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Enzalutamide (ENZ) has been approved for the treatment of advanced prostate cancer (PCa), but some patients develop ENZ
resistance initially or after long-term administration. Although a few key genes have been discovered by previous efforts, the
complete mechanisms of ENZ resistance remain unsolved. To further identify more potential key genes and pathways in the
development of ENZ resistance, we employed the GSE104935 dataset, including 5 ENZ-resistant (ENZ-R) and 5 ENZ-sensitive
(ENZ-S) PCa cell lines, from the Gene Expression Omnibus (GEO) database. Integrated bioinformatics analyses were
conducted, such as analysis of differentially expressed genes (DEGs), Gene Ontology (GO) enrichment analysis, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, protein-protein interaction (PPI) analysis, gene set
enrichment analysis (GSEA), and survival analysis. From these, we identified 201 DEGs (93 upregulated and 108
downregulated) and 12 hub genes (AR, ACKR3, GPER1, CCR7, NMU, NDRGI, FKBP5, NKX3-1, GAL, LPAR3, F2RL1, and
PTGFR) that are potentially associated with ENZ resistance. One upregulated pathway (hedgehog pathway) and seven
downregulated pathways (pathways related to androgen response, p53, estrogen response, TNF-«, TGF-f, complement, and
pancreas f3 cells) were identified as potential key pathways involved in the occurrence of ENZ resistance. Our findings may
contribute to further understanding the molecular mechanisms of ENZ resistance and provide some clues for the prevention
and treatment of ENZ resistance.

1. Introduction

Given its rapidly increasing morbidity and mortality,
prostate cancer (PCa) ranks first in new cases and second
in deaths among cancers [1] and has thus attracted increas-
ing research efforts in the fields of basic science and clinical
medicine. The proliferation and progression of PCa
strongly rely on androgen receptor (AR) signaling [2, 3].
Therefore, androgen deprivation therapy (ADT) has
emerged as the first-line choice for PCa treatment [2].
Enzalutamide (ENZ), also called MDV3100, is a second-
generation ADT that can eventually impair AR transloca-
tion activity, inhibiting the transcription of drivers located

downstream in the AR cascade and inhibiting the prolifer-
ation and progression of PCa [4]. In metastatic castration-
resistant prostate cancer (mCRPC), ENZ has also exhibited
excellent therapeutic efficacy. A phase 3 clinical trial
demonstrated that administration of ENZ prolonged the
survival time from 13.6 months to 18.4 months in end-
stage mCRPC patients who had suffered docetaxel failure
[4, 5]. However, some patients (approximately 20%~40%)
observed no remarkable decrease in prostate-specific anti-
gen (PSA) after receiving ENZ; that is, they exhibited
inherent resistance to ENZ [6]. In addition, even patients
who respond well still ultimately develop resistance to
ENZ with long-term use [6].
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The mechanisms of ENZ resistance can be roughly classi-
fied into two aspects, AR-dependent and AR-independent
mechanisms [7]. The AR-dependent mechanism is based
on the continuous AR activation seen after castration [7].
One reason is alterations of the AR gene, such as amplifica-
tions and mutations, which lead to either abnormally high
AR expression or adverse effect on the ligand-binding site
[8, 9]. That is, AR amplifications increase the sensitivity of
PCa cells in a low-androgen environment, while mutations
elevate the affinity and specificity of the binding domain,
even inducing unwanted activation by nonandrogen mod-
ules. Another mechanism is the emergence of AR splice
variants, which are a series of truncated proteins derived
from the alternative cleavage of AR. AR-V7 is the most
famous for its strong transcription-promoting function in
the AR signal cascade with a lack of androgen binding sites
[10]. Other pathways, such as PI3K/AKT/PTEN, glucocorti-
coid receptor (GR), NF-«B/p52, and Wnt/f-catenin, are also
involved in ENZ resistance [11-14]. Some of them result in
drug tolerance via crosstalk or reciprocal feedback with AR
signaling, while others stimulate cell proliferation and cancer
progression in their own manner.

