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Purpose: Prostate cancer (PCa) is a widespread urinary neoplasm and one of the most
prevalent and second most frequent malignancies diagnosed in males worldwide. This study
aimed to identify a candidate marker and explore its molecular mechanism in PCa.
Methods: Gene expression datasets, GSE55945 (n=21) and GSE46602 (n=50), were down-
loaded from the Gene Expression Omnibus database. Bioinformatic approaches were applied
to identify potential markers. Effects of the candidate marker on proliferation, migration,
invasion, and ferroptosis (ferrous iron and malondialdehyde (MDA)) in PCa cells and its
mechanism were assessed after performing cell transfection.

Results: A total of 1435 common differentially expressed genes were identified in
GSES55945 and GSE46602. Five key gene modules were listed based on a protein—protein
interaction network, containing five hub genes. Pannexin 2 (PANX2), a candidate marker was
identified, and findings revealed substantial upregulation of its expression levels in PCa cell
lines. Blocking expression of PANX2 resulted in suppression of proliferation, migration, and
invasion in PCa cells, while increasing ferrous iron and MDA levels. However, these effects
were rescued by Nrf2 activator, oltipraz. The Nrf2 signaling pathway was consequently
applied to determine underlying mechanism of PANX2 in PCa cells. We established that
silencing PANX2 remarkably reduced protein expression levels in members of Nrf2 signaling
pathway (Nrf2, HO-1, and FTHI).

Conclusion: Our study demonstrated that PANX?2 is implicated in the pathogenesis of PCa,
which regulates malignant phenotypes and ferroptosis through Nrf2 signaling pathway, and
maybe a potential therapeutic target for PCa.
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Introduction
Prostate cancer (PCa) is a highly prevalent non-cutaneous malignancy among males
during adulthood. PCa is the second leading cause of cancer-related deaths in males
across western countries." PCa incidence in developed nations in the west has
gradually stabilized and subsequently declined over time. PCa incidence in devel-
oping countries including China has exhibited a steady growth.” Overdiagnosis and
overtreatment are emerging problems in PCa therapy due to lack of biomarkers for
detecting PCa at early stages. Therefore, identification of more precise markers is
critical for improving diagnosis and treatment of PCa.’

Microarray technology has made a considerable progress in transcriptomics,
providing a more comprehensive and precise view of the transcription pattern of
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tumors. Application of bioinformatics to microarray
expression profile may enhance the optimization of poten-
tial specific markers. For example, proteins in pannexin
family that are linked to the progression of human cancers
have been identified.*> The expression level of PANX2,
a member of pannexin family is associated with poor
survival in renal cell carcinoma (RCC) and promoted pro-
liferation of RCC cells, suggesting that PANX2 may be
a valuable biomarker for prognosis in RCC.® However,
few studies have addressed the clinical value and latent
mechanism of PANX2 in PCa.

Ferroptosis is an iron-dependent form of cell death,
a feature which differentiates it from apoptosis, autophagy,
and necrosis.” Ferroptosis causes accumulation of ferric
iron and lipid peroxidation. Induction of ferroptosis facil-
itates selective elimination of multiple tumor cells and
represents an emerging strategy.™ Several regulators of
ferroptosis have recently been identified in certain cancer
cells. For example, Nrf2 is a key gene of oxidative stress
response which prevents ferroptosis.'® Glutathione perox-
idase-4 (GPX4), a unique member of selenium-dependent
glutathione peroxidases in mammals, has been proven to
perform a pivotal role in suppression of lipid ROS produc-
tion during ferroptotic cell death."' However, potential reg-
ulatory mechanism of ferroptosis remains indeterminate.

Our that PANX2 as
a potential marker can regulate proliferation, migration,

present research revealed
invasion, and ferroptosis in PCa cells via Nrf2 signaling
pathway. Overall, combining bioinformatics and in vitro
analysis is more effective than the application of bioinfor-
matics only, and this may contribute to advancements in

diagnosis and treatment of PCa.

Materials and Methods
Acquisition of PCa Microarray Expression
Profile

To identify a comprehensive set of differentially expressed
genes (DEGs) between patients with PCa and normal control
(NC) patient, two microarray expression profiles in
GSE55945 (n=21)'"? and GSE46602 (n=50)" based on
GPL570 platform were obtained from the Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo).

