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ABSTRACT
Extrachromosomal DNA (ecDNA) has recently been rec-
ognized as a key driver of cancer biology, contributing 
to oncogene amplification, transcriptional reprogram-
ming, intratumoral heterogeneity, and therapeutic 
resistance. Unlike chromosomal DNA, ecDNA exists 
as circular, acentromeric elements that undergo dy-
namic segregation, cluster into hubs, and engage in 
enhancer hijacking, thereby maintaining aggressive 
tumor phenotypes. This narrative review synthesizes 
current evidence on the molecular mechanisms un-
derlying ecDNA formation, including Chromothripsis, 
breakage–fusion–bridge (BFB) cycles, and replication 
stress, and highlights how these events reform cancer 
genome architecture. We further discuss the rapid ad-
vances in detection methods, ranging from next-gener-
ation and single-cell sequencing to CRISPR-based cap-
ture techniques and liquid biopsy approaches, which 
have improved the identification and characterization 
of ecDNA in clinical samples. Increasing evidence links 
ecDNA to poor prognosis and therapy failure, under-
scoring its value as a prognostic biomarker and ther-
apeutic target. Finally, we explore emerging strategies 
to disrupt ecDNA maintenance and function, which 
may open new avenues in precision oncology. Over-
all, ecDNA research is redefining our understanding 
of cancer evolution and offers promising translational 
opportunities.
Keywords: Extrachromosomal DNA (ecDNA); Liquid 
biopsy; Oncogene amplification; Precision oncology; 
Therapy resistance; Tumor heterogeneity

INTRODUCTION
The first identification of ecDNA occurred in the mid-
20th century, when scientists spotted double minutes 
as tiny acentric chromatin bodies in cancer cell meta-
phase spreads.1 Scientists initially viewed these cyto-
genetic anomalies as strange, yet they contained am-
plified oncogenes, which later established their direct 
connection to cancer progression.2 The occurrence 
of ecDNA spans multiple cancer types because it is a 
prevalent feature across diverse malignancies, there-
by demonstrating its widespread clinical importance.

The initial detection of ecDNA relied mainly on cy-
togenetic approaches, which used Giemsa banding for 
identification. These methods provided unbiased de-
tection but suffered from limited resolution and dataset 
biases, leading to underreported ecDNA prevalence.3–5 
The introduction of high-throughput sequencing tech-
nologies brought a revolutionary change in detection 
methods. The development of next-generation se-
quencing (NGS) enabled scientists to analyze complete 
tumor genomes, revealing that ecDNA is widespread 

across solid tumor types. The extensive analysis of 
13,000 cancer genomes through machine learning in 
2024 established ecDNA as both widespread and prog-
nostically important, thus advancing ecDNA research 
to a new critical point.6 The development of Circle-Seq 
for detecting small ecDNA and single-cell long-read 
sequencing now enables researchers to precisely map 
ecDNA structures from copy-number information to 
junctional architecture.7,8 Recent discoveries about 
ecDNA have elevated it from a scientific novelty to an 
established characteristic of cancer biology.

Oncogenes are substantially amplified through 
the functional activities of ecDNA. Numerous studies 
have found that MYC, EGFR, MYCN, HER2, and DHFR 
genes are commonly found on ecDNA in various can-
cer types, including glioblastoma, neuroblastoma, 
breast, ovarian, and colorectal cancers.9–15 The abili-
ty of ecDNA to harbor multiple copies and its uneven 
distribution during cell division facilitates tumor di-
versity while enhancing cellular adaptation to treat-
ment challenges, leading to faster tumor development. 
“ecDNA-positive cancers” tend to have worse patient 
outcomes because of their link to poor prognosis and 
therapy resistance.16,17

The structural and epigenetic elements of ecDNA 
serve to boost its cancer-causing capacity beyond its 
gene amplification function. The chromatin within 
ecDNA exists in an open configuration that contains 
H3K27ac marks, which makes it function as a mobile 
enhancer. The distinctive structural arrangement of 
ecDNA permits it to form multiple transcriptional hubs 
where oncogenes can collaboratively express their 
functions and sustain oncogenic addiction.18 Research 
demonstrates that ecDNA operates as a dynamic reg-
ulatory element that transforms transcriptional land-
scapes in cancer beyond its basic function as an ampli-
fied gene carrier.

The genomic and experimental evidence suggest 
that ecDNA can function as both a potential biomark-
er of aggressive tumor behavior and a promising ther-
apeutic target. The blood of small-cell lung cancer 
and colorectal cancer patients contains circulating 
ecDNA; earlier studies suggest potential associations 
with tumor burden and treatment response, although 
the clinical utility of circulating ecDNA remains under 
investigation.19,20 The available data demonstrate its 
promise as a non-invasive liquid biopsy instrument for 
monitoring disease in real time. Researchers are cur-
rently investigating different therapeutic approaches 
that exploit ecDNA-related weaknesses. Recent pre-
clinical studies indicate that CHK1 inhibition specifi-
cally targets the survival of cells that harbor ecDNA,21 
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suggesting that ecDNA status may serve as a marker 
for precision treatment decisions.

The new findings establish ecDNA as an essential 
element that drives cancer development. ecDNA start-
ed as a cytogenetic discovery but now functions as a 
clinically valuable biomarker together with its iden-
tified therapeutic weaknesses. This review examines 
ecDNA’s role in causing tumor heterogeneity together 
with its diagnostic and therapeutic applications for im-
plementing precision oncology strategies.

Methodology
Literature Search Strategy
A structured literature review was conducted to identify 
studies addressing the biology, detection, and therapeu-
tic targeting of extrachromosomal DNA (ecDNA) in can-
cer. Electronic databases, including PubMed, Scopus, 
Web of Science, and the Cochrane Library, were sys-
tematically searched from database inception through 
December 2024. The search strategy combined con-
trolled vocabulary and free-text terms related to extra-
chromosomal DNA and cancer biology. The core search 
string used across databases was: (“extrachromosomal 
DNA” OR ecDNA OR “double minutes” OR eccDNA)

AND (cancer OR tumor OR oncology)
AND (amplification OR replication OR therapy OR 

detection). Additional keywords were incorporated to 
capture mechanistic and translational aspects of ecD-
NA research, including Chromothripsis, Breakage Fu-
sion Bridge (BFB) cycles, enhancer hijacking, ecDNA 
hubs, transcriptional condensates, therapy resistance, 
liquid biopsy, next-generation sequencing (NGS), sin-
gle-cell sequencing, CRISPR-CATCH, replication stress, 
and homogeneously staining regions (HSRs). Reference 
lists of relevant review articles and primary research 
studies were manually screened to identify additional 
publications not captured in the initial database search.

Study Selection
All retrieved records were initially screened based on 
titles and abstracts to determine relevance to ecDNA 
biology or cancer research. Articles meeting the pre-
liminary criteria were evaluated in full text.