With the utilization of next-generation RNA sequencing
(RNA-seq), large-scale data on significant genes and path-
ways related to cancer evolution have been generated. In
the field of PCa ENZ resistance, a few studies have been con-
ducted, and diverse signatures related to pathways such as
Wnt signaling [15] and CREB5 [16] have been found.
However, there is a paucity of efforts using systematic and
integrated bioinformatics methods to uncover key genes
and pathways of ENZ resistance at the genomic level. It is
reasonable to believe that other crucial molecules still exist
and need to be elucidated.

In this study, we performed integrated bioinformatics
analysis based on data from ENZ-resistant (ENZ-R) and
ENZ-sensitive (ENZ-S) cells that were acquired from the
Gene Expression Omnibus (GEO) database to identify
potential key genes and pathways for ENZ resistance in
PCa at the genome-wide level.

2. Materials and Methods

2.1. Dataset Searching. Relevant genome-level microarray
data were retrieved from the GEO database by using a com-
bination of specific index words, such as “prostate cancer,”
“prostate adenocarcinoma,” “enzalutamide,” “MDV3100,”
“resistance,” and “drug resistance.” Three gene sets
(GSE104935, GSE64143, and GSE120005) that contain
genomic expression data of ENZ-R and ENZ-S PCa cells
were further considered. Since two of the gene sets
(GSE64143 and GSE120005) provided expression data for
nonduplicate samples that were unfit for further bioinfor-
matics analysis, GSE104935, which contains samples of
ENZ-S and ENZ-R LNCaP cells, was ultimately screened
for our current analysis.

2.2. Genomic Analysis of Differentially Expressed Genes
(DEGs). The original expression matrix of GSE104935 was
acquired via the GEO website. Subsequently, raw data were
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arranged as files of expression matrix and sample type by
use of both Microsoft Excel 2016 and Perl. Normalization
of expression matrix data was executed by the R command
normalizeBetweenArrays, while the DEG analysis was
performed by the limma R package. The two cutoff values
for the DEGs were an expression fold change (FC) > 2 and a
P value < 0.05. Volcano and heat map plots were generated
to show the distribution and expression of identified DEGs.

2.3. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Pathway Enrichment Analyses. With
the aim of investigating the functional enrichment of DEGs,
GO and KEGG term enrichment analyses were conducted
on the Database for Annotation, Visualization and Integrated
Discovery (DAVID) website (https://david.ncifcrf.gov) [17].
DEG symbols were uploaded to the DAVID website, and the
outcomes of GO and KEGG analyses were given automatically
by the web tools. The analysis of all DEGs was based on a
threshold of an adjusted P value < 0.05. Bar and point plots
were generated by R software.

2.4. Protein-Protein Interaction (PPI) Network Analysis.
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) (https://string-db.org/) is a website that predicts
interactions among genes and proteins of interest. In the
study, DEG symbols were provided as a list. The species
“Homo sapiens” was chosen, and the minimum required
interaction score was set to high confidence (0.700). A file
containing protein interactions was automatically given and
subsequently downloaded. Cytoscape, software for visualiza-
tion of gene and protein networks, was utilized to construct
the PPI network. MCODE, a plugin of Cytoscape, was used
to identify potential hub genes.

2.5. Gene Set Enrichment Analysis (GSEA). GSEA is a
computing method for exploring the statistical significance
and concordant differences of defined gene sets or pathways
between two biological states. In the present study, GSEA was
used to deeply analyze biological information, enlightening
our understanding of relevant biological events. Two files of
genomic expression data and contrast information were
inputted, and the analysis was carried out using GSEA
4.0.3 software.

