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Jens Luebeck'?, Alvin Wei Tian Ng®*, Patricia C. Galipeau®, Xiaohong Li°, Carissa A. Sanchez®,
Annalise C. Katz-Summercorn®, Hoon Kim’2, Sriganesh Jammula®, Yudou He®"",

Scott M. Lippman®, Roel G. W. Verhaak™, Carlo C. Maley™, Ludmil B. Alexandrov®"",

Brian J. Reid*"**, Rebecca C. Fitzgerald®™, Thomas G. Paulson®™, Howard Y. Chang'®""%,
Sihan Wu™®¥, Vineet Bafna''*™ & Paul S. Mischel2%%'*

Oncogene amplification on extrachromosomal DNA (ecDNA) drives the evolution of
tumours and their resistance to treatment, and is associated with poor outcomes for
patients with cancer'®, At present, it is unclear whether ecDNA is a later manifestation
of genomic instability, or whether it can be an early event in the transition from
dysplasiato cancer. Here, to better understand the development of ecDNA, we
analysed whole-genome sequencing (WGS) data from patients with oesophageal
adenocarcinoma (EAC) or Barrett’s oesophagus. These dataincluded 206 biopsies

in Barrett’s oesophagus surveillance and EAC cohorts from Cambridge University. We
also analysed WGS and histology data from biopsies that were collected across
multiple regions at 2 time points from 80 patients in a case-control study at the Fred
Hutchinson Cancer Center. In the Cambridge cohorts, the frequency of ecDNA
increased between Barrett’s-oesophagus-associated early-stage (24%) and late-stage
(43%) EAC, suggesting that ecDNA is formed during cancer progression. In the cohort
from the Fred Hutchinson Cancer Center, 33% of patients who developed EAC had at
least one oesophageal biopsy with ecDNA before or at the diagnosis of EAC. In
biopsies that were collected before cancer diagnosis, higher levels of ecDNA were
presentin samples from patients who later developed EAC than in samples from those
who did not. We found that ecDNAs contained diverse collections of oncogenes and
immunomodulatory genes. Furthermore, ecDNAs showed increases in copy number
and structural complexity at more advanced stages of disease. Our findings show that

ecDNA can develop early in the transition from high-grade dysplasia to cancer, and
that ecDNAs progressively form and evolve under positive selection.

EACisahighlylethal cancer that can arise from Barrett’s oesophagus,
arelatively common, pre-cancerous metaplastic condition that affects
around 1.6% of the US population’. In addition to epidemiological and
clinical features such as chronic gastro-oesophageal reflux disease,
the age of the patient and the size of the Barrett’s oesophagus lesion®?,
changesingenomic copy number within Barrett’s oesophagus lesions
have been implicated in the development of EAC™°"", These changes
include oncogene amplification, which frequently occurs on circular
ecDNA particles (ecDNAs)?. ecDNAs are found in some of the most
aggressive forms of cancer—including EAC, the highly accessible

chromatinand altered cis- and trans-gene regulation of which enhance
oncogenic transcriptional programs'®?°. ecDNAs lack centromeres, and
are consequently subject to random inheritance during cell division,
driving intratumoral genetic heterogeneity®. These unique features
of ecDNAs contribute to aggressive tumour growth, accelerated evo-
lution and resistance to treatment. Patients with ecDNA-containing
tumours have significantly shorter survival, even compared to other
forms of genomic focal amplification®. Computational tools can detect
ecDNA in WGS data from biopsies® 2> However, the relative paucity of
pre-cancer-to-cancer longitudinal studies, together with the challenges
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Fig.1|Study and analysis designs. a, Breakdown of the histological disease
states among patients with Barrett’soesophagus in the Cambridge selected
cross-sectional study, representing the highest disease state for that patient.
NDBE, non-dysplastic Barrett’s oesophagus. b, The FHCC cohort consisted

of 80 patients for whombiopsies were collected prospectively. The cohort

was separated laterinto two groups of 40 patients who had cancer outcomes
(CO) and non-cancer outcomes (NCO). ¢, Sample collection at time points
TP-1and TP-2 for sequencing biopsies and histology biopsies. Two

sequencing biopsies were collected at each time point. Before sequencing,
ethylenediaminetetraacetic acid (EDTA) application and microdissection were

of interpreting clonality in the face of non-Mendelian genetics, have
made it difficult to determine whether ecDNAs arise early in tumo-
rigenesis and contribute to the transformation of dysplasia into can-
cer. Previous reports have hypothesized or reported the existence of
ecDNA in pre-cancer samples derived from individuals with Barrett’s
oesophagus™*?*? suggesting that ecDNA has arole in the malignant
transformation to EAC". Two surveillance studies of patients with
Barrett’s oesophagus, including a longitudinal case-control study
with multi-regional WGS sampling, and a completely independent,
cross-sectional surveillance cohort, with full histological correlatives,
provided us with an opportunity to study therole of ecDNA in the tran-
sition from Barrett’s oesophagus to EAC.

