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Abstract

Background Prostate cancer (PCa) is one of the most diagnosed cancers in the world. PCa inevitably progresses

to castration-resistant prostate cancer (CRPC) after androgen deprivation therapy treatment, and castration-
resistant state means a shorter survival time than other causes. Here we aimed to define castration-dependent and
-independent diver genes and molecular pathways in CRPC which are responsible for such lethal metastatic events.

Methods By employing digital gene expression (DGE) profiling, the alterations of the epididymal gene expression
profile in the mature and bilateral castrated rat were explored. Then we detect and characterize the castration-
dependent and -independent genes and pathways with two data set of CPRC-associated gene expression profiles
publicly available on the NCBI.

Results We identified 1,632 up-regulated and 816 down-regulated genes in rat's epididymis after bilateral castration.
Differential expression analysis of CRPC samples compared with the primary PCa samples was also done. In contrast
to castration, we identified 97 up-regulated genes and 128 down-regulated genes that changed in both GEO dataset
and DGE profile, and 120 up-regulated genes and 136 down-regulated genes changed only in CRPC, considered as
CRPC-specific genes independent of castration. CRPC-specific DEGs were mainly enriched in cell proliferation, while
CRPC-castration genes were associated with prostate gland development. NUSAP1 and NCAPG were identified as key
genes, which might be promising biomarkers of the diagnosis and prognosis of CRPC.

Conclusion Our study will provide insights into gene regulation of CRPC dependent or independent of castration
and will improve understandings of CRPC development and progression.

Keywords Differentially expressed genes (DEGs), Castration-resistant prostate cancer (CRPC), Cell cycle, Cell
proliferation, Prostate gland development
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Background

One of the most common malignancies in man is pros-
tate cancer (PCa), which also causes the second highest
deaths in man. Absolutely, PCa arises as an androgen
driven disease [1]. Therefore androgen deprivation
therapy (ADT) was adopted as the major treatment for
metastatic hormone-sensitive PCa, by suppressing circu-
lating testosterone to decrease its level to “castrate levels”
(<=50 ng/dL) [2] and induce of apoptosis [3]. However,
although the initial treatment effect is significant, almost
all PCa patients ultimately progress and castration resis-
tant prostate cancer (CRPC) ensue, which is associated
with high mortality rates [4]. CRPC represents a particu-
lar stage in the continuum of the disease and is defined
by continuous rise of prostate specific antigen levels in
serum or/and progression of metastatic spread in the set-
ting of castrate levels of testosterone [5-7].

Nowadays, suppression of androgen receptor (AR)
signaling through ADT has remained the first-line
treatment for men with advanced PCa. ADT includes
surgical or medical castration by using luteinizing hor-
mone-releasing hormone (LHRH) agonists or antago-
nists with or without anti-androgen drugs [8]. Exposure
to LHRH agonists downregulates the LHRH receptor,
decreasing LH release and inhibiting testosterone pro-
duction, while LHRH antagonists, such as cetrorelix
and abarelix, directly inhibit the LHRH receptor, result-
ing in the decreased production of LH and testosterone.
Surgical bilaterial castration also decreases testosterone
levels by removing the testes, the source of its produc-
tion organ, although surgical castration has been prac-
tically set aside for some time, given the spread of ADT
[9]. However, by using LHRH agonists or antagonists, for
nearly all patients, after 1-2 years remission, cancer cells
become resistant with the emergence of metastatic CRPC
[10]. Today’s standard of care for advanced PCa includes
gonadotropin-releasing hormone agonists (leuprolide),
second-generation nonsteroidal AR antagonists (apalu-
tamide, enzalutamide and darolutamide) and the andro-
gen biosynthesis inhibitor abiraterone [11]. Currently,
with minimal additional toxicity, abiraterone acetate has
been proved to be a well-tolerated, convenient and effec-
tive treatment option [12].

Besides the above mentioned drugs for the treatment of
CRPC, AR-V7, the androgen receptor isoform encoded
by splice variant 7, has become an attractive biomarker
predicting the effect of androgen signaling inhibitor [10,
13]. AR-V7 lacks the ligand binding domain and is the
target of enzalutamide and abiraterone. It is supposed
that detection of AR-V7 in circulating tumor cells from
patients with CPRC might be closely related to resistance
to enzalutamide and abiraterone [14].

