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A B S T R A C T

Prostate cancer is a significant contributor to cancer-related mortality, and the tumor typically 
develops into castration-resistant prostate cancer (CRPC). Hence, few effective clinical strategies 
are available to patients with advanced disease. Extrachromosomal circular DNA (eccDNA) is a 
type of circular DNA originating from the chromosomes but is likely independent of them. 
Because of its unique structural characteristics, eccDNA has extensive applications as a new 
biomarker for cancer prevention and treatment. Circle-seq obtains a comprehensive picture of the 
overall landscape of eccDNA sizes and content in cell populations. In this study, we used Circle- 
seq and studied the distribution pattern and expression level of eccDNA in prostate cancer. We 
confirmed that eccDNA is derived from every human chromosome and has sequences from all 
known types of genomic structures, revealing it is a common mutational element in prostate 
cancer. We also identified an eccDNA-related gene SPOCK1 that promotes drug resistance, pro-
liferation, and metastasis of many cancers through the epithelial-mesenchymal transition (EMT) 
mechanism. The SPOCK1-associated eccDNA was highly upregulated in various groups of 
sequencing results, and SPOCK1 was highly expressed in prostate cancer tissues and cells. 
Therefore, SPOCK1 exists as eccDNA in prostate cancer and encourages its development and drug 
resistance via the EMT mechanism. Our results suggest that upregulated genes in the form of 
eccDNA are oncogenes in prostate cancer and play a pivotal role in carcinogenesis.

1. Introduction

Prostate cancer (PCa) is the second most prevalent cancer in men, accounting for approximately 7 % of newly diagnosed cancer 
cases worldwide [1,2]. It is also a considerable contributor to cancer-related mortality, causing more than 350,000 deaths annually 
[3]. Although medical castration is the mainstay treatment for advanced PCa, the tumor ultimately progresses into castration-resistant 
prostate cancer (CRPC) [4]. Second-generation androgen receptor antagonists, such as enzalutamide (Enz), can prolong patient 
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survival but do not prevent PCa progression to the CRPC stage. Hence, in this regard, few effective clinical strategies are available to 
patients with advanced disease [5].

Extrachromosomal circular DNA (eccDNA) is a type of circular DNA originating from chromosomal DNA but is likely independent 
of it [6]. This DNA can be observed in normal and cancerous cells, and during cancer progression, it plays a role in cancer initiation, 
development, and drug resistance by different mechanisms [7]. The unique structural and genetic features of eccDNA provide new 
clues for cancer surveillance, early diagnosis, treatment, and prediction, having broad application prospects in tumor research [8]. For 
example, plasma eccDNA has a covalently closed loop structure and is more stable than the linear circulating free DNA, rendering 
eccDNA a new biomarker for cancer prevention and treatment with broad applications [9,10].

Circularization for in vitro reporting of cleavage effects by sequencing (Circle-seq) is an in vitro screen for identifying genome-wide 
off-target cleavage sites of CRISPR-Cas9, capturing a comprehensive overall landscape of eccDNA sizes and content in cell populations 
[11,12]. It has been widely used in eccDNA characterization-related studies of various diseases, such as systemic lupus erythematosus 
[13], cataracts [14], and gouty arthritis [15]. In this study, Circle-seq and bioinformatics analysis were performed to investigate the 
distribution pattern and level of eccDNA expression. As a result, the SPARC (osteonectin), cwcv and kazal like domains proteoglycan 1 
(SPOCK1) target gene corresponding to the eccDNA with the most pronounced differences in the sequencing results of each group was 
identified.

The SPARC (osteonectin), cwcv and kazal like domains proteoglycan 1 (SPOCK1) protein is a multi-structural domain proteoglycan 
that regulates dynamically balanced extracellular mesenchyme (ECM). It is encoded by the SPOCK1 gene, one of the central regulatory 
genes in the dynamic homeostasis of tumor ECM. It activates many biological processes, such as the epithelial-mesenchymal transition 
(EMT), causing extracellular matrix remodeling and promoting cell proliferation and invasion [16]. The SPOCK1 gene also uses this 
mechanism to stimulate drug resistance, proliferation, and metastasis of glioblastoma [17], renal clear cell carcinoma [18], pancreatic 
cancer [19], and colon cancer [20]. However, the role of this gene in prostate cancer progression and drug resistance has been rarely 
studied and reported.

In this study, we first examined the differential expression profiles of eccDNA between normal, Enz-sensitive, and Enz-resistant 
prostate cancer samples. We confirmed that eccDNA is derived from every human chromosome and has sequences from all known 
types of genomic structures, revealing that eccDNA is a common mutational element in prostate cancer.

We found that SPOCK1-associated eccDNA is highly upregulated in various sequencing results, and SPOCK1 is highly expressed in 
prostate cancer tissues and cells. We also uncovered that SPOCK1 exists as eccDNA in prostate cancer and promotes its development 
and drug resistance through the EMT mechanism. Our results suggest that upregulated genes in the form of eccDNA are oncogenes in 
prostate cancer with a crucial role in carcinogenesis. Importantly, they show that highly expressed genes in the form of eccDNA and 
their mechanisms of action provide new strategies for treating prostate cancer.

Generally, in this study, we aimed to investigate the role of eccDNAs in the development and enzalutamide resistance of PCa. 
Particularly, we focused on the distribution pattern and expression level of eccDNAs in the cells and tissues of PCa. Besides, we found 
that SPOCK1, as one kind of key oncogene, could exist as eccDNA in PCa and encouraged the development and drug resistance of PCa 
through the EMT mechanism. This mechanism could serve as a molecular basis for the clinical treatment of PCa patients, and provided 
new perspectives on therapeutic approaches to this disease. Our study laid a solid foundation for this important mechanism.