Study samples

We analysed WGS data from a Cambridge University cross-sectional
surveillance cohort of 206 patients with biopsy-validated Barrett’s
oesophagus (Supplementary Table1). This Cambridge cohortincluded

Copy number variant calling

& Focal amplification structural analysis
D

Seed identification

performedtoisolate Barrett’s oesophagus (BE) tissue and improve purity for
sequencing. Highlighted box indicatesisolated Barrett’s oesophagus tissue
(boxwidthindicates approximately 50 pm).d, WGS biopsies and histology
biopsies were collected independently. Some histology and sequencing
biopsies were taken at the same level of the oesophagus (on-level), and some
histology biopsies fell within a +1-cm window of the measured height of the
sequencing biopsy (windowed histology). e, Experimental workflow for
analysing the WGS samples. Abrief overview of the process by which biopsies
were selected, sequenced and characterized by AmpliconArchitect.

42 patients with non-dysplastic Barrett’s oesophagus or low-grade dys-
plasia (LGD) who never developed high-grade dysplasia (HGD) or EAC
during follow-up; 25 patients with HGD; 51 patients with early-stage
(stageI) EAC; and 88 patients with late-stage (stage II-1V) EAC (Fig. 1a)
using the AmericanJoint Committee on Cancer (AJCC) staging system?,
Histology and WGS sequencing were performed on the same biopsies
(Methods, ‘Cambridge sample selection’). We also analysed 20 EAC
tumours from The Cancer Genome Atlas (TCGA) oesophageal carcinoma
study? (ESCA), composed of 6 early-stage and 14 late-stage tumours.
We analysed WGS data from oesophageal biopsies collected in an
independent, prospectively collected case-control study conducted
atthe Fred Hutchinson Cancer Center (FHCC) of patients with Barrett’s
oesophagus™ (Fig. 1b), including 40 patients with a cancer outcome
and 40 patients who did not develop cancer (non-cancer outcome)
during the study period or during follow-up (mean: 10.5 years;
Supplementary Table 2). At least two biopsies for WGS were obtained
byisolating epithelial tissue (Fig. 1c) from the Barrett’s oesophagus at
each of the two primary study time points—time point1(TP-1) and time
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point2 (TP-2)—whichwere, onaverage, 2.9 years and 3.4 years apart for
patients witha cancer outcome and those with anon-cancer outcome,
respectively (Supplementary Table 1). Histology samples were also
collected independently of the sequencing biopsies, including from
the same, or close to the same, level in the oesophagus (Fig. 1d). At
TP-2, biopsies from the same level of the oesophagus (or as close as
possible) asthe EAC were used for sequencing (Methods, FHCC cohort
histology’). For the resected tumour from patient 391, sequencing was
also available. We applied the AmpliconArchitect method for ecDNA
detection (Fig. 1e and Methods, ‘ecDNA detection and characteriza-
tion’), after identifying seed regions of possible focal amplifications
in copy number calls. The resulting genome graphs described the
fine structure of the amplicon, and explorations of those graphs were
subsequently classified by AmpliconClassifier as specific amplicon
types (Supplementary Table 3 and Supplementary Information).

ecDNA and Barrett’s oesophagus

ecDNA was not detected inany of the non-dysplastic Barrett’s oesopha-
gus samples or any of the LGD samplesin the cross-sectional Barrett’s
oesophagus surveillance Cambridge cohort (Extended Data Fig. 1a).
By contrast, ecDNA was found in tumours from 13 out of 51 patients
(25%) with early-stage (stage I) EAC and in tumours from 38 out of
88 patients (43%) with late-stage tumours (stage II-1V) (Fig. 2a). The
occurrence of ecDNA was significantly enriched in early-stage EAC
versus non-dysplastic Barrett’s oesophagus or LGD (Fig. 2b; Fisher’s
exact test, P=1.8 x107*, one-sided) with an increased frequency of
ecDNAinlate-stage compared to early-stage tumours (Extended Data
Fig. 1b; odds ratio = 2.2, confidence interval = 1.0-4.7, Fisher’s exact
test, P=0.027, one-sided). ecDNA was detected in a nearly identical
fraction of anindependent cohort of late-stage EAC tumours from
TCGA (6 out of 14 tumours; 43%).

The FHCC study incorporated multi-regional, longitudinal sampling
frombefore and at cancer diagnosis. We examined the development of
ecDNA over time in biopsies from patients with Barrett’s oesophagus
tissue that progressed to an EAC end-point versus those patients with
Barrett’s oesophagustissue that remained benign at the highest detect-
able disease state. At cancer diagnosis (TP-2), ecDNA was detected in
samples from 11 out of 40 patients with a cancer outcome who devel-
oped EAC (28%) (Fig. 2c and Extended Data Fig. 2), consistent with the
25% frequency of ecDNA that was found in the Cambridge cohort of
patients with early-stage cancer.ecDNA was detected in biopsies from
only one out of 40 patients with anon-cancer outcome (Extended Data
Fig.3).Notably for the non-cancer-outcome ecDNA biopsies, KRAS was
amplified (Extended Data Fig. 4); however, the patient died of causes
unrelated to Barrett’s oesophagus 2.84 years after TP-2.

