression. (A) RT-qPCR analysis of MAFG-AS1 in MAFG-AS1 knockdown prostate
cancer cells. (B, C) Downregulated MAFG-AS1 markedly inhibited cell viability of PC-3 and DU145 cells. (D) Knockdown of MAFG-AS1 impaired the
ability of colony formation of PC-3 and DU145 cells. (E, F) The migration and invasion ability of PC-3 and DU145 cells were reduced following
MAFG-AS1 knockdown (Scale bar: 50mm). Data were indicated as mean ± standard deviation, ns P ≥ 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Conclusion

In summary, MAFG-AS1 may play an important role in the

occurrence and development of prostate cancer by regulating

ribosome biogenesis. MAFG-AS1 may serve as a biomarker for

the early diagnosis of prostate cancer and serve as a target for the

treatment of prostate cancer.
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