2. Materials and methods

2.1. Circle-Seq and data analysis

5 kinds of prostate cell lines (i.e., RWPE-1, C4-2, C4-2R, LNCaP, and 22RV1 cells) were collected and lysed to obtain purified high 
molecular weight DNA. The kit that we used was the Magnetic Animal Tissue Genomic DNA Kit (TIANGEN, DP341). An exonuclease 
was added to the lysate to eliminate linearized DNA, and its absence was confirmed. The eccDNA-enriched samples were used as a 
template for phi29 polymerase chain reactions (PCRs), followed by shearing the phi29-amplified DNA with a Bioruptor sonicator. A 
DNA library was constructed using the purified fragmented DNA and cleaned by beads. The size distribution of DNA fragments was 
analyzed. The Circle-seq data analysis was performed by DIATRE Biotechnology (Shanghai, China) as follows:

1. The quality of the original data was evaluated using the FastQC software.
2. The original data was compared with the reference genome using the BWA software.
3. The SAM file was processed with Samtools to fit the format required by the Circle-MAP method.
4. The eccDNA was detected with Circle-MAP and genetically annotated.
5. Differential eccDNA analysis and annotated gene function enrichment analysis were performed.

2.2. Western blotting

Cells were lysed with RIPA buffer (Epizyme, Shanghai, China), and total protein concentration was determined by BCA (Bicin-
choninic Acid) protein quantification kits (Beyotime, Nantong, China). Equal quantities of total protein were electrophoresed on 
freshly prepared 10 % sodium dodecyl-sulfate polyacrylamide gels at a voltage of 120 V for 2 h, followed by transferring the proteins 
onto polyvinylidene fluoride membranes. The membranes were blocked in milk powder solutions for 1 h at room temperature and 
incubated with the primary antibodies for 12 h at 4 ◦C. The primary antibodies were as follows: SPOCK1 (Proteintech Group, Inc., 
28203-1-AP; 1:1000 dilution), E-cadherin (ABclonal, A22333; 1:1000 dilution), N-cadherin (ABclonal, A19083; 1:500 dilution), 
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Vimentin (ABclonal, A19607; 1:2000 dilution), N-cadherin (ABclonal, A19083; 1:500 dilution), GAPDH (Abcam plc., ab59164, 1:5000 
dilution). The membranes were probed with the secondary antibodies for 2 h at room temperature and visualized using an ECL 
(Enhanced Chemiluminescence) system.

2.3. Bioinformatics analysis

The SPOCK1 and protein tyrosine phosphatase receptor type N2 (PTPRN2) expression data between tumor and normal prostate 
tissues were acquired from The Cancer Genome Atlas (TCGA) (http://gdc.cancer.gov) and Gene Expression Profiling Interactive 
Analysis (GEPIA) (http://gepia.cancer-pku.cn/) databases. A GSE21034 dataset with SPOCK1 expression data between tumor and 
normal tissues was downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The 
GSE35988 dataset representing SPOCK1 expression between castration-sensitive prostate cancer (CSPC) and CRPC tissues was also 
retrieved from the GEO database. The most typical GO terms of the SPOCK1 gene were acquired from the ICGC Data Portal (https:// 
dcc.icgc.org/).

2.4. Patients and clinical data

A total of 34 patients with PCa who underwent radical resection of the tumors in Shanghai Tongji Hospital of Tongji University 
were recruited between 2012 and 2020. Patients were selected according to the following criteria: 1) confirmation of pathological 
diagnosis, 2) absence of postoperative adjuvant anti-cancer therapy, and 3) reviewing TNM classification, Gleason scores, and 
prostate-specific antigen (PSA) levels. The clinical data of each patient were acquired from the admission records. The Medical Ethics 
Committee of Shanghai Tongji Hospital of Tongji University approved the study. All the study participants gave written informed 
consent to publish clinical details and images.

2.5. RNA isolation and reverse transcription-quantitative PCR (RT-qPCR)

The total RNA was extracted using Trizol (Sigma-Aldrich, St. Louis, MO, USA). It was reverse transcribed to cDNA with a 

Fig. 1. Overview of Circle-seq technology and data analysis process. 
(A) The Flow diagram of eccDNA purification, enrichment, and detection steps for the Circle-seq. 
(B) The Flow diagram of the process of data analysis.
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PrimeScript RT Reagent Kit (Takara Bio Inc., Otsu, Japan), and the cDNA was subjected to qPCR. The levels of the glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) gene served as the endogenous control, and the relative expression of the target genes was 
assessed using the 2− ΔΔCt method. The qPCR primer sequences were as follows: SPOCK1: sense, 5′-CAACTGCTTGTTCCCAGAGG-3′, 
antisense, 5′-GCCAATGACTTCCCTATCCA-3′; E-cadherin: sense, 5′-AATCCAAAGCCTCAGGTCATAAACA-3′, antisense, 5′- 
TTGGGTCGTTGTACTGAATGGTC-3′; Vimentin: sense, 5′-GTTTCCCCTAAACCGCTAGG -3′, antisense, 5′-AGCGAGAGTGGCAGAGGA-3′; 
N-cadherin: sense, 5′-TGGATGGGCTGCCTCCAGGTGAC-3′, antisense, 5′-ACCAGCCCACCCCTCGAGCCC-3′; GAPDH: sense, 5′-GCCAT-
CACGCCACAGTTTC-3′, antisense, 5′-ATGTCGAAGCCCCATAGTGAA-3′.

2.6. Immunohistochemistry (IHC)

The tumor tissue microarray was done according to the above description. The anti-SPOCK1 antibody (Proteintech Group, Inc., 
28203-1-AP; 1:400 dilution) was used for the IHC staining. The staining intensity of the specimen was evaluated by the pathologists 
blinded to the clinicopathological data and the clinical results of patients. The tissue microarray was dewaxed in xylene solution, 
rehydrated with gradient ethanol concentrations, and subjected to antigen repair and blocking of the inactivated endogenous 
peroxidase. Subsequently, the anti-SPOCK1 antibody (1:400 dilution) was added, and the microarray was incubated at 4 ◦C overnight. 
The microarray was incubated for 45 min with a secondary antibody. The SPOCK1 staining intensity was scored on a 1 to 3 scale: 1, 
low; 2, median; and 3, high.

2.7. Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0. All values are presented as means ± standard deviation (SD). Stu-
dent’s t-test was used to determine statistical differences between two groups. And P < 0.05 was considered statistically significant (*: 
P < 0.05, **: P < 0.01, ***: P < 0.001; NS: no significance).