We also analysed 20 long-term follow-up samples collected from 10
patients with a non-cancer outcome (median 9.6 years after TP-2) with
Barrett’s oesophagus tissue that maintained non-dysplastic Barrett’s
oesophagus or LGD status and remained ecDNA-negative (Extended Data
Fig. 5a). The median duration of follow-up was 10.5 years for the FHCC
patients withanon-cancer outcome, with 85% being followed for more
than5years (Supplementary Table 2 and Extended Data Fig. 5b). Further-
more, in both time points together, ecDNA was found in samples from
oneout of 40 patients with anon-cancer outcome and in samples from
13 out of 40 patients with a cancer outcome (Fig. 2d), showing a highly
significant association betweenecDNA in Barrett’s oesophagus biopsies
and progression to EAC (Fisher’s exact test, P=3.3 x 107, one-sided).

ecDNA can arise in high-grade dysplasia

The design of the longitudinal case-control FHCC study enabled the
timing of ecDNA development in Barrett’s oesophagus segments to
be determined in patients withacancer outcome. Notably, ecDNA was
found at TP-1, before the development of cancer, inbiopsy tissues from
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7 out of 40 patients (18%), and all 7 of these individuals subsequently
developed EAC (Fig. 2d). In addition, at TP-1, HGD was detected in at
least one histology biopsy for 27 out of 40 patients (67.5%). Six TP-1
samples that contained ecDNA could be matched to an on-level histol-
ogy biopsy, all showing HGD (Fig. 2e). By contrast, 46% (21 out of 46)
ofthe ecDNA-negative TP-1sequencing biopsies could be matched to
on-level HGD, indicating a significant association of ecDNA and HGD in
the pre-cancer samples (Fig. 2e; Fisher’s exact test, P= 0.015, one-sided).

Insamples from patients with acancer outcome that were collected
at TP-2, when cancer was first diagnosed, we associated 54 sequencing
biopsies to on-level histology. ecDNAs were identified in 11 of these
sequencing biopsies, 9 of which (82%) were associated with on-level
EAC, withthe remaining 2 being associated with on-level HGD (Fig. 2f).
By contrast,among the remaining 43 ecDNA-negative biopsies, only 20
outof 43 (47%) were associated with on-level EAC, with the remaining
23 (53%) being associated with on-level Barrett’s oesophagus or HGD
(Fig. 2f; Fisher’s exact test, P= 0.037, one-sided). The specificity of
the association of ecDNA with aworsened pathological status at both
time points suggests that ecDNAs are enriched in Barrett’s oesopha-
gus clones that become cancer. In the Cambridge cohort, ecDNA was
detectedinonly one of the 25 patients with HGD (Extended DataFig. 1a).
However, inthat cohort, HGD was treated immediately after detection,
so it was not possible to determine whether the HGD samples would
subsequently have progressed to cancer.

TP53 alterations and ecDNA formation

We analysed a number of properties related to the samples in the
context of ecDNA, ranging from purity and ploidy (Supplementary
Table 4 and Supplementary Fig. 4) to other genomic features, such
as TPS53. Disruption of TP53 enables genomic instability™>**?%%*, and
we found a strong association in both FHCC and Cambridge samples
between the TP53alteration status (Methods, ‘TP53 alteration analysis’)
and the presence of ecDNA (Extended Data Fig. 6a,b). All eight FHCC
samples in which ecDNA was found before cancer diagnosis (TP-1)
showed biallelic disruption of TP53. The appearance of ecDNA as a
subset of TP53-altered cases suggests that the prior loss of TP53 enables
ecDNA formation.

Whole-genome duplication (WGD) and chromothripsis are tied
closely to genome instability*°33, and those mechanisms might con-
tribute to ecDNA formation™52°-323435 |n the FHCC samples, we found
that WGD and chromothripsis were significantly associated with TP53
alteration (Extended DataFig. 6¢,d), indicative of its role in mediating
genomic stability. However, many of the samples with ecDNA did not
show evidence of chromothripsis or WGD (Extended Data Fig. 6e,f),
indicating that there are other mechanisms of ecDNA formation after
TP53alteration.

ecDNA and malignant transformation

To better understand the potential relationship between ecDNA and
the transition from HGD to EAC, we studied an individual patient in
the FHCC cancer-outcome cohort (patient 391), whose WGS data were
collected at four endoscopies over a seven-year period (Fig. 3a). At
first, HGD was detected at two different locations within the Barrett’s
oesophagus segment. Chromosomal ERBB2 amplification through
breakage-fusion-bridge (BFB) cycles (Extended Data Fig. 7a) and
TP53 alterations were present in these biopsies (Fig. 3b). An ecDNA
(ecDNA-1), containing AP2B1, GAS2L2 and RASL10B, was only detected
(Fig.3b,cand Extended Data Fig. 7b) after 5.6 years. The lesions did not
progressto EAC for another 6.5 months, at which pointasecond ecDNA
(ecDNA-2) containing SOCS1, CIITA and RMI2 was detected (Fig. 3b,c
and Extended Data Fig. 7c). SOCS1 is a suppressor of cytokine signal-
ling, includinginterferon-y*, which may foster escape from cytotoxic
Tcells¥. ClITAisanimmunomodulatory master transcription factor for
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Fig.2|Association ofecDNA with histology. a, Characterization of the
ecDNA status and cancer stage of patient samples from the Cambridge cohorts
of patients with early-and late-stage EAC. b, Comparison of the ecDNA status
and histological group of samples reveals an association between ecDNA and
early-stage EAC. The odds ratio (OR) and the confidence interval (CI) of the OR
areshown. ¢, Characterization of the ecDNA status and on-level histology of
samples collected for FHCC CO patients across time points TP-land TP-2 for
thetwo oesophageal sequencing samples (‘'upper’and ‘lower’). The maximum
histology of any biopsy from that time point s also shown. Asterisk indicates
cancer diagnosis made at next endoscopy (1.44 and 8.16 months after TP-2 for
patients 568 and 772, respectively).d, Comparison of ecDNA statusin any

