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INTRODUCTION: 
 

Along with colleagues, I have recently discovered a new type of extra-chromosomal circular DNA (eccDNAs, 
also called microDNA) in mouse tissue as well as in mouse and human cell lines (1). These eccDNAs arise 
from tens of thousands of unique genomic loci and could serve as disease biomarkers. Discovering a new 
biomarker for prostate cancer is significant because early detection and accurate prognosis is very important 
to cure the disease without over treating the many patients who do not have life-threatening disease. In this 
current project I am exploring the potential of microDNA as prostate cancer biomarker. The circular DNAs 
will be stable due to their circular nature (resistant to exo-nuclease) and could be amplified by PCR based 
method. Finally I will look for the presence of prostate cancer specific circular DNA in sera of prostate cancer 
patients. 

 
KEYWORDS: eccDNA; microDNA; high-through put sequencing; prostate cancer; sera; biomarker  
 
OVERALL PROJECT SUMMARY: High-throughput sequencing of extra chromosomal circular DNA 
(eccDNA): Major Task 1 (1-8 months): 
 
Isolation and high-throughput sequencing of eccDNA from prostate and non-prostate derived cell lines 
 
Extraction of circular DNA: The steps involved in the isolation of circular DNA are shown in Fig. 1. In 
brief, the nuclei from the cells were extracted as described (Shibata et al. 2012). To avoid contamination by 
mitochondrial DNA only the nuclei of the cell lines were used for the extraction of eccDNA (Jiang et al. 2008; 
Shibata et al. 2012). Contaminating linear DNA was removed by an ATP-dependent exonuclease (1, 2). 
Purified extra-chromosomal fraction was treated sequentially with proteinase K and RNase, with phenol-
chloroform extraction and ethanol precipitation. Multiple displacement amplification (MDA) with random 
hexamers (1, 3, 4) was used to enrich circular DNA by rolling circle amplification.  This procedure was 
applied to isolate eccDNA from three prostate cell lines:  LNCaP (PSA, hK2 and AR positive), PC-3 & C4-2, 
(non-tranformed prostate epithelium) and two ovarian cancer cell lines (ES2 and OVCAR-8). The summary of 
isolation of microDNA and its yield is shown in Table 1.  
 
Table 1: Summary of microDNA isolation in various cancer cell lines. 
 
Cell Line ES2 OVCAR8 LnCap PC-3 C4-2 
Cell Count 1.8X108 1x108 1.1X108 1.24X108 1.1X108 
Episomal DNA (ug) 21.3 23.7 26 15.6 20.4 
Starting DNA (ug) 21.3 23.7 26 10 20 
ExoVII (ng) 5600 9632 6074 2640 9352 
ATP-dependent DNase (ng) 350 530 680 466 326 
Rolling Circle Amplification 
(RCA) Starting DNA (ng) 88 133 120 116.5 81.5 
RCA Ending DNA (ug) 9.2 4 8.368 6.8 8.515 
DNA Shearing (400-600bp) (ng) 1472 1312 936 1116 1090 
MicroDNA Library (ng) 402 423 738 528 1224 
MicroDNA Library conc (ng/uL) 13.4 14.1 24.8 17.6 40.8 

 
 
MicroDNA library preparation and sequencing: Enriched eccDNA was fragmented, selected and 
sequenced (Sanger sequencing) to verify the presence of circular DNA. Cloning and sequencing of 500 bps 
long MDA product confirmed circular nature of DNA (Fig. 2). Once circular nature of DNA was confirmed 
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then paired-end (PE) library was prepared as described (1). The 500bp size selection was done on nebulized 
DNA. The ends of the library fragments were modified as per Illumina paired-end protocol and paired-end 
high-throughput sequencing  (64 bases long reads) was performed according to the manufacturer's protocol 
(Illumina).  Summary of microDNA sequencing and mapping in prostate and ovarian cancer cell lines is 
shown in Table 2. 
 
 
Table 2: Summary of PE sequencing and mapping to human genome. 
 