3. Results

3.1. Detection and analysis of eccDNA across various PCa tissues and cell types

The eccDNA data from 5 prostate cell lines (i.e., normal prostate RWPE-1, C4-2, 22RV1, C4-2R, and LNCaP cells), prostate tumor 
tissues, and normal prostate tissues was obtained with Circle-seq. The eccDNA purification, enrichment, and detection steps for the 
sequencing and process of data analysis were depicted in Fig. 1 (see also Materials and methods), and the eccDNA length distribution 
derived from the 4 PCa cell lines is shown in Fig. 2A–D. The Circle-seq results revealed that the locations of the peaks for eccDNA length 
varied across cell types. For instance, while the C4-2 and 22RV1 eccDNAs exhibited the highest peak at approximately 350-bp position, 
the C4-2R and LNCaP eccDNAs showed the highest peaks at approximately 150-bp position. Genomic distribution analysis showed that 
eccDNA was derived from all 23 pairs of chromosomes (Fig. 2E–H), and the frequency of eccDNA per Mb per chromosome varied 
substantially. In each cell line, the highest frequency was on chromosome 19, and among the sex chromosomes, the Y chromosome 
frequency was higher than that of the X chromosome in all cases. The exact distribution of eccDNA locations on individual chro-
mosomes is illustrated in the eccDNA karyoplots (Fig. 2I and J), suggesting that the eccDNA quantity distributed on the sex chro-
mosomes is relatively small across the chromosomes. The differential analysis of eccDNA formation among the PCa cell lines identified 
6005 differentially expressed eccDNAs between C4-2R and C4-2 cell samples (Fig. 2K and L). In addition, compared with the Enz- 
sensitive cell C4-2 line, 3222 significantly differential eccDNAs were recognized in the Enz-resistant C4-2R line, with 1714 upregu-
lated and 1508 downregulated eccDNAs (Fig. 2K and Supplementary Material 1-3). Similarly, a total of 14,728 differentially expressed 
eccDNAs were found between LNCaP and 22RV1 cell lines. Finally, a total of 10,112 significantly differential eccDNAs were detected 
between Enz-resistant C4-2R and Enz-sensitive LNCaP cell lines, with 7837 upregulated and 2275 downregulated eccDNAs (Fig. 2L). In 
addition, the coverage statistics were conducted on corresponding genomic elements of eccDNAs (Fig. 2M), uncovering that the 
eccDNA molecules of the 4 PCa cells were most enriched in gene2kbD and gene2kbU, with relatively low distributions in CpG islands. 
These results indicate that eccDNA generation in PCa cells is not entirely random but shows a preference for specific locations.

3.2. The GO and KEGG pathway enrichment analysis of differential eccDNA-related genes between Enz-sensitive and Enz-resistant PCa 
cells

Gene ontology (GO) is a public electronic tool for hierarchically classifying gene functions of gene sets using GO enrichment 
analysis. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis identifies the pathways to which the genes 
belong and recognizes the genes that may interact to uncover the molecular mechanisms behind the phenomenon. The GO analysis 
demonstrated that the downregulated eccDNA-related genes in the “C4-2R vs. C4-2” dataset were involved in all 3 GO terms: biological 
process, cellular process, and molecular function. The most enriched functions were synapse organization, modulation of chemical 
synaptic transmission, and regulation of trans-synaptic signaling (Fig. 3A). Likewise, the downregulated eccDNA-related genes in the 
“22RV1 vs. LNCaP” dataset (Fig. 3C) were associated with similar functions. The most enriched functions of upregulated eccDNA- 
related genes in the “C4-2R vs. C4-2” dataset were regulation of cell morphogenesis and axonogenesis (Fig. 3B), and these were 
also the top functions of upregulated eccDNA-related genes in the “22RV1 vs. LNCaP” dataset (Fig. 3D). A subsequent KEGG pathway 
analysis uncovered the top enriched pathways for the eccDNA in the 2 datasets mentioned above. Interestingly, focal adhesion, 
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Fig. 2. General overview of sequencing results for four types of prostate cancer cells. 
(A)-(D) The length distribution of eccDNA derived from the four types of cell lines. 
(E)-(H) The eccDNAs production densities derived from all 23 pairs of chromosomes. 
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(I)-(J) The eccDNA karyoplots of the four types of cell lines. 
(K) The differential analysis of eccDNA formation between C4-2R and C4-2 cells. 
(L) The differential analysis of eccDNA formation between 22RV1 and LNCaP cells. 
(M) The coverage statistics on corresponding genomic elements of eccDNAs among the PCa cells.

Fig. 2. (continued).
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Fig. 3. The GO and KEGG pathway enrichment analysis of differential eccDNA-related genes between Enz-sensitive and Enz-resistant PCa cells. 
(A)-(B) The top enriched downregulated (A) and upregulated (B) eccDNA-related genes GO terms in the “C4-2R vs. C4-2” dataset. 
(C)-(D) The top enriched downregulated (C) and upregulated (D) eccDNA-related genes GO terms in the “22RV1 vs. LNCaP” dataset. 
(E)-(F) The top enriched pathways of downregulated (E) and upregulated (F) eccDNA-related genes in the “C4-2R vs. C4-2” dataset in the KEGG 
pathway analysis. 
(G)-(H) The top enriched pathways of downregulated and upregulated eccDNA-related genes in the “22RV1 vs. LNCaP” dataset in the KEGG 
pathway analysis.
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Fig. 4. Identification of differentially expressed eccDNAs and enrichment analysis of eccDNA-related genes between C4-2 and RWPE-1 cells. 
(A) The length distribution of eccDNA derived from C4-2 and RWPE-1 cells. 
(B) The total number of eccDNAs originated from each chromosome. 
(C) The number of eccDNAs per Mb originated from each chromosome. 
(D) The schematic of the eccDNAs distribution density on the chromosomes of C4-2 and RWPE-1 cells. 
(E) The differential analysis of eccDNA formation between C4-2 and RWPE-1 cells. 
(F) The coverage statistics of corresponding genomic elements of eccDNAs between C4-2 and RWPE-1 cells. 
(G)-(H) The top enriched downregulated (G) and upregulated (H) eccDNA-related genes GO terms in the “C4-2 vs. RWPE-1” dataset. 
(I)-(J) The top enriched pathways of downregulated (I) and upregulated (J) eccDNA-related genes in the “C4-2 vs. RWPE-1” dataset in the KEGG 
pathway analysis.