antigen presentation’®, and its translocation isimmunosuppressive®.
RMI2is acomponent of the Bloom helicase complex, whichis involved
in homologous recombination and might have a role in lung cancer
metastases*’. A subsequent surgical resection of the tumour con-
firmed both ecDNA-1and ecDNA-2, whereas the tissue that contained
only ecDNA-1, TP53alteration and chromosomal ERBB2 amplification
remained HGD. These results suggest that multiple and ongoing focal

ecDNA-  ecDNA*

ecDNA-

ecDNA*

FHCC patient sample and cancer-outcome status among patients reveals an
association between ecDNA and cancer outcome. e, Among FHCC CO patients,
the proportion of TP-1samples without HGD or EAC in on-level histology
(having Barrett’s oesophagus or LGD) versus with HGD in the on-level
histology, separated by ecDNA status, shows an enrichment forecDNA with
advanced disease status (Fisher’s exact test, one-sided).f, Among FHCC CO
patients, the proportion of TP-2 samples without EACin on-level histology
(having HGD or Barrett’s oesophagus) versus with EAC in on-level histology,
separated by ecDNA status, shows an associationbetweenecDNA and the
development of EAC (Fisher’s exact test, one-sided).

amplification events occur in dysplastic tissues**, enhancing the
fitness of a clone during malignant transformation.

ecDNAs with common origins

To compare the fine structures of ecDNAs across multiple time points
and biopsies from the same individual, we developed an amplicon
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similarity score ranging from O to 1 (Supplementary Fig. 1la-e and
Supplementary Information). Genomically overlapping ecDNAs in
different samples from the same patient showed a high similarity,
consistent with acommon origin (Supplementary Fig. 1e). All ten
genomically overlapping ecDNA pairs from within the same FHCC
individuals, reidentified between different biopsies, showed a sig-
nificant similarity (P < 0.05) (Supplementary Table 5). Thus, ecDNAs
detected in pre-cancer are frequently maintained through the transi-
tion to cancer, and genomically overlapping ecDNAs identified from
multi-region sampling are likely to have a common origin. Together,
these datasuggest that ecDNA canbe atruncal eventin the formation
and evolution of EAC.

Selection and evolution of ecDNAs

We detected a marked increase in the frequency of ecDNA in biop-
sies from patients with a cancer outcome before clinical detection of
cancer, and even higher levels of ecDNA in biopsies or resections from
later-stage cancers (Fig.4a). Tobetter understand these observations,
we characterized 137 ecDNAs across all samples from 75 patients with
ecDNA-positive Barrett’s oesophagus, Barrett’s-oesophagus-derived
HGD or Barrett’s-oesophagus-adjacent EAC. ecDNA copy number was
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patient391across the four endoscopies, starting from TP53alteration, with
branchingreporting the ecDNA formation events, annotated by the
histological status of the sample (windowed). ¢, Left, structure of ecDNA-1,
firstdetectedinendoscopy 2,in which HGD was detected within +1 cm. Right,
structure ofecDNA-2, first detected inendoscopy 3,in which EAC was
diagnosed and present within+1cm.

significantly higher in EAC samples thanin pre-cancer samples (Fig. 4b;
Mann-Whitney U'test, P=0.033, one-sided). Although the lengths of
genomic regions captured on ecDNA were not significantly different
between pre-cancer and EAC states (Extended DataFig. 8; Mann-Whitney
Utest, P=0.44, two-sided), the complexity of structural rearrange-
ments in ecDNA-derived regions increased between pre-cancer and
EAC (Fig. 4c; Mann-Whitney Utest, P= 0.043, one-sided), suggest-
ing a significant increase in the heterogeneity of ecDNA structures
with the evolution of tumours. We next investigated copy number
changes in eight pairs of clonal ecDNA in which the same ecDNAs
(on the basis of amplicon similarity score) appeared in different
sequencing biopsies from the same patient, and for which the biopsies
also had windowed-histology data available (Supplementary Table1).
When both ecDNA occurrences were associated with the same histol-
ogy, the ecDNA copy numbers were highly similar. However, if one sam-
ple was associated with amore severe histological status thanthe other,
the ecDNA copy number was significantly higher inthat sample (Fig. 4d;
Mann-Whitney U'test, P=0.029, one-sided). These data suggest that
ecDNA confers astrong selective advantage to the Barrett’s oesophagus
clones that eventually progress to EAC, and that pre-cancer ecDNAs are
subject to continued evolution during malignant transformation and
progression, leading to increased heterogeneity and copy number.
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Fig.4|ecDNA properties. a, Proportion of patients with ecDNA detected in
any sampleacrossall study cohorts. b, Maximum genomic copy number (CN)
ofecDNA segments in pre-cancer samples and EAC (or EAC-linked for FHCC)
samples, coloured by sample study source. ¢, Complexity score of focally
amplified ecDNA-positive genomic regions for pre-cancer and EAC samples.