Many mechanisms of CRPC have been pro-
posed, including reactivation of androgen synthesis,
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up-regulation of genes related to androgen metabolism,
and reprogramming of the tumor microenvironment
[13]. However, CRPC treatment is challenging [15]. Thus,
identifying effective molecular biomarkers and therapeu-
tic targets of CRPC is of ultra-importance for PCa pre-
diction and treatment. Previously, Microarray techniques
have been used to identify biomarkers and targets in
CRPC. For example, D’Antonio et al. [16] identified path-
ways of androgen independence of CRPC by compar-
ing PCa cells (androgen-independent) with LNCaP cells
(androgen-dependent). Terada et al. [17] found that pros-
taglandin E2 receptor subtype 4 (EP4) is a central gene
in CRPC by comparing a mouse xenograft model of PCa
with later-derived CRPC.

The biological functions of the mammalian epididy-
mis, an important male accessory gland, are substantially
affected by androgen [18]. The mammalian epididymis is
an important male accessory gland with many biologi-
cal functions, including maturation and concentration
of spermatozoa produced by testis, secretion and resorp-
tion of different molecules and proteins, and storage of
spermatozoa. The development and normal functions of
the epididymis are regulated mainly by androgens and
testicular factors [19]. Bilateral castration led to system-
atic changes of epididymal gene expression profile [20].
It would be useful to identify critical androgen-related
pathways in the epididymis to help understand CRPC
and identify biomarkers or targets, thus providing oppor-
tunities to combat the disease.

Compared with microarray, digital gene expression
profiling provides absolute gene expression measure-
ments and an unbiased view of the whole transcriptome
with greater precision and sensitivity. Here we identi-
fied differentially expressed genes in the epididymides
of sham-operated control and bilateral castrated male
mature rats on the 7th day after surgery by using the DGE
system on the whole-genome scale, as previous studies
have demonstrated that gene expression profile is most
likely to reflects transcriptional changes in surviving epi-
didymal cells on the 7th day of post castration because
apoptotic cell death is no longer detected at this moment
[20]. Then we combined our data with two published
datasets to identify differentially expressed genes (DEGs)
between CRPC and primary PCa. We obtained DEGs
of either dependent (CRPC-castration) or independent
(CRPC-specific) of castration to investigate the role of
castration in CRPC. Functional enrichment analysis,
protein-protein interaction (PPI) network, and survival
analysis of these DEGs showed distinct functional roles
of CRPC-castration and CRPC-specific genes (Fig. 1).
CRPC-specific DEGs were mainly enriched in cell pro-
liferation, while CRPC-castration genes were associated
with prostate gland development. In summary, our study
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Fig. 1 Flow diagram showing an overview of the study

provided insights into a deeper understanding of CRPC
pathogenesis.

Methods

Microarray data and DGE profiling

Two gene expression profiles (GSE35988, GSE32269)
were obtained from Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo).  GSE35988  con-
tained 27 metastatic CPRC samples and 47 localized PCa
samples, and GSE32269 was composed of 29 metastatic
CPRC samples and 22 primary PCa samples.

Animals and castration procedure

Twenty healthy and mature male Sprague-Dawley
(SD) rats (12 weeks old and the body weight reached
350~400 g) were obtained from the Animal Research
Centre of the Lv Ye Pharmaceutical Company (Yan-
tai, China) and were housed at an environmental tem-
perature of 20%2 °C, receiving 12 h of light and 12 h of
dark, with food and water provided ad libitum. Rats
were randomly divided into two groups by using a ran-
dom number Table (10 animals of each group), namely

" 256 CRPC-specific DEGs ]

