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topic. In recent years, the role of ecDNA in tumors, especially glioma, has been gradually recognized. ecDNA can accelerate tumor evolution topic. In recent years, the role of ecDNA in tumors, especially glioma, has been gradually recognized. ecDNA can accelerate tumor evolution 
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1. Introduction
Glioma is the most common primary tumor of the 

central nervous system, with an annual incidence of 6 per 
100,000 [1]. Currently, the main treatment modalities for 
gliomas are comprehensive therapy, including surgery, 
radiotherapy, and chemotherapy [2]. New technologies 
such as targeted drugs [3], immunotherapy [4], and 
electric field therapy [5] are also being used as adjuncts 
to these therapies. However, the five-year survival rate 
of high-grade glioma, especially glioblastoma (GBM), is 
only 6.8% due to its malignant biological characteristics, 
such as high aggressiveness and drug resistance [6]. As 
a genetic disease, glioma has long been studied at the 
genetic level [7]. However, current genetic studies on 
glioma have mainly focused on the function of specific 
oncogenes or tumor suppressor genes, without paying 
attention to the specific location of the genes, and 
with more focus on the study of chromosomal linear 
DNA in the nucleus. In recent years, the function of 
extrachromosomal DNA has been gradually recognized, 
providing a new perspective for better understanding 
of oncogene amplification, tumor microevolution, and 
other phenomena, and further expanding the research 
content of tumor genomics [8].
2.The basic biological properties of ecDNA

Extrachromosomal circular DNA (eccDNA) was 
first discovered in the 1960s by Alix Bassel and Yasuo 
Hoota, who found a large amount of eccDNA in 
boar sperm cells in 1964, ranging in size from a few 
hundred to several thousand base pairs [9]. Almost 
simultaneously, Spriggs et al. found a large number of 
small extrachromatin granules in neuroblastoma, which 
they named double minutes (DM) because they were 

often found in pairs [10]. Since then, eccDNA has been 
found in eukaryotic yeast [11], nematodes [12], and 
Drosophila [13].eccDNA can be broadly classified into 
four categories based on molecular size and generation 
mechanism: small polydispersed DNA (spcDNA), 
telomeric loops, tiny DNA, and extrachromosomal 
DNA (ecDNA). spcDNA is usually a few hundred 
to several thousand base pairs in size, derived from 
repetitive sequences of the genome, and is associated 
with genomic stability [14]. Telomeric loops containing 
only telomere-related repetitive sequences immortalize 
tumor cells through the mechanism of selective 
lengthening of telomeres (ALT) [15]. Micro DNA is the 
smallest class of eccDNA, with a size of only 100-400 
bp, first discovered in mouse embryonic brain tissue 
[16]. It has been shown that micro DNA can regulate 
the tumor genome by producing micro RNA [17], and 
it has important potential for liquid biopsy [18].ecDNA 
is the most functionally rich of all eccDNAs. Since its 
size spans approximately 1-3 MBp, it can carry encoded 
genes to perform biological functions. ecDNA research 
began with the discovery of DM, but subsequent studies 
have shown that only about thirty percent of ecDNA 
exhibits DM [19]. However, 46% of tumor cell lines 
were detected with ecDNA and expressed at significantly 
higher levels in primary tumor cells than in vitro cell 
lines, suggesting that the in vivo environment in which 
tumor cells are located has a significant effect on ecDNA 
[20].Four main models have been proposed to explain 
the mechanism of ecDNA formation, including the 
breakage-fusion-bridge cycle (BFB cycle) [21], ectopic 
deletion amplification [22], additional bodies [23], and 
the chromosome fragmentation model [24]. ecDNA 
degradation is thought to be associated with micronuclei 
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[25]. However, the details of the mechanism have not been studied in depth.