2.6. Validation of Hub Gene Prognostic Value. Further valida-
tion and survival analysis of identified hub genes were
performed by the Gene Expression Profiling Interactive
Analysis (GEPIA) database, which is a newly developed
interactive web server for exploring RNA sequencing data
from the TCGA and GTEx projects [18]. According to the
overall survival (OS) and disease-free survival (DFS) data
offered through GEPIA, figures displaying the influence of
hub genes on PC survival were drawn. A P value < 0.05 was
chosen as the cutoft.

3. Results

3.1. Identification of DEGs. Cell samples in GSE104935 were
divided into two groups with 5 samples of ENZ-R and ENZ-S
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FiGure 1: Normalization of gene expression data in samples. The blue bars represent the data before normalization, and the red bars represent

the data after normalization.

cells each. As exhibited in Figure 1, all expression data in each
sample were normalized.

A total of 201 DEGs containing 93 highly expressed genes
and 108 genes that were expressed at a low level were identi-
fied (Table 1) according to the FC value. Volcano (Figure 2)
and heat map plots (Figure 3) were constructed to show the
distribution and expression of all DEGs. The top 10 upregu-
lated DEGs were IGFBP5, LRRN1, COLEC12, CAMK2N1,
PLA2G2A, DDC, NTS, MATN2, CXCR7, and C10RF218,
while the top 10 downregulated DEGs were UGT2B2S,
PGC, SYT4, TMEFF2, ABCC4, SLC45A3, ST6GALNACI,
STK39, UGT2B11, and AGR2.

3.2. GO Enrichment Analysis. As shown in Figure 4(a), three
categories were included in the GO analysis: biological pro-
cess (BP), molecular function (MF), and cellular component
(CC). The BP terms in which the DEGs were mainly enriched
included positive regulation of gene expression, metabolic
processes, negative regulation of cell migration, and flavo-
noid biosynthetic processes. The CC terms in which the
DEGs were significantly enriched were integral components
of the membrane, extracellular exosomes, endoplasmic
reticulum, etc. The MF terms in which the DEGs were
enriched were protein homodimerization activity, protein
domain-specific binding, actin binding, glucuronosyltrans-
ferase activity, etc.

The subsequent KEGG pathway analysis showed that the
DEGs were mainly enriched in signaling pathways related to
the metabolism of drugs and biological molecules, steroid
hormone biosynthesis, transcriptional misregulation in can-
cer, and chemical carcinogenesis (Figure 4(b)).

3.3. PPI Network Construction and Hub Gene Selection. A
total of 201 DEGs were uploaded into the STRING database.
The PPI network graph (Figure 5(a)) and primary data were
generated automatically. After MCODE analysis, 12 hub
genes, of which 5 were upregulated and 7 were downregu-
lated, were identified (Figure 5(b)). The upregulated hub

genes were AR, ACKR3, GPER1, CCR7, and NMU, and the
downregulated genes were NDRG1, FKBP5, NKX3-1, GAL,
LPAR3, F2RL1, and PTGFR.

3.4. Identification of Potential Significant Pathways by GSEA.
To further identify the potential pathways in the genesis of
ENZ resistance in PCa, we performed GSEA analysis at the
genomic level. In the ENZ-R cell group, the GSEA results
showed that 15 gene sets were upregulated and that the
hedgehog pathway was regarded as the most significant path-
way (P < 0.05). In ENZ-S cells, 35 gene sets were downregu-
lated, and 7 pathways were considered significantly affected,
androgen response, p53, estrogen response, TNF-«, TGF-3,
complement, and pancreas f3 cells (Figure 6). The seven path-
ways were relatively downregulated in groups of ENZ-R cells.

3.5. The Prognostic Value of Hub Genes in PCa Patients.
Based on survival analysis results, we found that none of
these hub genes affected the OS of PC patients. However, four
hub genes were indicated to be of predictive value for DFS.
The high expression of two genes (AR and ACKR3) predicted
low DES in patients with PC. In addition, patients with
upregulation of another two genes (FKBP5 and F2RL1) had
better DES (Figure 7).

