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 Background: Prostate cancer is a global health issue. Usually, men with metastatic disease will progress to castration-re-
sistant prostate cancer (CRPC). We aimed to identify the differentially expressed genes (DEGs) in tumor sam-
ples from non-castrated and castrated men from LNCaP Orthotopic xenograft models of prostate cancer and 
to study the mechanisms of CRPC.

 Material/Methods: In this work, GSE46218 containing 4 samples from non-castrated men and 4 samples from castrated men was 
downloaded from Gene Expression Omnibus. We identified DEGs using limma Geoquery in R, the Robust Multi-
array Average (RMA) method in Bioconductor, and Bias methods, followed by constructing an integrated regu-
latory network involving DEGs, miRNAs, and TFs using Cytoscape. Then, we analyzed network motifs of the in-
tegrated gene regulatory network using FANMOD. We selected regulatory modules corresponding to network 
motifs from the integrated regulatory network by Perl script. We preformed gene ontology (GO) and pathway 
enrichment analysis of DEGs in the regulatory modules using DAVID.

 Results: We identified total 443 DEGs. We built an integrated regulatory network, found three motifs (motif 1, motif 
2 and motif 3), and got two function modules (module 1 corresponded to motif 1, and module 2 correspond-
ed to motif 2). Several GO terms (such as regulation of cell proliferation, positive regulation of macromolecule 
metabolic process, phosphorylation, and phosphorus metabolic process) and two pathways (pathway in can-
cer and Melanoma) were enriched. Furthermore, some significant DEGs (such as CAV1, LYN, FGFR3 and FGFR3) 
were related to CPRC development.

 Conclusions: These genes might play important roles in the development and progression of CRPC.
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Background

Prostate cancer is a major cause of cancer-related mortali-
ty and morbidity in men worldwide [1,2]. Currently, the main 
treatments for the most early-stage localized disease (andro-
gen-dependent prostate cancer, ADPC) include targeting an-
drogen receptor (AR) signaling by using antiandrogens, such 
as bicalutamide, and drugs that prevent the production of an-
drogens in the testicles and adrenal glands, such as gonad-
otropin-releasing hormone agonists and ketoconazole [3]. 
Unfortunately, despite a good initial response, remissions last 
on average 2–3 years, with eventual progression occurring de-
spite castration [1]. In these cases, men with metastatic dis-
ease frequently will progress to castration-resistant prostate 
cancer (CRPC). Usually, the treatment of patients with CRPC re-
mains a significant clinical challenge and account for the ma-
jority of deaths from the disease [1,2].

In patients with metastatic prostate neoplasm, bicalutamide 
can reduce the symptoms of tumor flare by being used in the 
initiation of androgen deprivation therapy [4]. Transdermal es-
tradiol had biochemical activity and was safe in heavily pre-
treated patients with chemotherapy-refractory metastatic and 
advanced castrate prostate cancer [5]. Vitamin D3 may affect 
the development of prostate cancer and its status at the be-
ginning of treatment may synergistically improve the prog-
nosis of prostate cancer [6]. Until recently, few reports have 
been published on the molecular mechanism of prostate can-
cer. The family of fibroblast growth factor (FGF) and fibroblast 
growth factor receptor (FGFR) are important in prostate organ-
ogenesis [7]. FGFs 6, 8, and 17 have been shown to be over-
expressed in human prostate cancer, and FGF6 expression 
has also been found to be increased in prostatic intraepithe-
lial neoplasia [8]. FGFR3 is significantly associated with a sub-
group of low-grade prostate tumors, rather than being central 
to the pathogenesis of prostate cancer [8]. Up-regulated FGFR1 
expression is associated with the transition of hormone-na-
ive to CRPC [9]. Mutations in BRCA1 and BRCA2 are important 
risk factors for prostate cancer in men [10]. Caveolin-1 (Cav-1) 
is a downstream effector of T-mediated prostate cancer cell 
survival/clonal growth and modest levels of Cav-1 can inde-
pendently promote prostate cancer cell survival/clonal growth 
and metastatic activities [11]. However, the molecular mecha-
nisms leading to the development of and progression to CRPC 
are still not clearly understood.