Studies were included if they addressed at least one 
of the following areas:
•	 Molecular mechanisms of ecDNA formation and 

maintenance
•	 Detection technologies and computational meth-

ods for ecDNA identification
•	 Functional consequences of ecDNA in tumor biology
•	 Clinical associations of ecDNA with prognosis or 

therapeutic resistance
•	 Emerging strategies targeting ecDNA-associated 

vulnerabilities
When multiple publications described overlapping 

datasets, the most comprehensive or recent study was 
prioritized.

Inclusion Criteria
Studies were eligible for inclusion if they met the fol-
lowing criteria:

1.	 Investigated extrachromosomal DNA (ecDNA) or 
extrachromosomal circular DNA (eccDNA) within 
cancer biology.

2.	 Included experimental, preclinical, translational, 
or clinical data relevant to ecDNA mechanisms or 
therapeutic implications.

3.	 Provided mechanistic, diagnostic, prognostic, or 
therapeutic insights related to ecDNA.

4.	 Published in peer-reviewed journals and written in 
English.

Both original research articles and high-quality re-
view articles were considered to provide comprehen-
sive coverage of this rapidly evolving field.

Exclusion Criteria
Studies were excluded if they met any of the following 
criteria:
•	 Publications that are unrelated to cancer or onco-

gene amplification
•	 Studies without direct evidence on ecDNA or eccDNA
•	 Publications in languages other than English
•	 Conference abstracts, editorials, or commentaries 

lacking primary data or sufficient methodological 
details

Data Extraction and Evidence Classification
Relevant information from eligible studies was extract-
ed and synthesized narratively. Extracted variables  
included:
•	 Cancer type and study model (cell line, animal 

model, or patient cohort)
•	 Oncogenes or genomic regions linked to ecDNA
•	 Mechanisms of ecDNA formation
•	 Experimental or computational detection techniques
•	 Clinical correlations, including prognosis or thera-

peutic resistance
•	 Therapeutic strategies targeting ecDNA or related 

vulnerabilities
To enhance interpretability, evidence supporting 

therapeutic or diagnostic claims was categorized by 
level, including preclinical studies (cell lines or animal 
models), translational studies, and clinical research 
investigations.

Quality Assessment
Although this work is a narrative review, the method-
ological quality of the included studies was carefully 
evaluated. Priority was given to studies with strong ex-
perimental validation, large-scale genomic analyses, 
or clinical cohorts. For clinical and observational stud-
ies, methodological rigor was assessed based on study 
design, sample size, and reproducibility of findings. 
Preclinical studies were evaluated according to experi-
mental design, model relevance, and consistency with 
independent reports.

Reporting Framework
The literature selection process followed princi-
ples aligned with the Preferred Reporting Items for 
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Systematic Reviews and Meta-Analyses (PRISMA) 
framework to improve transparency in study identifi-
cation and screening. A PRISMA-style flow diagram, 
showing the number of records identified, screened, 
excluded, and included, is provided in the Supplemen-
tary Materials.

DEFINITIONS AND NOMENCLATURE
Extrachromosomal DNA (ecDNA) refers to large, cir\
ular, acentric DNA elements (>100 kb) present outside 
chromosomes in cancer cells, often carrying oncogenes 
and regulatory elements. Extrachromosomal circular 
DNA (eccDNA) refers to small circular DNA molecules, 
usually less than 1 kb, which arise from genomic re-
gions and generally lack coding sequences. The main 
differences between extrachromosomal DNA (ecDNA) 
and extrachromosomal circular DNA (eccDNA) include 
their size, coding capabilities, and replication charac-
teristics. Large ecDNAs ranging from 100 kb to multi-
ple megabases usually contain oncogenes and drug-re-
sistance genes, along with regulatory elements, and 
possess the ability to self-replicate and enable clonal 
selection that benefits cancer cells.22–25 eccDNA mole-

cules do not replicate autonomously, avoid clonal se-
lection, and are found in both normal and cancerous 
tissues. Unlike large ecDNAs, eccDNAs typically do not 
provide a survival advantage to cells.26

The circular DNA structure of ecDNA lacks both 
centromeres and telomeres. The lack of centromeres 
enables ecDNAs to segregate randomly during cell di-
vision, resulting in copy numbers ranging from zero to 
hundreds per cell and creating intratumoral heteroge-
neity.23,24 The ability to exist in large numbers enables 
powerful oncogene amplification, while the circular 
structure maintains stability and facilitates interac-
tions with regulatory elements.22–25 The unique struc-
tural features of ecDNA set it apart from both chromo-
somal DNA and eccDNA.

Double minutes are small, cytogenetically visible 
extrachromosomal DNA fragments and are now recog-
nized as a form of ecDNA. Double minutes, as cytoge-
netically visible ecDNA fragments, can integrate into 
chromosomes to form homogeneously staining regions 
(HSRs), which stabilize oncogene amplification and re-
duce mitotic heterogeneity.27,28

The open chromatin states of ecDNA exhibit excep-
tional functionality because they maintain high lev-
els of H3K27ac, which promote easy transcriptional 
access. These DNA elements function as mobile en-
hancers, enabling multiple ecDNA copies to assemble 
into nuclear hubs for cooperative interactions. The el-
evated expression of oncogenes through these mech-
anisms surpasses chromosomal control, thereby pro-
pelling tumor progression, therapeutic resistance, and 
aggressive tumor characteristics.29

These structural and functional distinctions under-
pin the divergent roles of ecDNA and eccDNA in cancer 
progression, therapeutic resistance, and their potential 
as biomarkers (Figure 1).

MECHANISMS OF ecDNA BIOGENESIS 
Genomic instability directly results in the production of 
extrachromosomal DNA (ecDNA). The precise biologi-
cal mechanisms underlying ecDNA production remain 
partially unknown, despite evidence linking chromo-
somal damage and replication stress to its formation. 
Different models explain the process, which starts with 
Chromothripsis, followed by breakage–fusion–bridge 
(BFB) cycles, then replication errors, and finally, im-
proper DNA repair mechanisms.30 The distinct process-
es that create ecDNA in cancer cells probably result 
from the combined effects of multiple mechanisms.