GO and KEGG pathway
enrichment

Construction of PPI network,
Identification of key gene
signatures in CRPC

Top hub genes verification
in clinical samples

sham-operated control group (Con-EP) and castrated
group (Cas-EP). Before castration treatment, rats were
anesthetized by intraperitoneally injection of sodium
pentobarbital (30 mg/kg body weight). Thereafter, the
efferent ducts and the testicular arteries and veins were
ligated, then the testes were removed from the ligation
point, leaving the intact epididymides in the scrotal area.
In the meantime, the sham operation was also taken for
the control group. Analgesia was provided by administra-
tion of meloxicam Q 24 h (1 mg/kg PO or SC) (Metacam,
Boehringer Ingelheim, St Joseph, MO) the day prior, the
day of and the day following surgery. No obvious behav-
ioral changes were observed in both control and the oper-
ation group. At the conclusion of the experiment, all the
surviving rats were intraperitoneally anesthetized with
sodium pentobarbital (30 mg/kg body weight) and their
necks were dislocated for euthanasia. The whole epi-
didymides were taken out from the castrated and sham-
operated control rats after 7 days’ recovery and were
immediately frozen in liquid nitrogen and stored at -80
‘C before use. Protocols for the use of animals in these
experiments were approved by the Research Animal Care
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and Use Committee of Yantai University (the approval
reference number: YD.N020190916S0350210[315]) and
were carried out in strict accordance with Guidelines for
Ethical Review of Laboratory Animal Welfare of China.
Ethical approval was obtained before the initiation of
the research work and all efforts were made to minimize
suffering.

Library preparation and sequencing

Total RNA was isolated from the epididymides from
the control group and castrated group, respectively, by
using RNAiso Plus reagent (TaKaRa, Dalian, China). The
purity and quality of total RNA were evaluated by Agi-
lent 2000 and were considered sufficient for subsequent
library construction and sequencing. Tag libraries for the
samples were prepared using the Illumina gene expres-
sion sample, Prep Kit. Each sample of 6 pg of the total
RNA was extracted and purified by oligo (dT) magnetic
bead adsorption. Primed by oligo (dT), mRNA bound to
the bead was used as the template to synthesize a double-
stranded cDNA. The 5" ends of tags were digested with
restriction enzyme Nlalll at CATG sites. The cDNA frag-
ments with 3’ ends connected to Oligo(dT) beads were
purified and the Illumina adaptor 1 was ligated to the 5’
ends. The junction of Illumina adaptor 1 and CATG site
is the recognition site of Mmel, which is a type of endo-
nuclease with separated recognition sites and digestion
sites. It cuts at 17 bp downstream of the CATG site, pro-
ducing tags with adaptor 1. After removing 3’ fragments
with magnetic beads precipitation, Illumina adaptor 2
is ligated to the 3’ ends of tags, acquiring tags with dif-
ferent adaptors of both ends to form a tag library. After
15 cycles of linear PCR amplification, 105 bp fragments
were purified by 6% TBE PAGE Gel electrophoresis.
After denaturation, the single-chain molecules were fixed
onto the Illumina Sequencing Chip (flowcell). Each mol-
ecule was grown into a single-molecule cluster sequenc-
ing template through Situ amplification. Then, they were
sequenced with the method of sequencing by synthesis
(SBS). Each tunnel generated millions of raw reads with a
sequencing length of 49 bp.

Tag annotation and gene expression level quantification

Five steps were needed to transform raw tags into clean
tags: (1) removal of the 3’ adaptor to preserve the 21 nt
long sequences; (2) removal of the empty reads (reads
with only adaptor sequences but no tags); (3) removal
of the low-quality tags (tags with unknown sequences);
(4) removal of too long or too short tags, keeping the 21
nt tags; (5) removal of tags with only one copy number
(probably because of sequencing error). To convert digi-
tal profiles to gene expression, the tag sequences were
mapped to the reference genes of rat from NCBI, with
no more than 1 nucleotide mismatch. Clean tags mapped
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Table 1 Primer sequences of gPCR

Gene Primer sequence (5’-3')
Nfkbie F: GTGGACTGGATGGAGATTCTTG

R: TTTCCTGGTGGCTGGTAATG
Plscr4 F: CAGCTTGGGACACTAGGTTATT

R: GGGAACTAAGGGCGTCATTT
Apocl F: ACAAGGACAGGGTAGAGAAGA

R: ACAGGAAGTGCGATGAAGAG
Lcn8 F: GGGTAGAAGGCTTGTTCCTTAC

R: CTCTTTCTGAACCCACTGATCTT
Prdx1 F: TGTGTCCCACGGAGATCATTGCTT

R: TGTTCATGGGTCCCAATCCTCCTT
Prdx3 F: TGGTGTCATCAAGCACCTGAGTGT

R:AAGCTGTTGGACTTGGCTTGATCG
GAPDH F: TGGGTGTGAACCACGAGAA

R: GGCATGGACTGTGGTCATGA

to multiple loci were filtered, only unambiguous mapped
tags were kept. To identify gene expression, the number
of unambiguous tags for each gene was calculated and
then normalized to the number of transcripts per million
tags (TPM). Gene ontology was assigned to all mapped
genes to annotate their possible functions.

