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Tumour genomes are the result of mutational and evolu-
tionary pressures on somatic cell populations. These can 
be caused by erroneous endogenous processes, including 
DNA replication repair errors, and exogenous carcino-
genic insults. Recent pan- cancer analyses have suggested 
that early oncogenic mutations may occur years or even 
decades before invasive disease is detected1.

Alterations to the genomic structure generate muta-
tional diversity in cellular populations and are known 
to occur in organisms, although major structural alter-
ations to the genome are often embryonically lethal. 
In cancers, however, this genomic instability provides 
an additional mechanism for tumorigenesis and clonal 
evolution within cell populations2,3. Somatic copy num-
ber alterations (CNAs), ranging from small focal gains 
or losses affecting single driver genes to whole chro-
mosome gains and losses, often occur alongside sin-
gle point mutations, resulting in a complex spectrum 
of genomic events leading to tumorigenesis. Evidence 
from bulk tumour sequencing projects suggests that the 
spectrum of mutational events from point mutations to 
structural variation differs widely between cancer types. 
Oesophageal adenocarcinoma (EAC) displays one of the 
highest single- base mutational burdens at 8–10 muta-
tions per megabase (mut Mb–1)4,5 alongside high rates 
of complex structural variations, deletions and tandem 
duplications2,6,7.

Histologically normal ageing tissues8–10 and blood11 
display many of these early driver single- base mutations 
in what has been described as a patchwork of clonal popu-
lations. Allelic imbalances in chromosome arms have  
also been detected in histologically normal oesophagus 

alongside one of the highest rates of point mutations12. 
These studies make clear not only that oesophageal tis-
sues accumulate mutations, chromosomal changes and 
various clonal cell populations as we age but that they 
do so in multiple clonal populations of cells. The major-
ity of these mutations have no functional consequence, 
making these ‘passenger’ mutations unlikely to drive 
cancer development13. Instead, for these cells to develop 
into cancer the acquired mutations must be posi tively 
selected and lead to clonal expansion14. This early 
genomic instability prior to invasive stages of tumor-
igenesis may help drive the development of disease15 by 
providing phenotypic diversity for selection to act upon.

Precancerous tissues display histological and molec-
ular changes that both distinguish them from normal 
tissues and are associated with an increased risk of can-
cer. Barrett’s oesophagus (BE) is a clear example of a 
precursor tissue histologically, clonally and genetically. 
It presents histologically as a mosaic of intestinal and 
gastric metaplasia16 in which columnar cells replace 
squamous epithelia in the normal oesophagus (Fig. 1). 
This is presumed to occur to compensate for the effects 
of gastrointestinal reflux entering the oesophagus17, but 
unfortunately this adaptation increases the risk that a 
patient may develop EAC. EAC is a distinct subtype of 
oesophageal cancer that has seen a rapid increase in inci-
dence in many western countries18, with a corresponding 
decrease in the rate of oesophageal squamous cell car-
cinoma, which continues to be the dominant subtype 
worldwide19.

The lowest- risk BE tissues are non- dysplastic Barrett’s 
oesophagus (NDBE), and patients diagnosed with this 
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grade have a risk of progression to EAC of approxi-
mately 0.3% per year based on epidemiological data20. 
As low- grade dysplasia (LGD) or high- grade dys-
plasia (HGD) develops, the risk of progressing to EAC 
increases21, and although this is often presented as a  
linear progression sequence, the time it takes to progress 
between steps or across patients can vary dramatically22. 
Additionally, although BE is the only known precursor 
lesion for EAC, at least one half of patients diagnosed 
with EAC do not have detectable BE23, and the major-
ity of patients with EAC (more than 90%) lack a prior 
BE diagnosis24. It is currently debated whether all EAC 
arises from BE, as it is possible that the metaplastic pre-
cursor has been overgrown by tumour or, alternatively, 
may have arisen through another pathway (Box 1).

