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In brief

Sun et al. use long-read sequencing data
from high-grade serous ovarian cancer to
perform de novo profiling of
extrachromosomal DNA characteristics.
They show that extrachromosomal DNA
(ecDNA) is a multifunctional driver of
genomic variations and tumor
progression, including genomic
instability, enhancer amplification, and
transposon activation.
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SUMMARY

The non-Mendelian inheritance of extrachromosomal DNA (ecDNA) exacerbates tumor genomic heterogene-
ity and evolution. Due to short-read sequencing’s reconstruction deficiencies, ecDNA abundance in clinical
tumor tissues requires further estimation, and the mechanisms driving tumor evolution remain underex-
plored. Here, we perform long-read whole-genome sequencing on primary and paired metastatic tumor tis-
sues from 12 patients with high-grade serous ovarian cancer (HGSOC) and 6 normal tubal tissues, construct-
ing a comprehensive ecDNA profile. In HGSOC, ecDNA exhibits significantly greater genomic instability and
lower methylation than chromosomal DNA. Beyond oncogene and immunomodulatory gene amplification,
ecDNA amplifies extensive enhancers to promote gene expression via mechanisms including enhancer hi-
jacking and mobile enhancers. Notably, we observe activation of transposable elements on hypomethylated
ecDNA, which is strongly correlated with epithelial-mesenchymal transition gene expression and poor clin-
ical outcomes. These findings reveal ecDNA as a multifunctional driver of genomic variations and tumor pro-

gression in HGSOC, highlighting its therapeutic potential.

INTRODUCTION

High-grade serous ovarian cancer (HGSOC) is the most
aggressive and common subtype of ovarian cancer, account-
ing for approximately 70% of all cases. HGSOC is typically
diagnosed at late stages and is characterized by extensive
metastasis and malignant ascites, both of which are associated
with drug resistance and poor prognosis.’ HGSOC serves as a
model for studying tumor heterogeneity and genomic insta-
bility, as it is commonly associated with TP53 mutations, ho-
mologous recombination deficiency in DNA repair, and exten-
sive copy-number aberrations.” Additionally, HGSOC exhibits
notable DNA hypomethylation and activation of long inter-
spersed nucleotide element 1 (LINE1) transposons.®* Circular
extrachromosomal DNA, a burgeoning hallmark of human
cancers, is abundant in HGSOC.® However, whether extrachro-
mosomal DNA is related to these characteristics of HGSOC

remains unclear, and the mechanisms by which it drives
HGSOC progression have not yet been investigated.
Extrachromosomal DNA is defined as circular, acentric chro-
matin molecules. Based on copy number and size, extrachromo-
somal DNA is mainly divided into two categories: one is large
and copy number-amplified circular extrachromosomal DNA
(ecDNA), which has recently been recognized as a major contrib-
utor to tumor evolution,>® and the other is small extrachromo-
somal circular DNA (eccDNA), which exists in both tumor and
normal cells.”® ecDNA possesses unique characteristics that
make it a potent driver of tumor progression. Because ecDNA
lacks centromeres, it is unevenly distributed into daughter
cells during mitosis, rapidly increasing genomic heterogeneity
within the cell population. Moreover, ecDNA can extensively
amplify oncogenes and contains highly accessible chromatin,
resulting in elevated expression of these amplified genes, which
provides tumor cells with a significant selective advantage.®™""
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Additionally, ecDNA can aggregate into hub-like structures,
enabling complex transcriptional regulatory interactions. These
interactions promote high expression of cancer-associated
genes through mechanisms such as enhancer hijacking and mo-
bile enhancers.'>'* Furthermore, coordinated inheritance of
ecDNA species can quickly establish selective advantages
within tumors.’®'® APOBEC3 mutagenesis of ecDNA and
ecDNA rearrangement indicate its intrinsic evolutionary capac-
ity.'”"'® Combined with its ability to reintegrate into the
genome,”® ecDNA further exacerbates genomic heterogeneity
in tumors. Nevertheless, whether ecDNA drives tumor progres-
sion through other mechanisms urgently needs further research.

The accumulation of public next-generation sequencing (NGS)
data has enabled the detection of ecDNA in a wide range of tu-
mor types using short-read sequencing.>®'” However, due to
the limitations of short-read sequencing in reconstructing com-
plex genomic regions, the abundance and structure of ecDNA
in clinical samples have not been effectively evaluated. Long-
read sequencing, with its capability of producing reads up to
100 times longer than those from NGS platforms, offers a signif-
icant advantage for assembling complex genomic regions such
as repetitive sequences and transposable elements (TEs). This
technology facilitates the identification of broad genetic varia-
tions and chromosomal rearrangements, providing an opportu-
nity to construct complete ecDNA structures. Another notable
feature of long-read sequencing is its ability to directly detect
DNA methylation in native DNA without requiring bisulfite con-
version, enabling the simultaneous assessment of genomic
element activity.?">> While long-read sequencing has been
applied to validate ecDNA structures,'>?*2° its use in the de
novo identification and comprehensive profiling of ecDNA in clin-
ical samples remains unexplored.

The advent of new sequencing technologies presents an un-
precedented opportunity to dissect the oncogenic mechanisms
of ecDNA with increasing precision. In this study, we systemati-
cally profiled the ecDNA characteristics in HGSOC using long-
read whole-genome sequencing (WGS), with normal fallopian
tube (FT) tissues as a control. This approach allowed us to
explore the potential oncogenic mechanisms driven by ecDNA
in HGSOC. By leveraging these advanced sequencing technolo-
gies, our findings offer valuable insights into the role of ecDNA in
driving tumor evolution and open new avenues for targeted ther-
apeutic interventions in cancer treatment.

RESULTS

Long-read WGS identifies abundant ecDNAs and
eccDNAs in HGSOC

To elucidate the characteristics of ecDNA in HGSOC, we
collected primary and paired metastatic tumor tissue samples
from 12 patients with HGSOC, along with normal FT tissues
from 6 non-tumor donors as controls. WGS using Oxford Nano-
pore Technologies (ONT) was performed on all 30 samples
(Figure 1A; Table S1). Additionally, RNA sequencing (RNA-seq)
was conducted on 21 tumor tissue samples and 6 normal FT tis-
sues. WGS using lllumina was carried out on peripheral blood
mononuclear cell (PBMC) samples matched to 20 tumor tissues
as a reference for germline mutations. To minimize variability
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caused by treatment, only treatment-naive patient samples
were included in this study.

After filtering, we obtained 30 high-quality ONT WGS datasets,
with a median genome coverage of 24.86x and a read N50 of
25.5 kb (Figures S1A and S1B; Table S1). Highly consistent
with published HGSOC copy number variation (CNV) profiles
from TCGA,?” our CNV analysis of ONT WGS data using QDNA-
seq software revealed extensive copy-number gains and losses
across entire chromosomal arms in HGSOC tumor tissues,?®
whereas no CNVs were detected in FT samples (Figure S1C).
We used CReSIL, a computational tool proven to effectively
identify extrachromosomal DNA from long-read WGS data, to
detect eccDNA in the samples®®*° and identify ecDNA together
with Decoil.>" Excitingly, a total of 3,833 extrachromosomal
DNAs were identified across the 30 samples, with a total of
3,133 eccDNAs (range from 44 to 296) in HGSOC tissues
compared to 582 eccDNAs (range from 61 to 133) in normal FT
tissues and a total of 117 ecDNAs (range from 0 to 17) in
HGSOC tissues compared to only one ecDNA in normal FT tis-
sues (Figure 1B; Table S2). As expected, our data showed a pos-
itive correlation between the number of genes per megabase
and eccDNA abundance, consistent with prior studies
(Figure S2A).”?°

We categorized the identified circular DNAs into simple circu-
lar DNAs and complex circular DNAs based on circular junctions
forming from a single continuous locus or multiple genomic frag-
ments originating from the same or different chromosomes
(Figures S2B and S2C). Compared to eccDNA, ecDNA had a
higher proportion of complex types (Figure 1B). Using the ONT
long-read WGS method and ecDNA detection algorithms, we
achieved comprehensive profiling of each ecDNA, including
complete sequences, gene annotations, mutations, and DNA
methylation profiles, enabling further exploration of their onco-
genic properties. For instance, we found that an ecDNA from
paired OC8P and OC8M samples was assembled from a chro-
mosomal fragment on chr1i1 and contained the complete
DDB2 gene, a known oncogene amplified in ovarian cancer
(Figure 1C).>*2 To validate the amplification and circular struc-
ture of ecDNA, we performed interphase DNA fluorescence in
situ hybridization (FISH) and Circle-seq (a highly sensitive circu-
lar DNA purification method) on the matched frozen HGSOC
samples. DNA FISH images showed that many oncogene spots
were scattered in the cell nucleus far away from the correspond-
ing centromeres, supporting extrachromosomal amplification
(Figures 1D and S2D). Meanwhile, Circle-seq also verified the cir-
cular closed structure of ecDNAs containing DDB2 and MDM2 in
HGSOC tissues (Figure S2E). Furthermore, de novo sequence
assembly of the long reads mapping to the oncogene-amplified
regions allowed us to further physically reconstruct their circular
structure (Figure S2F).