d, ForecDNAsidentified across multiple FHCC samples that were determined
to be clonal onthe basis of amplicon similarity, theincrease in ecDNA copy
number for each pair of clonal ecDNAs, separated by the difference inassociated
histology of the two samples, shows anassociation between increasing copy

Twenty-six out of 83 (31%) ecDNA-positive samples from the com-
bined study sources contained more than one species of ecDNA
(Fig.4e), enabling multiple oncogene amplifications. Multiple species
ofecDNA could also be detected in Barrett’s oesophagus HGD samples
from patients who progressed to EAC (Supplementary Table 3), raising
the possibility that tumours might achieve subclonal ecDNA heteroge-
neity early on, and that competition between multiple distinct ecDNAs
could have arolein the evolution of EAC.

Diversity of ecDNA-borne genes

We identified a large diversity of oncogenes on the ecDNAs, many of
whichwerenot detected onnon-ecDNA focal amplifications (Extended
Data Fig. 9a). ecDNAs were significantly enriched for oncogenes as
compared tonon-oncogenes (Extended Data Fig. 9b; Fisher’s exact test,

number and increasing histological severity. e, Number of distinct ecDNAs
persample, among the ecDNA-positive samples, fromall combined sources of
data. f, Comparative overlap of Barrett’s-oesophagus-associated oncogenes
found onecDNA inthe four cohorts. g, For oncogenesrecurrently detected on
ecDNAinsamples from different patients, the number of patients withasample
thathasthelisted oncogeneincluded onecDNA.h, Oncogene copy number for
thefocally amplified oncogene with the highest copy number on each unique
focal amplification (ecDNA or non-ecDNA fsCNA) is significantly higher on
ecDNA versus non-ecDNA fsCNA.

P=8.9 x10™*, one-sided)—including oncogenes thatare known to drive
EAC, such as ERBB2, KRAS and MYC, which were recurrently detected
on ecDNAs found in Barrett’s oesophagus and EAC across multiple
cohorts (Fig. 4f,g and Supplementary Table 6). Furthermore, 33.1%
of the ecDNAs contained multiple oncogenes on the same molecule
(Extended DataFig. 9c). ecDNAs contained 0.76 unique oncogenes per
amplicon (97 oncogenes in 127 ecDNAs), compared to 0.52 (192/373)
unique oncogenes per amplicon in non-extrachromosomal focal
somatic copy number amplifications (fsCNAs), suggesting that ecDNA
may allow a wider variety of oncogene amplifications.

ecDNA amplification was associated with a greater maximum onco-
gene copy number than other fsCNAs (Fig. 4h; distribution mean
copy number =11.6 and 21.3 for non-ecDNA and ecDNA, respectively,
Mann-Whitney Utest, P=5.9 x 107, one-sided), with some ecDNA genes
surpassing 100 copies. ecDNA also permitted greater diversity in
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maximum copy number than did non-ecDNA fsCNA (copy number
variance = 687.9 versus 122.2 in non-ecDNA fsCNA, Levene’s test,
P=1.5x107*). Notably, many ecDNA genes (79 in total) were associ-
ated withimmunomodulation (Supplementary Table 7 and Extended
Data Fig.10a), and only 25 of the 79 were already present in the set of
canonical oncogenes. The ecDNA amplifiedimmunomodulatory genes
had asignificantly higher copy number compared to those on other
fsCNAs (Extended Data Fig. 10b; Mann-Whitney Utest, P=4.1x107,
one-sided).

A comparison of genomic regions that are predicted to be on ecDNA
and oncogene intervals that are known to associate specifically with
Barrett’s oesophagus and EAC (Supplementary Table 8 and Supple-
mentary Fig.2) showed astatistically significant overlap (ISTAT test*,
P=3.1x107; Supplementary Information), suggesting that—despite
the high diversity of ecDNA-borne oncogenes—ecDNAs are positively
selected in amanner that is specific to cancer type.

Discussion

Oncogene amplification on ecDNA enables tumours to evolve at an
accelerated rate, which drives rapid resistance to therapy and contrib-
utes to shorter survival for patients>*>. It has been unclear whether
ecDNA can contribute to the transformation of pre-cancer to cancer,
or whether it is a later manifestation of tumour genomic instability.
Here, in multiple cohorts of patients with Barrett’s oesophagus, we
show that ecDNA appears in HGD, and that its presence is strongly
associated with EAC progression.

