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HOW ecDNAS MIGHT SUPPORT CANCEROUS GROWTH
The circular nature of ecDNAs can enable gene interactions that may support the increased transcription of oncogenes, as genetic  
elements normally found in distant parts of the genome may come together to interact. While insulators in the chromosomal DNA sit at 
the stem of a loop structure and ensure that regulatory sequences such as enhancers work only on their nearby target genes, the circular 
shape of ecDNA generates new interactions with additional regulatory sequences that would not normally occur on chromosomal DNA.

Additionally, ecDNAs tend to have a more-open chromatin structure than chromosomes that promotes increased gene expression. DNA is 
wound around histone cores into units of organization called nucleosomes. On chromosomes, some regions can become highly compacted, 
rendering the DNA inaccessible to the transcriptional machinery, but ecDNAs have an altered chromatin structure in which the nucleosomes 
do not compact, resulting in highly accessible DNA that is primed for transcription. Moreover, ecDNAs are loaded with active histone marks 
but have a paucity of repressive histone marks, promoting high levels of transcription.
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Misleading maps
Humans depend on maps to navigate complex landscapes and to 
understand the world around us. Without our maps, we’re lost. 
However, our maps also limit us. If something is missing from 
the map—or even worse, the map is wrong—we can be thrown 
off course. Consider Ptolemy’s and Copernicus’s maps of the 
solar system. Ptolemy made precise measurements of the plan-
ets moving across the heavens, but he got the orientation of his 
map wrong by placing Earth in the center. It took nearly 1,500 
years for Copernicus to correct it.

Researchers have been making maps of cancer for a long time. 
First we made organ-based maps, then cell type–based maps. 
These are still the dominant maps researchers and physicians 
use to navigate cancer, but the advent of powerful DNA sequenc-
ing technologies has ushered in a new era of cancer mapping at 
the level of the genome. We can take DNA from a patient’s tumor 

and find genetic mutations that are to blame. This has become 
the basis for cancer diagnosis and treatment. But, as we learned 
in our seminal study several years ago, something was missing 
from genome-based maps: ecDNA.

Since 1965, scientists have recognized that ecDNA elements exist 
in cells of certain cancers, in particular neuroblastoma. These ele-
ments were initially referred to as “minute chromatin bodies,” and 
then as “double minutes” because they were often paired. In the late 
1970s and 1980s, a number of research teams showed that these 
double minutes could lead to gene amplification. In contrast with 
this earlier work, we found that ecDNAs are not always found in 
pairs. In fact, ecDNAs occur as paired bodies only 30 percent of 
the time.2 Therefore, for clarity, here we use the term “ecDNA” to 
describe both singlet ecDNA particles and double minute ecDNA.

Until very recently, despite efforts to decipher ecDNA structure, 
the importance of these ecDNA particles remained unclear, and as 
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the field developed new techniques to generate genome informa-
tion–rich maps of cancer, most researchers stopped thinking about 
ecDNA, which was thought to occur rarely. Indeed, according to 
the Mitelman database of chromosomal aberrations, ecDNA only 
occurred in about 1.4 percent of cancers. Thus, after we published our 
2014 study showing that ecDNA is a very common event in cancer, 
there was what I would call a colossal scratching of heads. I would 
give talks about the work and people would say, for example, “That’s 
funny, the cancer-causing gene that I am studying is on chromosome 
8.” I would then ask how they knew that, and they would present me 
with a copy of a cancer map based on the human reference genome. 
I realized that we might be looking at a “Ptolemy” map.