In this study, we aimed to identify the differentially expressed 
genes (DEGs) in tumor samples from non-castrated and cas-
trated men from LNCaP Orthotopic xenograft models of pros-
tate cancer and to study the mechanisms of CRPC. An inte-
grated regulatory network to investigate the critical DEGs in 
the progression was built. Then, network motifs of the inte-
grated gene regulatory network were analyzed using FANMOD. 

Regulatory modules corresponding to network motifs from the 
integrated regulatory network were selected by Perl script. The 
database for annotation, visualization, and integrated discov-
ery (DAVID) was used for identifying the over-represented gene 
ontology (GO) categories in biological processes and the sig-
nificant pathways.

Material and Methods

Affymetrix microarray data

The gene expression profile data GSE46218 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE46218) was download-
ed from Gene expression omnibus (GEO) of the National Center 
for Biotechnology Information (NCBI). GSE46218 was based on 
GPL570 [HG-U133_Plus_2] Affymetrix Human Genome U133 
Plus 2.0 Array. A total of 8 chips were available for further analy-
sis, including 4 samples from non-castrated men (GSM1126521, 
GSM1126522, GSM1126523, and GSM1126524) and 4 samples 
from castrated men (GSM1126525, GSM1126526, GSM1126527, 
and GSM1126528) from the LNCaP Orthotopic xenograft mod-
els of prostate cancer.

Data preprocessing

For the GSE46218 dataset, the limma Geoquery in R (v.2.15.3) 
was used for the analysis of the DEGs. The original expression 
datasets from all conditions were processed into expression 
estimates using the Robust Multi-array Average (RMA) meth-
od with the default settings implemented in Bioconductor, and 
then the linear model was constructed. Finally, multiple test 
correction was performed by Bias methods. The |logFC| >1.5 
and the p-value <0.05 were chosen as cut-off criteria.

Construction of an integrated regulatory network

The MicroRNAs (miRNAs) and transcriptional factors (TFs) in-
volving DEGs between ADPC and CRPC were selected from an 
integrated miRNA database of miRecords [12], TarBase [13], 
StarBase [14] and miRDisease [15] and a transcriptional regu-
latory element database (TRED) [16], respectively. Cytoscape is 
a general-purpose modeling environment for integrating bio-
molecular interaction networks and states, especially when 
used in conjunction with large databases of protein–protein, 
protein–DNA, and genetic interactions [17]. An integrated reg-
ulatory network was built using Cytoscape.

Analysis of network motifs

FANMOD was used for the analysis of network motifs of the 
integrated gene regulatory network. A p-value less than 0.05 
and Z-score larger than 1.5 were chosen as cut-off criteria.
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Gene ontology and pathway enrichment analysis

The regulatory modules corresponding to network motifs were 
selected from the integrated regulatory network by Perl script. 
DAVID, which that consists of an integrated biological knowledge-
base and analytic tools, is useful for researchers to understand 
the biological meanings from a large list of genes or proteins [18]. 
For functional annotation of genes in the interaction network, we 
identified the over-represented gene ontology (GO) categories in 
biological processes by DAVID with the p-value <0.05 and count 
>2. In addition, DAVID was also applied for identifying the signifi-
cant pathways using cut-off criteria of p-value <0.05 and count >2.

Results

DEGs analysis between ADPC and CRPC

To identify the DEGs between ADPC and CRPC patients, we ob-
tained publicly available microarray dataset GSE46218 from 
GEO database. The analysis of DEGs was achieved by the lim-
ma Geoquery method. Finally, a total of 443 genes were con-
sidered significantly differentially expressed with p-value <0.05.

An integrated regulatory network for DEGs

The miRNAs represent an important class of small non-coding 
RNAs capable of regulating expression of other genes by target-
ing messenger RNAs [12]. DEGs-related miRNAs were screened by 
an integrated miRNA database of miRecords, TarBase, StarBase 
and miRDisease [12–15]. TFs and many of their target genes are 
involved in gene regulation at the level of transcription [16]. In 
this study, DEGs-related TFs were screened using TRED, which 
contains comprehensive transcriptional regulatory elements for 
gene regulation and function studies [16]. Finally, an integrat-
ed regulatory network involving both miRNAs and TFs (miR-
NAs-DEGs-TFs) was built using Cytoscape, as shown in Figure 1.