Genomic instability in circular DNA

Genomic instability is known to play an important role in tumor
evolution by increasing genomic heterogeneity, and previous
studies have demonstrated that genomic instability is widely
associated with ecDNA production.’>*° In this study, we
analyzed genomic instability in ecDNA and eccDNA from
HGSOC using long-read WGS data, focusing on structural
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Figure 1. The workflow and identification of circular DNA from whole-genome ONT sequencing

(A) The workflow diagram illustrates the sampling and analysis strategies.

(B) Distinct circular DNA profile of 30 samples. The number of identified ecDNAs and eccDNAs for each sample is indicated in the bar plot. Patients’ condition,
clinicopathological information, and sequencing technology are color coded. Simple circular DNA, contains a single locus; complex circular DNA, contains

multiple regions from the same chromosome or different chromosomes.

(C) Circos shows an example of ecDNA annotation (OC8P and OC8M). The circle annotations from outside to inside are transposable element (LINE1, AluY, and

LTR), enhancer, DNA methylation, gene expression, and gene.

(D) Representative DNA FISH images of interphase ecDNA from matched frozen HGSOC tissues (OC8P and OC8M) showing extrachromosomal DDB2 signals

against centromere labeling (CEP11) signals. Scale bars, 10 pm.
See also Figures S1 and S2 and Tables S1 and S2.

variation (SV) and single-nucleotide variation (SNV), as distinct
from chromosomal DNA.

The excellent alignment capability of long-read sequencing
can efficiently identify SVs. Using Sniffles2,°® we identified
approximately 24,859 SVs and 7,890 mosaic SVs (low frequency,
2%-30% variant allele frequency) per sample (Table S3). SV
length distribution exhibited distinct peaks at ~300 bp and ~6
kb, consistent with the lengths of ALU (a type of short inter-

spersed nuclear element, SINE) and LINE transposons, respec-
tively (Figure S3A), demonstrating the sensitivity and accuracy
of SV identification, and 20 of 55 genomic loci with recurrent SV
breakpoints were near HGSOC-related oncogenes,'® such as
KRAS, RHO, and ARID3A (Figure S3B; Table S3). We assessed
SV frequencies in the chromosomal genome, chromosomal
amplification, and ecDNA regions. Surprisingly, ecDNA
showed significantly higher SV frequencies than genome and
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Figure 2. Genomic instability of circular DNA in HGSOC

(A) Comparison of the SV number per Mb detected in ecDNA, whole genomic regions, and amplified regions in each tumor sample (two-sided Wilcoxon’s signed

rank-sum test, n = 22; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

(B) Comparison of the SV VAF distribution detected in ecDNA, whole genomic regions, and amplified regions in all tumor samples (Mann-Whitney U test, n = 22;

wp < 0.0001).

(C) Comparison of the SV number per Mb detected in eccDNA, whole genomic regions, and amplified regions in each tumor sample (two-sided Wilcoxon’s signed

rank-sum test, n = 22; *p < 0.05 and ****p < 0.0001).
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chromosomal amplification (Figures 2A and S3C), in terms of in-
sertions (p < 0.0001, paired Student’s t test) and breakends
(p < 0.0001). Furthermore, compared to chromosomal genomes,
the SVs of ecDNA displayed lower allelic variant frequencies
(VAFs) (p < 0.0001, Mann-Whitney U test) (Figures 2B and S3D),
suggesting that these SVs may occur later in the ecDNA life cycle.
Notably, these characteristics were conserved in eccDNA
(Figures 2C, 2D, S3C, and S3D), suggesting that they are a feature
of extrachromosomal DNA. The presence of tree-rearrangement
clusters overlapping with ecDNAs further supported the hypoth-
esis that ecDNA served as a substrate for genomic remodeling,*°
contributing to the aberrant expression of tumor-suppressor
genes and oncogenes (Figures S3E and S3F).

To evaluate SNVs in HGSOC ecDNA, we used Clair3®** and
identified a total of 7,915 somatic functional SNVs of 18 tumor
samples after filtering from long-read sequencing (Table S3),
whose precision reached 98.9% by comparing to lllumina-based
whole-exome sequencing (WES) (Figure S3G). Many SNVs
affected frequently mutated genes in HGSOC, such as TP53,
which is associated with poor prognosis, and MUC16, which is
expressed and secreted in HGSOC ascites tumor cells
(Table S83).°®* When comparing the tumor mutational burden
(TMB), the total number of SNVs per megabase, eccDNA
showed a significantly higher TMB than chromosomal genome
and amplification (p < 0.0001, paired Student’s t test)
(Figure 2E), while there was no difference for ecDNA, consistent
with the WES results (Figure S3H). Additionally, the SNVs of
eccDNA exhibited lower VAFs compared to chromosomal re-
gions (p < 0.0001, Mann-Whitney U test) (Figure 2F), indicating
a higher rate of acquired SNVs. However, ecDNA had signifi-
cantly higher VAFs compared to chromosomal regions
(p < 0.0001, Mann-Whitney U test) (Figure 2F), which might sug-
gest positive selection of these SNVs, consistent with a previous
study."” Furthermore, we performed COSMIC single-base sub-
stitution (SBS) signature analysis based on a Bayesian non-
negative matrix factorization (NMF) algorithm (Figure 2G;
Table S3) to explore the broad spectrum of mutational processes
of eccDNA and ecDNA.*%*" The result revealed that signatures
of mismatch repair deficiency (SBS6 and SBS26) and polymer-
ase epsilon exonuclease domain mutations (SBS10b) were
significantly enriched in eccDNAs compared with the chromo-
somal genome (p < 0.05, Wilcoxon rank-sum test) (Figures 2G
and S3J), while ecDNAs highly enriched the signatures of
APOBEC cytidine deaminase (SBS2) and defective POLD1
(DNA polymerase & 1) proofreading (SBS10d) compared with
the chromosomal genome (p < 0.05, Wilcoxon rank-sum test)
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(Figures 2G and S3I). In contrast, SNVs in the chromosomal
genome were enriched for clock-like signatures (SBS1 and
SBS5) (p < 0.01; Wilcoxon rank-sum test). These findings sug-
gest that ecDNA and eccDNA in HGSOC are more prone to de-
fects in DNA repair, exacerbating the TMB.

In summary, compared to linear chromosomal DNA, ecDNA
and eccDNA in HGSOC exhibited greater genomic instability.
This instability may enhance tumor genomic heterogeneity,
working in concert with the uncoordinated inheritance mode of
ecDNA, and provide a driving force for tumor evolution.

Distinct extrachromosomal DNA characterization
between HGSOC and FTs
To investigate the different characteristics in circular DNA be-
tween normal FTs and HGSOC tumor tissues, we compared
eccDNA and ecDNA in terms of number, size, structural
complexity, genomic origin, and DNA methylation. As expected,
we observed that the number of circular DNA in HGSOC tumor tis-
sues was significantly higher than that in normal FT tissues,
regardless of eccDNA and ecDNA (p = 0.039 and 4.31e-05,
respectively; independent Student’s t test) and no matter whether
the sequencing depth was normalized or not (Figures S4A-S4C).
Furthermore, the average length of ecDNA in HGSOC was signif-
icantly longer than normal FT (p = 0.0017, independent Student’s
test), as well as eccDNA (p = 0.00055) (Figure S4D). Additionally,
the eccDNA and ecDNA of HGSOC exhibited greater structural
complexity, evidenced by higher fragment numbers than those
in normal FT (p = 0.0015 and 0.00063, respectively; independent
Student’s t test) (Figure S4E). Unsurprisingly, no significant differ-
ence in the copy number of eccDNA was observed between
HGSOC and FT, which made the amplification feature of ecDNA
prominent in HGSOC (p = 0.0015, independent Student’s t test)
(Figure S4F). To explore the genomic origins of circular DNAs,
we applied locus overlap analysis (LOLA) for genomic region
enrichment analysis®® and found that circular DNAs in HGSOC tis-
sues were significantly enriched in transcription start sites (TSSs),
transcribed regions, enhancers, and simple repeat segments,
while circular DNAs in normal FT were enriched in genomic super
duplications (two-sided Fisher’s exact test, p < 0.05) (Figure S4G),
highlighting the gene-encoding and regulatory functionality of cir-
cular DNAs in HGSOC. However, there was no difference in circu-
lar DNA between primary and metastatic tumors in terms of these
characteristics.

The accurate DNA methylation (5-methylcytosine [5mC]) and
hydroxymethylation (5-hydroxymethylcytosine [5hmC]) data
were retained from ONT sequencing (Figures S5A and S5B),*°

(D) Comparison of the SV VAF distribution detected in eccDNA, whole genomic regions, and amplified regions in all tumor samples (Mann-Whitney U test, n = 22;
****p < 0.0001). INS, insertion; BND, translocation.

(E) Comparison of the somatic SNV TMB detected between ecDNA (left) and eccDNA (right), whole genomic regions, and amplified regions in each tumor sample
(two-sided Wilcoxon’s signed rank-sum test, n = 18; ****p < 0.0001). TMB, tumor mutational burden.