This Review focuses on BE, as patient surveillance 
has provided clinicians and researchers with valuable 
longitudinal and spatial genomic evidence to better 
understand the early evolution of cancer. The recent 
completion of pan- cancer analyses by the International 
Cancer Genome Consortium (ICGC) and The Cancer 
Genome Atlas (TCGA)1,6,7 has provided both new tools 
for investigating the patterns of evolution within somatic 
genomes and new understanding of the timescales in 
which mutation events occur within a single patient 
(rela tive to their age) and, more generally, between dif-
ferent cancer types (for example, APC and KRAS in colon 
cancer, and EGFR (which encodes epidermal growth fac-
tor receptor) and TP53 (which encodes p53) in glioblas-
toma). These timescales for progression provide good 
evidence that precancerous tissues such as BE contain 

molecular signatures of cancer risk. In this Review we 
discuss the current understanding of the genomic and 
evolutionary landscape of EAC and its precursor lesion 
BE, with a specific focus on how this evolutionary view 
of BE can be used to improve early diagnostics.

Molecular hallmarks of BE and EAC
Large- scale genomic profiling studies of EAC performed 
as part of the ICGC6 and TCGA25 reveal a cancer that has 
a high mutational burden, placing EAC among mela-
noma and lung cancer as one of the most mutated cancer 
types4,5. Despite the high mutational load, researchers 
have identified few recurrent point mutations in driver 
genes aside from the tumour suppressor TP53 (>70% 
frequency), with other canonical driver genes SMAD4 
(which encodes a DNA- binding transcription factor and 
is part of the TGFβ pathway), ARID1A (which encodes a 
SWI/SNF chromatin remodelling complex protein) and 
CDKN2A (which encodes the cyclin- dependent kinase 
inhibitor p16 that regulates p53) recurrently displaying  
point mutations in less than 20% of cases26,27. Aside  
from point mutations, patients with EAC share hall-
marks of high genomic instability defined in other tissue 
types28, including frequent CNAs, aneuploidy, kataegis 
and whole- genome duplication. These diverse molecular 
hallmarks provide some insight into the early evolution 
of the disease.

Genetic landscape. Numerous studies have provided 
multiregion data on BE. Maley et al.29 used flow cyto-
metry and fluorescence in situ hybridization (FISH)  
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Fig. 1 | Histopathological progression for BE. Progression from squamous 
epithelia to non- dysplastic Barrett’s oesophagus (NDBE), low- grade  
dysplasia (LGD), high- grade dysplasia (HGD) and oesophageal adeno-
carcinoma (EAC). Most Barrett’s oesophagus (BE) will not progress to HGD 
or EAC but will display specific molecular hallmarks, from an increased 
mutation rate and SBS17a/b mutational signature to mutations in canoni-
cal cancer driver genes (such as ARID1A, SMARCA4 and CNTNAP5) and 9p 
loss of heterozygosity (LOH). Patients destined to progress may display 
NDBE, LGD and/or HGD histology prior to EAC progression. Molecular 
hallmarks identified in samples from patients who later progress, 

independent of histology, will include the molecular changes seen across 
all grades of disease as well as genomic instability, high clonality and TP53 
mutations. EAC may include any or all of these molecular hallmarks, addi-
tional mutational signatures (for example SBS3 and SBS9) and additional 
mutations (for example in SMAD4). Blue indicates a lower risk of progres-
sion, purple indicates an increased risk and red indicates high risk. Specific 
risks for progression to EAC cited at the bottom are from Hvid- Jensen 
et al.20. Width of the shapes describing molecular alterations indicates how 
commonly each occurs at each stage. mut Mb–1, mutations per megabase. 
SBS, single- base substitution.

Kataegis
Localized hypermutation often 
several hundred base pairs  
in length.
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on multiple biopsy samples in patients with BE to assess 
different cellular clones, whereas Martinez et al.30 used 
whole oesophagus brushings as well as separate biopsy 
samples to assess genetic and clonal diversity. Our 
recent work31 also utilized separately sequenced biopsy 
samples to assess a genetic risk, and Ross- Innes et al.5  
sequenced paired EAC and adjacent BE tissues in 
patients.