Regulatory network motifs

Network motif is an important local property for researchers to 
identify functional units in the networks, which is usually detected 
by FANMOD [19]. To facilitate the detection of larger motifs in an 
integrated gene regulatory network, FANMOD was used for the 
analysis of network motifs. In this work, three motifs (motif 1, 
motif 2 and motif 3) were found with p-value <0.05 and Z-score 
>1.5 (Table 1). Motifs 1-3 represented the DEGs under the con-
trol of miRNA and miRNA as well as TFs and TFs, respectively.

Construction of function modules

In the work, Perl programming language was used to screen 
function modules corresponding to network motifs. After 

screening, we got two function modules, as shown in Figure 2. 
Module 1 corresponded to motif 1, containing 417 nodes and 
1474 edges. Module 2 corresponded to motif 2, containing 
288 nodes and 903 edges.

GO enrichment analysis of the interaction network

GO analysis is a commonly used approach for functional anal-
ysis of large-scale genomic or transcriptomic data [20]. To in-
vestigate the function changes between CRPC and ADPC, we 
used the online tool DAVID to identify over-represented GO 
categories in biological process with p-value less than 0.05 
and count larger than 2 as threshold. Several GO categories 
were enriched among these genes in the regulatory network. 
In Table 2 we list the top 10 GO molecular function catego-
ries. Two GO terms were enriched significantly among the 
DEGs in the network, including “regulation of cell prolifer-
ation” and “positive regulation of macromolecule metabol-
ic process” (Table 2). Moreover, many enriched GO terms of 
DEGs were related to “phosphorylation”, “phosphorus meta-
bolic process”, and “phosphate metabolic process”, as shown 
in Table 2. The other common GO terms were “response to 
abiotic stimulus”, “positive regulation of cell proliferation”, 
and “regulation of cell development”. It was also shown that 
many DEGs were related to CRPC development, such as CAV1, 
LYN, FGFR3, and FGF2 (Table 2).

Pathway enrichment analysis of the interaction network

To gain further insights into the function of genes in the in-
teraction network, we used DAVID to analyze the pathway en-
richment. The results indicated that the most significant en-
richment pathways were hsa05200 (pathway in cancer) and 
hsa05218 (Melanoma), as shown in Figure 3 (p-value <0.05). 
Two DEGs of FGFR3 and FGF2 that were associated with en-
riched GO terms were also found in the enriched pathway 
hsa05200 (Figure 3).

Discussion

Although most men who develop ADPC do not die from their 
disease, those who develop CRPC have a poor prognosis and 
are more likely to die from complications of metastatic dis-
ease [1]. Understanding the molecular mechanisms of the pro-
gression from ADPC to CPRC can facilitate the selection of an 
appropriate treatment strategy and develop new treatments 
for CRPC [21]. In the present work, the gene expression profile 
downloaded from GEO was used for exploring the mechanism 
of CPRC development. A total of 443 genes were identified as 
differentially expressed between samples from non-castrated 
and castrated men. Moreover, an integrated regulatory network 
was built to investigate the critical DEGs in the progression. 
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Furthermore, several GO terms and two enriched pathways 
were found using DAVID.

Prostate cancer that progresses to a castrate-resistant phe-
notype has a poor prognosis. CRPC is thought to develop be-
cause of selection pressures by androgen ablation therapies 
that induce altered expression and activation of many involved 
proteins [22]. In this study, it was found that many significant 
DEGs were related to CRPC development, such as CAV1 (en-
code Cav-1), LYN (encode Lyn), FGFR3 (encode FGFR3), and 
FGF2 (encode FGF2) (Table 2 and Figure 3).