Identification of DEGs

After powerful multi-chip average background correction,
microarray matrix file was performed quantile normaliza-
tion and calculation of expression using affymetrix

software package to acquire gene expression profile.
A linear model and Bayesian statistics were employed
using the Limma software package. DEGs in PCa samples
were identified. P <0.05 and | Log2 (fold change) [~ 0.7
were the initial criteria for screening.

Enrichment Analyses

GO analysis has been developed as a commonly used
approach to annotate genes together with gene products
and to identify featured biological properties of high-
throughput genomic or transcriptomic profiles.'* Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://
www.genome.jp) is a knowledge base used to systemati-
cally analyze gene functions, and it can link genomic data
with higher order functional data.'> Mapping a user gene
into related biological annotations based on the DAVID
database (https://david.ncifcrf.gov/) is key to successful

high-throughput functional analyses of genes.'® The
DAVID online approach was employed for GO and
KEGG pathway enrichment analyses to examine the func-
tions of DEGs. P value of less than 0.05 (P<0.05) was
considered statistically significant.

Protein—Protein Interaction (PPI)

Network Analysis
High-quality INTeractomes (HINT)'” was applied to
acquire co-complex and binary human protein interactome
networks with high quality. The eventual network used for
the present work integrated a co-complex with binary net-
works consisting of 42,604 interactions out of 9985 pro-
teins. The PPI database covered 1740 interactions among
1440 genes following the removal of self-loops.
ClusterOne'® is able to identify overlapping functional
modules according to the topological features of protein
interactome network. DEGs were mapped onto the HINT
database to assess interactions across various DEGs.
Cytoscape was subsequently used to construct PPI net-
works. In addition, ClusterOne in Cytoscape was used to
screen PPI network modules. We screened ClusterOne for
parameters related to size (‘s”) and minimal cluster density
(“d”). Default parameters were set at p<0.001, minimum
size=10, and minimum density=0.05.

Cell Cultures and Cell Transfections

PCa cell lines (including LNCap, PC-3, and DU145),
together with immortalized non-tumorigenic human pros-
tate epithelial cells (RWPEL), were provided by the Cell
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Bank of the Chinese Academy of Sciences. Cells were
cultured in Roswell Park Memorial Institute-1640 medium
(RPMI-1640; Gibco, Grand Island, NY, USA) supplemen-
ted with 1% penicillin-streptomycin and 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA). Incubation
was subsequently performed under conditions of 5% CO,
and a temperature of 37°C.

A corresponding negative control (NC) siRNAs and
three PANX2-siRNAs were obtained from GenePharma
(Shanghai, China) and used for silencing expression of
PANX2. Sequences for the siRNAs are shown below: si-
PANX2 1# (sense: 5'-AGAAGGCCAAGACTGAGGCA
-3/, antisense: 5'-GGAGCATCTTTGGTGGGTGC-3"); si-
PANX2 2# (sense: 5'-CCAAGAACTTCGCAGAGGAAC
-3’, antisense: 5'-GGGCAGGAACTTGTGCTCA-3'); si-
PANX2 3# (sense: 5'-GAGAAAAAGCATACCCGCCAC
-3', antisense: 5-GGGTGAGCAGACATGGAATGA-3").
The siRNA sequence for negative control siRNA was not
disclosed by the manufacturer. Cells (1x10° cells/well)
were initially inoculated into 6-well plates until they
attained 70-80% cell confluence for transient transfection.
Lipofectamine 2000 (Invitrogen, USA) was subsequently
used to transfect cells with siRNA or NC to an eventual
content of 100 nM as per the manufacturer’s instructions.
Cells were collected 48 h after transfection to analyze the

expression levels of targets.

Analysis of mRNA Expression

The RNAiso Plus (Takara, Dalian, China) was used to extract
total cellular RNA according to the manufacturer’s instruc-
tions. cDNA was then synthesized through reverse transcrip-
tion of RNA using PrimeScript RT reagent Kit with gDNA
Eraser (Takara, Dalian, China) according to the manufac-
turer’s directions. We used SYBR Premix Ex Taq II (Takara)
for real-time PCR assays, with B-actin as the internal

reference.