(F) Comparison of the somatic SNV VAF distribution detected between ecDNA (left) and eccDNA (right), whole genomic regions, and amplified regions
(Mann-Whitney U test, n = 18; *p < 0.01 and ****p < 0.0001). VAF, variant allele frequency.

(G) SBS signature enrichment scores are shown by both dot size and heat scale. Increasing dot sizes indicate increasing enrichment of indicated SBS signatures
within genomic, eccDNA, and ecDNA regions. The circular DNA SBS signatures with significant enrichment compared with both genomic and amplified regions
are marked with five-pointed stars beside them (Wilcoxon rank-sum test, p < 0.05). Pink represents eccDNA enrichment, and purple represents ecDNA
enrichment. The rest of the SBS signatures are enriched in the genome. Excluded from the analysis are tumors without patient-matched PBMCs.

Unless otherwise specified, boxes show the median and the interquartile range (IQR); the lower whisker indicates Q1 - 1.5 the IQR; the upper whisker indicates
Q3 + 1.5x the IQR. See also Figure S3 and Table S3.
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Figure 3. Demethylation and gene amplification characteristics of ecDNAs in HGSOC

(A and B) Relative 5mC (A) and 5hmC (B) levels between genomic, amplified, and ecDNA regions for HGSOC samples (two-sided independent Student’s t test;
***p < 0.001 and ***p < 0.0001).

(C) Relative 5mC levels in ecDNA regions for primary and metastatic samples (two-sided independent Student’s t test; *p < 0.01).

(legend continued on next page)
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which allowed us to uncover the epigenetic characteristic of
ecDNA. Unsurprisingly, compared to normal FT, the genome of
HGSOC showed much lower 5mC levels and modestly lower
5mC levels for circular DNA (Figure S5C). In detail, we compared
the differential methylation of the genome, chromosomal amplifi-
cation, and ecDNA regions. Interestingly, the methylation level of
ecDNA was significantly lower than that of genome and chromo-
somal amplification (o = 0.00087 and 0.0009, respectively; inde-
pendent Student’s t test) (Figure 3A), suggesting that the epige-
netic change of ecDNA may enhance the activity of regulatory
elements,®*°*" altering gene expression patterns. Furthermore,
the 5hmC level of ecDNA was significantly higher than that
of genome and chromosomal amplification (p = 5.43e—46
and 1.58e—15, respectively; independent Student’s t test)
(Figure 3B), indicating that ecDNA might undergo active DNA de-
methylation, potentially facilitating the functional activation of
these extrachromosomal elements. Notably, these phenomena
were absent in eccDNA (Figure S5D), highlighting the distinct char-
acteristic of ecDNA.

In 12 patients with paired primary and metastatic tumor sam-
ples, an average of 52.3% of circular DNAs (21.5% for ecDNA
and 52.8% for eccDNA) were shared (>80% sequence overlap)
between paired samples, reflecting the persistence and clonal
selection of circular DNA to some extent (Figure S5E). To reveal
the evolutionary trend of ecDNA, we compared the methylation
of ecDNAs between primary and metastatic tumors. Surpris-
ingly, the ecDNAs of metastasis displayed significantly lower
5mC levels (p = 0.0012, independent Student’s t test)
(Figures 3C and S5F), which might represent the enhancing ac-
tivity of gene expression in metastasis. Actually, the conserved
genes amplified in ecDNAs of paired tumoral samples indeed
were highly expressed in metastatic tumors (p = 0.00014, paired
Student’s t test) (Figure 3D). Besides, this epigenetic change did
not occur in eccDNA.

Taken together, these results reveal that HGSOC tumor tis-
sues are enriched with functional and activated circular DNAs,
in stark contrast to normal tissues. Beyond this, compared to
chromosomal amplification, ecDNA exhibited a distinct deme-
thylation characteristic, and the lower methylation along with
more active transcription may represent the evolutionary trend
of ecDNAs in HGSOC.

HGSOC ecDNAs amplify immunomodulatory genes and
oncogenes

As the genes amplified in ecDNAs varied among individuals, to un-
veil the conserved characteristics of gene amplification, we per-
formed gene set enrichment analysis (GSEA) to examine the major
pathways associated with ecDNAs. In HGSOC, both ecDNA and
eccDNA showed significant enrichment in immunomodulatory
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processes, such as cell killing (p = 2.21e—07; two-sided Fisher’s
exact test), natural killer cell-mediated immunity (p = 3.01e—05),
adaptive immune response (p = 2.23e—05), and regulation of
chronic inflammatory response (p = 7.07e—05), involving genes
like PSMB4, LAG3, USP5, PTPN6, and so on (Figures 3E and
S5@G). This suggests that ecDNA and eccDNA play a role in inter-
actions between the tumor and immune microenvironment. In
contrast, for the eccDNA of normal FT, a biological process related
to immunoglobulin-mediated immune response was significantly
enriched (p = 1.10e—07; two-sided Fisher's exact test)
(Figure S5@G), consistent with the presence of circular DNA as a
by-product of V(D)J recombination in normal tissues.”***

In the meantime, our data revealed that circular DNAs harboring
intact oncogenes exclusively existed in HGSOC tissues, espe-
cially dominant in ecDNAs (Figure 3F). Furthermore, there were
many oncogene-amplified ecDNAs conserved between primary
and metastatic tumors, such as LDHB, KRAS, MDM2, DDB2,
and so on. This characteristic reflected the hereditary and selec-
tive advantages of ecDNAs. Eleven ecDNAs were found to include
multiple oncogenes in a single event. For instance, an ecDNA
derived from contiguous genomic regions on chromosome 3g26
contained the SKIL gene and adjacent oncogenes PRKC/ and
EIF5A2 (Figure S5H). EIF5A2 is a frequently amplified oncogene
previously reported in primary ovarian cancer.**

The current view holds that ecDNAs establish a selective
advantage by increasing the copy number of the amplified
gene.”® As expected, compared to genome and chromosomal
amplification, genes amplified on ecDNAs exhibited significantly
higher expression (p = 8.1e—30 and 1.2e—11, respectively; inde-
pendent Student’s t test) (Figure 3G), with no difference between
chromosomal amplification and eccDNA (Figure S5I). In partic-
ular, for oncogene-amplified ecDNAs, there was a significant
positive correlation between the copy number of ecDNAs and
transcription levels (R = 0.31, p = 0.0045; Pearson’s correlation)
(Figure 3H). Intriguingly, some ecDNA genes with low copy
numbers exhibited high expression levels, suggesting the
involvement of additional regulatory mechanisms, such as en-
hancers and other transcriptional regulatory elements, in
enhancing ecDNA gene transcription.

Overall, our data indicate that in HGSOC, ecDNAs mainly
amplified immunomodulatory genes and oncogenes to promote
tumor progression. However, in addition to copy ampilification,
there may be other regulatory mechanisms enhancing the
expression of genes in ecDNAs.

Extrachromosomal DNAs amplify extensive enhancers,
strengthening gene expression

The junction and circularization of chromosomal fragments in cir-
cular DNAs result in extensive genomic rearrangements, leading

(D) Gene expression of the conserved ecDNA derived from paired primary and metastatic tumor tissues from the same patients with HGSOC (two-sided paired

Student’s t test; **p < 0.001).

E) Top: bar plot showing the total number of occurrences (y axis) of immunomodulatory genes on circular DNA (x axis). Middle: heatmap showing Gene Ontology
GO) terms associated with immune genes (green). Bottom: tissue types in which the immune genes are observed to be on circular DNA.

G) Gene expression comparing located on genomic, amplified, and ecDNA regions for HGSOC samples (two-sided independent Student’s t test; ****p < 0.0001).

(
(
(F) Oncoplot shows oncogenes distribution on ecDNA and eccDNA of all samples.
(
(

H) Pearson’s correlation analysis of gene expression and copy number of oncogenes amplified on HGSOC ecDNAs (R = 0.31, p = 0.0045, n = 81 genes).

See also Figures S4 and S5.
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Figure 4. Diverse enhancers on circular DNA promote gene expression

(A) Comparison of the number of circular DNA with enhancers, genes, and co-amplification for FT, primary, and metastatic HGSOC samples (Brunner-Munzel test
and paired Student’s t test; *p < 0.05 and ****p < 0.0001).

(B) Comparison of the length distribution of circular DNA with enhancers, genes, and co-amplification for HGSOC samples (Mann-Whitney U test; “o < 0.05 and
***p < 0.0001).

(C) Comparison of the ratio of complex circular DNA with enhancers, genes, and co-amplification for HGSOC samples (Mann-Whitney U test; **p < 0.01,
***p < 0.001, and ***p < 0.0001).

(D) Comparison of the coding-gene expression of circular DNA with enhancers, genes, and co-amplification (Mann-Whitney U test; *p < 0.01 and ****p < 0.0001).
(E) Pearson’s correlation of enhancer contribution score and gene expression of coding genes on enhancer+/gene+ circular DNA vs. normalized coverage. Point
estimates of two-sided Pearson correlation coefficient test and their 95% confidence level intervals (in blue) are shown.