Sample 
Paired End 
Reads 

Pairs 
Aligned 

Read 
Sequences 

Aligned 
Sequences 

Unique 
Alignment 

Unique 
microDNA 
(Complexity) 

ES2 61.9 26.8 123.9 96.4 86.7 114,752 
OVCAR8 50.2 28.8 100.4 84.5 75.8 57,327 
C4-2 41.1 21.4 82.2 69.3 63.2 41,410 
LnCap 56.1 24.8 112.1 89.1 82.3 84,841 
PC3 43.5 10.7 87.0 41.6 38.8 14,705 

 
*all values in millions except microDNA 
 

 
 

 Tissues and Cell lines

Deep Sequencing

 
Figure 1: Illustration of method of circular DNA isolation and library preparation from various cell lines of 
prostate and ovarian tissue.  ATP-dependent DNase-resistant DNA from nuclei (eccDNA) was amplified by 
multiple-displacement amplification (MDA). The amplified DNA was sheared to obtain 500 bp fragments and 
sequenced by the Illumina sequencing.  
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GCAGCACCATTTACAATGATGCTGCACATTAAATTCAACAGGGAGAAATCCTCTCTGCCCCTCAG
ACTGCCCATCAGGCTTGGGAGGTGTCGGGAGACAGGCGTTCATCCTGGTCGCTGCTTTGGGTAG
CAGCTTGCAGTGCTGAAACAGTCAAAGATGGCTGTCCCTCAGCCCTGCCACCTCCCATTCAAGCG
CCTGCTCTGAAAGCTCCTGAGCAGATGGGCCTGAGATGCAGACAGGGGTGCTCGTGGCAGCACC
ATTTACAATGATGCTGCACATTAAATTCAACAGGGAGAAATCCTCTCTGCCCCTCAGACTGCCCA
TCAGGCTTGGGAGGTGTCGGGAGACAGGCGTTCATCCTGGTCGCTGCTTTGGGTAGCAGCTTGC
AGTGCTGAAACAGTCAAAGATGGCTGTCCCTC 
 
Figure 2: Presence of repeat sequence in the 500 bps long cloned and Sanger sequenced fragment. Circular 
DNA sequence is in purple. 
 
Major Task 2: Identification of circular DNA from various samples (9-15 months) 
 MicroDNA identification from the paired-end sequencing: The details of the different 
steps of identification of microDNA are shown in Fig. 3.  Sequence tags were mapped on the human reference 
genome using the Novoalign software. Only those tags that were mapped uniquely were considered for the 
identification of circular DNA.  The sequence coverage of each base pair was profiled for each chromosome.  
An island of interest (potential circle) was delineated on the basis of two consecutive sequenced bases. In 
other words any stretch of continuously sequenced bases was considered as a part of an island and the start 
and end of the stretch was considered as start and end of the island respectively. The islands were considered 
further for the identification of circles. The creation of circular microDNAs would bring together the ends of 
the linear islands to create a novel junctional sequence that does not exist in the genome. Thus the PE-
sequence of a fragment that breaks at or very close to a junction will have one end that maps to the island and 
another end that maps to the junction and will not map to the reference genome (Fig. 3b). Those PE-tags 
where one tag maps uniquely to an island and the other remains unmapped, but passes the sequence quality 
filter, was considered for the validation of circular nature of the identified islands. As mentioned earlier, the 
creation of circular DNAs bring together the two ends of the linear DNA, and thus generated hypothetical 
junctional tags was created by ligation of the two ends of each island. If the mapped tag of a PE read falls in 
an island and the un-mapped tag matches a hypothetical junctional tag of the same island, then the island was 
annotated as a circle. Summary of microDNA sequencing and mapping and number of microDNA identified 
in prostate and ovarian cancer cell lines is given in Table 2. 
 
 
 
 
 

A! B!