3.History of ecDNA research in glioma

The study of extrachromosomal DNA (ecDNA) in gliomas dates back to the 1960s, following the discovery 
of DM. As experimental techniques and bioinformatics tools evolved, ecDNA research in glioma can be broadly 
divided into three stages: classical karyotype analysis, basic functional descriptive studies, and studies of molecular 
regulatory mechanisms. During the karyotype analysis era, limited molecular biology technology restricted cell 
nuclear chromosome study to qualitative analysis and classification of chromosome morphology. The focus was 
on identifying the presence of DM in different cases with minimal exploration of its specific gene functions. Later, 
basic functional descriptive studies emerged, and the landmark achievement during this period was the discovery of 
ecDNA's specific role in drug resistance in glioma. In the last five years, ecDNA's molecular regulatory mechanisms 
have been identified due to the development of relevant high-throughput technologies and bioinformatics tools. 
These revealed ecDNA's genomic diverse regulatory patterns and initially recognized the complex functions of 
ecDNA in glioma. Importantly, the above three research stages are not absolute but represent different levels of 
ecDNA research, with each level representing a research paradigm that will persist in the basic and clinical research 
of ecDNA in glioma.

3.1 The era of classical karyotyping
From the 1960s to the 1990s, research on ecDNA in gliomas primarily involved karyotype analysis to identify 

double minutes (DM) and extrachromosomal oncogenes. In 1968, Kucheria Kiran reported the first description 
of DM structure in gliomas. A child with subventricular glioma showed DM in six out of eleven glioma cells 
by karyotype analysis. DM was found in both normal and abnormal karyotypes, and the child had not received 
radiotherapy, indicating that the presence of DM was not related to karyotypic changes in the cell nucleus or to 
chromosome fragmentation[26]. In 1970, Joachim Mark analyzed karyotypes of 40 gliomas and found that three 
of them contained DM in almost every cell, while five showed scattered DM. The study showed that DM was not 
associated with specific variants in glioma cell chromosomes[27]. Joachim Mark reported similar findings in 1971 by 
analyzing karyotypes of a larger number of glioma cases, where DM was widespread in four out of 54 gliomas and 
scattered in nine. Sandra H. Bigner et al. identified seven cases containing DM out of 15 gliomas in their study[28].     

The first oncogenes identified in glioma DM were EGFR and MYC. J Trent et al. found c-myc amplified and 
rearranged in DM of the glioma cell line SF-188[29]. By karyotyping 33 gliomas, Sandra H. Bigner et al. found 
that 13 out of 15 cases containing EGFR amplification contained DM. Only four of the cases without EGFR 
amplification contained DM, indicating that DM may be a common locus for amplified EGFR[30]. Further research 
found that glioma cell lines containing DM were able to maintain EGFR gene amplification in a nude mouse 
transplantation tumor model[31]. In 2010, Concha Lopez-Gines et al. studied and analyzed EGFR status in 40 newly 
diagnosed glioblastomas using fluorescence in situ hybridization (FISH) and polymerase chain reaction (PCR), and 
found that the EGFR copy number was significantly higher in cells with DM[32]. 

The early studies on DM not only identified their presence morphologically through karyotype analysis but also 
investigated oncogenes in DM, suggesting that DM may play an important role in promoting glioma development.

3.2 Basic functional descriptive studies of ecDNA
After the 2000s, research on the function of ecDNA intensified and progressed from the study of ecDNA 

oncogenomic structure, drug resistance function, and methodology. Nicolas Vogt et al. used PCR to investigate the 
EGFR amplification structure and repeat sequence of DM in seven gliomas. They found that all of these amplified 
structures were derived from simple ecDNA, that the EGFR gene-containing chromosomal fragments circularized 
eventually accumulated to generate ecDNA, and that the fusion of the ends of the initial amplicon was derived from 
a non-homologous end-joining mechanism (NHEJ) [33]. This group further identified different mechanisms involved 
in the formation of ecDNA in another study on the structure of glioma ecDNA oncogene. Anne Gibaud et al. studied 
glioma cells containing four extrachromosomal amplification motifs (7p11, 1q32.1, 5p15, and 9p2). They found 
that 1q32.1 was formed by linear chromosomal fragment cyclization, while 7p11, 5p15, and 9p2 were derived from 
interchromosomal fusions [34].