Chromothripsis
Chromothripsis refers to a mutilation phenomenon in 
which locally clustered chromosomal DNA undergoes 
extensive fragmentation due to a catastrophic event, 
followed by haphazard, often incomplete ligation and 
reassembly of the DNA fragments into one or a few 
chromosomes. These rearrangements are also associ-
ated with DNA fragment deletion and widespread al-
teration in DNA sequence. During this process, some 
fragments of chromosomal DNA loop together, form-
ing ecDNA.31Fig 1 | Graphical abstract- ecDNA life cycle & intervention points
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Chromothripsis is believed to arise from several 
mechanisms that remain under discussion to date. 
One such mechanism is the premature condensation of 
DNA within micronuclei, which lack proper transcrip-
tion and replication and undergo multiple breaks due 
to their highly compacted state. Another involves telo-
mere shortening and the loss of protective functions of 
RB and TP53 genes, which facilitate the formation of 
dicentric chromosomes and trigger breakage–fusion–
bridge cycles. In addition, TP53 mutations that impair 
apoptosis and promote uncontrolled proliferation 
or hyperploidy have been strongly associated with 
Chromothripsis.32,33 Chromothripsis-associated DNA 
fragmentation and ecDNA formation can be observed 
in a number of tumors, including medulloblastoma,30 
chronic lymphocytic leukemia,34 osteosarcoma,35 and 
glioblastoma.10

Breakage–Fusion–Bridge Cycles (BFB Cycles)
Another well-established mechanism of ecDNA for-
mation is the breakage–fusion–bridge (BFB) cycle, 
which begins with the loss of a chromosome telomere 
followed by replication, resulting in sister chromatids 
lacking telomeres. These telomere-deficient chroma-
tids undergo end-to-end fusion, forming a dicentric 
chromosome and an anaphase bridge. The bridge is 
subsequently broken, not necessarily at the site of fu-
sion, and the resulting uneven chromatids in daughter 
cells undergo further replication and additional BFB 
cycles. The end products of multiple BFB cycles un-
dergo circularization and eventually give rise to ecD-
NA.36,37 Several studies indicate that BFB cycles work 
in association with other mechanisms of chromosomal 
alteration, such as chromothripsis, to create chromo-
somal rearrangements and abnormal gene amplifica-
tion, leading to chemotherapeutic drug resistance and 
promoting tumor heterogeneity.38

Translocation–Deletion–Amplification Mechanism
The translocation–excision–deletion–amplification 
mechanism explains how aberrant gene amplifica-
tions and chromosomal translocations work in con-
cert to encourage the formation of ecDNA. DNA trans-
locations due to underlying external stimuli cause 
excision of DNA near the breakpoint. This excised 
portion of DNA undergoes amplification and circular-
ization, giving rise to ecDNA.

This model is supported by the co-amplification 
of MYC and ATBF1 in SJNB-12 cells via a recipro-
cal t(8;16) translocation followed by excision and 
deletion, as well as the co-amplification of HMGIC 
and MDM2 linked to a t(10;12) (p15;q15) transloca-
tion in pleomorphic adenoma carcinoma. Similarly, 
chromosomal translocations and gene amplifica-
tions often co-occur in alveolar rhabdomyosarcoma, 
producing amplified and non-amplified ecDNA frag-
ments that originate close to the breakpoint. How-
ever, the involvement of double-strand DNA breaks 
emphasizes the need for further research and points 
toward the involvement of other complex mecha-
nisms associated with ecDNA formation.39 In vivo 

amplification of the PAX3–FKHR and PAX7–FKHR 
fusion genes in alveolar rhabdomyosarcoma has 
also been reported.40

Fork Stalling and Template Switching
Another possible mechanism of ecDNA formation oc-
curs when the DNA replication fork stalls at a lesion 
on template strands. In this situation, the lagging 
strand may detach and invade a nearby active repli-
cation fork, where it temporarily participates in DNA 
synthesis. Following repeated rounds of separation 
and reinvasion, the lagging strand finally rejoins its 
original template. Because the newly synthesized 
DNA is not fully complementary to the original strand, 
mismatches occur, leading to bulged single-stranded 
DNA regions. These single-stranded loops may then be 
replicated and develop into circular double-stranded 
structures, eventually giving rise to ecDNA.41

During replication, topoisomerase I and II re-
duce torsional stress, and topoisomerase II also 
resolves double-strand breaks. Key events in the 
template-switching model of ecDNA biogenesis, in-
cluding fork stalling and collapse, can be favored by 
replication stress caused by impaired or dysregulated 
topoisomerase activity.42

DNA Repair Pathway Involvement
A major source of ecDNA originates from DNA dou-
ble-strand breaks (DSBs). Repair pathways through 
non-homologous end joining (NHEJ) or microho-
mology-mediated end joining (MMEJ) operate as er-
ror-prone mechanisms that connect fragments into 
circular DNA and typically produce chromosomal 
scars.43 Homologous recombination (HR) functions as 
a fidelity-based repair mechanism that can excise re-
petitive DNA to produce specialized circular DNA mol-
ecules, such as rDNA- and telomeric-derived eccDNAs. 
Replication-based processes include polymerase slip-
page, which creates DNA loops that are removed, and 
transcription-related R-loops that form single-strand-
ed loops that become cut and circularized. These re-
pair and replication processes together contribute to 
ecDNA biogenesis.43

Methods to Detect ecDNA/eccDNA
The precise identification of ecDNA and eccDNA, to-
gether with detailed characterization, remains crucial 
for studying their structural properties, population 
numbers, and biological effects in both cancerous and 
noncancerous cells. A variety of methods exist, includ-
ing cytogenetic visualization along with high-through-
put sequencing and computational analysis; however, 
each technique presents its own advantages and dis-
advantages (Figure 2). Tables 1 and 2 present a sum-
mary of essential methods used to detect and analyze 
ecDNA/eccDNA.

3D ORGANIZATION AND ‘eCDNA HUBS’ 
Formation Of ecDNA Hubs in Nuclear Space
The three-dimensional mammalian DNA structure 
describes the manner in which the genome is folded 
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Table 1 | Tools and Methods for ecDNA Detection
1. Fluorescence Microscopy-Based Tools

Tool Method Advantages Disadvantages Specifity

FISH21 Experimental detection: The method involves 
applying fluorescent probe hybridization to 
metaphase spreads for direct observation 
of ecDNA

Direct visualization; distinguishes 
extrachromosomal vs chromosomal 
DNA

Limited resolution; requires actively 
cycling cells; low throughout

Moderate

EcSeg21 The Computational image analysis enables 
automated detection and quantification of 
ecDNA signals in FISH images

This method demonstrate better 
recall  and F1 score performance 
compared to  manual signal 
detection

Different input types require fine-
tuning while the method shows 
potential to misinterpret specific 
signals.

Moderate

DAPI staining17 Experimental staining: DAPI staining in 
metaphase spreads enables visualization 
of double minutes during experimental 
procedures.

Simple; allows visualization of 
double minutes

Non-specific; cannot identify 
sequences; low resolution

Low

EcDetect17 Computational image analysis of DAPI-
stained metaphase spread images undergo 
computational analysis to measure ecDNA 
presence levels.

Improves detection and 
quantification

The method depends on image 
quality levels while computational 
errors can occur.