4. Discussion

ENZ resistance is a substantial barrier to PCa treatment
because the occurrence of resistance for patients accepting
ADT is almost universal [19]. Since the genesis of ENZ resis-
tance involves complex biological processes including gene
alterations and signal transduction, it is difficult to
completely illuminate all mechanisms. Although RNA-seq
analysis has been performed in the works of Zhang et al.
[15] and Hwang et al. [16], their results were regarded as sup-
plementary parts of whole experimental studies, and signifi-
cant DEGs were not mentioned given the specific purpose
of each study. Therefore, bioinformatics analysis of large-
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TasBLE 1: Top 100 DEGs identified in GSE104935.

Expression level DEGs (ranked in descending order of fold change)

Upregulated genes

IGFBP5, LRRN1, COLEC12, CAMK2N1, PLA2G2A, DDC, NTS, MATN2, ACKR3, C10RF218, NLGN1,
AUTS2, DOCK10, ATP1B1, C40RF18, ACPP, IL1IRN, LEF1, C10RF53, MAST4, ABHD7, TMEM140,
AIDA, TSPAN7, SMA4, CALD1, BASP1, GUSBLI1, AR, HOXA11AS, GPER1, KCNUI, GRB10, SMAS5,

NUP93, HS3ST1, GPR177, BRDT, UPK1A, TSPANS, PRR16, BAGALNT1, SERPINI1, VAV3, SLC22A3,

RNF144B, NMU, TRIB1, FBXO15, SORL1, TNC, ZFHX4, RDH12, NETO1, C10RF115, TMEM144,
TMEM116, WDR91, CXORF57, FAM177B, AGA, PTPRK, DPYSL2, LUZP2, FAM113B, UGT1A6, STBD1,
REEP1, SUSD4, CCR7, NF629, IRX5, INSIG2, TFAP2A, RGS17, MYRIP, C50RF30, CCNE2, LRRC6, ENC1,
C50RF53, LAPTM4B, SLC39A8, GALNT10, NRSN2, GPR137B, LYPD6B, C160RF45, BARD1, GSTA4,

COL5A2, LGALS8, CCDC83
Downregulated genes

UGT2B28, PGC, SYT4, TMEFF2, ABCC4, SLC45A3, ST6GALNACI, STK39, UGT2B11, AGR2, ADAM7,
LPAR3, EDG7, ELL2, TUBA3D, PRAGMIN, TMPRSS2, ALDH1A3, IQGAP2, CTAG2, KCNN2, UGT1Al,
FAMS65B, ZNF533, TUBA3E, HOMER2, PMEPA1, KLK2, NKX3-1, HES6, ZBTB16, KLK3, CRYAB, HPGD,
RGS2, TNFRSF19, NFIB, GLIPR2, ACSL3, CENPN, MICALI1, SPRYD5, ASRGL1, MAF, TRPMS, EAF2,
CXADR, TM4SF1, FKBP5, MIPEP, LXN, SOCS2, ACOX2, HERC3, MGC18216, RALYL, ELOVLS5, PDE9A,
DKFZP761P0423, OSBPLS, UAP1, FAM105A, KCNMA1, PRUNE2, AFF3, MAPK6, KRTAP13-2, RAB31,
KIAA0367, DPYSL4, AZGP1, MAP1LC3A, WDR?72, DSC2, ZNF812, APOD, VIM, FHDC1, SLC2A3, MMP12,
KRT19, SORD, MYCBP2, F2RL1, DPP4, TMEM45B, RAB3B, ZNF385B, KCNK1, NDRG1, ABHD2, BICD2,
PTGEFR, GPR126, SLC10A7, TSKU, GAL, ANKRD37, FL]J22795, MAGEA4, ACADL, ARHGAP28, CACNA1H,
CI190RF48, FAM174B, PTGR1, FGFR3, NMD3