Cell Proliferation

We used a cell counting Kit-8 (CCKS, Dojindo, Japan)
to analyze cell proliferation as per the manufacturer’s
instructions. Cells (4x10* cells/well) were inoculated in
96-well plates. CCK-8 reagent was then put into all well
plates following 0, 24, 48, and 72 h of culture, to
incubate in dark for 1.5 h. Absorbance was subsequently
measured at a wavelength of 450 nm to count viable

cells.

Wound-Healing Assay

A typical wound-healing assay was conducted in vitro to
evaluate the migratory capacity of treated and non-treated
PC3 cells. Cells were inoculated into 6-well plates until
they attained 100% cell confluence. A sterile pipette tip
was used to scratch surfaces of cells. Cells were subse-
quently washed with PBS three times to remove detached
cells, and then cultured in a serum-free medium for
24 h under identical conditions. Images of interest were
obtained at 0 h and after 24 h, respectively.

Transwell Migration and Invasion Assay

Migration and invasion capacities of PC3 cells were exam-
ined using transwell assays. Treated and non-treated PC3
cells were prepared into a suspension in a serum-free
medium. To test the migration capacity of cells, 100 puL
of the prepared cell suspension was loaded in the upper
chamber, and 600 pL of medium with 10% FBS added to
the lower chamber. The upper chamber was covered with
Matrigel (BD Biosciences) before seeding the cells to test
the invasion capacity of the cells. Cells (4x10%) were then
inoculated in the upper chamber, fixed with 4% parafor-
maldehyde for 15 min and removed from the chamber
after 24 h. We subsequently stained treated cells with
0.1% crystal violet for 10 min. Cells in the inner layer
were selected with caution, 3 fields of view for each
sample randomly screened and penetrating cells counted.

Iron Assay

The relative ferric iron level in the cell lysate was evalu-
ated using an iron assay kit (No. DIFE-250; BioAssay
USA)
instructions.

Systems, according to the manufacturer’s

Lipid Peroxidation Assay

A lipid peroxidation detection kit (No. A003-1-2; Nanjing
Jiancheng College of Biotechnology, China) was used to
evaluate relative malondialdehyde (MDA) concentration
in cell lysate according to the manufacturer’s instructions.

Western Blot

Total cellular protein was isolated, and the concentration
determined using bicinchoninic acid (BCA) protein deter-
mination kit (Beyotime, Shanghai, China). Proteins were
then
polyacrylamide gel electrophoresis (SDS-PAGE), followed

separated using 8% sodium dodecyl sulfate-

by transfer to the polyvinylidene fluoride (PVDF)
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membranes. Membranes were subsequently blocked with
5% skimmed milk and incubated using primary antibodies
overnight at a temperature of 4°C. Membranes were then
washed with TBST three times and incubated for 1 h using
secondary antibody under ambient temperature.
Membranes were rinsed three times in TBST and exposed
(ECL)

(Wanleibio, Shenyang, China) under dark conditions.

using enhanced chemiluminescence solution

Statistical Analysis

Data were expressed as mean =+ standard deviation (SD).
GraphPad Prism analysis software was used for statistical
analysis. Differences between 2 groups were assessed
using one-way analysis of variance (ANOVA) and ¢-test.
Statistical significance indicated that * represents p<0.05;

#

**represents p<0.01; #represents p<0.05; #represents

p<0.01.

Results

|dentification of DEGs

Differentially expressed genes (DEGs) on profiles
obtained from GSES55945 (n=21) and GSE46602 (n=50)
datasets were analyzed using Limma R package (Table 1).
Based on the parameters set with a p value of <0.05 and |
Log2 (fold change) [> 0.7, 3392 DEGs were identified in
13 PCa and 8 normal samples in the GSE55945 dataset,
with 1437 up-regulated genes and 1955 down-regulated
genes (Figure 1A and B). A total of 3867 DEGs were
identified in 36 PCa and 14 normal samples in the
GSE46602 dataset, with 2450 up-regulated genes and
1417 down-regulated genes (Figure 1C and D). Principal
component analysis (PCA) revealed that PCa and normal
samples were completely separated by DEGs in the
GSE55945 dataset (Figure 1E). This implied that expres-
sion patterns of the DEGs were a unique characteristic
which can be used to distinguish between PCa and normal
samples. PCA also displayed similar results in the
GSE46602 dataset (Figure 1F).