Low

2. Sequencing-Based Tools

Tool Method Advantages Disadvantages Specificity

Amplicon Reconstructor83 Computational reconstruction by combining 
WGS and optical mapping data

High-fidelity ecDNA reconstruction;  
breakpoints are resolved accurately

High cost; requires multiple 
platforms

Very High

Whole Genome 
Sequencing (WGS)17,47

Experimental sequencing of the whole 
genome to detect structural variants and 
circular DNA

Genome-wide detection; structural 
variant calling

Expensive; need high coverage High

Amplicon Architect17 Computational reconstruction of circular 
amplicons from WGS data

Reconstructs ecDNA from low-cost 
short-read WGS

Data may misclassify; manual cutoff 
required

High

Circle-Seq84 Experimental enrichment and sequencing of 
circular DNA using exonuclease digestion and 
rolling-circle amplification

Enriches circular DNA; detects low-
abundance ecDNA

Complex library prep; bias to extra 
small circles

High

Circle-Seq analysis84 Computational mapping and annotation of 
Circle-Seq data to identify eccDNA/ecDNA

Confirms circular DNA sequence; 
allows for annotation

Requires computational expertise High

Single-cell DNA-seq85 Experimental sequencing of individual cells 
to detect ecDNA heterogeneity

Detects ecDNA per single cell and 
identifies heterogeneity

Low coverage per cell; expensive Moderate–High

Single-cell DNA-seq 
analysis85

Computational analysis of single-cell DNA-
seq data to detect  and then annotate ecDNA

Detects ecDNA within single cell and 
annotates its identification 

Computationally intensive; pipeline-
dependent

Moderate–High

ATAC-seq86 Experimental transposase-accessible 
chromatin sequencing to capture open 
chromatin regions of ecDNA

Detects accessible ecDNA; helps 
identify ecDNA regions

Limited to accessible DNA; detection 
is indirect

Moderate–High

ATAC-seq analysis86 Computational analysis of sequencing reads 
to identify ecDNA regions

Identifies ecDNA from  read files Computational filtering required Moderate–High

Circle-finder/Circle-Map87 Computational short-read paired-end 
mapping pipelines for eccDNA detection

Detects eccDNA from short-read 
sequencing

Limited for large ecDNA; enrishmeust 
occur prior to identification 

Moderate–High

3. CRISPR-Based Tools

Tool Method Advantages Disadvantages Specificity

ecTag68 Experimental in vivo visualization using 
CRISPR-Cas and Casilio system

Allows live-cell imaging of ecDNA Requires prescise breakpoint design; 
limited to loci that canbe targeted 

High

CRISPR-CATCH88 Experimental enrichment and profiling of 
megabase-sized ecDNA

Characterizes ecDNA at base 
resolution and epigenetic landscape

Only applicable for large ecDNA 
molecules; complex

High

and arranged in space within the small nuclear com-
partment. DNA coils around histones to form nu-
cleosomes at the first level of chromatin structure. 
Higher-order folding leads to chromosome territories, 
compartments (A/B), and topologically associating 
domains (TADs).44 Within these domains, proteins 
such as CTCF and cohesion manage cis-regulatory 
interactions, including enhancer–promoter loops, 
which control gene expression. Most interactions 

occur within the same DNA molecule, although in-
ter-chromosomal contacts can occur. Endogenous 
gene loci are covalently linked to one another along 
the length of a chromosome and are engaged by 
regulatory elements in cis within their topological-
ly associating domains (TADs). During interphase, 
chromosomes are dispersed to occupy distinct territo-
ries, while they acquire their highest condensed form 
during mitosis.45
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The open chromatin state of ecDNA, together with 
its minimal higher-order compaction, enables tran-
scriptional machinery to better access oncogene loci.46 
The circular architecture of ecDNA allows it to make 
frequent cis-interactions; however, these molecules 
do not scatter randomly but instead form micron-sized 
clusters called ecDNA hubs or “extrasomes.” The ag-
gregation of ecDNA molecules into hubs depends on 
protein interactions, which simultaneously drive onco-
gene activity within these clusters.18

Role in Enhancer Hijacking and Oncogene 
Overexpression

The concentration of ecDNA in ecDNA hubs facili-
tates the formation of new enhancer–gene connec-
tions, resulting in oncogene overexpression. Unlike 
chromosomal loci limited by linear structure, ecDNA 
simultaneously multiplies enhancer elements while 
creating new pathways for gene regulation. Through 
this process, oncogenes can connect with distant or 
previously isolated enhancers, which leads to signifi-
cant overexpression.48

The PVT1–MYC fusion represents promoter hi-
jacking, which breaks free from feedback controls 

to maintain MYC expression across different cancer 
types, such as medulloblastomas.18,49

Trans-Regulatory Interactions
The self-sustaining gene deregulation mechanisms 
of ecDNA have been observed in viral–human hy-
brid ecDNAs, which demonstrate the flexible nature 
of ecDNA-driven gene deregulation. The distinctive 
capability of hubs to execute trans-regulatory interac-
tions represents their main distinguishing character-
istic. EcDNA molecules that carry enhancer elements 
but lack oncogenes work together with oncogene-en-
coding ecDNAs to increase transcription levels.18 In 
gastric cancer cells (SNU16), such “altruistic” en-
hancer-only ecDNAs drive FGFR2 expression through 
trans enhancer–promoter interactions. The organiza-
tion of hubs allows them to achieve oncogene activa-
tion that surpasses the capabilities of a single ecDNA 
molecule, thus setting them apart from chromosomal 
structures.50

Involvement Of Transcriptional Condensates
The transcriptional condensate function of ecDNA 
hubs leads them to attract coactivators like BRD4 and 

Table 2 | Tools and methods for eccDNA detection97–103

Pipeline/Computational 
method

Wet lab/experimental 
method Benefits Drawbacks Sensitivity

AmpliconArchitect89 Whole Genome Sequencing 
(Short Reads, WGS-SR)

•	 Offers genome-wide coverage for 
ecDNA and focal amplifications.

•	 Can resolve amplicon structures and 
copy number profiles.

•	 Needs deep sequencing (expensive).
•	 limited resolution with short reads; 

can’t completely resolve highly 
complex or repetitive ecDNA 
structures.

Moderate–High (sequencing 
depth dependent; will miss 
low-abundance circles).

Circle-Map90 Circle-Seq-SR, 3SEP-SR 
(enzymatic linear DNA 
removal, circular DNA 
enrichment, and short-read 
sequencing)

•	 Enriches specifically for circular DNA, 
enhancing detection sensitivity.

•	 Single-nucleotide resolution 
mapping by guided realignment.

•	 Restricted to circles passing 
enrichment steps (bias towards 
smaller eccDNA).

•	 Loses quantitative data on absolute 
abundance.

High for small/medium 
eccDNA (particularly 
microDNAs), lower for very 
large circles.