Y. Yao et al.                                                                                                                                                                                                            Heliyon 10 (2024) e37075 

8 



cholinergic synapse, axon guidance, and oxytocin signaling pathways were shared between upregulated and downregulated eccDNA- 
related gene datasets (Fig. 3E–H).

3.3. Identification of differentially expressed eccDNAs and enrichment analysis of eccDNA-related genes between Enz-sensitive and normal 
prostate cells

The length distribution of eccDNA derived from the Enz-sensitive C4-2 and prostate hyperplasia RWPE-1 cells is shown in Fig. 4A. 
Similar to C4-2R and LNCaP cells, the peak lengths in RWPE-1 cells were also distributed close to the 200-bp location, clearly 
distinguishable from C4-2 cells. In addition, the total number of eccDNAs and the number of eccDNAs per Mb originated from each 
chromosome (Fig. 4B and C). Furthermore, eccDNAs in C4-2 cells were most commonly formed from chromosome 5 and were more 
than 3 times more abundant than the number of eccDNAs produced by other chromosomes (the second most common origin was 
chromosome 17). By contrast, eccDNAs in RWPE-1 cells most frequently originated from chromosome 16 and also from the Y chro-
mosome, more abundant than on the other chromosomes (Fig. 4B). Similarly, eccDNAs per Mb in C4-2 cells most commonly originated 
from chromosomes 5 and 17. Conversely, this distribution was not observed in RWPE-1 cells, where eccDNAs per Mb again formed 
from the Y chromosome, followed by chromosome 16, a clear distinction from the results of the total number distribution (Fig. 4C). A 
more intuitive schematic of the eccDNA distribution density on the chromosomes of the 2 cells are illustrated in Fig. 4D. Additionally, 
the highest density of eccDNA distribution in RWPE-1 cells was on chromosome 16 and the Y chromosome. The differential analysis 
uncovered 3307 differentially expressed eccDNAs between C4-2 and RWPE-1 cell samples, revealing 2452 significantly differential 
eccDNAs in C4-2 cells versus RWPE-1 cells, of which 1514 were upregulated eccDNAs and 938 were downregulated (Fig. 4E and 
Supplementary Material 4-6).

Subsequently, the coverage statistics were conducted on corresponding genomic elements of eccDNAs (Fig. 4F) to assess whether 
eccDNA origin is arbitrary. The eccDNA molecules in all the RWPE-1 cells were most enriched in Alu elements and long terminal repeat 
(LTR) sequences, with relatively lowest distributions in CpG islands, strikingly different from the eccDNA distribution positions in C4- 
2 cells. Again, these data imply that eccDNA generation in the cells is not entirely random but prefers specific positions on chromo-
somal DNA. The GO analysis showed that the most significant functions of downregulated eccDNA-related genes in the “C4-2 vs. 
RWPE-1” dataset were associated with axonogenesis, cell junction assembly, and regulation of cellular component size (Fig. 4G). 
Likewise, the most represented functions of upregulated eccDNA-related genes in the “C4-2 vs. RWPE-1” dataset were related to 
synapse organization, modulation of chemical synaptic transmission, and trans-synaptic signaling (Fig. 4H). Furthermore, the KEGG 
pathway analysis showed that the most enriched pathways of downregulated and upregulated eccDNA-related genes in the “C4-2 vs 
RWPE-1” dataset were the Hippo and calcium signaling pathways (Fig. 4I and J). Therefore, the above results overlap with or are 
partially similar to those associated with the “C4-2R vs. C4-2” dataset (Fig. 3).

Fig. 4. (continued).
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Fig. 5. Identification of differentially expressed eccDNAs and enrichment analysis of eccDNA-related genes between LNCaP and RWPE-1 cells. 
(G) The length distribution of eccDNA derived from LNCaP and RWPE-1 cells. 
(H) The total number of eccDNAs originated from each chromosome. 
(I) The number of eccDNAs per Mb originated from each chromosome. 
(J) The schematic of the eccDNAs distribution density on the chromosomes of LNCaP and RWPE-1 cells. 
(K) The differential analysis of eccDNA formation between LNCaP and RWPE-1 cells. 
(L) The coverage statistics of corresponding genomic elements of eccDNAs between LNCaP and RWPE-1 cells. 
(G)-(H) The top enriched downregulated (G) and upregulated (H) eccDNA-related genes GO terms in the “LNCaP vs. RWPE-1” dataset. 
(I)-(J) The top enriched pathways of downregulated (I) and upregulated (J) eccDNA-related genes in the “LNCaP vs. RWPE-1” dataset in the KEGG 
pathway analysis.
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The comparison of the sequencing data of prostate hyperplasia RWPE-1, LNCaP, and castration-sensitive PCA cells is given in Fig. 5, 
and the length distribution of eccDNA derived from LNCaP and RWPE-1 cells is shown in Fig. 5A. In LNCaP cells, 2 peaks of closer 
proximity with the higher one located close to 200 bp were observed and were quite different from those in C4-2 cells. Moreover, peak 
values of the total number of eccDNAs and the number of eccDNAs per Mb originated from each chromosome in LNCaP cells (Fig. 5B 
and C) were significantly higher than those in the C4-2 (Fig. 4B and C). The eccDNAs in the LNCaP cells most commonly originated 
from chromosome 17, with a peak height 2-fold higher than that of the peak located on chromosome 5 in C4-2 cells and more than 3- 
fold higher than that of the peak situated on chromosome 16 in RWPE-1 cells (Fig. 5B). The eccDNAs per Mb in LNCaP cells also most 
commonly originated from chromosome 17, with a peak height 4 times higher than that of the peak located on chromosome 5 in C4-2 
cells and more than 3 times higher than that of the peak located on the Y chromosome in RWPE-1 cells (Fig. 5C). A more intuitive 
schematic of the eccDNA distribution density on the chromosomes of the 2 cells is visualized in Fig. 5D. The differential eccDNA 
analysis disclosed 3054 significantly different eccDNAs between LNCaP and RWPE-1 cells, with 2139 upregulated and 915 down-
regulated eccDNAs (Fig. 5E). The eccDNA molecules of the LNCaP cells were most enriched in LTR sequences, with relatively lowest 
distributions in the CpG islands, somewhat different from the eccDNA distribution position noted in C4-2 cells (Fig. 5F). The GO 
analysis showed that the most significant functions of downregulated eccDNA-related genes in the “LNCaP vs. RWPE-1” dataset were 
modulation of chemical synaptic transmission and regulation of trans-synaptic signaling (Fig. 5G). Similarly, the most frequent 
functions of upregulated eccDNA-related genes in the “LNCaP vs. RWPE-1” dataset were axonogenesis and morphogenesis (Fig. 5H). 
Hence, these findings showed a slight similarity to the data captured by Circle-seq in the “C4-2R vs. C4-2” dataset (Fig. 3). Finally, the 
KEGG pathway analysis revealed that the most enriched pathways of downregulated and upregulated eccDNA-related genes in the 
“LNCaP vs. RWPE-1” dataset were Fc gamma R-mediated phagocytosis and axon guidance (Fig. 5I and J).