Cav-1 is a co-regulator of AR that is involved in the develop-
ment and maintenance of the normal prostate and the devel-
opment and progression of prostate cancer [22]. A direct inter-
action between AR and Cav-1 has been demonstrated using the 
LNCaP prostate cancer cell lines in the presence of androgen 
[23]. The expression and prevalence of Cav-1 is up-regulated 
by and are linked with increased AR activity in prostate can-
cer progression [22,23]. Moreover, GO enrichment showed that 
Cav-1 was related to many biological processes such as “regu-
lation of cell proliferation”, “positive regulation of macromole-
cule metabolic process”, and “regulation of phosphorylation”. It 

Figure 1.  An integrated regulatory network: miRNAs-DEGs-TFs. There are 612 nodes and 1758 edges in the network. (Yellow diamonds 
represent DEGs; blue dots represent miRNAs; green triangles represent TFs; red rhombus represents a differentially 
expressed gene as well as a transcriptional factor).
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has been hypothesized that knockdown of Cav-1 might revert 
CRPC cells to an androgen-sensitive phenotype. Furthermore, 
function module construction revealed that CAV1 was regu-
lated by miRNA-548d and miRNA-let7d and transcription fac-
tor SP1. As described previously, miRNA-548d is identified as 
a potential superior regulator for the progression of prostate 
cancer [24]. The miRNA-let7 family has been detected in vari-
ous cancers [25]. Sp1 regulates a variety of cancer associated 
genes that are involved in cell cycle, proliferation, cell differ-
entiation, and apoptosis [26]. These results further highlight 
the importance of Cav-1 in prostate cancer.

GO enrichment indicated that the LYN gene was related to 
many biological processes such as “cell proliferation”, “re-
sponse to abiotic stimulus”, and “regulation of phosphor-
ylation”. It has been suggested that Lyn is involved in the 
control of cellular proliferation, which can lead to cellular 
transformation and is associated with tumor maintenance 
and progression [27]. Membrane-associated CD19-LYN com-
plex is an Bc1-2-independent and p53-independent regulator 
of apoptosis in human B-lineage lymphoma cells [28]. These 
further findings further demonstrate the importance of LYN 
in prostate cancer.

Name Motif Z-Score p-Value

motif 1 3.0684 0.003

motif 2 1.8465 0.048

motif 3 1.5928 0.031

Table 1.  The regulatory network motifs built in the work. (Blue dots represent miRNA; yellow dots represent DEGs; green dots 
represent transcriptional factors; red dot represents a differentially expressed gene as well as a transcriptional factor; edges 
represent regulatory effect, and arrows represent regulation orientation.)

A B

Figure 2.  The function modules built in the study: (A) Module 1 corresponded to motif 1; (B) Module 2 corresponded to motif 2. 
(Yellow diamonds represent DEGs; blue dots represent miRNAs; green triangles represent TFs).
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Genes FGFR3 (encode FGFR3) and FGF2 (encode FGF2) were 
associated with enriched GO terms and the enrichment path-
way hsa05200 (pathway in cancer) (Table 2 and Figure 3). As 
described previously, mutation analysis of exons 7, 10, and 
15 of FGFR3 revealed 9 mutations in the 112 prostate tumors 
studied (8%) [8]. These mutations might change the expres-
sion level or the structure of FGFR3 in prostate tumors. Thus, 
molecular changes could occur in prostate cancer. Moreover, 

FGFR3 can also crosstalk with other receptor tyrosine kinas-
es such as FGFR1, whose up-regulation is associated with the 
transition of hormone-naive to CRPC [9]. FGFs play an impor-
tant role in the growth and maintenance of the normal pros-
tate. Alterations in FGF signaling regulators have an impact 
on tumorigenesis in prostate cancer by mediating stromal – 
epithelial interactions [29]. FGFR1 is the receptor of FGF2, and 
their interactions may play an important role in prostate cancer 

A

GO description Count p-Value DEGs

Regulation of cell proliferation 14 3.05E-07
CAV1,FGR3, LYN, SOX2,NF1, NAP1L1,EGN3, GJA1, CDK6, KIT, 
HES1, CDKN2C, PDGFC, FGF2