Circle_finder91 ATAC-Seq-SR, Circle-Seq-SR, 
3SEP-SR

•	 Multi-approach compatible (can 
employ both chromatin accessibility 
[ATAC-seq] and circle enrichment 
[Circle-Seq, 3SEP]).

•	 Supports large-scale discovery of 
thousands of eccDNA in cancers.

•	 ATAC-seq only detects open chromatin 
eccDNA with bias in results.

•	 Circle-Seq/3SEP create enrichment 
bias, particularly for small circles.

•	 Needs high sequencing depth for 
accurate detection.

Moderate–High (ideal 
when enrichment-based 
Circle-Seq/3SEP employed; 
moderate for ATAC-seq).

ECCsplorer92 Circle-Seq-SR, 3SEP-SR Easy-to-use modular pipeline; 
combines several detection 
approaches (mapping, clustering, split-
read); efficient with short-read data.

Inefficient resolution on repetitive 
regions; sequencing depth-dependent 
performance.

High on short-read datasets 
but less efficient with 
repetitive complexes.

ecc_finder (asm, map)93 Circle-Seq-SR, 3SEP-SR, 
Circle-Seq-LR, 3SEP-LR

Compatible with both short- and 
long-read data; offers assembly-based 
and mapping-based detection; high-
performance across species.

Computationally demanding for large 
genomes; assembly mode can be a 
source of false positives

High (SR + LR support 
enhances detection 
sensitivity).

eccDNA_RCA_nanopore94 Circle-Seq-LR, 3SEP-LR Preserves full-length eccDNAs; high 
resolution for structural identification; 
unmasks immunostimulatory activity.

Specialized nanopore sequencing 
required; susceptible to sequencing 
artifacts if corrected

Extremely high for long 
circular DNA detection.

NanoCircle95 Circle-Seq-LR, 3SEP-LR Optimized for human germline 
eccDNAs; precise detection with 
nanopore long reads; facilitates 
recombination hotspot analysis.

Requires high-quality long-read data; 
less tested in cancer settings.

Extremely high for long 
eccDNA, particularly 
germline-related.

 CReSIL96 WGS-LR, Circle-Seq-LR, 
3SEP-LR

Particularly designed for long-read 
WGS data; minimizes false positives 
with split-read + coverage features; 
precise structural resolution

Demands big long-read datasets; high 
computational expense.

Extremely high with long-read 
input; superior to short-read 
pipelines.
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Mediator. The phase separation properties of these 
proteins enable them to bring together RNA poly-
merase II and other transcription machinery at hubs, 
which maintains elevated levels of transcription. The 
inhibition of BRD4 function through BET inhibitors has 
proven effective in breaking down hubs and decreasing 
MYC expression, thus revealing possible treatment op-
portunities.51,52

Mitotic Partitioning and Its Consequences for 
Heterogeneity
During mitosis, ecDNAs distribute in a random pattern 
that distinguishes them from chromosomal amplicons. 
The unequal distribution of ecDNA during cell divi-
sion produces varying ecDNA copy numbers among 
daughter cells, which drives intratumoral heteroge-
neity and promotes evolutionary adaptability. The 

spatial arrangement of ecDNA hubs functions as both 
an enhancer of oncogenic transcription and a driver of 
tumor evolution and therapy resistance, making them 
essential targets for precision oncology treatments.53

Implications for Therapy Resistance
The understanding that ecDNA hubs function through 
protein-based interactions exposes potential vulnera-
bilities. Studies demonstrate that BET inhibitors (such 
as JQ1) effectively break down MYC ecDNA hubs and 
inhibit ecDNA-based gene expression in colorectal and 
gastric cancer cells. The dependency of ecDNA hubs on 
BRD4 and other oncogene-specific proteins suggests 
that discovering their tethering and stabilization pro-
teins could reveal new cancer-type-specific therapeutic 
targets (Figure 3).54

Fig 2 | Mechanisms of ecDNA formation
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DETECTION & QUANTIFICATION
The precise detection and quantification of extrach-

romosomal DNA in cancer are increasingly at the fore-
front of precision oncology. A set of experimental, se-
quencing, and computational approaches has arisen, 
each with its own set of advantages and limitations, 
and their integration provides rich insights into ecDNA 
biology and clinical significance.

Early wet-lab methods remain fundamental to the 
field. Circle-Seq, for instance, is a common lab tech-
nique for the identification of ecDNA, based on exo-
nuclease digestion to remove linear DNA, followed by 
φ29-polymerase-driven rolling-circle amplification of 
circular DNA. This enables sensitive recovery of hetero-
geneous circular DNA components but requires large 
input amounts and provides low structural resolution 
for large ecDNAs.55 CRISPR-CATCH complements these 
efforts, using CRISPR–Cas9 to selectively excise mega-
base-sized ecDNA from cancer genomes; subsequent 
pulsed-field gel electrophoresis and nanopore se-
quencing deliver high-resolution amplification struc-
ture, breakpoint fidelity, and methylation information, 
exemplified by profiling EGFR and MYC ecDNAs and 

revealing hypomethylation at key oncogene promot-
ers.56 Fluorescence in situ hybridization (FISH) contin-
ues as a standard for visualizing ecDNAs in metaphase 
spreads or interphase nuclei, giving critical spatial and 
cellular context. Machine-learning enhancements like 
ecSeg are starting to improve ecDNA detection accura-
cy from imaging.57

Long-read sequencing technologies, notably Oxford 
Nanopore and PacBio, now enable reconstruction of 
full-length ecDNA structures, including complex rear-
rangements and epigenetic modifications. When cou-
pled with enrichment methods such as CRISPR-CATCH, 
they enable direct, single-molecule resolution of ecD-
NA architecture and its regulatory aspects.56

On the computational side, whole-genome sequenc-
ing (WGS) can identify ecDNA amplicons by tech-
niques like AmpliconArchitect, which models struc-
tural and copy-number variants, albeit with ambiguity 
in repeats. AmpliconReconstructor is then employed to 
enhance structural precision by means of optical map-
ping. While Circle-Map maximizes breakpoint identifi-
cation from misaligned short reads, it is able to identify 
smaller eccDNAs.58,59

Single-cell and spatial methods, like scEC&T-seq 
(single-cell extrachromosomal circular DNA and tran-
scriptome sequencing), allow the simultaneous pro-
filing of circular DNA and full-length mRNA in single 
cancer cells. This demonstrates striking heterogeneity 
in ecDNA presence, composition, and transcription-
al activity, such as the clonal amplification of onco-
gene-carrying ecDNAs and individual single-cell circu-
lar DNA profiles. It also illuminates mechanisms such 
as circular recombination fueling ecDNA evolution.60 
New technologies such as scCircle-seq extend this res-
olution even further by unpacking cell-to-cell diversity 
of eccDNAs in tissues and cancers, demonstrating how 
eccDNA landscapes can change stochastically with 
replication stress and cell division.61