Table | The Acquisition of PCa Microarray Expression Profiles

Enrichment Analysis of DEGs

We selected 1435 DEGs that were common between
GSE55945 and GSE46602 datasets for further analysis
(Figure 2A). The “clusterProfiler” R package was used
for gene functional enrichment analysis to enhance our
understanding of the function of the 1435 common
DEGs. DEGs were enriched in biological processes (BP),

LT3

such as ‘ribosome biogenesis’, “rRNA metabolic process”,

and “ribosomal large subunit biogenesis” to analyze GO.
GO cellular component (CC) terms indicated that DEGs

CEINTY

were enriched in “ribosome”, “ribosomal subunit”, and
“mitochondrial matrix”. In addition, molecular function
terms of GO demonstrated that DEGs were enriched in

9 G

“catalytic activity”, “structural constituent of ribosome”,
and “ligase activity” (Figure 2B). Ten most significant
pathways of KEGG were listed, such as “ribosome”,
“Hippo signaling pathway”, and “oxidative stress”
(Figure 2C). Network interactions in diverse signaling
established

R package. Oxidative stress associated with hippo signal-

pathways were using  “clusterProfiler”
ing pathway, drug metabolism, glutathione metabolism,
and platinum drug resistance exhibited an interactional
relationship (Figure 2D). In addition, we established that
PANX2? was enriched to oxidative stress; 21 genes (e,
FGF1, PARD6G, and CCND2) were enriched to hippo

signaling pathway (Figure 2E).

Module Screening from the PPl Network
We built a protein—protein interaction (PPI) network based
on the 1435 DEGs using ClusterOne to mine core genes
from multiple strategies.'® Our screening exhibited five
key gene modules (Figure 2F) from which five hub
genes were identified including PLEKHF2, PANX2,
CRMPI, NDELI, and CREB3. Moreover, PANX2 exhib-
ited the most significant differential expression between
PCa and normal samples. PPI model analysis revealed that
PANX2 may have a crucial function in protein interaction.
Therefore, PANX2 was selected for subsequent experiment
validation.

Accession Platform Disease Category Sample Size Case/Control Country Year

GSE55945 GPL570 Prostate cancer 13/8 USA 2014

GSE46602 GPL570 Prostate cancer 36/14 Denmark 2015
4414 OncoTargets and Therapy 2020:13
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Figure | The distribution of upregulated and downregulated DEGs from GSE55945 and GSE46602 datasets in PCa. (A, C) Volcano plots of DEGs. In the volcano plots, each
dot represents a gene, and green dots represent genes that significantly differed at 0.001<p value <0.05; red dots are at P<0.001; black dots are at p>0.01. (B, D)
Hierarchical clustering of DEGs. Input data are the log, ratios of PCa intensity over normal intensity. Red indicates genes that were up-regulated in PCa; blue indicates
down-regulated genes. (E, F) Principal component analysis (PCA) was used to separate between PCa cells and normal samples.

Validation of Candidate Gene in PCa Cell

Lines

PANX2 was inquired in GSE55945 (n=21), GSE46602
(n=50) and TCGA PCa RNA-Seq dataset (n=549) to further
test its expression in PCa cell lines. Our results displayed
significantly high expression levels of PANX2 (p=4.2E-02,
1.8E-02, and 7.3E-11, respectively) (Figure 3A-C).
Moreover, correlation analysis between the expression of
PANX2 and diverse PCa Gleason scores in TCGA dataset
(n=496) was performed. Analysis revealed that the differ-
ential expression of PANX2 was considerably correlated
with Gleason score (p<0.0001) (Figure 3D). Total RNAs
and proteins were subsequently extracted from AR-positive
LNCaP, AR-negative Dul45, and PC3 cell lines for qRT-
PCR and Western blotting. Expression of PANX2 was sub-
stantially up-regulated across PC3, DU145, and LNCaP cell
lines, relative to the non-tumorigenic immortal human pros-
tate epithelial cells (RWPE1) (Figure 3E and F). Our results
indicated that PANX2 may play an essential role in the

progression of PCa. PANX2 was highly expressed in PC3
cells based on Western blotting and qRT-PCR assays.
Consequently, PC3 cells were adopted for subsequent cell
analysis.