(F) Forest plots of multivariable gene expression Cox regression analysis for enhancer+/gene+ circular DNA subtypes with enhancer elements variables as a
confounding factor in HGSOC tumor tissues. The point estimations of the hazard ratio derived from the Cox regression test and their corresponding 95%
confidence level intervals (error bars) are presented. Here, the median as a cutoff is adopted for classifying these enhancer element variables into high and low
groups.

(legend continued on next page)
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to rewired gene regulatory forms, such as enhancer hijack-
ing."?”'* Next, we further explored the impact of enhancers
amplified on circular DNA. Utilizing publicly available H3K27ac
chromatin immunoprecipitation (ChlP)-seq data from HGSOC
tumor samples,’® we identified 30,306 enhancers, which
showed strong anti-correlation with DNA methylation status
from ONT data (Figures S6A and S6B), validating data consis-
tency between the two sources. 356 out of 3,715 circular
DNAs in all samples (n = 28) contained intact enhancers, with a
total of 3,227 enhancers amplified (Table S4).

To assess the functional impact of enhancer-amplified ecDNA
in HGSOC, we classified circular DNAs into three categories: (1)
only enhancer amplified (enhancer+/gene-), (2) only gene ampli-
fied (enhancer-/gene+), and (3) gene and enhancer co-amplified
(enhancer+/gene+). The proportion of circular DNA carrying
intact enhancers was significantly higher in HGSOC than in
normal FT (p = 1.71e—02 and p = 5.46e—22; Brunner-Munzel
test), while there was no significant difference in circular DNA
carrying only intact genes (Figure 4A). Logically, enhancer
+/gene+ circular DNAs exhibited larger sizes (p < 0.0001;
Mann-Whitney U test) (Figures 4B and S6C) and greater struc-
tural complexity (p = 5.10e—05 and p = 4.90e—03; Mann-
Whitney U test) (Figure 4C), which matched ecDNA features
and suggested potential rewired gene regulation, respectively.
Combined with RNA-seq data, we found that genes amplified
on enhancer+/gene+ ecDNAs had significantly higher expres-
sion levels than those in other categories (p < 0.0001; Mann-
Whitney U test) (Figure 4D), reflecting the importance of a
complete gene regulatory framework. Furthermore, enhancer-
regulated genes were enriched in pathways such as AKT
signaling, regulation of leukocyte-mediated immunity, cell divi-
sion, and RHO GTPase cycle (Figures S6D and S6E), which are
closely associated with HGSOC progression.”

Interestingly, gene expression for all circular DNA-amplified
coding genes showed a modestly positive correlation with the
copy number (R = 0.11, p = 0.0051; Pearson’s correlation)
(Figure 4E). To systematically uncover the effect of enhancers
on circular DNA to gene expression, we constructed a ridge
regression model defining an enhancer contribution score based
on several key properties: number, distance from the gene, copy
number, and DNA methylation of circular DNA enhancers.
Compared to the mild correlation of ecDNA copy number, we
observed a significant positive correlation between gene expres-
sion and enhancer contribution scores (R = 0.48, p = 3.6e—35;
Pearson’s correlation) (Figure 4E). Multivariable Cox regression
analysis confirmed that the enhancer contribution score was
a statistically significant factor for improved gene expression
(hazard ratio = 0.57, p < 0.001 for low vs. high enhancer contri-
bution scores), with enhancer distance from the gene being the
primary influencing factor, aside from circular DNA copy number
(Figure 4F). These results strongly support the concept of
enhancer hijacking.'*"'*
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Previous studies found that ecDNA can act as a mobile super-
enhancer, driving genome-wide transcriptional activation.'® This
activation depends on the structural basis of complex formation,
including enhancers, transcription factors (TFs), mediators, tran-
scription initiation proteins, and gene promoters (Figure 4G). To
explore the potential mobile enhancer characteristics of HGSOC
circular DNA, we performed TF binding motif enrichment anal-
ysis using HOMER,*” based on 3,105 enhancer sequences
from HGSOC circular DNAs (with 26 enhancer sequences from
normal FT as background). Notably, 46.05% of enhancers on tu-
mor circular DNA contained binding motifs for TEAD1, akey TF in
the Hippo pathway that promotes cell proliferation and migration
during tumor progression (Figures 4H and S6F).*® This finding
suggests that despite the high heterogeneity of circular DNA se-
quences, they may function as TF carriers, activating TF-specific
pathways to promote tumor progression.

Transcription activation of TEs on hypomethylated
ecDNA
TEs, genetic sequences capable of replicating and moving within
the genome, are abundant in the human genome. In many can-
cers, including ovarian cancers, TEs are abnormally released
from hypermethylation suppression, disrupting normal gene pat-
terns.*? Given the abundance of TE subfamilies and the
advantage of long-read sequencing in resolving repeat ele-
ments, we explored the potential role of TE-amplified circular
DNAs in HGSOC progression. The results showed that nearly
half of the circular DNAs in HGSOC amplified TEs, including
LINE, SINE, and long terminal repeats (LTRs), with absolute
copy numbers reaching tens of thousands, significantly higher
than those of FT samples (independent Student’s t test,
p <0.0001) (Figures 5A and 5B). LINE1, the only autonomous ret-
rotransposon in the human genome, was abnormally activated
by hypomethylation.*® As expected, we compared the methyl-
ation levels of LINE1s between HGSOC circular DNA and
chromosomal genome and found that the methylation of LINE1
promoter regions on circular DNA was significantly lower (p =
0.0008; Mann-Whitney U test) (Figures 5C and S7A). Using
SQUIRE to characterize TE expression from RNA-seq data,”*
we found that LINE1 expression was significantly higher in
HGSOC circular DNAs than the chromosomal genome (p =
1.73e—08; Mann-Whitney U test) (Figure 5D). Similarly, non-
autonomous retrotransposons, such as AluY (bmC, p =
1.67e—07; expression, p = 5.70e—26; Mann-Whitney U test)
and LTRs (5mC, p = 0.019; expression, p = 4.01e—19; Mann-
Whitney U test), also exhibited the same activation pattern on cir-
cular DNAs (Figures 5E and 5F). Notably, these characteristics
were conserved in ecDNA and eccDNA (Figures S7B-S7D).
However, these retrotransposons did not show any activation
in normal FT circular DNA (Figures S7E and S7F).

To determine the impact of retrotransposon activation, we
analyzed the relationship between TE-circular DNA and genomic

(G) A brief model depicting how ecDNAs function as mobile enhancers.

(H) Motif analysis based on enhancers amplified on HGSOC circular DNA (unadjusted p values from one-sided binomial test against circular DNA background

sequences on normal FTs).
See also Figure S6 and Table S4.
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Figure 5. TEs abnormally activate transcription on hypomethylated circular DNA in HGSOC

(A) Comparison of the circular DNA ratio with TEs for FT, primary, and metastatic HGSOC samples, including L1, AluY, and long terminal repeat (LTR) (two-sided
independent Student’s t test and paired Student’s t test; **p < 0.01 and ****p < 0.0001).

(B) Comparison of total copy number (CN) of TEs amplified on circular DNA for FT, primary, and metastatic HGSOC samples (two-sided independent Student’s
t test and paired Student’s t test; ***p < 0.0001).

(C and D) Methylation profile of full-length LINE1 (C). Fraction of methylation across linear and circular DNA space for HGSOC tissues. The LINE1 5’ UTR and body
are highlighted in orange and blue, respectively. The bottom boxplot shows DNA methylation and RNA expression (D) of LINE1 (Mann-Whitney U test; **p < 0.001
and ***p < 0.0001). Intact L1, length >5.9 kb.

(E and F) DNA methylation and RNA expression on TE subfamilies across linear genome and circular DNA for HGSOC tissues (Mann-Whitney U test; *p < 0.05 and
****p < 0.0001). AluY length, >280 bp, and LTR length, >900 bp.

(G) Significant positive correlation between chromosomal CN heterogeneity score (CNH-DNA) and circular DNA-intact L1 average CN of tumor samples
(Spearman’s correlation, p = 0.022, R = 0.51).

(H) Left, the gene cluster positively correlated with the CN of element-amplified circular DNAs in HGSOC, including TEs, genes, enhancers, and other repeats.
Middle, gene set enrichment analysis (GSEA) of the genes highlighted on the left (orange). The circle sizes represent the p value of the enrichment pathway. Right,
multivariate Cox proportional hazards model showing the correlation between circular DNA elements and overall survival in patients with HGSOC. The error bars
represent the 95% confidence intervals of the log hazard ratios. TE, transposable element.