Each approach offers unique advantages but also 
comes with constraints. Circle-Seq provides sensitivity 
with minimal structural context62; CRISPR-CATCH in 
combination with long-read sequencing provides rich 
information but is technically challenging;56 FISH de-
livers spatial information but not molecular sequence, 
as it lacks sequence details;57 computational methods 
are high-throughput but can fail in complex areas47; 
single-cell approaches provide heterogeneity resolu-
tion but at lower throughput and greater expense.60

In a clinical setting, a tiered strategy is often opti-
mal: begin with computational ecDNA inference from 
routine WGS (e.g., AmpliconArchitect), follow positive 
cases with targeted, high-resolution structural map-
ping via CRISPR-CATCH and long reads, and validate 
or monitor with imaging such as FISH (enhanced by 
tools like ecSeg). Where tumor heterogeneity is rel-
evant to treatment resistance or relapse, single-cell 
tools such as scEC&T-seq can uncover actionable ecD-
NA dynamics.58,19

Lastly, liquid biopsy techniques focused on identify-
ing ecDNA in circulating tumor DNA, while still in their 
infancy, hold promise. Ultra-sensitive detection, such 

Fig 3 | ecDNA hubs & condensates
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as digital PCR, could potentially allow for noninvasive 
monitoring of ecDNA-specific breakpoints or oncogene 
amplifications in plasma, allowing for real-time dis-
ease monitoring and adaptive therapy planning.63,64

Tumor ecDNA and Circulating eccDNA: Implications 
for Liquid Biopsy
It is important to distinguish tumor-derived ecDNA 
from circulating eccDNA present in plasma. While 
ecDNA originates from tumor cells and often carries 
oncogenic sequences, eccDNA can arise from normal 
cellular processes, such as apoptosis and inflamma-
tion, and is detectable even in healthy individuals.16 
This overlap creates a major limitation as the detection 
of circular DNA in plasma does not necessarily indicate 
tumor-derived ecDNA, thereby reducing specificity.62,65 
Thus, it can be seen that the presence of circular DNA 
in the circulation does not necessarily reflect the pres-
ence of ecDNA tumors. Additionally, pre-analytical 
variables, such as blood collection, tube type, time to 
plasma processing, storage condition, and prevention 
of leucocyte lysis, can significantly influence circulat-
ing DNA levels and affect assay accuracy.

This biological distinction poses significant chal-
lenges of specificity in cfDNA-based detection meth-
ods. The presence of circulating eccDNAs can be 
detected in healthy subjects, and detecting and quan-
tifying ecDNAs based on circular DNA alone could be 
misleading, since variable background eccDNAs are 
also present and are not necessarily related to malig-
nancy.65 This, in turn, means that different attributes 
must be considered in addition to the approaches used 
in liquid biopsy.58

In addition to the above biological background, 
pre-analytical and analytical factors are known to in-
fluence the specificity of the eccDNA-based liquid biop-
sy. Some of these factors include blood tube type, de-
layed plasma separation, leukocyte lysis during blood 
handling, and storage conditions. These factors can 
artificially elevate the level of cell-free circular DNA 
and decrease the level of tumor cell-derived ecDNA.16 
Apart from these pre-analytical factors, biological 
factors can also influence the specificity of the eccD-
NA-based liquid biopsy. Some of these factors include 
systemic inflammatory responses, apoptosis, and cell 
turnover. However, these factors may be compounded 
in cancer patients due to chemotherapy-induced cell 
death, immune response, and necrosis.62,65 Therefore, 
the specificity of eccDNA-based liquid biopsy can be 
achieved not just through the analysis of circular DNA; 
rather, some new approaches have been proposed to 
achieve specificity through the analysis of tumor-in-
formative features of cell-free circular DNA, especial-
ly through junction-spanning assays that specifically 
target unique breakpoint sequences of cell-free circu-
lar DNA.67 Some other approaches that can be used to 
achieve specificity include cell-free circular DNA meth-
ylation profiling, fragmentomics of cell-free circular 
DNA sizes, and the structure of oncogene-containing 
amplicons.16,66,67

Several approaches have arisen to address the prob-
lem of clinical specificity. On the one hand, a break-
point-spanning assay targeting a unique circular junc-
tion formed during ecDNA formation shows high tumor 
specificity because these junctions are not present in 
the normal genome.65 Moreover, elucidation of the 
DNA methylation signature of ecDNAs in the context 
of cancers might enable discrimination between tumor 
ecDNAs and background ecDNAs.68 Finally, the vari-
ables of fragment size and ecDNA structure, including 
the presence of amplicons carrying oncogenes, might 
enable greater discrimination of ecDNAs through a 
combination of genomic and epigenomic analyses.16,67 
Therefore, the detection of tumor-derived ecDNA in 
plasma remains an evolving area and has not yet been 
standardized for routine clinical use.69–72

PREVALENCE & CLINICAL CORRELATES
During the last decade, extensive genomic investiga-
tions have shown that ecDNA is not a singular event 
but a ubiquitous phenomenon in many cancers. 
Pan-cancer studies imply that about 15%–20% of 
cancer cells carry ecDNA, with increased frequencies 
in aggressive solid tumors compared to hematological 
malignancies. This frequency highlights ecDNA as a 
widespread mechanism of oncogene amplification and 
a characteristic feature of tumor evolution, rather than 
an isolated exception.16

The mass of ecDNA is not equally distributed across 
cancers. The archetype ecDNA-carrying tumor is glio-
blastoma multiforme, where circular oncogene am-
plification has been frequently observed in replicated 
studies. Similarly, ecDNA is often present in sarcomas, 
lung cancer, and breast carcinomas, where it promotes 
intratumoral heterogeneity and clonal evolution. The 
most amplified oncogenes on ecDNA are MYC, EGFR, 
ERBB2 (HER2), and MDM2, which mirror their tumor-
igenic potential when uncoupled from chromosomal 
regulation.19

Clinically, the presence of ecDNA is strongly associ-
ated with poor prognosis and adverse outcomes. Am-
plification of ecDNA in tumors often correlates with a 
higher risk of relapse, faster tumor progression, and 
resistance to standard therapies. Mechanistic studies 
suggest that ecDNA enables tumors to escape the im-
mune system through dynamic reorganization of gene 
expression, allowing rapid adaptation to selective 
pressures such as host immune surveillance. In addi-
tion, oncogene amplification via ecDNA is associated 
with enhanced genomic instability, which drives thera-
py resistance and tumor plasticity.18