Promoting glioma drug resistance is an important function of ecDNA. On the one hand, this is due to studies that 
found that ecDNA carries drug resistance genes, and on the other hand, it is due to the structural features of ecDNA 
itself, which enhance glioma cell heterogeneity. V. Koneti Rao et al. first reported in 2005 that ecDNA carries drug 
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resistance genes. In mitoxantrone-treated SF-295 glioma cell lines, the drug resistance gene ABCG2 was found to be 
amplified by FISH through DM in the replication interval. At higher concentrations of the drug, DM decreased, and 
the homogeneous staining region (HSR) increased. The amplification of ABCG2 initially occurred as DM and was 
subsequently able to reintegrate into the chromosome to form the HSR, which functioned as a more stable form of 
drug resistance [35].

David A. Nathanson et al. first reported in 2013 that mutant EGFR genes in glioma cells mediate resistance to 
EGFR tyrosine kinase inhibitors (EGFR TKIs) through the dynamic regulation of ecDNA itself. Single-cell analysis 
of GBM patients revealed that GBM cells were able to reversibly regulate EGFRvIII expression for optimal growth 
after treatment with erlotinib. Inhibition against EGFR TKIs is achieved by removing EGFRvIII from ecDNA, and 
mutant EGFRvIII on ecDNA can reappear after drug withdrawal [36]. Further studies have shown that DM regulates 
drug resistance in GBM through a mechanism known as Amplification-Linked Extrachromosomal Mutations 
(ALEMs). Since ecDNA can be randomly distributed among progeny cells, mutations that favor cell proliferation 
can be continuously selected by the environment and accumulate rapidly, eventually allowing the cell population to 
reach an optimal state of adaptation to the environment [37]. The ability of ecDNA to accelerate the microevolution 
of primary/relapsed GBM and to participate in drug resistance regulation has been demonstrated in clinical cases. 
F. Favero, through a whole-genome sequencing study of a GBM patient before and after relapse, found that PI3k-
related mutations occurring on DM in relapsed GBM replaced the original IDH1 and led to the failure of imatinib 
treatment [38]. Ke Xu et al. in another study involving children and adults with five cases of pre- and post-relapsed 
GBM also found that DM was involved in resistance to erlotinib and increased cellular heterogeneity in GBM 
[39].In 2018, Ana C. deCarvalho and colleagues conducted a systematic study to investigate the heterogeneity of 
glioblastoma (GBM) and its association with extrachromosomal DNA (ecDNA). Through genomic sequencing of 
12 new GBM and 1 recurrent GBM samples, they found that GBM cells exhibited high heterogeneity within in situ 
GBM tissue, extracted neurosphere tumor cells, and cultured intracranial graft tumor models. Furthermore, they 
observed that cancer-promoting ecDNA can be preserved longitudinally in different models, indicating that the rapid 
evolution of GBM cells during treatment and recurrence is facilitated by the drive of ecDNA [40].

The emergence of novel research tools has enabled the exploration of ecDNA structure and function, and in 2017, 
Kristen M. Turner and colleagues developed a software tool called ECdetect to analyze whole-genome sequencing 
data from up to 17 species of tumor cells totaling 2572. Their analysis revealed that ecDNA was present in nearly 
half of the tumors and that ecDNA amplification was more effective than linear chromosome amplification in 
increasing oncogene copy number and intra-tumor heterogeneity, thereby contributing to accelerated tumor evolution 
[19].

3.3 Molecular regulatory mechanisms of ecDNA
Over the past five years, there have been significant advancements in the study of extrachromosomal DNA 

(ecDNA), particularly in terms of understanding its regulatory mechanisms. The internal gene regulation 
characteristics, gene regulation between different ecDNAs, and regulation mechanisms between ecDNA and 
linear chromosomes have been gradually revealed. Additionally, the necessary chromatin imaging techniques and 
bioinformatics tools required for ecDNA research have also gradually emerged.