3.4. Identification of differentially expressed eccDNAs and enrichment analysis of eccDNA-related genes between prostate tumor and 
normal prostate tissues

In addition to profiling prostate cells with Circle-seq, prostate tissue specimens were sequenced to clarify the eccDNA distribution 
in vivo. Samples A, B, and C were prostate tumor tissue specimens (Treatment group), while samples C, D, and E were normal prostate 
tissue specimens (Control group). The length distribution of eccDNA derived from PCa and normal prostate tissues is shown in Fig. 6A 
and Supplementary Figs. 1A–F. Surprisingly, the trend of eccDNA length distribution in PCa tissues was remarkably consistent with 
that in normal prostate tissues, with a peak at about 150 bp. The number of eccDNAs per Mb originated from each chromosome (Fig. 6B 
and Supplementary Figs. 2A–E), and the density distribution of eccDNAs formed in each specimen did not show a clear pattern of bias. 
The peaks in the eccDNA distribution in several tumor tissues appeared at chromosomes 7, 8, or 20 (Fig. 6B and Supplementary 
Figs. 2A–B), whereas the peaks in several normal prostate tissues appeared at chromosomes 3, 12, or 20 (Supplementary Figs. 2C–F). A 
more intuitive schematic of the eccDNA distribution density on the chromosomes of the 2 groups is presented in Fig. 6C. The left side of 

Fig. 5. (continued).
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each set of chromosomes showed the gene density and the right side showed the density of individual intervals on the chromosomes 
forming eccDNAs in 500-kb units. A total of 12,111 significantly different eccDNAs were detected in the Treatment group compared 
with the Control group, with 5645 upregulated and 6466 downregulated eccDNAs (Fig. 6D and Supplementary Material 7-9). The 
results of eccDNA genomic coverage analysis in PCa and normal tissues showed high similarity, uncovering the highest enrichment in 
both groups was in long interspersed nuclear elements (LINEs) and the lowest in CpG islands (Fig. 6E). The GO analysis revealed that 
the most significant functions of downregulated eccDNA-related genes in the “Treat vs. Control” dataset were modulation of chemical 
synaptic transmission and regulation of trans-synaptic signaling (Fig. 6F). Likewise, the most frequent function of upregulated 
eccDNA-related genes in the “Treat vs. Control” dataset was regulation of cell morphogenesis (Fig. 6G). Finally, the KEGG pathway 

Fig. 6. Identification of differentially expressed eccDNAs and enrichment analysis of eccDNA-related genes between prostate tumor and normal 
prostate tissues. 
(A) The length distribution of eccDNA derived from PCa and normal prostate tissues. 
(B) The number of eccDNAs per Mb originated from each chromosome in Samples A. 
(C) The schematic of the eccDNA distribution density on the chromosomes between Treatment and Control group. 
(D) The differential analysis of eccDNA formation between Treatment and Control group. 
(E) The coverage statistics of corresponding genomic elements of eccDNAs between Treatment and Control group. 
(F)-(G) The top enriched downregulated (F) and upregulated (G) eccDNA-related genes GO terms in the “Treat vs. Control” dataset. 
(H)-(I) The top enriched pathways of downregulated (H) and upregulated (I) eccDNA-related genes in the “Treat vs. Control” dataset in the KEGG 
pathway analysis.
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analysis showed that the most significant pathways of downregulated and upregulated eccDNA-related genes in the “Treat vs. Control” 
dataset were axon guidance and calcium signaling pathways (Fig. 6H and I).

3.5. Identification of eccDNA-related target genes with the highest correlation with PCa development and Enz-resistance

We performed a few analyses on several Circle-seq datasets to explore the role of upregulated eccDNA in PCa and the relevant target 
genes. We overlapped the upregulated parts of 3 datasets: “C4-2 vs. RWPE-1,” “LNCaP vs. RWPE-1,” and “Treat vs. Control” (Fig. 7A), 
to identify the eccDNA-related target genes with the highest correlation with PCa development in vitro and in vivo. The results un-
covered 6 overlapping eccDNA-related genes: leucine rich repeat containing G protein-coupled receptor 6 (LGR6), protein kinase 
cAMP-dependent type I regulatory subunit beta (PRKAR1B), calneuron 1 (CALN1), EF-hand calcium binding domain 6 (EFCAB6), 
PTPRN2, and SPOCK1 (Table 1). Next, we retrieved their differential expression between PCa and normal tissues from TCGA database 
to verify that the TCGA expression of these genes matches that of our Circle-seq data. The results showed that only SPOCK1 and 
PTPRN2 genes were significantly upregulated in the PCa group compared with the control group, while the rest were relatively 
downregulated or insignificantly affected (Fig. 7B–G).

Therefore, given the inconsistency in the sequencing results, we downloaded the relevant expression data from the GEPIA platform 
to validate SPOCK1 and PTPRN2 expression in PCa. For both genes, the transcript density and degree of expression reflected significant 
differences between PCa and normal tissues, with SPOCK1 expression in PCa the highest among all tumors (Fig. 7H–K).