Evolutionary evidence also outlines a predictive role 
for ecDNA following therapy. For example, the level 
of ecDNA harboring EGFR amplifications in glioblas-
toma has been associated with resistance to targeted 
inhibitors, whereas loss or reduction of ecDNA copies 
during treatment can occasionally restore sensitivity. 
These findings position ecDNA not only as a prognostic 
biomarker but also as a candidate for predicting and 
monitoring treatment efficacy in precision oncology 
(Table 3).13
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THERAPEUTIC STRATEGIES
Target Replication Stress Vulnerabilities CHK1,  
ATR, and CDK Inhibition
EcDNAs often experience conflicts between tran-
scription and replication, resulting in high levels of 
replication stress. This makes cancers with ecDNAs 
particularly reliant on checkpoint kinases. Novel 
preclinical research has found that blocking CHK1 
actually increases replication stress and selective-
ly targets tumors containing ecDNA in cell lines and 
animal models.73 One of the preclinical studies lays 
the groundwork for the first early-phase clinical trial 
on ecDNA, BBI-355, a Phase 1/2 trial using an oral 
CHK1 inhibitor (NCT05292408). Additionally, ATR 
inhibitors such as ceralasertib (NCT03718091) and 
elimusertib (NCT03188965) are being tested in clini-
cal trials for cancers driven by RS, which may provide 
a potential approach to treating tumors containing 
ecDNA.74 Furthermore, inhibitors of CDK7/9, which 
increase transcriptional load, can be combined with 
therapies that induce RS by disrupting the transcrip-
tional machinery.75 Notably, emerging translational 
and early clinical data supported this therapeutic 
rationale. The clinical CHK1 inhibitor BBI-2799 has 
shown selective efficacy in ecDNA-driven models. 
These findings, elaborated in Section “Preclinical and 
Early Clinical Evidence” highlighted the importance 
of biomarker-guided CHK1 inhibition strategies in 
ecDNA-associated malignancies.

Disrupt ecDNA Hubs Bet Proteins, Degraders,  
and Cdk7/9
EcDNAs cluster to form transcriptional hubs, which 
are stabilized by BRD4 and include enhancers and 
the RNA polymerase II machinery.76 Preclinical 
studies show that inhibiting BET with JQ1 disassem-
bles these hubs and primarily decreases the tran-
scription of oncogenes such as MYC derived from 
ecDNAs.77 Several BET inhibitors are undergoing 
early-phase clinical evaluation, including OTX015 
(NCT02259114) and ZEN-3694 (NCT02711956), 
which aim to disrupt BRD4-mediated transcription-
al programs associated with oncogene amplifica-
tion. Another approach is to block CDK7/9, which 
disrupts the initiation and elongation of Pol II and 
transcription driven by super enhancers. The pre-
clinical results for THZ1 and SNS-032 show thera-
peutic potential in models of tumors driven by MYCN 
and ecDNAs.78  

Prevent Reintegration Into Homogenously Staining 
Regions (HSRs)
One main way ecDNA escapes is by linking into chro-
mosomal arms to form HSRs, which stabilizes onco-
gene amplification and drug resistance.13,82 Preclin-
ical evidence suggests that this reintegration may be 
reduced by inhibiting topoisomerase activity and DNA 
repair. Topotecan, irinotecan, and etoposide are exam-
ples of topoisomerase inhibitors that increase replica-
tion-related issues and disruptions. In the meantime, 
PARP inhibitors, such as talazoparib and olaparib, 
bind to PARP on DNA, preventing repair and allowing 
replication to continue.80

Induce ecDNA Loss by Targeting Mitotic Tethering
To ensure proper inheritance, ecDNAs assemble and 
affix to the ends of chromosomes during mitosis. Pre-
clinical studies indicate that this attachment depends 
on BRD4 and continuous transcription, according to 
research by Nichols et al. The attachment breaks when 
BET or CDK7 inhibitors block these processes, leading 
to mis-segregation and cytoplasmic loss of ecDNAs. 
This may potentially reduce the number of copies of 
ecDNA in different cell generations. 81

Combination Approaches: ecDNA-Directed Plus 
Oncogene-Targeted Therapy
Since ecDNA often harbors key oncogenes such as 
EGFR, FGFR2, and MYC, therapies targeting ecDNA can 
be effectively paired with pathway inhibitors to enhance 
treatment efficacy. Preclinical testing in gastric and gas-
troesophageal junction neoplasms demonstrated that 
BBI-355, an ecDNA-targeted agent, combined with ei-
ther an EGFR or FGFR inhibitor, produced synergistic 
effects, yielding substantial, sustained responses.82

Preclinical Examples and Rationale
Research by Tang YC et al. indicates that CHK1 inhi-
bition preferentially kills ecDNA-driven tumors in pre-
clinical models.73 Using JQ1 can disrupt BRD4-tethered 
hubs, reducing oncogene transcription.77 Inhibiting 
BRD4 and CDK7 causes ecDNA to mis-segregate and 
be lost.81 Topoisomerase poisons and PARP inhibitors 
offer a mechanism to disrupt HSR formation, providing 
a systematic approach (Figure 4).13,79,80

PRECLINICAL AND EARLY CLINICAL EVIDENCE
Cancers carrying ecDNA are highly susceptible to CHK1 
inhibition due to their dependence on replication 
stress. Consistent with the mechanistic rationale 

Table 3. ecDNA prevalence and clinical associations by tumor type
Tumor Type Estimated Prevalence of ecDNA Frequent Oncogenes on ecDNA Clinical Associations

Glioblastoma High (~40%–50%) EGFR, MYC, CDK4, PDGFRA Poor prognosis, therapy resistance, high relapse risk

Sarcomas Moderate to high (~30%–40%) MDM2, CDK4, MYC Aggressive biology, relapse risk

Lung cancer (NSCLC, SCLC) Moderate (~20%–30%) EGFR, MYC, ERBB2 Resistance to targeted therapy, poor survival

Breast cancer Moderate (~15%–25%) ERBB2 (HER2), MYC Therapy resistance, immune evasion

Other solid tumors Variable (~10%–20%) MYC, MDM2, CCND1 Prognostic marker, clonal heterogeneity
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outlined in Section “Target Replication Stress Vulner-
abilities CHK1, ATR, and CDK Inhibition,” pre-clinical 
indicates that response pathways. In this context, the 
preclinical CHK1 inhibitor BBI-2799 has demonstrat-
ed strong efficacy against cancers harboring ecDNA. 
Selective tumor cell death is induced by CHK1 inhibi-
tion, both genetically and pharmacologically. A selec-
tive, bioavailable oral CHK1 inhibitor, BBI-2779, has 
demonstrated strong efficacy against cancers harbor-
ing ecDNA. BBI-2779 inhibited tumor progression and 
stopped ecDNA-mediated resistance to the pan-FGFR 
inhibitor infigratinib in gastric cancer models where 
FGFR2 was amplified on ecDNA, causing continued 
tumor regression in mice. The results presented here 
suggest that transcription–replication conflict vulner-
abilities may be therapeutically exploited, although 
clinical validation remains limited. Importantly, this 
clinical rationale is being translated into early clini-
cal investigation with BBI-355, a clinical-stage CHK1 
inhibitor currently under evaluation. Tumor hetero-
geneity results from differences in ecDNA inheritance 
among progeny cells, which affects its oncogenic effect. 
Oncogenic ecDNA is frequently retained during disease 

progression, as shown by longitudinal patient tumor 
profiling. This clearly connects ecDNA to tumor growth 
and helps explain why ecDNA-directed therapies have 
lagged in clinical translation.73