Real-time quantitative PCR analysis of genes

Real-time quantitative PCR (qPCR) was performed to
examine the relative gene expression levels. Briefly, by
using ReverTra Ace reverse transcriptase (Toyobo Co.,
Osaka, Japan), 1 ng~1 pg total RNA was reverse-tran-
scribed into cDNA with oligo(dT),g, and then qPCR was
performed on the QIAGEN’s Roter-Gene Q instrument
by using Platinum SYBR Green qPCR SuperMix-UDG
(Life Technologies, Cat. no.: 11733-038, CA, USA). In
each reaction, 20 pL reaction mixtures containing 1 pL
¢DNA were incubated at 95°C for 5 min, followed by 40
cycles of 95°C for 10 s and 60°C for 45 s. GAPDH was
taken as an endogenous reference. 2742 method was
used to calculate the differences of the expression level
of genes in samples examined [21]. All experiments were
run in triplicate and results were shown as the mean+SD
(n=10). The primer sequences were available in Table 1.

Identification of DEGs of digital profiling data

To identify the differentially expressed genes in the epi-
didymis of rats after bilateral castration, a modified
algorithm according to Audic S, et al. was used [22]. Sup-
pose the number of clean tags corresponding to gene A
was X, the expression level of each gene was only a small
fraction of all genes expression level, therefore, p(x) fol-
lows the Poisson distribution. Furthermore, suppose the
number of clean tags of sample 1 and 2 was N; and N,,
respectively, while the clean tags of gene A in sample 1
and 2 were x and vy, respectively. The probability of gene
A expression was equal in two samples could be calcu-
lated as the formula:
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The acquired p-value was controlled with false discov-
ery rate (FDR) using Benjamini-Hochberg method [23].
Differentially expressed genes with FDR<0.001 and log,
fold-change>1 were extracted. The correlation between
the two libraries was measured by the Pearson correla-
tion coefficient.

Identification of DEGs of microarray data

Online analysis tool GEO2R (https://www.ncbi.nlm.nih.
gov/geo/geo2r) and R software (v4.0.5; https://www.r-
project.org) were used for the identification of DEGs. The
raw data from GSE35988 on GPL6480 and GSE32269 on
GPL96 were normalized, transformed into expression
values with GEO2R. Then empirical Bayes methods were
applied to identify DEGs between CRPC and primary
PCa with the limma package [24]. DEGs were defined
with false discovery rate (FDR)<0.001 and [log2(fold
change)|>1 [25].

Functional enrichment and PPI network analysis of DEGs
The Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID; http://www.david.niaid.nih.
gov) [26] and the R package clusterProfiler were used
to perform GO and KEGG pathway analyses separately
on CRPC-castration and CRPC-specific DEGs. Search
Tool for the Retrieval of Interacting Genes/ Proteins
(STRING; https://string-db.org) was used to construct
PPI networks [27, 28]. Protein interactions with com-
bined scores of >0.15 were selected for the PPI network
construction. Further, the Cytoscape software (v3.8.2)
was utilized to calculate the node degree by MCODE and
CytoHubba apps [29].

Results

Dramatic transcriptional changes in rats’ epididymis after
bilateral castration

To explore the transcriptional differences in the epididy-
mis between Con-EP and Cas-EP rats, we obtained more
than 4 million clean tags for each library. As demon-
strated in Additional file 1, the distribution of total clean
tags and distinct clean tags showed similar patterns in
both DGE libraries, showing no bias between the library
construction of Con-EP and Cas-EP. Around 3 million
tags were mapped to genes for both Con-EP and Cas-EP,
accounting for 62.89% and 70.32%, respectively.