Next, we overlapped the “C4-2 vs. RWPE-1,” “C4-2R vs. C4-2,” and “Treat vs. Control” datasets to highlight the eccDNA-related 
target genes upregulated in PCa and normal groups and Enz-resistant and Enz-sensitive groups (Fig. 8A). We discovered 5 genes 
meeting this requirement: zinc finger protein 423 (ZNF423); microtubule associated monooxygenase, calponin and LIM domain 
containing 3 (MICAL3); CUGBP Elav-like family member 4 (CELF4); hook microtubule tethering protein 2 (HOOK2); and SPOCK1 
(Table 2). Comparing their expression with that in TCGA database showed that only SPOCK1 and HOOK2 were significantly upre-
gulated in the PCa versus the control group (Figs. 7E and 8B–E). However, the data from the GEPIA platform demonstrated that the 
transcript density and degree of expression of the HOOK2 gene did not show significant differences in PCa and normal tissues (Fig. 8F 
and G), suggesting inconsistencies in HOOK2 expression between the 2 data sources. In conclusion, because SPOCK1 is the only 
consistent gene appearing after 2 overlap analyses (Fig. 8H), it is likely an eccDNA-associated target gene crucial for PCa development 
and drug resistance. The eccDNAs associated with SPOCK1 in each of the datasets from the sequencing results were shown in Table 3.

3.6. Extrachromosomal circular DNA-associated SPOCK1 contributes to PCa occurrence and drug resistance

The SPOCK1 gene is a typical oncogene, and its protein is an ECM proteoglycan that affects tumor progression by regulating ECM 
remodeling. It promotes drug resistance, proliferation, and metastasis in various tumors. By analyzing the ICGC Data Portal, we 
discovered that the most significant GO terms of SPOCK1 involved calcium ion binding, postsynaptic density, cell adhesion, and 
regulation of cell growth. Concomitantly, these terms strongly agreed with the highly enriched GO terms in our Circle-seq results. Next, 
we explored the GEO database to determine the role of SPOCK1 in prostate carcinogenesis and drug resistance. The PCa-related 
GSE21034 dataset was downloaded from the GEO database to assess SPOCK1 differential expression between normal and tumor 
tissues, and the GSE35988 dataset was retrieved for the same analysis between CSPC and CRPC tissues. The SPOCK1 expression levels 
were significantly higher in the tumor group than in the normal group (P = 0.001), implying SPOCK1 is a central gene in CRPC 
development (Fig. 9A). Similarly, its expression was substantially enhanced in the CRPC group compared with the CSPC group 
(Fig. 9B), confirming SPOCK1 expression between the datasets.

Subsequently, we performed IHC staining to detect the expression of the SPOCK1 protein in PCa tissues and validate its expression 
in PCa. We assigned SPOCK1-stained tissue specimens into 4 groups based on the staining intensity from weak to strong: Negative 
(Normal), Score = 1 (Low), Score = 2 (Median), and Score = 3 (High) (Fig. 9C). The scoring revealed that a positive SPOCK1 signal 
positively correlated with PSA levels (P = 0.0326) (Fig. 9D), tumor stages (P = 0.0325) (Fig. 9E), and Gleason scores (P = 0.0076) 
(Fig. 9F) but had no significant correlation with metastasis (P = 0.5798) (Fig. 9G). These data suggest that the SPOCK1 protein plays a 
vital role in PCa progression.

We also conducted Western blotting to verify SPOCK1 protein expression in 5 prostate cell lines: prostatic hyperplasia RWPE-1, 
Enz-sensitive PCa (C4-2 and LNCaP), and Enz-resistant PCa (C4-2R and 22RV1) cells. The blots showed that SPOCK1 expression in 
C4-2 cells was significantly higher than in RWPE-1 cells. Its expression was also notably higher in C4-2R cells than in C4-2 cells 
(Fig. 9H) (Supplementary Material 10). Likewise, SPOCK1 expression in LNCaP cells was significantly higher than that in RWPE-1 
cells, and it was markedly higher in 22RV1 cells than in LNCaP cells (Fig. 9I) (Supplementary Material 10). Quantifying SPOCK1 
expression with RT-qPCR showed that the SPOCK1 protein expression in these cell lines matched that of the SPOCK1 mRNA (Fig. 9J 
and K), confirming the Western blotting data.

In summary, the results revealed that SPOCK1 was highly expressed in PCa and promoted Enz resistance process.

3.7. SPOCK1 promotes PCa development and Enz-resistance through EMT mechanism

Evidence suggests that SPOCK1 promotes EMT, enhancing drug resistance, proliferation, and metastasis in many cancers. Since 
EMT is a fundamental process during tumorigenesis and progression, we sought to determine the SPOCK1 effects on EMT in prostate 
hyperplasia RWPE-1 and PCa cells. We quantified the levels of 3 EMT marker mRNA (i.e., N-cadherin, E-cadherin, and Vimentin) in the 
2 cell lines with Western blot and qPCR. A large number of studies had demonstrated that lack of E-cadherin expression and increased 
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Fig. 7. Identification of eccDNA-related target genes with the highest correlation with PCa development. 
(A) There were 6 repeating eccDNA-related target genes in the overlapping of 3 datasets (“C4-2 vs. RWPE-1,” “LNCaP vs. RWPE-1,” and “Treat vs. Control”). 
(B)-(G) The differential expression of LGR6 (B), PTPRN2 (C), PRKAR1B (D), SPOCK1 (E), CALN1 (F) and EFCAB6 (G) between PCa and normal tissues from TCGA database. 
(H) The transcript density of SPOCK1 between PCa and normal tissues from GEPIA. 
(I) The degree of expression reflected significant differences of SPOCK1 between PCa and normal tissues from GEPIA. 
(J) The transcript density of PTPRN2 between PCa and normal tissues from GEPIA. 
(K) The degree of expression reflected significant differences of PTPRN2 between PCa and normal tissues from GEPIA.
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expression of N-cadherin and Vimentin were hallmarks of epithelial-mesenchymal transition (EMT) and were associated with an 
increased risk of cancer development and progression [21–23]. We found that the protein expression of N-cadherin and Vimentin 
increased sequentially in RWPE-1 cells, Enz-sensitive, and Enz-resistant PCA cells, while that of E-cadherin decreased sequentially in 
these cells (Fig. 10A and B) (Supplementary Material 11). Similar results could be seen in mRNA expression (Fig. 10C–H). Next, we 

Table 1 
The 6 repeating eccDNA-related target genes and their corresponding eccDNA in the overlapping of the datasets “C4-2 vs. RWPE-1,” “LNCaP 
vs. RWPE-1,” and “Treatment vs. Control”.