Approximately 20% of breast cancer tumors have 
HER2 amplification, and double-minute (DM) amplifi-
cation is seen in approximately 30% of HER2-positive 
tumors. HER2-targeted treatments commonly induce 
resistance, even when these malignancies initially re-
spond. Significantly, ecDNA-targeted treatments have 
shown promising responses in resistant cancers across 
a limited number of preclinical models, underscoring 
their potential as a therapeutic option. Using ecDNA 
detection as a biomarker for patient selection in clini-
cal trials may improve treatment response by identify-
ing patients more likely to benefit based on resistance 
mechanisms. Remaining challenges include the de-
velopment of highly specific techniques for ecDNA de-
tection across different cancers and the establishment 
of robust preclinical models to evaluate therapeutic 
potency.84 Observing novel treatment-sensitive path-
ways requires understanding the processes of ecDNA 
formation and maintenance. Together, these strategies 
have the potential to improve the long-term effective-
ness of therapy in malignancies resistant to anticancer 
medications and to accelerate the clinical translation 
of ecDNA-targeted treatments.85 However, CHK1inhi-
bition is associated with known safety limitations, in-
cluding hematological toxicities (e.g., neutropenia and 
thrombocytopenia), gastrointestinal adverse effects, 
and potential dose-limiting toxicities.85

TRANSLATIONAL CHALLENGES
For extensive genomic testing, next-generation se-
quencing (NGS) is a very sensitive, high-throughput 
mechanism. Targeted sequencing (TS), which primar-
ily focuses on a set of medically essential genes, offers 
more in-depth investigation, lower cost, and a lower 
data burden than whole-genome (WGS) or whole-ex-
ome sequencing (WES). Because of this, TS has proven 
particularly useful for detecting low-frequency variants 
in fragmented clinical DNA samples, enabling patient 
categorization and guiding more effective, customized 
treatments.86

Oncogenes and regulatory elements can be amplified 
as ecDNA or incorporated into chromosomes as HSRs, 
according to recent studies of cancer genomes. These al-
terations foster the overexpression of oncogenes, which 
leads to aggressive tumor behavior and poor prognosis.87

Replication stress, caused by mechanisms including 
reactive oxygen species (ROS), ribonucleotide misin-
corporation, secondary DNA structures (hairpins, tri-
plexes, and quadruplexes), transcription–replication 
collisions, and R-loop formation, is a principal driver of 
ecDNA instability. These events create genomic insta-
bility and impair normal replication, further increasing 
ecDNA production and contributing to drug resistance.88

There remain unresolved issues regarding the func-
tions and clinical implications of ecDNA, despite 
growing awareness of its role in cancer progression. 
Precision oncology may find new opportunities as 

Fig 4 | Therapeutic landscape
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ecDNA traits are leveraged for diagnosis, prognosis, 
and treatment, alongside improved detection methods 
and mechanistic understanding.58

FUTURE DIRECTION
Tissue biopsies are used in mainstream cancer diagno-
sis, but they are also very invasive and not suitable for 
routine monitoring. A minor invasive approach is liq-
uid biopsy, which uses circulating tumor cells (CTCs) 
and circulating tumor DNA (ctDNA). ctDNA-based 
analysis is crucial for directing ecDNA-targeted treat-
ments, facilitating serial sampling, and providing in-
sight into tumor growth.94 Moreover, other therapeutic 
methods are also under investigation, such as cell and 
gene therapies, RNA interference (RNAi), oligonu-
cleotide treatments, CRISPR-based gene editing, and 
classical small molecules, and antibody-based medi-
cations have all proven noteworthy.58

Advanced methods are being studied to directly ana-
lyze ecDNA. By merging pulsed-field gel electrophore-
sis with in vitro CRISPR-Cas9 therapy, CRISPR-CATCH 
enables the differentiation of ecDNA-carrying onco-
genes from cancer cells, thereby enabling structural 
and functional characterization.58 Nucleases, enzymes 
that break down nucleic acids, are also being exam-
ined as potential cancer markers. Although their enzy-
matic potential has not yet been altogether utilized for 
diagnosis, their vast cellular presence and catalytic ac-
tivity make them an appealing option in effective and 
highly potent treatment of cancers.90

Even after all these advancements, there are still a lot 
of challenges in the field of oncology. It is still unclear 
how ecDNA is formed, how it reintegrates into chro-
mosomes as HSRs, and how it causes drug resistance. 
Moreover, ecDNA has been linked to immune-mediat-
ed signaling, particularly activation of the cGAS-STING 
pathway, and to tumor evolution. EcDNA might soon 
become a powerful diagnostic and predictive biomark-
er, enabling targeted precision medicine and advanc-
ing ecDNA-targeted therapeutics.91

LIMITATIONS
Although tremendous progress has been made in the 
research on ecDNA, there are still some limitations that 
have to be addressed. Firstly, there is heterogeneity in 
the definitions of ecDNA across the research to date. 
This lack of standardization in the definition of ecDNA 
makes it hard to compare research across the field. Sec-
ondly, there are some limitations in the methods used 
to detect ecDNA at the moment. The methods used to 
detect ecDNA are usually based on short reads, which 
may not be effective at identifying the complex circular 
structure of ecDNA, leading to incorrect ecDNA iden-
tification in the cell. Lastly, although there is some 
research on the therapeutic potential of ecDNA, most 
studies are preclinical, with very little prospective re-
search available.  

Conclusion
ecDNA has emerged as an important driver of tumor 
heterogeneity, oncogene amplification, and thera-
peutic resistance, redefining our knowledge of cancer 

biology. ecDNA is increasingly recognized as a clin-
ically significant biomarker and therapeutic target. 
Advances in sequencing, imaging, and computational 
tools have enabled precise detection of ecDNA, while 
preclinical studies highlight its potential as a marker of 
sensitivity to targeted therapies. Major challenges re-
main in clarifying the mechanisms of ecDNA biogene-
sis, integration, and immune interactions, as well as in 
translating preclinical findings into clinical practice, 
despite advances. Future research integrating liquid 
biopsy, single-cell profiling, and novel therapeutics 
promises to accelerate the clinical utility of ecDNA-di-
rected strategies. By bridging mechanistic insights 
with translational innovation, targeting ecDNA could 
transform precision oncology and improve outcomes 
in aggressive, treatment-resistant cancers.
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