Positive regulation of macromolecule 
metabolic process

11 1.83E-04
HES1, CAV1, LYN, THRB, ETS2, SOX2, NR4A2, GJA1, PDGFC, 
KIT, FGF2

Response to abiotic stimulus 10 1.20E-06
CAV1, SLC12A2, LYN, NF1, SOX2, GJA1, ERO1L, KIT, COL1A1, 
SNAI2

Positive regulation of cell proliferation 9 2.83E-05 HES1, FGFR3, LYN, SOX2, NAP1L1, CDK6, PDGFC, KIT, FGF2

Regulation of phosphorylation 7 0.002613 CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, FGF2

Regulation of phosphorus metabolic process 7 0.003187 CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, FGF2

Regulation of phosphate metabolic process 7 0.003187 CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, FGF2

Regulation of nervous system development 6 2.71E-04 HES1, LYN, NF1, SOX2, KIT, FGF2

Regulation of cell development 6 3.66E-04 HES1, LYN, NF1, SOX2, KIT, FGF2

Negative regulation of cell differentiation 6 4.65E-04 HES1, CAV1, NF1, SOX2, CDK6, KIT

Table 2.  Classification of DEGs between uncastrasion and castration samples according to GO terms with p-value <0.05. (A) GO 
enrichment results of module 1 (Top 10). (B) GO enrichment results of module 2 (Top 10).

B

GO description Count p-Value DEGs

Regulation of cell proliferation 15 2.55E-08
BMP4, CAV1,FGFR3, LYN, SOX2, NF1, NAP1L1, GJA1, CDK6, 
KIT, HES1, CDKN2C, PDGFC, IGFBP3, FGF2

Positive regulation of macromolecule 
metabolic process

11 1.46E-04
HES1, BMP4, CAV1, LYN, ETS2, SOX2, NR4A2, GJA1, PDGFC, 
KIT, FGF2

Positive regulation of cell proliferation 10 2.54E-06
HES1, BMP4, FGFR3, LYN, SOX2, NAP1L1, CDK6, PDGFC, KIT, 
FGF2

Response to abiotic stimulus 9 9.97E-06 BMP4, CAV1, SLC12A2, LYN, NF1, SOX2, GJA1, KIT, COL1A1

Regulation of phosphorylation 9 5.44E-05 BMP4, CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, IGFBP3, FGF2

Regulation of phosphate metabolic process 9 7.20E-05 BMP4, CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, IGFBP3, FGF2

Regulation of phosphorus metabolic process 9 7.20E-05 BMP4, CAV1, LYN, CDKN2C, NF1, PDGFC, KIT, IGFBP3, FGF2

Regulation of cell development 8 2.02E-06 HES1, BMP4, LYN, NF1, SOX2, KIT, IGFBP3, FGF2

Negative regulation of cell proliferation 8 7.93E-05 BMP4, CAV1, CDKN2C, NF1, GJA1, CDK6, IGFBP3, FGF2

Regulation of nervous system development 7 1.94E-05 HES1, BMP4, LYN, NF1, SOX2, KIT, FGF2
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A

B

Figure 3.  The pathway enrichment results: (A) hsa05200 (pathway in cancer); (B) hsa05218 (melanoma).
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progression to CRPC [9]. Furthermore, the function modules in-
dicated that both FGFR3 and FGF2 were regulated by the tran-
scription factor Egr1, which is overexpressed in most aggres-
sive tumorigenic prostate cancer cells [30], further confirming 
the importance of FGFR3 and FGF2 in the progression of CRPC.

Conclusions

In conclusion, our results provide a comprehensive bioinfor-
matics analysis of genes and pathways that may be involved 
in the progression of CRPC. A total of 443 DEGs were identified 

between samples from non-castrated and castrated men. Four 
DEGs of CAV1, LYN, FGFR3, and FGF2 may play important roles 
in the development and progression of CPRC. However, as none 
of these genes were tested by experiments, further analyses 
are imperative to unravel their mechanism in the process of 
malignant progression in prostate cancer. In the future, we will 
perform PCR or Western blot to check the expression levels of 
these genes in samples from non-castrated and castrated men.
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