A total of 2,448 genes changed significantly between
the two libraries. Among these genes, 1,632 were up-
regulated while 816 were down-regulated after bilateral
castration. More than 90% of the genes (2,274) were
up- or down-regulated between 1.0 and 5.0 fold (data
not shown). The Pearson correlation coefficient of the
two libraries was only 0.658, reflecting the tremendous
influence of castration on the gene expression profile of
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rat epididymis. We then performed qPCR of six selec-
tive genes which were up-regulated (Nfkbie, Plscr4 and
Apocl) or down-regulated (Lcn8, Prdxl and Prdx3) to
confirm the validity of the differentially expressed genes
identified by DGE (n=10). As expected, we obtained
results that coincided with our sequencing data, confirm-
ing the authenticity of our sequencing results (Fig. 2).

CRPC-castration genes were enriched in cell proliferation
and prostate gland development

To obtain potential CRPC driver genes dependent
or independent of castration, we identified DEGs in
the CRPC samples compared with the primary PCa
samples. We obtained 1,904 up-regulated genes and
3,391 down-regulated genes (fold change>1, P<0.001)
from GSE35988 (Fig. 3a), and 512 increased genes and
244 decreased genes (fold change>1, P<0.001) from
GSE32269 (Fig. 3b). A total of 97 up-regulated genes
(Fig. 3d) and 128 down-regulated genes (Fig. 3c) were
shared by CRPC (GSE35988) and testis castration (data
not shown), considered as CRPC DEGs related to castra-
tion (CRPC-castration). In contrast to testis castration,
120 up-regulated genes and 136 down-regulated genes
changed only in CRPC (both GSE35988 and GSE32269)
(Fig. 3e, data not shown), considered as CRPC-specific
DEGs independent of castration.

Next, we explored the functional enrichment of these
two lists of DEGs by using GO and KEGG analysis. The
CRPC-specific DEGs significantly enriched cell divi-
sion or mitotic processes (Fig. 4a), consistent with their
oncogenic role in tumor cell proliferation. Concordantly,
pathway analysis identified enrichment in the cell cycle
pathway and focal adhesion pathway (Fig. 4b) (Addi-
tional file 2). On the other hand, GO enrichment of
CRPC-castration DEGs (data not shown) showed that
gland development, epithelial cell proliferation, and
prostate gland development were substantially affected
by castration (Fig. 5a). Pathway analysis showed that the
pyruvate metabolism pathway was significantly enriched
(Additional file 3).

Furthermore, we used STRING to explore the protein-
protein interaction (PPI) of the DEGs. CRPC-specific
DEGs formed a PPI network with 208 nodes and 1353
edges. Among the 41 hub genes (node degree>30) were
chromatin remodeling factors EZH2 and PRCI, and cell
cycle regulators CDCA3, CCNA2, CCNB2, CDKN3,
CDK1, CCNBI1, CDC20, MCM4, SMC4, CENPE, BUBI,
BUBI1B, NUSAP1, and NCAPG (Fig. 6). In contrast,
CRPC-castration DEGs formed PPI networks with 171
nodes and sparse connections. The most connected sub-
network with the hub gene ACTR10 was involved in
innate immunity and cell polarity (Fig. 5b).

Finally, based on network and pathway analyses, we
identified two key genes (NUSAP1 and NCAPG) among
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Fig. 2 Real-time fluorescent quantitative PCR analysis of differentially expressed genes before and after castration. a: down-regulated genes after bilateral

castration, b: genes up-regulated after bilateral castration

the top 41 nodes in the CRPC-specific PPI network,
which participate in various pathways including chro-
mosome segregation and nuclear division. Further anal-
ysis showed that, for both genes, higher expression was

associated with shorter disease-free survival of patients
(Fig. 7c and d). Interestingly, the expression of NUSAP1
and NCAPG differed between primary PCa and nor-
mal prostate tissues (Fig. 7a and b), which led us to
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Fig. 3 Database analysis. a and b: Volcano plots of all genes in GSE35988 and GSE32269 Red dots represent genes with fold change>2 and P<0.001,
blue dots represent genes with fold change<—2 and P<0.001, and the other dots represent the rest of genes with no statistically significant change in
expression. FC, fold change. ¢, d and e: Venn diagrams showing the number of genes expressed as common and unigue between the identified DEGs in

DGE profiles of castrated rat and genes in the NCBI-gene database

hypothesize that they may have a role both in the initia-
tion and in the progression of PCa.