 
 

Figure 3: Illustration of different steps in the identification of microDNA by Island method (a) and schematic 
representation of junctional tag (b). 
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Figure 4: Properties of microDNA identified in human prostate and ovarian cancer cell lines. (a) Length 
distribution of microDNAs identified in cancer cell lines. (b) Median percent GC content of microDNAs and 
the genomic sequences up- or downstream of the source loci are enriched relative to the average GC content 
of the human genome (dashed line). (c) Direct repeats near the start and end of microDNA sequences (2- to 
15-bp) are enriched in all cell lines compared to a random model (RM). (d) Enrichment of microDNAs in the 
indicated genomic region relative to the expected percentage based on random distribution. (e) MicroDNA 
loci were grouped into 5-Mb bins stepwise across the human genome and the percentage of all microDNA 
located within each bin was calculated for each cancer cell line and compared using hierarchical clustering. 
 
 
Identification and analysis of prostate-tissue-specific and prostate-cancer-specific microDNAs: 
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First, all microDNAs were studied for general properties:  size distribution (Fig. 4a), GC content (Fig. 
4b), the presence of 2-10 base direct repeats at the ends of microDNA (Fig. 4c), and locations relative to 
genomic features (exons, introns, UTRs, CpG islands) (Fig. 4d).  It could be seen that most of the microDNAs 
are of 200-400 bps long, have high GC content compared to the genomic average and frequently have direct 
repeat at the ends. These features are similar to the features that have all been observed in the microDNAs 
identified in normal mouse tissue, and mouse NIH3T3 and human HeLa cells (1).  This confirms that the 
microDNAs obtained from normal tissue and human cell lines of different tissue origin conforms to the 
general properties of microDNAs.  
 The genomic origins of the circles and the abundance of circles from each locus were compared by 
hierarchical clustering. For this whole human genome was divided in 5-mega base windows and in each bin 
the fraction of microDNA in each bin was calculated and compared using hierarchical clustering. It is 
interesting to note that prostate cancer cell lines are clustering together (Fig. 4e) and distinct from the ovarian 
cell line cluster indicating that some of the genomic loci are differentially producing microDNA between 
prostate and ovarian cell line. The common and abundant circles identified across all the prostate cancer cell 
lines have the potential to qualify as a marker for prostate cancer however this tissue specificity of microDNA 
need to be further checked in patient sera. 
 

In the next level of my study I propose to look for the presence of prostate cancer specific circular 
DNA in sera of prostate cancer patients. Even the identification of microDNAs in serum will be a novel 
discovery.  

 
  

KEY RESEARCH ACCOMPLISHMENTS:  
 

v MicroDNAs are present in cancer cell lines  
 

v MicroDNAs identified in cancer cell lines have similar features (length distribution, GC content, 
genomic enrichment etc.) that have been observed in the microDNAs identified in normal mouse 
tissue, and mouse NIH3T3 and human HeLa cells 

 
v Hierarchical clustering of prostate and ovarian cancer cell lines based on the microDNA loci in the 

genome indicates some of the microDNAs are tissue specific 
 

v Tissue specific microDNA could be disease biomarker  
 
 
CONCLUSION:  
 
 To find the tissue specific microDNA we examined a panel of human prostrate (C4-2, LnCap and PC-3) 
and ovarian (ES2 and OVCAR-8) cancer cell lines. Hierarchical clustering on the basis of microDNA co-
ordinates classified the prostate and ovarian cancer cell lines into two separate groups suggesting that 
microDNA are tissue specific. The tissue specificity of these microDNA could be further explored to find 
prostate tumor specific microDNAs that could serve as biomarkers for cancer detection and its prognosis. 
DNA, especially circular DNA, is extremely stable and is also expected to survive in the blood once it is 
released from cancer cells. 
 In the last level of my study I will look for the presence of prostate cancer specific circular DNA in sera of 
prostate cancer patients. Even the identification of microDNAs in serum will be a novel discovery. We will 
also test whether the sequences, abundance, and nature of the microDNAs are different in the normal sera 
compared to sera from the four prostate cancer patients. The preliminary data from this part of the project will 
be essential before we can propose a more definitive project on these lines.   
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