C4-2 vs. RWPE-1 LNCaP vs. RWPE-1 Treat vs. Control

LGR6 eccDNA_242 eccDNA_270 eccDNA_26922
PTPRN2 eccDNA_2894 eccDNA_3428 eccDNA_358238
PRKAR1B eccDNA_2723 eccDNA_3172 eccDNA_335176
SPOCK1 eccDNA_2556 eccDNA_2965 eccDNA_302693
CALN1 eccDNA_2794 eccDNA_3267 eccDNA_345545
EFCAB6 eccDNA_2207 eccDNA_2549 eccDNA_227364

Fig. 8. Identification of eccDNA-related target genes with the highest correlation with Enz-resistance. 
(A) There were 5 repeating eccDNA-related target genes in the overlapping of 3 datasets (“C4-2 vs. RWPE-1,” “C4-2R vs. C4-2” and “Treat vs. 
Control”). 
(B)-(E) The differential expression of ZNF423 (B), MICAL3 (C), CELF4 (D) and HOOK2 (E) between PCa and normal tissues from TCGA database. 
(F) The transcript density of HOOK2 between PCa and normal tissues from GEPIA. 
(G) The degree of expression reflected significant differences of HOOK2 between PCa and normal tissues from GEPIA. 
(H) SPOCK1 was the only one repeating eccDNA-related target gene in the overlapping of 4 datasets (“C4-2 vs. RWPE-1,” “C4-2R vs. C4-2”, “LNCaP 
vs. RWPE-1”, and “Treat vs. Control”).
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performed IHC staining to verify the expression of the 3 EMT markers in the normal and PCa tissues. Indeed, N-cadherin and Vimentin 
expression in PCa tissues was higher than in normal ones, while that of E-cadherin was lower (Fig. 10I–K). In addition, we investigated 
whether changes in SPOCK1 expression affect the expression of the 3 EMT markers to clarify the relationship between the effects of 
SPOCK1 on PCa and EMT mechanisms. To this end, we examined the protein expression in C4-2 cells under SPOCK1 overexpression, 
discovering that SPOCK1 represses E-cadherin but induces Vimentin and N-cadherin expression in Enz-sensitive PCa cells (Fig. 10L) 
(Supplementary Material 12).

In conclusion, these findings show that the positive SPOCK1-mediated regulation of prostate carcinogenesis and progression is 
closely related to the EMT mechanism.

4. Discussion

Extrachromosomal circular DNA (eccDNA) is a type of circular DNA originating from chromosomes but is likely independent of 
them. Because of its structural properties, it has potential extensive applications as a new biomarker for cancer prevention and 
treatment [24–26]. Although eccDNA has been reported in multiple cancers, such as leukemia [27], gastric [28], ovarian cancer [29], 
oropharyngeal [30], breast cancer [31,32], and colorectal cancers [33], few studies are known on prostate cancer. In this study, we 
used Circle-seq and studied the distribution pattern and level of eccDNA expression across various PCa cell lines and tissues. We 
confirmed that eccDNA is a common mutational element in PCa and identified an eccDNA-related target gene SPOCK1. We found that 
SPOCK1 was highly expressed in PCa cancer tissues and cells and exists as eccDNA in PCa, promoting its development and drug 
resistance through the EMT mechanism.

We identified SPOCK1 as a target gene owing to the Circle-seq method, which obtains a comprehensive picture of the overall 
landscape of eccDNA sizes and content in cell populations. We sequenced 5 groups of samples: 4 groups of cell samples and 1 group of 
clinical tissue samples. The main objective of the sequencing was to disclose eccDNA and its associated target genes that differed most 
markedly between normal and PCa cells and tissues, as well as between castration-sensitive and castration-resistant PCa cells. We also 
used the sequencing to explore more detailed information, such as the length distribution of eccDNAs in each group of samples, the 
frequency distribution of eccDNAs in each chromosome, the number of differentially expressed eccDNAs in each group and the cor-
responding degree of differentiation, the distribution of eccDNAs in each genome element, and the GO and KEGG pathways highly 
enriched by differentially expressed eccDNAs in each group.

We discovered that the length of most eccDNAs in normal prostate RWPE-1 cells was shorter than that in PCa cells and that the 
height of their frequency peaks was about 200 bp smaller than that of eccDNAs in PCa cells. In addition, we observed that the number 
of eccDNAs from each chromosome between normal and PCa cells differed considerably. The eccDNAs in RWPE-1 cells originated most 
frequently from chromosomes 16 and Y, while those in PCa cells were formed from chromosomes 5 and 17. In addition, no significant 
biased difference was found in the coverage statistics of eccDNA across genomic elements in normal and tumor cells. However, PCa 
cells tended to have more eccDNAs with upregulated genes than downregulated compared with normal prostate cells. The length 
distributions, the number from each chromosome, and the coverage statistics across genomic elements of eccDNAs in various PCa cells 
showed no significant differences. We also found no significant differences in the length of eccDNA, its frequency on each chromosome, 
or its distribution on genomic elements between PCa and normal tissues. By employing GO and KEGG analyses, we uncovered the 
functions and pathways highly enriched in up- and downregulated differentially expressed eccDNA-associated genes between tumor 
and normal tissues: synapse organization, modulation of chemical synaptic transmission, regulation of trans-synaptic signaling, axon 
guidance, and calcium signaling pathway.

Table 2 
The 5 repeating eccDNA-related target genes and their corresponding eccDNA in the overlapping of the datasets “C4-2 vs. RWPE-1,” “C4- 
2R vs. C4-2,” and “Treatment vs. Control”.