See also Figure S7.

instability. The copy numbers of LINE1-circular DNA were signif-  the upregulated expression of genes near the insertion loci

icantly positively correlated with genomic instability indices, as
shown by the quantized chromosomal copy-number heteroge-
neity score (CNH-DNA) (R = 0.51, p = 0.022; Spearman’s corre-
lation) (Figure 5G).>**° Based on LINE1’s ability to actively insert
into the genome during tumor development,*® we profiled the
somatic insertion status of LINE1 on HGSOC circular DNAs.
Forinstance, a LINE1-circular DNA originating from chr3 showed
multiple transpositions to other chromosomes, resulting in
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(Figures S7G and S7H). These results suggest that transposon
activation on circular DNA accelerates genomic instability and
tumor heterogeneity. To better characterize the genes influ-
enced by TE-amplified circular DNAs and their relationship to
HGSOC malignancy, we identified genes positively correlated
with the copy number of TE-amplified circular DNAs using
gene-, enhancer-, and other repeat-circular DNAs as controls.
GSEA revealed that the copy number of TE-circular DNA was
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significantly positively correlated with epithelial-mesenchymal
transition (EMT) pathway gene expression (Figure 5H). Multivar-
iate analysis further showed that genes associated with TE-cir-
cular DNA copy numbers were prominently linked to shorter
overall survival in patients with HGSOC (hazard ratio = 4.16,
95% confidence interval [Cl] = 1.98-8.74, p = 0.0002) compared
to genes associated with other genomic element-circular DNAs.

Taken together, the results showed that the activation of TEs
amplified on hypomethylated circular DNAs contributed to
genomic heterogeneity, the upregulation of EMT-related genes,
and potentially increased malignancy in HGSOC.

DISCUSSION

In summary, we constructed a comprehensive profile of extra-
chromosomal DNA in HGSOC using long-read WGS, providing
a valuable resource to resolve cancer-promoting characteristics
of extrachromosomal DNA, including structures, gene elements,
genetic variations, and DNA methylation. We found that
compared to chromosomal amplification in HGSOC, extrachro-
mosomal DNA suffered heavier genomic instability, which further
aggravated the genetic heterogeneity of tumor cells; meanwhile,
ecDNA exhibited significant DNA demethylation, especially in
metastasis, which promoted cancer-associated gene expres-
sion. In addition to amplifying oncogenes, ecDNA functioned
as part of a gene regulatory network, amplifying enhancers to
promote gene expression through mechanisms like enhancer hi-
jacking and mobile enhancers. Furthermore, we described that
TEs were activated on hypomethylated extrachromosomal
DNA, which was associated with the EMT and poor prognosis
in a sample-conserved manner.

Benefiting from the genome reconstruction capabilities of
long-read sequencing, we identified significantly more ecDNAs
than studies based on short-read sequencing, and the PCR-
free WGS library construction method allowed us to evaluate ge-
netic variations and DNA methylation between ecDNA and chro-
mosomal DNA. Genetic heterogeneity is a key driver of tumor
evolution. Beyond the uneven distribution of ecDNA to daughter
cells, the genomic instability of ecDNA provided additional
driving forces for tumor evolution by promoting genomic hetero-
geneity. This characteristic was consistent in ecDNA and
eccDNA, indicating that it is a common feature of extrachromo-
somal DNA. Although the PCR-free library construction method
tended to detect copy-replicated ecDNA, we detected a large
amount of eccDNA, which shared many common characteristics
with ecDNA (Figure S8A). In the future, developing algorithms
that do not rely on length screening will be more conducive to
the detection of ecDNA. Besides, the content of ecDNA among
patients with HGSOC displayed quantity variations. Combining
this with clinical data, we found that the number of ecDNA was
correlated with germline BRCA1 mutations, which is an impor-
tant DNA repair-associated gene and closely related to the ma-
lignant progression of HGSOC (Figures S8B-S8E). Whether
BRCA1 mutations affect ecDNA generation remains to be further
verified.

Unlike the circulatory metastasis mechanism of most tumors,
HGSOC follows a typical ascites metastasis model, enabling
metastatic and primary tumor cells to share many consistent
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features.” In this study, we found that metastatic and primary
tumors shared many of the same ecDNAs, especially onco-
gene-amplified ecDNAs, such as MDM2, LDHB, KRAS,
DDB2, and so on. This characteristic reflected the hereditary
and selective advantages of ecDNAs. Unlike the previous
study,® we did not find a reduction in ecDNA in HGSOC metas-
tasis. This might be due to the malignancy of HGSOC or the
sensitivity of long-read sequencing. However, compared to pri-
mary tumors, the ecDNA of metastatic tumors showed signifi-
cantly lower DNA methylation, which resulted in higher expres-
sion of cancer-related genes. This characteristic represents the
evolutionary trend of ecDNA in HGSOC, and whether it is
conserved in other cancer types deserves further exploration.

Our research, based on the DNA hypomethylation of tumor
ecDNAs, offers insights into the potential mechanisms of regu-
latory elements amplified on ecDNAs. By carrying enhancers
alone or co-amplifying with genes, ecDNAs can drive potent
gene expression to promote HGSOC progression. Using a
ridge regression model, we highlighted the critical role of
gene-adjacent enhancers amplified on ecDNAs in promoting
gene expression. Beyond enhancer hijacking,'''* different cir-
cular DNA species may bind to the same TF, activating down-
stream pathways in an integrative manner akin to mobile en-
hancers.'® Further validations, such as high-throughput
chromosome conformation capture (Hi-C) and high-
throughput chromatin immunoprecipitation (Hi-ChlP), are
needed to confirm interactions among ecDNA, TFs, and chro-
mosomal DNA.

Besides enhancers, retrotransposons are also affected by hy-
pomethylation. In ovarian cancers, hypomethylated LINET,
which can restart transcription, is correlated with more aggres-
sive histology, shorter progression-free intervals, and poorer
survival.®” Our study identified a striking pattern of significantly
lower methylation of the LINE1 promoter and higher LINE1
expression on circular extrachromosomal DNAs compared to
chromosomal DNA in HGSOC tissues. Additionally, our findings
showed that the copy number of transposon-amplified circular
DNA was highly positively correlated with EMT gene expression
and shortened survival. This suggests that the activation of high-
copy transposons on ecDNA may promote HGSOC tumor cell
evolution. Combined with the role of transposon transposition
in enhancing genomic heterogeneity, this study provides further
insights into how ecDNA drives tumor evolution. Notably, this
feature was conserved across clinical samples and may repre-
sent a universal oncogenic mechanism of ecDNA. As the
LINE1 protein is abnormally expressed in various tumor types,®
whether ecDNA dominates this process deserves further
investigation.

Limitations of the study
Because our research is the de novo study of ecDNA based on a
cohort’s long-read WGS, the sample size is limited, and exten-
sive public sequencing datasets cannot be integrated into our
research. In the future, larger long-read sequencing datasets
can be utilized to verify our findings.

Based on long-read sequencing, we discovered hundreds of
ecDNAs, but only a small portion of them have been verified
by DNA FISH and other methods. The accuracy of ecDNA
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identified by long-read sequencing still requires systematic proof
to re-examine the abundance of ecDNAs in tumors. In addition,
currently, there remains a lack of effective algorithms for identi-
fying somatic focal amplifications from long-read sequencing.
Our comparison between ecDNA and chromosomal amplifica-
tion may contain a few simple CNV gains, constituting a certain
limitation.

This study is based on bulk sequencing and unveils a few char-
acteristics of metastasis-related ecDNAs, except for DNA deme-
thylation. Previous studies have shown that ecDNAs exhibit cell-
type specificity and intratumoral heterogeneity.?*°%°° Bulk
sequencing may dilute cancer subclones harboring ecDNA sig-
natures, making it challenging to analyze ecDNA’s role in tumor
genesis, progression, and metastasis. Future studies utilizing
single-cell ecDNA sequencing, such as scEC&T-seq (a method
for parallel sequencing of circular DNAs and full-length mRNA
from single cells),> will help explore whether ecDNA promotes
tumor metastasis from the perspective of lineage tracing.
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Fallopian tube tissues, fully anonymized The First Affiliated Hospital of University of N/A
Science and Technology of China

Peripheral blood mononuclear cells, The First Affiliated Hospital of University of N/A

fully anonymized

Science and Technology of China

Critical commercial assays

Oxford Nanopore Ligation Sequencing Kit
R10.4.1 flow cells

MagAttract HMW DNA kit

g-TUBE
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TRIzol Reagent

Ficoll-Paque Plus

DNeasy Blood & Tissue Kit

QuarHyb Super Reagent Kit Pro
QuarXeq Human All Exon Probes 3.0
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Short-read sequencing
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Raw and analyzed data
H3K27ac ChIP-seq data for HGSOC tissues

This paper
Corona et al.*®
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Software and algorithms
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Decaoill
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ANNOVAR
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Wanchai et al.”®
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Scheinin et al.”®
Smolka et al.*®
Zheng et al.**
Wick et al.®°
Wang et al.®’

Rosenthal et al.®”
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Mosdepth Pedersen et al.®® https://github.com/brentp/mosdepth

deepTools (v3.5.1)

Circlize (v0.4.15)

Flye v2.9.2-b1786

HOMER (v4.11)

SQuIRE (v0.9.9.9a)

TLDR

Custom scripts for this study

Ramirez et al.®*
Gu et al.®®
Kolmogorov et al.®®
Heinz et al.”’

Yang et al.*®
Ewing et al.”