Typical phylogenetic approaches to track cancer clonality assume
chromosomalinheritance.In consequence, it has been challenging to
infer the clonality and evolution of ecDNA-driven cancers. Our results
show that in the evolution of tumours from pre-cancer to cancer,ecDNA
confers a strong selective advantage to the Barrett’s oesophagus
clonesthat eventually progress to EAC. The substantial heterogeneity
in ecDNA-containing cancers might promote rapid and frequent
branching of the phylogenetic tree, fostered by the non-chromosomal
inheritance of ecDNA during cell division. Moreover, the increased
prevalence and complexity of ecDNA structures in oesophageal cancer
samples suggests ongoing selection and evolution during the forma-
tion and progression of tumours*,

Our results strongly suggest that ecDNAs usually arise in regions
of HGD in patients with Barrett’s oesophagus, and nearly always in
the context of TP53 alteration. These results complement previous
reports that found that 7P53 alteration and altered copy number
might drive the transition from metaplasia to dysplasia'®3**¢
showing the cooperative nature of various genetic and epigenetic
alterations, and suggesting that ecDNA formation represents a par-
ticularly potent driver of transformation and could be an opportu-
nity for specific therapeutic intervention. Moreover, our analysis of
asingle patient across time supports and extends a report*® suggest-
ing that TP53 alteration results in polyploid tumours with multiple
amplified or gained regions providing a reservoir for amplifying
oncogenes.

Freed from Mendelian constraints, ecDNA amplifies a broader
range of oncogenes, and their copy numbers increase rapidly and
markedly in EAC, consistent with strong positive selection. Increased
ecDNA heterogeneity may also enhance adaptation to changing
conditions. Notably, the clonal selection and maintenance of immu-
nomodulatory genes on ecDNA before cancer development could
aid immune evasion. Together, these results indicate that ecDNA
contributes to the development of cancer through several mecha-
nisms. These findings shed light on how ecDNA can arise before the
development of full-blown cancer, indicating that it is not simply a
late manifestation of genome instability, and raise the possibility of
earlier intervention or prevention for patients with ecDNA-containing
tumours.
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Methods

ecDNA detection and characterization

DNA copy number alterations were detected using CNVKit (ref. 47;
FHCC and TCGA samples) and ASCAT (ref. 48; Cambridge samples).
AmpliconSuite-pipeline (v.0.1203.12) was used to identify candidate
seed regions for the detection and characterization of ecDNA using
AmpliconArchitect v.1.2 (ref. 21) and AmpliconClassifier (v.0.4.13)
(Supplementary Information and Fig. 1e), and circular visualizations
of candidate ecDNA structures were generated using CycleViz (v.0.1.1).
Amplicon complexity score was computed on the basis of the diversity
ofthe ampliconstructure decompositions output by AmpliconArchi-
tect (Supplementary Information and Supplementary Fig. 3).

Statistical analysis

We used SciPy v.1.9.1(ref. 49) to perform all statistical tests in the study,
withthe exception of the ecDNA region-oncogene overlap significance
test, for which we used ISTAT v.1.0.0 (ref. 43 and Supplementary Infor-
mation). When computing odds ratios, if any cellin the two-by-two table
was zero, the Haldane correction®* was applied to every cellin the table.
The significance of odds ratios and differences in event frequencies
between groups were assessed by Fisher’s exact test. The default test
type was two-sided in statistical tests, unless otherwise specified. For
datarepresented in box plots, the centre line is the median, the box
limits are the upper and lower quartiles and the whiskers are 1.5 times
the interquartile range, or represent minimum or maximum values if
there are no outliers.

Cambridge sample selection

We identified suitable patients from a prospective surveillance study
of more than 3,000 patients with pre-cancerous lesions in a previous
study®, in which the follow-up and methods for pathology reviewed
were described. There was a minimum follow-up of 44 months
(median 139, maximum 258) for the cohorts that did not progress to
HGD or EAC, and a median follow-up of 57 months (range 0-249) for
the dysplastic cohort. We analysed WGS data from 206 patients in
cross-sectional Barrett’s oesophagus surveillance Cambridge cohorts
with biopsy-validated Barrett’s oesophagus, including 27 patients
with non-dysplastic Barrett’s oesophagus, 15 patients with LGD who
never developed HGD or EAC during follow-up, 25 patients with HGD,
51 patients with early-stage EAC (AJCC stage I) and 88 patients with
late-stage EAC (AJCC stage II-1V (Fig. 1a). Patients with low-grade Bar-
rett’soesophagus and high-grade Barrett’s oesophagus underwent sur-
veillance at Cambridge University Hospitals NHS Trust and consented
prospectively to abiomarker and genomic characterization study (Cell
Determinants Biomarker, REC no. 01/149, BEST2 REC no.10/H0308/71).

Patients included in the Cambridge surveillance cohorts were all
treatment-naive—that is, the patients had received no neoadjuvant
chemotherapy, radiation or ablation therapies—except for two of the
patients with late-stage EAC (patients 167 and 155), who had received
previous therapy, as detailed in Supplementary Table 1and Extended
Data Fig. 1a.

Strict selection criteria were implemented to ensure that only the
highest-cellularity biopsies, with agreement of histological grade,
were sequenced. Potential biopsies were placed into optimal cutting
temperature compound and a single section was cut and stained with
haematoxylin and eosin (H&E). These were reviewed by at least two
consultant pathologists to assess the composition of the biopsy. All
pathologists were blinded to the grade of the patient. Samples with no
agreement were reviewed by athird pathologist toreach a consensus.
Dysplastic samples for sequencing had to have a pathological cellularity
for dysplasia of atleast 30% and were labelled to be consistent with the
highest pathology grade reported within the biopsy (tumour cellularity
of 70% or higher for early-stage cancers). Non-dysplastic Barrett’s
oesophagus biopsies had to contain intestinal metaplasia.