C4-2 vs. RWPE-1 C4-2R vs. C4-2 Treat vs. Control

SPOCK1 eccDNA_2556 eccDNA_13160 eccDNA_302693
MICAL3 eccDNA_2133 eccDNA_10830 eccDNA_223605
CELF4 eccDNA_1450 eccDNA_7638 eccDNA_160175
HOOK2 eccDNA_1553 eccDNA_8211 eccDNA_167585
ZNF423 eccDNA_1116 eccDNA_6116 eccDNA_138088

Table 3 
The eccDNAs associated with SPOCK1 in each of the datasets from Circle-seq results.

Chr Location Length Dataset

Start End

eccDNA_2556 chr5 137211642 137212155 513 C4-2 vs. RWPE-1
eccDNA_2965 chr5 137581089 137581586 497 LNCaP vs. RWPE-1
eccDNA_302693 chr5 137230101 137230251 150 Treat vs. Control
eccDNA_13160 chr5 137518567 137524102 5535 C4-2R vs. C4-2
eccDNA_13158 chr5 137134851 137135411 560 LNCaP vs. 22RV1

Y. Yao et al.                                                                                                                                                                                                            Heliyon 10 (2024) e37075 

16 



Fig. 9. eccDNA-associated SPOCK1 contributes to PCa occurrence and drug resistance. 
(A) The differential analysis of SPOCK1 gene expression levels between PCa and normal tissues from dataset GSE21034. 
(B) The differential analysis of SPOCK1 gene expression levels between CSPC and CRPC tissues from dataset GSE35988. 
(C) Representative SPOCK1 staining divided into Negative and Score 1–3 based on staining intensity from weak to strong in PCa tissues. 
(D)-(G) The correlation of SPOCK1 expression level with PSA (D), T stages (E), Gleason scores (F) and metastasis (G). 
(H) SPOCK1 protein expression in C4-2 cells was significantly higher than in RWPE-1 cells. Its expression was also notably higher in C4-2R cells than 
in C4-2 cells. 
(I) SPOCK1 protein expression in LNCaP cells was significantly higher than that in RWPE-1 cells. Its expression was also notably higher in 22RV1 
cells than in LNCaP cells. 
(J) SPOCK1 mRNA expression in C4-2 cells was significantly higher than in RWPE-1 cells. Its expression was also notably higher in C4-2R cells than 
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Ultimately, by overlapping the sequencing datasets and combing them with bioinformatics analysis, we discovered that the 
SPOCK1 gene is the most significant and consistent differentially expressed eccDNA-associated target gene between PCa and healthy 
tissues. Moreover, our bioinformatics analysis showed that the GO and KEGG-enriched genes and pathways related to SPOCK1 in 
publicly available databases agreed with those in our Circle-seq results.

SPOCK1 was reportedly associated with the proliferation and drug resistance of tumor cells [34]. In addition, SPOCK1, which 
related to EMT mechanism, could serve as a potential prognostic and therapeutic biomarker for a variety kinds of cancers [35,36]. 
Epithelial-mesenchymal transition (EMT) was known as the process of the transdifferentiation of epithelial cells into motile mesen-
chymal cells [37]. EMT has been shown to promote tumorigenesis by enhancing proliferation, invasion and resistance to apoptosis. In 
addition, EMT-derived tumor cells acquired stem cell properties and exhibited significant therapeutic resistance [38]. Given these 
features, the biological processes of EMT had been widely recognized as key hallmarks of carcinogenesis and drug resistance, and 
targeting the EMT pathway constitutes a cancer therapeutic strategy with great potential [39,40]. There had been many reports 
confirming that EMT played important roles in the progression of various cancers, such as colorectal cancer, breast cancer and lung 
cancer [41,42].

Our series of experimental analyses on tissues and cells confirmed significant differences in the protein and mRNA expression of 
SPOCK1 between prostate normal and tumor cells. Importantly, these differences were also apparent between Enz-sensitive and Enz- 
resistant tumor cells. Therefore, these in vitro findings validate the sequencing results to some extent. Finally, we verified that SPOCK1 

in C4-2 cells. 
(K) SPOCK1 mRNA expression in LNCaP cells was significantly higher than that in RWPE-1 cells. Its expression was also notably higher in 22RV1 
cells than in LNCaP cells.

Fig. 9. (continued).
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action affecting PCa development and drug resistance was positively correlated to the EMT mechanism.
In conclusion, SPOCK1 is an eccDNA in prostate cancer and promotes PCa development and Enz resistance through the EMT 

mechanism. Our results suggest that upregulated genes in the form of eccDNA are oncogenes in PCa and play a pivotal role in 
carcinogenesis. They also indicate that identifying highly expressed genes in the form of eccDNA and their mechanisms of action may 
provide new strategies for treating this disease.

Although our study offers valuable novel insights into human eccDNA, it has certain drawbacks. For instance, the way eccDNA 

Fig. 10. SPOCK1 promotes PCa development and Enz-resistance through EMT mechanism. 
(A) The protein expression of N-cadherin and Vimentin increased sequentially in RWPE-1, C4-2, and C4-2R, while E-cadherin decreased sequen-
tially. 
(B) The protein expression of N-cadherin and Vimentin increased sequentially in RWPE-1, LNCaP, and 22RV1, while E-cadherin decreased 
sequentially. 
(C)-(H) The mRNA expression of N-cadherin(C) and Vimentin(G) increased sequentially in RWPE-1, C4-2, and C4-2R, while E-cadherin(E) decreased 
sequentially. Meanwhile, mRNA expression of N-cadherin(D) and Vimentin(H) increased sequentially in RWPE-1, LNCaP, and 22RV1, while E- 
cadherin(F) decreased sequentially. 
(I)-(K) N-cadherin (I) and Vimentin (J) expression in PCa tissues was higher than in normal ones, while that of E-cadherin (K) was lower. 
(L) N-cadherin and Vimentin protein expression in C4-2 increased obviously after overexpressing SPOCK1, while E-cadherin decreased.
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regulates the SPOCK1 target gene and the specific linkage site is not experimentally verified. Therefore, we plan to address these 
unresolved questions in our subsequent studies and further understanding of this gene as a potential treatment target in PCa.
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