This paper

https://github.com/deeptools/deepTools
https://github.com/jokergoo/circlize
https://github.com/mikolmogorov/Flye

http://homer.ucsd.edu/homer/

https://github.com/wyang17/SQuIRE
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples and ethical permission
This study was approved by the medical research ethics committee of The First Affiliated Hospital of University of Science and Tech-
nology of China (approval No. 281 2022KY), and all patients provided signed informed consent accordingly before the surgery.
Patients with high-grade serous ovarian cancer (HGSOC) were enrolled only if they had not received tumor-related treatments
before surgery. Peripheral blood samples (<5 mL) were collected during preoperative examination using EDTA anticoagulant tubes,
and primary and paired metastatic tumor tissues were collected simultaneously during the surgery. Fallopian tubes were obtained
from patients who underwent bilateral salpingo-oophorectomy for benign gynecologic diseases and risk-reducing salpingo-oopho-
rectomy surgery. Normal fallopian tube tissues were further conformed by CNV analysis.

METHOD DETAILS

Nanopore whole genome library preparation and sequencing

Genomic DNA were extracted from the tissues frozen in liquid nitrogen using MagAttract HMW DNA kit (Qiagen 67563). Then the
Covaris g-TUBE was administrated to shear genomic DNA into selected 20kb fragment sizes, followed by quality control with pulsed
field electrophoresis. Libraries for sample OC1-3 were constructed using SQK-Q20EA kit (Oxford Nanopore Technologies) according
to the manufacturer’s instruction, and SQK-LSK114 was adopted for sample OC4-12 and N1-6. Sequencing was performed on
R10.4.1 flow cells (FLO-PRO112) on the PromethlON platform by Novogene service provider.

RNA sequencing, whole genome sequencing (lllumina) and whole exome sequencing

For RNA sequencing, tissues were shortly stored in RNAlater solution (Invitrogen), and after crushed, total RNA was extracted by
TRIzol reagent (Invitrogen) followed by library preparation and sequencing on the Novaseq 6000 PE150 platform (lllumina) by Se-
quanta Technologies.

For next-generation whole genome sequencing, peripheral blood mononuclear cells (PBMCs) were prepared by Ficoll-Paque den-
sity gradient centrifugation (Solarbio, P8610), and genomic DNA was extracted by DNeasy Blood & Tissue Kit (Qiagen, 69504) ac-
cording to the manufacturer’s instruction. Library preparation and sequencing were also conducted by Sequanta Technologies
on the Novaseq 6000 PE150 platform.

For whole exome sequencing, frozen tissues were crushed into powder and genomic DNA was extracted by DNeasy Blood & Tissue
Kit (Qiagen, 69504) according to the manufacturer’s instruction. Libraries were constructed using QuarHyb Super Reagent Kit Pro and
QuarXeq Human All Exon Probes 3.0 (Dynegene, Shanghai) by Bioten Biotechnology, and sequenced on the BGI DNBSEQ-T7 platform.

DNA FISH

Fresh tissues frozen in OCT were sectioned and fixed with 4% paraformaldehyde at room temperature for 10 min. The samples were
washed with PBST followed by denaturation with 100% methanol. And the pepsin was used to permeate cells and expose DNA. Then
The samples were dehydrated in ascending ethanol series (70%, 85%, 95%, 100%) for 1 min. After adding probe hybridization buffer,
samples and probes were co-denatured at 82°C for 10 min, and then incubated at 37°C for 16 h. Finally, after washing with 0.4 xSSC,
DAPI staining and sealing were performed. Images were captured by Leica stellaris5 confocal microscope. For MYC and MDM2
FISH, DFPH2003 and DFPH2018 kits were adopted, respectively; while the probes for DDB2 FISH were customized.

Circle-seq

Circle-seq referred to the published protocol with some modifications.®® Briefly, the tissue was cut into pieces and then crude circular
DNA was extracted by QIAGEN Plasmid Plus Midi Kit according to the manufacturer’s instructions. Mitochondrial DNA and linear
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DNA were digested with Mss1 and ATP-dependent Plasmid Safe DNase at 37°C for 48 h, and 1.5x SPRIselect beads were used to
purify DNA. Subsequently, Rolling Cycle Amplification was carried out using phi29 DNA polymerase for 16 h, and 0.4x SPRIselect
beads were used to purify DNA. lllumina sequencing libraries for circular DNA were prepared by Tn5 transposon-based tagmentation
with TruePrep DNA Library Prep Kit V2 for lllumina according to the manufacturer’s instructions. Finally, the barcoded libraries were
pooled together and sequenced with the lllumina NovaSeq 6000 platform in 150-bp paired-end mode (Sequanta Technologies).
Sequencing read coverage per 50-bp bin was calculated using deeptools ‘bamCoverage’ (v3.5.1) with default values.®*

Nanopore sequencing base-calling and genome alignment

Base-calling and DNA methylation detection from raw ONT sequencing data was performed using Guppy (v6.5.7) with high-accuracy
models for R10.4 or R10.4.1.%° Quality control of base-called raw reads was performed using pycoQC (v2.5.2). Reads with mean
quality <10 was excluded. Reads were then aligned to hg38 human reference genome using Guppy integrative minimap?2 (https://
github.com/Ih3/minimap?2) with default parameters. After alignment, BAM files were sorted and indexed for downstream analyses,
including copy number variation (CNV), ecDNA, single-nucleotide variant (SNV), and structural variation (SV) detection.

Copy number, and structural variation calling
CNVs were calculated using QDNAseq (v1.30.0) with bin sizes of 15 kb and 100 kb.?® Two metastatic tissues (OC1M, OC5M) were
excluded from subsequent analysis due to sparse tumor components under CNV analysis, which did not affect the statistical con-
clusions. Finally, 6 normal FT and 22 tumor samples were selected for the following analysis.

Structural Variant detection with ONT mapped libraries was performed on each sample using Sniffles2 (v2.2) with the following
optional parameters: General SV (all Modes)+ Mosaic SV (low-frequency, 2-30% variant allele frequency) Calling.*® Mosaic SVs
were identified with parameters “—mosaic-qc-coverage-max-change-frac 0.8 -mosaic-af-min 0.02 -mosaic-af-max 0.3”.

ecDNA and eccDNA detection

Aligned long-read WGS reads were used as input data for CReSIL to identify potential circular DNA regions with the following com-
mand ‘cresil identify_wgls’,>® and for Decoil 1.1.3 to identify ecDNA regions.®' Mosdepth was used to calculate circular DNA length-
weighted copy number.®® eccDNA was defined as circular DNA identified by CReSIL with length <100 kb and length-weighted copy
number <3. ecDNA was defined as circular DNA identified by CReSIL or Decoil with length >100 kb and length-weighted copy num-
ber >3. Two ecDNAs were merge if one of them has more than 50% region overlapped with the other. Complex circular DNAs were
defined as those assembled from multiple genomic fragments, while single-locus circular DNAs were classified as simple ecDNAs.
Final circular DNA lists for analysis were filtered by removing all breakpoints overlapping with ENCODE blacklisted regions (https://
sites.google.com/site/anshulkundaje/projects/blacklists).

Consensus circular DNA

Circular DNA with 80% sequence overlapped between primary and metastatic tissues is considered conserved circular DNA. In
paired samples, if one contains 95% sequence (at least 40% overlap with each other) of the other, it is also considered conserved
circular DNA. Calculate the proportion of conserved circular DNA in each sample to all circular DNA.

ecDNA de novo assembly

To carry out ecDNA de-novo assembly, we extracted reads mapping to ecDNA regions with samtools view and Seqtk subseq v1.4-
r122 and used Flye v2.9.2-b1786 to assemble the circular contig.®® We transferred genomic coordinates and genomic features of
hg38 reference genome to the circular contig using minimap2 and liftOver (v362, https://hgdownload.soe.ucsc.edu/admin/exe/
linux.x86_64/).

Regions of recurrent structural variation

Following previous procedure,'® we used a Gamma-Poisson model, as implemented in the R package FishHook,®® to discover re-
gions of recurrent structural variation. The genome was partitioned into 100kb non-overlapping bins, and the union of mosaic SV
breakpoints from each tumor sample was used as input. Covariates were added to model the background mutation rate, including:
nucleotide frequency, dinucleotide frequency, trinucleotide frequency, H3K4me3 marks [ENCODE accession: ENCFF112KXI],
H3K27ac marks [ENCFF554TER], H3K4me1 marks [ENCFFO30RVT]; DNase hypersensitivity sites [ENCFF590ZTY]; replication
timing (https://github.com/skandlab/MutSpot/tree/master/features/Ch38), fragile sites [HGNC 2021], and RepeatMasker, LINE,
SINE, LTR, simple repeat, and DNA transposon annotations from UCSC. An FDR-adjusted (Benjamani-Hochberg) p-value cutoff
of 0.25 was used to nominate significant breakpoint hits. Oncogenes were derived from a combination of the ONGene database.’®

Tree-shaped clustered rearrangement

Following previous study,”® mosaic SVs were used as input data to find regions of clustered, tree-shaped rearrangement pattern
which having three or more interchromosomal rearrangements within a 4-Mb sliding window. All chromosomes with >25 interchro-
mosomal rearrangements were removed.
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SNV detection and mutational signature analysis
SNVs were detected using Clair3 (v 1.0.4) with the ‘—min_mq 20’ option from BAM files of tumor tissues and matched PBMC data
from the same patient as a reference to filter germline SNVs.** The patients without matched PBMC data (OC11 OC12) were
excluded for SNV detection. SNVs were excluded with Depth<= 15, QUAL < 5, and reads support <3. Somatic SNVs were then an-
notated for gene-coding status using ANNOVAR.®" Genome regions were defined as whole genome regions except for chromosome
Y. Amplified regions were defined as CNV regions with copy number >2.5 and not overlapped with ecDNA/eccDNA regions.
Mutational signatures were analyzed using a non-negative matrix factorization-based tool deconstructSigs v1.9.0 with parameters
“contexts.needed = TRUE, signature.cutoff = 0.005, tri.counts.method = "default’”,°® with single base substitution (SBS) signatures
V3.4 in the 96 trinucleotide contexts as reference. To characterize the broad spectrum of SBS signatures, we calculated the TMB
proportions of SBS signatures within ecDNA regions and within whole genome region and chromosomal amplified regions.