Patients with early- and late-stage EAC in the Cambridge cohorts
wererecruited for the EAC International Cancer Genome Consortium
(ICGC) study, for which samples were collected through the UK-wide
Oesophageal Cancer Classification and Molecular Stratification
(OCCAMS, REC no.10-H0305-1) consortium. For early-stage cancer
samples, samples with a cellularity of 70% or higher were included,
consistent withICGC guidelines. Ethical approvals for these trials were
fromthe East of England-Cambridge Central Research Ethics Commit-
tee. EACsamples were prospectively collected as endoscopicbiopsies
orresection specimens. All tissue samples were snap-frozen and blood
or normal squamous epithelium (at least 5 cm from the tumour) was
used as a germline reference as previously described®.

Barrett’s oesophagusresearch samples were collected at every2 cm
of the Barrett’s oesophagus segment at endoscopy, and snap-frozen.
A snap-frozen section was taken from each Barrett’s oesophagus
sampletodetermine the grade of dysplasia. Patientsin the pre-cancer
categories who received previous ablative treatment were excluded.
Samples with squamous contamination were excluded.

Cambridge sequencing data

Sequencing was performed for cases with an estimated tumour purity
of higher than 70%, as determined by a pathologist. WGS by Illumina
(100-150-bp paired-end reads) was performed with 50-fold coverage
for the tumour and 30-fold coverage for the matched germline control.
Reads were then aligned with BWA-MEM®' to GRCh37 (1000 Genomes
Project human_glk_v37 with decoy sequences hs37d5). Aberrant cell
fraction and ploidy were previously reported™ and were generated
using ASCAT v.2.3 (ref. 48).

Detection of focal amplifications in the Cambridge cohort

Both Cambridge BAM files were aligned to GRCh37 (1000 Genomes
Project human_glk_v37 with decoy sequences hs37d5) using BWA-MEM
v.0.7.17. Absolute copy number profiles were generated using ASCAT
v.2.3 (ref. 48). Genomicregions with a total copy number greater than
4.5and aninterval size greater than10 kbp were identified, merged and
refined with the amplified_intervals.py script. Each seed region was
given to AmpliconArchitect separately to improve runtime on each
sample. AmpliconArchitect was run in the default explore mode to
reconstruct amplicon structures and amplicons formed by the same
regions were deduplicated on the basis of genomic overlap such that
for overlapping AmpliconArchitect amplicons, the amplicon with
the highest-level classification was kept (ranked by ecDNA, BFB, com-
plex non-cyclic and then linear), with ties being broken by largest
ampliconsize.

Detection of focal amplifications in the TCGA cohort

We used the Dockerized AmpliconSuite-pipeline wrapper to detect
focalamplificationsin the TCGA cohort. The wrapper pipeline for seed
detection incorporated CNVKit v.0.9.7 (ref. 47) run in unpaired mode
todetect CNVs. The CNV calls were then provided with the amplified_
intervals.py script and filtered on the basis of regions having a copy
number greater than 4.5 and asize larger than 50 kbp to produce a set
of seed regions. We used AmpliconArchitect to infer the architecture
of amplicons, The pipeline was run on 20 TCGA-ESCA EAC tumour
WGS BAMffiles, aligned to GRCh37, through the Institute for Systems
Biology Cancer Genomics Cloud (https://isb-cgc.appspot.com/), which
provides a cloud-based platform for TCGA data analysis.

FHCC sequencing data and annotations

Sequencing data for the FHCC study were previously published™. All
research participants who contributed clinical dataand biospecimens
tothis study provided writteninformed consent, subject to oversight
by the Fred Hutchinson Cancer Center IRB Committee D (reg. ID 5619).
Allsamples collected for the FHCC study were from patients who had
not received treatment (treatment-naive). Reads were then aligned


https://isb-cgc.appspot.com/

with BWA-MEM (v.0.6.2-1126)"' to GRCh37 (1000 Genomes Project
human_glk_v37 with decoy sequence hs37d5). BAM files underwent sub-
sequentindel realignment with GATK IndelRealigner v.3.4-0-g7e26428
(ref. 52). Chromothripsis calls were derived from a previous study?.
Genome-doubling (WGD) calls were derived from another previous
study™. Purity and ploidy were also assessed as described previously™,
using pASCAT v.2.1.

Detection of focal amplifications in the FHCC cohort

We used the AmpliconSuite-pipeline wrapper to detect focal amplifi-
cations in the FHCC cohort. The wrapper pipeline for seed detection
incorporated CNVKit v.0.9.6 (ref. 47) run in tumour-normal mode to
call somatic CNVs against the matched normal WGS samples for each
patient (whenmultiple normal samples were available, one was selected
arbitrarily). Normal samples also underwent the same pipeline in
unpaired mode for stand-alone CNV detection. The CNV calls were
then provided the amplified_intervals.py script and filtered on the
basis of regions having a copy number greater than 4.3 (4.0 for normal
samples) and size larger than 50 kbp (10 kbp for normal samples) to
produce a set of seed regions. The wrapper then invoked Amplicon-
Architect in default mode on the WGS BAM files to examine seed regions
and profile the architecture of the focal amplifications. The resulting
graph and cycles output files were provided to AmpliconClassifier
v.0.4.13 to produce classifications of the AmpliconArchitect amplicons
for ecDNA, BFB, complex non-cyclic and linear focal amplifications
(Supplementary Information). AmpliconClassifier also specified BED
files correspondingto the classified regions and annotated the identity
of genes on the focal amplifications.