Appreciating extrachromosomal DNA
After our Science paper was published, I began working very closely 
with Vineet Bafna, a computer scientist at the University of Califor-
nia, San Diego, who had played a critical role in decoding the human 
genome. In a study spearheaded by a researcher from my lab named 
Kristen Turner (now at Boundless Bio), along with computer sci-
entists Viraj Deshpande and Doruk Beyter from Bafna’s group, we 
integrated the old with the new—modern genomic tool kits, power-
ful next-generation sequencing, advanced computational methods, 
and visualization under the microscope of the locations of ecDNA. 
This work revealed the presence of ecDNA in almost every cancer 
type we looked at. We further found that ecDNA enabled cancers to 
change their genomes quickly, and even to move genes back onto 
chromosomes, but not in their original locations.3 

In early 2017, I gave a seminar on these findings at Stanford 
University, where I met Howard Chang, a physician-scientist 
there who had developed techniques for analyzing the chroma-
tin architecture and epigenetic structure of cancer cells. Chang 
had recently discovered major changes in the structure of chro-
matin in cancer that allow transcriptional machinery greater 
access to the DNA to drive transcription. After my talk, we dis-
cussed how ecDNA might generate a far more open chromatin 
pattern, enabling enhanced transcription of oncogenes, in line 
with what Chang was finding. Working closely with Chang, as 
well as with Bafna and the University of California, San Diego’s 
Bing Ren, my postoctoral fellows Turner, Sihan “Sean” Wu, 
and Nam Nguyen set out to better understand the structure of 
ecDNA and its transcriptional consequences. 

We first demonstrated that ecDNA is circular. These ecDNAs  
differ from the more common small extrachromosomal circu-
lar DNA particles (eccDNAs) that are found in the genomes 
of eukaryotes from yeast to flies to humans. For one, eccDNAs 
average only about 100–1,000 base pairs in length and are thus 
relatively unlikely to contain intact genes or other functional ele-
ments, while ecDNAs are relatively large, averaging around 1.3 
million base pairs. ecDNAs are chock-full of growth-promoting 
oncogenes, and they contain other genes and regulatory regions 
that may be involved in tumor formation and progression. 

Moreover, unlike other types of small circular DNAs such 
as eccDNAs and ribosomal DNAs that can be found in nor-

mal cells at low levels, ecDNAs are unique to cancer, and they 
are highly amplified. And, because like all circular DNAs they 
lack the centromeres used to segregate homologous chromo-
somes, they are often not evenly divided between daughter 
cells upon cell division. This allows cancers with ecDNA to 
evolve rapidly, accumulating a great many copies of cancer-
causing genes or reducing the number of drug-targeted onco-
genes, while maintaining the cell-to-cell variability that drives 
accelerated tumor evolution and drug resistance. (See illus-
tration on page TK.) 

The three-dimensional structure of ecDNA also holds 
clues to its role in some cancers. By combining ultrastruc-
tural microscopy and whole-genome sequencing with com-
putational reconstruction and long-range DNA optical map-
ping in which very long fragments of DNA, sometimes more 
than 150,000 base pairs, can be resolved, my collaborators 
and I showed that ecDNAs are circular and that the DNA 
is wound around histone cores into nucleosomes like chro-
mosomal DNA is, but in a highly abnormal fashion. ecDNA 
chromatin displays a significantly lower degree of compac-
tion compared with the same DNA segments that reintegrate 
into chromosomes, suggesting that altered DNA shape may 
actively contribute to the transcription of oncogenes found 
on ecDNA. (See illustration on opposite page.) In fact, single-
cell imaging further revealed that ecDNA is among the most 
transcriptionally accessible chromatin in the cancer genome 
in actively cycling tumor cells. 

We also found that ecDNA is loaded with chromatin modifi-
cations that promote transcription and has a paucity of repres-
sive chromatin marks, suggesting that it is poised for high levels 
of gene expression. Further, we found that ecDNA chromatin is 
well organized into loops that are normally an important part 
of gene regulation, but with a three-dimensional topology that 
is distinct from that of chromosomal DNA. As the DNA seg-
ment becomes circular, in a process that is still incompletely 
understood, distal DNA elements are brought into proxim-
ity, enabling ultra-long-range chromatin interaction that can-
not be achieved by chromosomal DNA. This could potentially 
form new gene regulatory circuits, including new active con-
tacts that drive oncogenic transcription. Consistent with these 
findings, we found that oncogenes residing on ecDNA are in 

Researchers have been making maps 
of cancer for a long time, but we now 
know that we’ve been missing some-
thing from our maps.
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Additional regulatory  
elements can support higher 
oncogene expression.

Open chromatin arrangement can 
also support oncogene expression.