Volcano

LogFC

| T — T T
0 2 4 6 8 10
~Log,, (P value)

FIGURE 2: Volcano plot of DEGs between ENZ-R and ENZ-S PC cells. Red points represent upregulated genes, and green points represent
downregulated genes. Genes without any significant difference are in black. The cutoffs for significant differences were |logFC | >2 and P <

0.05.

required, with the purpose of providing potential research
objectives or directions.

scale bioinformatics data at the genomic level is urgently The aim of our study was to identify key genes and path-

ways at the genomic level using bioinformatics analysis. In
this work, we identified a total of 201 DEGs (93 upregulated
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and 108 downregulated). GO enrichment analysis showed
that the DEGs were enriched in the regulation of cell prolif-
eration and migration-related gene expression, and KEGG
pathway analysis found that the DEGs were closely associ-
ated with the metabolism of drugs and biological molecules,
steroid hormone biosynthesis, transcriptional misregulation
in cancer, and chemical carcinogenesis. After PPI network
and hub gene analysis, 12 hub genes were identified, includ-
ing 5 upregulated genes and 7 downregulated genes. Among
the identified hub genes, some have been proven to be related
to ENZ resistance or PCa progression, such as AR, ACKR3
(also named CXCR7) [20, 21], CCR7 [22], and NDRG1
[23]. In addition, NK3 homeobox1 (NKX3-1) is a prostate
tumor suppressor that is associated with the DNA repair
response and binds to the androgen receptor [24]. FK506
binding protein 5 (FKBP5) is a target gene of the AR down-
stream cascade and has been well documented in previous
works [25]. The present analysis indicated that FKBP5 was
downregulated, but AR was highly expressed in ENZ-
resistant cells, which seemed contradictory. This result is
likely a result of FKBP5 being negatively regulated by other

genes in the development of ENZ resistance. Qin et al
demonstrated that nuclear receptor coactivator 2 (NCoA2 or
SRC-2), a gene that promotes PCa metastasis and CRPC devel-
opment, could negatively and directly regulate the FKBP5 gene
at the transcriptional level in an AR-independent manner [26].
The other 5 genes (NMU, GAL, LPAR3, F2RL1, and
PTGFR) are potential novel genes of ENZ resistance in PCa.
Neuromedin U (NMU) is a neuropeptide that belongs to
the neuromedin family and has been shown to be related to
many important activities in the nervous system [27]. A
recent study showed that NMU was a novel prognostic
marker of many cancer types [28]. Li et al. found that
NMU was highly expressed and related to poor clinical out-
comes in hepatocellular carcinoma [29]. Overexpression of
NMU enhanced drug resistance in breast and lung cancer
cells, whereas NMU silencing sensitized resistant cells [30].
Coagulation factor II (thrombin) receptor-like 1 (F2RL1)
is known as a protease-activated receptor that is abundant in
neurons, where it functions in pain, inflammation, and
release of neurotransmitters [31]. Previous works have indi-
cated that protease-activated receptor 2 (PAR2, encoded by
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F2RL1) functions in the regulation of carcinogenesis in
diverse cancers. In hepatocellular carcinoma, PAR2 was
reported to promote cell proliferation and distant metastasis
by inducing EMT and to predict poor clinical outcome.
Prostaglandin F2 alpha receptor (PTGFR), a membrane
receptor for prostaglandin F2 alpha, has been reported to be
related to tumorigenesis and progression in endometrial adeno-
carcinoma. Overexpression of PTGFR was found to be a novel
marker in endometrial adenocarcinoma and renal cell carci-
noma [32, 33]. In prostate cancer, the next-generation sequenc-
ing analysis performed by Alkhateeb et al. identified PTGFR as
a potential biomarker to predict progression [34]. Romanuik
et al. performed a long serial analysis of gene expression
(LongSAGE) libraries and confirmed PTGEFR as a key gene that
was associated with cell proliferation and in vivo progression.