 A significant milestone in ecDNA research was marked in 2019 by Sihan Wu et al., who conducted a systematic 
study of ecDNA from structure to function in a variety of tumors containing ecDNA within the GBM of the human 
brain. This study utilized the AmpliconArchitect tool to analyze sequencing data to infer the loop structure of 
ecDNA, and combined it with scanning electron microscopy and other methods to obtain the first visual image 
of ecDNA and clarify its loop structure. RNA-seq and other methods were subsequently used to find that more 
transcripts in oncogenes are derived from ecDNA, confirming the direct cancer-promoting role of ecDNA. The study 
also confirmed that ecDNA has the same chromatin structure as linear DNA, but differs in histone modifications, 
lacking the repressive histone modification H3K9me3/H3K27me3. ATAC-seq, MNase-seq, and ATAC-see 
techniques further confirmed that ecDNA has higher openness. The study also analyzed the pro-oncogenic function 
of ecDNA from the perspective of three-dimensional chromosome morphology using Hi-C and 4C-seq techniques, 
concluding that the loop-like structure of ecDNA facilitates the addition of new gene regulatory loops[41].

  In a separate study, Andrew R. Morton et al. conducted an in-depth study targeting EGFR and its enhancers in 
GBM. They found that EGFR in ecDNA interacts not only with its intrinsic enhancer but also with other related 
enhancers, and a "positive selection effect" of GBM oncogenes and their regulatory elements was found at the 
ecDNA level, which was also verified in neuroblastoma and nephroblastoma [42]. Additionally, in neuroblastoma, 
Konstantin Helmsauer et al. showed that MYCN amplicons on ecDNA can function on ecDNA in the absence of 
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local enhancers by using TAD to carry distal enhancer fragments, a phenomenon known as "enhancer hijacking." [43]
  In 2021, King L et al. conducted the first investigation of the population nature of extrachromosomal DNA 

(ecDNA) in various tumors, including glioblastoma multiforme (GBM). They discovered that ecDNA molecules in the 
intercellular phase were often clustered together into dozens of "ecDNA centers" to function collectively. The trans-
regulatory relationships between different oncogenes and enhancers within the centers were much more extensive 
and efficient than the regulation within a single ecDNA molecule [44]. Furthermore, they identified a mechanism 
called "ecDNA-associated phase separation" in GBM, which suggests that ecDNA can recruit RNA polymerase 
and transcription factors and act as mobile enhancers to participate in oncogene transcription. This reveals a direct 
regulatory relationship between ecDNA and chromosomal DNA for the first time [45]. Recent studies have revealed 
that ecDNA can play a pro-oncogenic role not only as a regulatory element but also by being modified by other 
molecules in tumor cells. In 2022, Erik N. Bergstrom et al. investigated the phenomenon of somatic mutations in 
30 tumor cells, including GBM. They found that 31% of the ecDNA samples were associated with the APOBEC3 
deaminase family Kataegis mutations. This phenomenon, known as "kyklonas," is thought to be due to the mutation 
of ecDNA after an attack by APOBEC3, resulting in the promotion of tumor evolution [46].

4.Concluding remarks and future perspectives
Since the earliest discovery of DM or ecDNA, ecDNA has been studied for over 60 years, advancing from 

basic karyotype analysis to the study of ecDNA gene regulation mechanisms. However, only in the last 5 years has 
ecDNA received significant attention, mainly due to recent technological advances in chromosome morphology and 
bioinformatics analysis, which have led to the maturation of research tools in this field. The significance of ecDNA 
research in glioma is primarily due to several studies demonstrating that glioma is one of the tumors with the highest 
ecDNA content. Moreover, several breakthrough studies on ecDNA in recent years have utilized PDX models of 
GBM or GBM origin, supporting the notion that ecDNA plays a unique role in glioma development. The current 
discovery of molecular mechanisms mediated by ecDNA has enriched the theory of tumor genetics, yet more novel 
questions have also arisen. For instance, while there are several theories on ecDNA production and degradation, the 
specific regulatory mechanisms remain unknown. Although ecDNA has a unique role in the microevolution of GBM, 
further investigation is needed to determine whether other mechanisms beyond passive natural selection explain the 
phenomenon of "positive selection." Currently, functional gene research on ecDNA primarily focuses on oncogenes, 
while the role of anti-oncogenes in ecDNA has been neglected. Whether ecDNA can provide more precise targets for 
personalized treatment of glioma requires further exploration.
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