Whole exome sequencing data preprocess and variant calling

WES reads were trimmed and filtered by fastp v0.24.0(-1 30 -f 9 —adapter_fasta adapter.fa). Reads pass filter were mapped with BWA
MEM v0.7.19-r1273 to the hg38 reference genome. Small variants from WES were identified with GATK HaplotypeCaller and
GenotypeGVCFs v4.6.2.0 and the common mutations between WES and Nanopore sequencing were identified by bcftools
isec v1.21.

Selection of cancer-associated genes

We used a list of cancer-associated genes to annotate CNV and SNV, including oncogenes, tumor suppressor genes (TSGs), and
some cancer-driver genes, was compiled from ICGC Data Portal databases,”' and previous studies.”>”’® Oncogenes were derived
from a combination of the ONGene database to annotate ecDNA.”® Only intact gene on ecDNA was considered. Immunomodulatory
genes mapped to circular DNA selected from gene set had an immunomodulatory function (GO terms: 0006968, 0002228, 0042267,
0001906, 0001909, 0002698, 0001910, 0031341, 0002695, 0050866, 0051250, 0050777).

ecDNA annotation plot

The ecDNA genes were annotated when they overlap with the hg38 annotation gtf file for whole genebody. The circles diagram was
plotted using R package Circlize (v0.4.15).°° The circle annotations from outside to inside are genomic location, transposable
element (LINE1 (blue), AluY (gray), LTR (green)), enhancer, DNA methylation, gene expression, and gene.

DNA methylation analysis

The 5-methylcytosine and 5-hydroxymethylcytosine status of whole genome cytosine sites were called from Guppy aligned BAM
files using Modkit pileup (v0.4.4). Methylation level for a region r was calculated as:

ZNmod,i

ler

ZN valid i

ier

Methylation level, =

Nmog is number of modified calls passing filters and N,y is the valid coverage as defined in Modkit. Regions with valid coverage
lower than 0.3 * region length were filtered. Relative methylation level for a peak p was calculated as:

Relative methylation level, = methylation level, — methylation level,_anx

The flank region p_flank for a peak p was defined as upstream and downstream 10 kb of the peak region.
The comparison of methylation level on genome, amplified and circular DNA regions were performed by comparing relative methyl-
ation level of peaks from H3K27ac ChlP-seq data in particular regions.

Region-set enrichment analysis using LOLA

To identify shared genomic patterns among circular DNA regions, the LOLA software was used to perform region-set enrichment
analysis against circular DNA region sets.®® The ecDNA regions on normal fallopian tubes or on HGSOC tissues were used as the
LOLA query set, and the set of all circular DNA regions were used as background (‘universe’). UCSC features and encode segmen-
tations were obtained from the LOLA Core database used in the region set enrichment analysis, and enrichments with ap < 0.05 were
considered significant.

RNA sequencing analysis

FastQC (v0.11.9) was conducted to assess the RNA-Seq data quality. Low quality reads were trimmed using Trimmomatic (v0.39)
with parameters: ILLUMINACLIP: TruSeq3-PE.fa:2:30:10:2:True HEADCROP:10 LEADING:3 TRAILING:3 MINLEN:36. Processed
read pairs were aligned to the human reference genome (GRCh38) using STAR (v2.7.10a). Mapped read counts per gene were
measured using featureCounts (v2.0.1) and GENCODE version 41 gene annotation. TE expression (FPKM) was quantified by
SQUIRE (v0.9.9.9a) (https:/github.com/wyang17/SQuIRE) following the default pipeline.®®
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H3K27ac ChIP-seq analysis

H3K27ac ChlP-seq data for HGSOC tissues were previously published under Gene Expression Omnibus accession GSE121103.%°
ChlP-seq data were trimmed by trimmomatic (v0.39) with parameters: ILLUMINACLIP: TruSeq3-SE.fa:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. The clean reads were aligned to the hg38 genome assembly using Bowtie2
(v2.5.1), and removed duplicates, unmapped reads using sambamba (v0.6.6). Peaks were detected with MACS2 (v2.2.7.1), using
amatched input DNA sample as control with a threshold for significant enrichment of p < 1 x 10~°. Peaks lists were filtered to remove
all peaks overlapping ENCODE blacklisted regions. The consensus peak regions for HGSOC were present in at least three (out of five)
HGSOC samples. ChlP-seq signal was converted to the bigwig format for visualization using deepTools bamCoverage (v3.5.1) with
the following parameters: —binSize 10 —normalizeUsing RPGC -effective GenomeSize 2913022398 —extendReads 75.

Enhancer analysis

Enhancer annotations were obtained using HOMER (v4.11).*” Enhancers on circular DNA were categorized based on their associ-
ation with genes: enhancer+/gene+ (enhancer and gene co-amplified) or enhancer+/gene— (enhancer only). Pathway enrichment
analysis was performed using MetaScape with the list of genes on circular DNA or genes associated with enhancers on circular
DNA as input.”® Circular DNA was annotated by several enhancer features. These features included the number of enhancers
(enhancer number), the log-transformed distance to the nearest enhancer (distance from gene), the copy number of circular DNA
(circular DNA copy number), and the DNA methylation level of the closest enhancer (DNA methylation). The enhancer metrics
were then averaged for each gene to generate a comprehensive enhancer profile. We calculated enhancer contribution score for
each gene of each enhancer+/gene+ circular DNA by using an optimized Ridge regression model. Hazard ratios (HR) were computed
using a Cox proportional hazards regression model from Survminer (v0.5.0) R package (gene expression data available for enhancer
+/gene+ circular DNA).

Transcription factor motif enrichment analysis

To explore the potential mobile characteristic on HGSOC circular DNA, we extracted all enhancer sequences on circular DNA as fasta
and applied HOMER (v4.11) findMotifs.pl to search specifically enriched motifs.”” Enhancer sequences within HGSOC circular DNA
were used as the target sequences against within normal FT circular DNA as normalized background sequences.

Transposable element (TE) analysis

Reference TE locations were derived from the RepeatMasker (http://www.repeatmasker.org/).out files available for hg38 from the
UCSC Genome Browser. LINE1 elements longer than 1.2kb (full-length LINE1>5.9kb), AluY elements longer than 280 bp, and
LTR elements longer than 900 bp were considered. TLDR was used to detect TE insertions from ONT BAM files using full-length
LINE1 sequence on circular DNA as reference elements(-e/—elts).®”

Score assessing genomic instability
Following previously studies,®**®* CNH-DNA score of each tumor sample is calculated as genomic instability indice. CNH-DNA score
is a scalable metric designed to quantify intertumoral heterogeneity and genomic instability based on copy-number profiling.

Circular DNA elements associated genes analysis

To explore the associated genes of different elements on circular DNA, we applied partial Pearson correlation test between circular
DNA elements (TEs, genes, enhancers and other repeats) average copy number and genes expression (log>(TPM+1)) using
sequencing depth as covariables. Genes with p-value <0.01 and R > 0.5 were classified as circular DNA elements associated genes
and further performed HALLMARK pathway enrichment using GSEApy (v1.1.4).

Overall survival analysis

The clinical survival data and paired mRNA expression array data was downloaded from KM plotter. To investigate the impact of
ecDNA elements associated genes on overall survival, we performed a Cox proportional hazards regression model to determine
the hazards ratios for different elements associated genes using Lifelines python package (v0.30.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical test

All statistical tests used to analyze the data are specifically described in the main text and figure legends or STAR Methods section.
Statistical tests included two-sided t test, two-sided Mann-Whitney U test, two-sided Wilcoxon rank-sum test, two-sided Fisher’s
exact test, and Pearson or Spearman cor.test. Unless otherwise specified, boxes show the median and the interquartile range
(IQRY); the lower whisker indicates Q1 — 1.5 x the IQR; the upper whisker indicates Q3 + 1.5 x the IQR. Significant p values were indi-
cated as follows: p < 0.05 (*), p < 0.01(**) and p < 0.001(***), p < 0.0001(****).
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Supplemental materials

The file includes:

Figure S1. Summary of the long-read sequencing data.