Galanin (GAL) is a reported neuropeptide secreted by
sensory neurons located in the gastrointestinal system [35].
GAL may play a dual role in cancer regulation because it
exhibits different expression profiles in cancers. The GAL
mRNA level was observed to be elevated and was signifi-
cantly associated with tumor stages in colon cancer [36],
while it was also indicated as a tumor suppressor correlated
with low disease-free survival in head and neck squamous
cell carcinoma [37].

Lysophosphatidic acid receptor 3 (LPAR3) is one of the G
protein-coupled receptors that is specifically triggered by
lysophosphatidic acid and is related to proliferation and
aggressiveness in certain cancers [38]. Increased expression
of LPAR3 was proven to increase malignancy in breast and
ovarian cancers [39, 40]. LPAR3 was reported as a part of
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the ZEB1-AS1/miR-133a-3p/LPAR3/EGEFR axis that promotes
thyroid cancer progression by regulating PI3K/Akt/mTOR sig-
naling [41]. Recent bioinformatics analysis has shown that
LPARS3 is one of the hub genes in high-grade prostate cancer.

Although the above 5 hub genes are closely related to
cancer regulation, their detailed functions in ENZ resistance
in PCa remain unclear, and more experiments are needed
in future research.

According to the GSEA results, hedgehog (HH) signaling
was considered a key pathway functioning in ENZ-R cells.
Research conducted by Cai et al. indicated that overexpres-
sion of the m6A methyltransferase METTL3 could upregu-
late GLI1, one of the main transcription factors in HH, and
could enhance PCa proliferation [42]. In addition, HH has
been validated as a novel therapeutic target for PC. Yang
et al. designed a novel microtubule destabilizer (QW-296)
that was combined with MDB5, a newly synthesized HH
inhibitor, to treat taxane-resistant PC cells (PC3-TXR and
DU145-TXR), and the combination achieved better antican-
cer efficacy than single-drug administration [43]. Sun found
that an HH blocker (GANT61) and PLC knockdown syner-
gized to impair the cell growth and colony forming ability of
PCa cells and augmented sensitivity to ENZ. The above
discoveries provide evidence in support of our GSEA outcome
that HH signaling might be a potential key pathway in ENZ-R
development. More efforts should be conducted to research
the detained interaction between HH and ENZ resistance.

Previous research indicated that there was an interaction
between the estrogen response and ENZ. Abazid et al. found
that ENZ treatment could decrease the expression level of the
estrogen receptor in PCa, and the estrogen receptor increased
ENZ sensitivity to AR (+) triple-negative breast cancer [44,
45]. A study by Maughan et al. indicated that p53 inactiva-
tion was correlated with a poor response to antiandrogen
drugs in CRPC [46], which is consistent with our result that
the P53 pathway is downregulated in ENZ-R cells.

There are some inherent limitations in our work, resem-
bling those of similar studies. First, we only acquired and
analyzed one data matrix, GSE104935, for the analysis, since
the other candidate gene sets (GSE64143 and GSE120005) con-
tain expression data for nonduplicate samples. In the future,
more genomic sequencing data for ENZ-R PC cells are urgently
needed. Second, the results of our present bioinformatics anal-
ysis are based on RNA-Seq data from cell lines but not from
clinical samples, which may weaken the persuasiveness of our
conclusion. We will design further verification experiments
on clinical PCa tissues in the future research. Third, molecular
biology experiments for verifying the function of the identified
hub gens and pathway are not performed, and they will be
addressed as the main goal in our subsequent studies.

5. Conclusion

In conclusion, we identified 201 DEGs, 12 hub genes, and 8
pathways by integrated bioinformatics analysis. We speculate
that these candidate genes or pathways are likely to play
different roles in the generation and development of ENZ
resistance. These key genes and pathways deserve more
exploration and validation in future works.
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