Blocking Expression of PANX2 Inhibits

Malignant Phenotypes of PCa Cells

To elucidate the biological function of PANX2 in the
progression of PCa, PC3 cells were infected with lenti-
virus-mediated PANX2 shRNAs. Three different shRNAs
were designed to target different loci on PANX2 exons
PANX2 (shRNA #1, #2, #3). The mRNA levels of
PANX2 in PC3 cells infected with sh-PANX2#1, sh-
PANX2#2, and sh-PANX2#3 were significantly lower in sh-
NC group than in the control group, indicating that PANX2
had been successfully knocked down (Figure 3G and H).
sh-PANX2 with the highest efficiency was selected for
subsequent experiments. Proliferation of PC3 cells was
considerably lower in PANX2-shRNA group than in the
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Figure 2 Functional enrichment of common DEGs between two GEO microarray expression profiles. (A) Shows the intersection of GSE55945 and GSE46602. (B)
Significant GO enrichment results are exhibited. (C) Significantly changed pathways are displayed. (D) Significantly changed pathways are connected to display their
interactions. In this network, the circle size is directly proportional to the weighted degree of connectivity. (E) The association between significantly changed pathways and
DEGs. Circle size represents the number of connections between gene and pathway. (F) Five most significant modules obtained from the PPl network. Red nodes denote up-
regulated genes, and green nodes indicate down-regulated genes. Size of the node is directly proportional to the weighted degree of connectivity.

NC-siRNA group (Figure 3I). Additionally, cells in which
PANX2 was knocked down exhibited lower migration and
invasion capacities than cells in the NC-siRNA group
(Figure 4). Our results confirmed that PANX2 is required
for metastatic and invasive abilities of PCa cells.

PANX2 Silencing Promotes Ferroptosis in
PCa Cells

We evaluated related indicators of ferroptosis including
iron and lipid peroxidation accumulation after interfering
with expression of PANX2 to determine whether PANX2
was associated with ferroptosis in PCa cells. We investi-
gated the effect of PANX2 on the changes in levels of Fe?
* because ferrous iron (Fe®") is a necessary element for
the initiation of ferroptosis. Knocking down PANX2
increased levels of intracellular Fe** (Figure 5A). In
addition, MDA is a representative end-product of lipid
peroxidation, and we tested whether PANX2 regulated
accumulation of MDA in PCa cells. Inhibition of
PANX2 increased accumulation of MDA in PC3 cell
lines (Figure 5B). Our findings suggest that PANX2 is

a regulator of ferroptosis, and it modulates intracellular
Fe*" and MDA in PCa cells.

PANX2 Silencing Inhibited Nrf2 Signaling
Pathway

We focused on functional enrichment results of PANX? to
establish the potential mechanism of PANX?2 in the progres-
sion of PCa. PANX2 was associated with oxidative stress
(Figure 6A). Nrf2 pathway plays a crucial role in oxidative
stress, especially the Nrf2 gene. We also established that
knocking down PANX2 can substantially reduce Nrf2
mRNA and protein expressions, and the downstream gene
expressions (HO-I and FTHI) (Figure 6B and C).
Furthermore, different concentrations of Nrf2 activator,
oltipraz were screened to determine whether activation of
Nrf2 pathway contributed to changes in inhibitory effects of
knocking down PANX2 on PCa cells (Figure 6D and E). We
subsequently used 50 pM of oltipraz to treat PC3 cell lines
after knocking down PANX2. Co-incubation with oltipraz
resulted in complete reversal of the inhibitory effects of
proliferation, metastasis, invasion, and ferroptosis after
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knocking down PANX2 (Figures 3H, 4 and 5). Expression
levels of the members of Nrf2 pathway were also elevated
(Nrf2, HO-1, and FTHI) (Figure 6C). This indirectly proves
that PANX2 regulates the biological behavior and ferropto-
sis of PCa cells via the Nrf2 pathway.