Figure S2. Validation of the presence of ecDNA.

Figure S3. The SVs and mutational processes associated with circular DNA.
Figure S4. Distinct circular DNA properties.

Figure S5. DNA methylation and gene features on circular DNA.

Figure S6. Enhancer characteristic on circular DNA.

Figure S7. TE characteristic on circular DNA.

Figure S8. Heterogeneity of circular DNA profiles across HGSOC samples.
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Figure S1. Summary of the long-read sequencing data.

(A) The sequencing reads quality of long-read data obtained from 30 samples via nanopore sequencer.
(B) The sequencing reads length of long-read data obtained from 30 samples via nanopore sequencer.
The vertical dashed line indicates the average reads quality and length across all samples in the cohort.
(C) Global CNV patterns inferred from long-read WGS data of FT and HGSOC tissues. Each row of the
heatmap represents a sample. Each column represents a chromosome. The barplot on the top
represents the CNV frequency of all samples within 100kb bin. The heatmap on the bottom represents
the CNV frequency of TCGA OV within 10kb bin. Red represents CN gain and blue represents CN loss.
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Figure S2. Validation of the presence of ecDNA.
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PYROXD1
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(A) Significant positive correlation between relative number of eccDNA identified per chromosome (Y

chromosome and mitochondria not included) and number of coding genes (HGSOC eccDNA, P <
0.0001, R = 0.71; FT eccDNA, P = 0.001, R = 0.64) compared with no positive correlation for ecDNA
(HGSOC ecDNA, P =0.682, R=0.09; FT ecDNA, P =0.608, R =-0.11).



(B) Distinct rearrangement patterns of ecDNA. The panel demonstrates a simple ecDNA pattern, where
the two break sites of a single focal amplification are assembled.

(C) The panel demonstrates a complex ecDNA pattern, with multiple fragments connected at break
sites marked with red arches. Expected diploid levels of sequencing depths are marked by horizontal
dashed lines. The position of split reads is marked with red lines.

(D) Representative interphase DNA FISH of matched frozen HGSOC tissues showing oncogene-
amplified ecDNA against centromere labeling. Scale bars, 10 pm.

(E) Validation of the presence of DDB2 and MDM2 on ecDNA by Circle-Seq coverage for matched
frozen HGSOC tissues.

(F) Cyclic assembly graphs of OC8P and OC4P showing position of genes amplified.
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Figure S3. The SVs and mutational processes associated with circular DNA.

(A) Frequencies of different SV types with length less than 1 kb (left) and longer than 1 kb (right). The
length of Alu is approximately 300 bp. The length of LINEs is approximately 6 kb.

(B) Manhattan plot shows the significantly recurrent mosaic SV breakpoints identified by FishHook and
their distance to the nearest oncogenes in HGSOC. Each dot represents an FDR-adjusted (Benjamini-
Hochberg) p-value of the distance, and a cutoff of 0.25 (horizontal solid line) was used to nominate
significant hits.

(C) Comparison of the DEL number per Mb detected in ecDNA(left)/eccDNA(right), whole genomic
regions and amplified regions in each tumor sample (two-sided Wilcoxon’s signed rank-sum test, n=22,
* P<0.05, **** P<0.0001).

(D) Comparison of the DEL VAF distribution detected in ecDNA(left)/eccDNA(right), whole genomic
regions and amplified regions in each tumor sample (Mann-Whitney U test, n=22, **** P<0.0001). DEL:
deletion. VAF: Variant Allele Frequency.

(E) Circos plot of interchromosomal rearrangements identified using mosaic SVs in HGSOC genomes,
shown exemplarily.

(F) The modified z-scores for the expression of the genes affected by circle-derived rearrangements
are shown for the representative genomic loci.

(G) Comparison of the accuracy of ONT and WES data in detecting the number of SNV mutations.

(H) Comparison of the SNV mutations per Mb detected in ecDNA/eccDNA from WES data, whole
genomic regions and amplified regions in each tumor sample (paired Student’s t-test, n=4, * P<0.05).
(I-J) Comparison of SBS signatures within genome, amplified regions and ecDNA(I)/eccDNA(J) regions.
Only significant enriched SBS signatures are plotted (two-sided Wilcoxon rank sum test, * P<0.05, **
P<0.01).
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Figure S4. Distinct circular DNA properties.

(A) Significant positive correlation between eccDNA number and mapping depth of ONT data
(Spearman’s correlation, HGSOC is marked with red line; FT is marked with blue line) compared with
no positive correlation for ecDNA.

(B) The ecDNA(left) and eccDNA(right) number for FT, primary and metastatic HGSOC samples
(independent Student’s t-test and paired Student’s t-test separately, * P<0.05, **** P<0.0001).

(C) The normalized ecDNA(left) and eccDNA(right) number (normalized by mean coverage) for FT,
primary and metastatic HGSOC samples (independent Student’s t-test and paired t-test separately, **
P<0.01, **** P<0.0001).

(D-F) Length distribution, complexity and copy number of circular DNA (independent Student’s t-test
and paired Student’s t-test separately, ** P<0.01, *** P<0.001).

(G) LOLA region set enrichment analysis for circular DNA regions in the LOLA Core database
(encode_segmentation and ucsc_features). Region sets from normal FTs and HGSOC tissues with P

< 0.05 are significant. P values were calculated using a two-sided Fisher’s exact test.
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Figure S5. DNA methylation and gene features on circular DNA.

(A) 5mC and 5hmC profiles of genes expressed at high (yellow), low (blue), and silenced (purple) levels.

(B) Spearman’s correlation of gene tss 5mC (5hmC) signals and gene body 5mC (5hmC) signals with



gene expression levels. Random regions were selected as controls (paired Student’s t-test, *** P<0.001,
**** P<0.0001).

(C) Relative 5mC levels between genomic and circular DNA regions for FT (n=6) and HGSOC (n=22)
samples (Student’s t-test, * P<0.05, *** P<0.001, **** P<0.0001).

(D) Relative 5mC and 5hmC levels between genomic, amplified and eccDNA regions for HGSOC
samples (Student’s t-test).

(E) The conserved circular DNA ratio derived from paired primary and metastatic tumor tissues from
the same HGSOC patients. The vertical dashed line indicates the average percentage of conserved
circular DNA ratio between any two samples.

(F) Relative 5mC levels on whole genomic regions for primary and metastatic samples (Student’s t-
test).

(G) Pathway enrichment analysis of genes on circular DNA in FT and HGSOC.

(H) Circos shows an example of several oncogenes located on the same ecDNA (OC5P samples).

(I) Gene expression comparing located on genomic, amplified and eccDNA regions for HGSOC
samples (Student’s t-test, ** P<0.01).
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Figure S6. Enhancer characteristic on circular DNA.

(A-B) Distribution of 5mC and 5hmC level of enhancer regions(n=30,306) identified from public
H3K27ac ChIP-seq (n=5). Mean was marked by solid line. Mean DNA methylation frequencies were
calculated in 100-bp windows sliding every 10 bp.

(C) Circos shows an example of enhancer and gene co-amplification on the same ecDNA (OC4P
samples).

(D-E) Pathway enrichment analysis of genes regulating by enhancer on circular DNA (left) and co-
amplification on circular DNA (right).

(F) Methylation profile of the ecDNA regions near enhancers which may bind to tead1. Gene annotation
and H3K27ac ChlP-seq levels of the region shown below.
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Figure S7. TE characteristic on circular DNA.

(A) The example of DNA methylation level and expression of LINE-1 on HGSOC circular DNA regions.
(B-D) DNA methylation and RNA expression on TE subfamilies across linear genome and
eccDNA/ecDNA for HGSOC samples (Mann-Whitney U test, * P<0.05, ** P<0.01, **** P<0.0001).



(E-F) DNA methylation and RNA expression on TE subfamilies across linear genome and circular DNA
for normal FTs (Mann-Whitney U test). L1 length >1.2 kb, AluY length >280 bp, and LTR length >900
bp.

(G) Circos plot of LINE1 origin and insertion position, shown exemplarily.

(H) The modified z-scores for the expression of the genes affected by LINE1 insertion are shown for

the representative genomic loci.
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Figure S8. Heterogeneity of circular DNA profiles across HGSOC samples.

(A) The heatmap shows the distribution of all circular DNAs (n=3,833) containing gene, enhancer,
transposon, super duplication, and repeat regions. Length distribution, copy number and 5mC levels of

these circular DNAs are presented below. The right barplot indicates the relative circular DNA ratio of
each sample.

(B) Correlations of sequencing depth (ONT) and patient age with ecDNA counts in HGSOC.

(C) Comparison of the ecDNA counts among HGSOC samples, including HRD status, BRCA status,
and pathological stage (Welch’s t-test, ns, not significant, * P<0.05, ** P<0.01).

(D) Correlations of sequencing depth (ONT) and patient age with eccDNA counts in HGSOC.

(E) Comparison of the eccDNA counts among HGSOC samples, including HRD status, BRCA status,
and pathological stage (Welch'’s t-test, ** P<0.01, *** P<0.001).
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