FHCC cohort histology

The histology data from FHCC are a re-analysis of the previously
published cohort™. In brief, the biopsy samples that underwent WGS
were not assessed for pathological diagnosis, by design. Instead, the
pathological analysis was performed from adjacent-level biopsies from
the oesophagus, as described before™. If a sequencing biopsy had a
histology biopsy from the same level along the oesophagus (measured
fromthe gastro-oesophagealjunction), thenit was denoted as having
on-level histology. If asequencing biopsy had a histology biopsy from
within £1 cm of the same level, it was denoted as having windowed
histology. When multiple histology samples could be paired with the
sequencing, the histology biopsy with the most severe disease state
was assigned.

TP53 alteration analysis

Inthe FHCC cohort, TP53status was determined froma previous study™
and we defined TP53 alteration as cases in which either single (+/-) or
double (-/-) loss of TP53 was detected. In brief, for the FHCC cohort,
mutations were defined as any moderate-to high-impact SNV orindel
as reported by SNPeff>, Deletions of at least one exon, or structural
variants affecting the TP53 coding sequence or splice sites, were also
considered to disrupt TP53, as were copy number alterations that
affected at least half of the exonicregions. All alterations were verified
manually using IGV>* or Partek. For the Cambridge cohort, TPS3status
was determined by identifying somatic coding variants (missense,
frameshift, stop-gain or splice-site variants), using Strelka v.2.0.15
(ref.55) and Variant Effect Predictor v.78 (ref. 56). Alteration was defined
as one or more copies of TP53 being affected by a mutational event.

Selection of gene lists

Oncogenes were derived from acombination of the ONGene database”,
aswell as Barrett’s oesophagus and EAC driver geneslisted in previous
reports*****, The complete list is provided in Supplementary Table 8.
Immunomodulatory genes were derived from the HisgAtlas database®.
When evaluating the presence of genes on ecDNA, the average gene
copy number was required to be 4.5 or higher and the 5’ end intact.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The Barrett’s oesophagus and HGD Cambridge UK cohort WGS data,
histology and metadata have been previously published®, and WGS data
are available through the European Genome-phenome Archive (EGA)
under accessionnumber EGAD00001006349. The EAC Cambridge UK
cohort WGS data, histology and metadata were downloaded fromthe
International Cancer Genome Consortium (ICGC; https://dcc.icgc.org/)
under accession number EGAD00001002156. The FHCC cohort WGS
samples, histology and metadata have been previously published™, and
WGS dataareavailable from the NCBI dbGaP database under accession
number phs001912.v1.pl. All sequencing data, histology and meta-
data for TCGA were downloaded from the Genomic Data Commons
(GDC; https://gdc.cancer.gov/) under accession number phs000178.
v11.p8. We have uploaded the AmpliconArchitect and AmpliconClas-
sifier output files to figshare at https://doi.org/10.6084/m9.figshare.
21893826.

Code availability

We developed and used the following publicly available codebases:
AmpliconArchitect (https://github.com/jluebeck/AmpliconArchi-
tect), AmpliconClassifier (https://github.com/jluebeck/Amplicon-
Classifier), AmpliconSuite-pipeline (https://github.com/jluebeck/
AmpliconSuite-pipeline) and CycleViz (https://github.com/jluebeck/
CycleViz).
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histology window, and anidentical structure derived from the adenocarcinoma
resection. Amplicon similarity analysis of ecDNA-1and -2 reveals common
origins of the structures.
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Extended DataFig. 8|Sizes ofintervals captured on ecDNA. The length of
predicted genomicintervals captured onecDNA, visualized on alog,,scale, for
eachdistinctecDNAin the combined cohorts, compared by pre-cancer versus
EAC (Mann-Whitney Utest, two-sided).
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Life sciences study design
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Sample size For the Cambridge UK cohort, no sample size calculation was performed. The sample size was made as large as it could be possible based on
the availability of suitable material for sequencing. For the Fred Hutch cohort, the 80 patients with Barrett's esophagus (40 with cancer
outcome and 40 without cancer outcome) were selected from a previously published case-cohort study of 248 patients from Li et al, Cancer
Prev Res, 2014 (PMID 24253313), in which somatic chromosomal alterations (SCA) had been characterized every two centimeters (cm) in the
Barrett's segment. All samples used in this research were published in DOI 10.1038/s41467-022-29767-7 and 10.1038/s41467-022-28237-4

Data exclusions  No data was excluded as it is a re-analysis of previous published whole-genome sequencing data.
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Replication This is a re-analysis of whole-genome sequencing data. Replication is not applicable.

Randomization  For the Cambridge UK cohort, randomization is not applicable, because samples were grouped based on the grade of pathology of the
patients. For the Fred Hutch cohort, for each cancer outcome case, non-cancer outcome controls were randomly matched on baseline total
SCA, age at T1, time between T1 and T2, and gender for the comparisons of the two groups.

Blinding All individuals performing whole-genome sequencing analysis were blinded to cancer outcome.
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