Discussion
Data used in the current work were obtained from
GSE55945 and GSE46602 datasets, whereby a total of
1435 common DEGs between the two datasets were sys-
tematically analyzed using bioinformatics. PANX2, a novel
candidate gene was screened to reveal its essential roles in
PCa cell proliferation, migration, invasion, ferroptosis, and
potential mechanism involved. To our knowledge, this
study provides significant evidence that PANX2 can regulate
ferroptosis in PCa cells via the Nrf2 signaling pathway.
Several studies have proven that proteins belonging to
pannexin family play a crucial role in human cancers.*®
Recent studies have revealed that expression levels of
PANX2 are considerably upregulated in renal cell carcinoma
and  cholangiocarcinoma,™'®  but downregulated in
glioma.?*?!' This demonstrates that PANX2 has varying effects
on different types of tumors. However, the biological function
of PANX2 in PCa remains unknown. In our study, we first
confirmed that expression levels of PANX2 are remarkably
upregulated in PCa tissues and cell lines. To elucidate the

clinical function of PANX2 in PCa, we established that differ-
ential expression of PANX? is significantly associated with
Gleason score. PANX2 is regarded as an independent factor
for severity in PCa patients. Therefore, PANX2 can be used as
a specific marker in PCa patients. However, the present study
was a retrospective analysis, and further studies should be
conducted by recruiting independent cohorts to validate the
clinical implications of PANX2’s in PCa.

Increasing pieces of evidence from previous studies
demonstrate that Nrf2 has been recognized as a crucial gene
of oxidative stress in tumorigenesis.**** Recent studies
reveal that silencing expression of Nrf2 suppressed prostate

2425 implying that Nrf2 has a pro-

cancer development,
oncogenic role achieved through activation of its down-
stream targets in the progression of PCa. Application of
bioinformatics and in vitro analysis in our study confirms
that PANX2 was enriched to oxidative stress, and blocking
the expression of PANX2 suppresses proliferation, migration,
and invasion in PCa cells, and increases ferrous iron and
MDA levels. However, these effects were rescued by Nrf2
activator oltipraz. Our findings are consistent with those of
previous studies and prove that PANX2 can regulate malig-
nant phenotypes and ferroptosis in PCa cells by targeting
Nrf2. Nuclear factor erythroid-2 related factor 2 (Nrf2) pri-
marily regulates genes which contain antioxidant response
elements (ARE) in their promoters.26 Activation of Nrf2 in
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Figure 4 The influence on malignant phenotypes of PCa cells under altered expressions of PANX2. (A, B) Measurement of wound healing capacity. Cells under different
treatments migrating to wound regions are examined and photos taken. (C, D) Transwell migration and invasion assay. An evaluation of invasive and migratory abilities of
PC3 cells under different treatments. (*represents Si-PANX2 vs Si-PANX2-+oltipraz, **p<0.01, *p<0.05; #represents Si-NC vs Si-PANX2, #p<0.01, #p<0.05).

PCa due to overexpression of PANX2 in PCa cells may
initiate antioxidant response elements, thereby impeding fer-
roptosis and causing proliferation, migration, and invasion in
PCa cells. We intend to conduct further studies to determine
the effect of Nrf2 in the presence of PANX2 in vivo.

This is the first study to prove that PANX2 facilitates
proliferation, migration, and invasion, and inhibits ferrop-
tosis in vitro in PCa cells. This elucidates the pivotal role of

PANX?2 in the development of PCa. Nrf2 which is a target
factor of PANX2 in PCa may be a fascinating therapeutic
target.”” Notably, targeting dysregulated PANX? is antici-
pated to be a well-tolerated therapy. Our results have
demonstrated that inhibition of PANX2 as a regulator of
Nrf2 can be a therapeutic approach for treating PCa.
However, it will be imperative to validate this therapy
in vivo and to develop it for the treatment of PCa.
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Figure 6 Analysis of Nrf2 signaling pathway. (A) A heatmap indicating the relationship between relevant pathways and corresponding DEGs. (B) Detection of expression
levels of Nrf2 in PC3 cell lines transfected with si-PANX2 or si-NC using qRT-PCR. (C) Western blotting image analysis indicating reduction in expression levels of Nrf2 and
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Conclusions

In summary, findings of the current study have success-
fully identified the DEGs from diverse PCa datasets and
selected a significantly up-regulated candidate gene

PANX2, which is involved in ferroptosis of PCa cells via
the Nrf2 signaling pathway. Our study provides a valuable

avenue for wunveiling novel mechanisms in PCa

progression.
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