Discussion

In this research, we focused on the role of bilateral cas-
tration-related genes in tumors and genes that are asso-
ciated with tumors after blocking out these bilateral
castration-related genes. We performed in silico analy-
sis with DEG data in this study and publicly available
CPRC-associated gene expression profiles datasets, and
identified two significant genes, namely NUSAP1 and
NCAPG in CRPC. NUSAP1 and NCAPG participated
in various pathways including chromosome segregation,
sister chromatid segregation, nuclear division. In con-
sideration of the important role of these pathways in the
initiation, progression and metastasis in PCa, it’s reason-
able to assume that NUSAP1 and NCAPG play a critical
role in the initiation and progression of PCa. In accor-
dance with our hypothesis, a number of authoritative

papers have reported that NUSAP1 plays a key role in
cancers including PCa [30, 31]. Current understanding of
NUSAP1’s function in specific mechanisms of cancer is
limited, although some data indicates it could be a poten-
tial marker of cell proliferation [32]. On the molecular
and cellular level, NUSAP is an essential microtubule-
stabilizing and bundling protein that crosslinks micro-
tubules at the central part of the spindle during mitosis
[33]. Li’s group further reveals that NUSAP functions as
a modulator of the dynamics of kinetochore microtu-
bules and plays a pivotal role in chromosome oscillation
[34]. In PCa cell lines, NUSAP1 is proved to be regulated
by retinoblastoma-associated protein 1 (RB1), whose
knockdown upregulated the expression of NUSAP1 via
the RB1/E2F1 axis [35]. Furthermore, elevated expres-
sion level of NUSAP1 may increase proliferation and
invasion of PCa cells, positively affecting prostate can-
cer progression. Despite limited effects on cell prolifera-
tion, NUSAP1 participates in development of metastatic
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disease, possibly by regulation of the expression of family =~ with sequence similarity 101 member B (FAM101B).
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FAMI101B is associated with the organization of perinuclear actin networks as well as the regulation of
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Fig. 6 Top 41 of PPl network of CRPC-specific DEGs.

nuclear shape during epithelial-mesenchymal transi-
tion (EMT), a crucial event involved in the invasion and
spread of cancer cells [36]. Besides, FAM101B functions
as a signaling effector of TGF-B1, which has been widely
demonstrated to promote invasion and metastatic spread
during the progression of prostate tumor [37]. In other
types of cancer, gastric cancer for example, low NUSAP1
expression is proven to inhibit mTORC1 pathway, hence
suppressing proliferation, migration, and invasion of can-
cer cells [38].

NCAPG has not been well studied in CRPC. NCAPG
is a subunit of condensing | complex and is involved in
proper segregation of sister chromatids during the cell
cycle. There are several miRNA published involved in
CRPC. Current research showed that NCAPG is targeted
by miR-145-3p, a passenger strand downregulated in
CRPC. High expression of NCAPG in CRPC compared
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with hormone-sensitive prostate cancer suggested that
NCAPG is closely associated with the pathogenesis of
CRPC [39]. Another CRPC-related passenger strand
miR-99a-3p was also found to downregulate NCAPG
significantly, indicating potent antitumor effects [40].
A recent study showed that overexpression of NCAPG
promoted cell proliferation and decreased cell apopto-
sis in hepatocellular carcinoma via activating PI3K-AKT
signaling pathway [41]. Further studies about the con-
crete mechanism of NCAPG regulation in CRPC are in
progress.

Conclusion

Our study provided an insight into the regulation of epi-
didymal gene expression after bilateral castration. These
results contribute to our understanding of testis-depen-
dent epididymal functions. Still, we preformed insights
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Fig. 7 Key genes analysis. a and b: Expression of the key genes NUSAP1 and NCAPG in TCGA with GEPIA. c and d: Disease-free survival in relation to the

expression of the key genes (NUSAP1 and NCAPG) in TCGA.

into gene regulation of CRPC dependent or independent
of castration and improved our understanding of CRPC
development and progression.
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