Sequencing BE adjacent to EAC showed that the 
BE tissues, regardless of dysplasia, have a mutational 
burden (6.76 mut Mb–1) that is only slightly lower than 
the median burden for EAC and higher than a major-
ity of cancers in pan- cancer studies32. Sequencing tis-
sues from patients without EAC showed that dysplastic 
BE samples have a similarly high mutational rate of 
3.9 mut Mb–1, whereas non- dysplastic BE may be lower 
at 1.28 mut Mb–1 (reF.33). It should be noted, however, 
that BE tissues are a patchwork of clones5,30,34 similar to 
normal epithelial tissues. This clonal patchwork makes 
it likely that mutation rates, even in non- dysplastic BE, 
are underestimated. As dysplasia and, eventually, EAC 
develops, one or more of these clones will expand, 
increasing our ability to detect it and better estimate 
the mutation rate. The relatively high mutation rates 
throughout the histological progression, as well as the 
multiple clones throughout the tissue, suggest a rich 
environment for clonal selection, ongoing mutation and 
eventual tumorigenesis.

Mutational signature analyses in EAC have consis-
tently identified a spectrum of single- base substitutions 
(SBSs) characterized by T > G or T > C substitutions in 
a CTT context5,35–38, typically labelled SBS17a/b (reF.7). 

Although this signature has been linked to the use of 
5- fluorouracil chemotherapy and its derivatives39, the 
aetiology of this signature in BE and EAC in the absence 
of chemotherapy exposure is still unclear. SBS17a/b has 
also been identified as a dominant pattern in BE across 
both dysplastic and non- dysplastic tissues5,33, indicat-
ing that the underlying mutational process occurs early 
and is potentially active throughout the tissue. As BE 
is thought to arise owing to chronic acid reflux injury 
to the oesophagus, it has been speculated that these 
signatures are related to ongoing oxidative damage40. 
Although this has not been confirmed in BE or EAC 
specifically, mutations related to oxidative damage and 
SBS17a/b appear to be more frequent than expected at 
the minor- in groove of nucleosomes. It is speculated that 
this could result in an increased mutation rate owing 
to poor accessibility of DNA damage repair machin-
ery and some protection from selection pressures41,42. 
Overall, the dominant SBS17a/b signatures in BE may 
help to explain the high mutational burden of EAC in 
the absence of clear exogenous mutagenic exposures (for 
example, tobacco and ultraviolet light)7,32. However, as 
gastric cancers, which also display a high proportion of 
SBS17a/b- related mutations, have a lower mutation rate 
(estimated as around 5 mut Mb–1 (reF.43)), other processes 
are likely to be involved.

Despite the high mutation rate and consistent 
mutational signatures identified throughout BE and 
EAC, there appear to be only a few early driver events 
identified in tumours. In the pan- cancer analysis by 
Martincorena et al.44 EAC clearly showed patterns of 
mutations in cancer genes that were under positive selec-
tion, indicating that those genes would be driving the 
disease. This analysis identified relatively few recurrent 
driver events in EAC, although a subsequent analysis 
that focused entirely on EAC confirmed that, similar 
to other cancer types, EAC displays an average of four 
driver events per tumour26. As these events, by defini-
tion, should occur early to allow for clonal expansion, 
progression may also rely on other drivers not yet iden-
tified, such as epigenetic alterations or changes within 
the immune landscape of BE (Box 2).

Using an EAC- derived panel of 26 driver genes most 
commonly identified from tumour samples, Weaver et al.37  
tried to identify the early mutations in BE that related 
to later EAC development by sequencing samples from  
different histological stages: EAC (n = 112), HGD 
(n = 43) and NDBE with no evidence of progression 
in multiple years of follow- up (n = 66). They found 
that mutations in a number of these genes such as 
SMARCA4 (which, similar to ARID1A, encodes a SWI/
SNF chromatin remodelling complex protein), ARID1A 
and CDKN2A could be identified at every histological 
stage from NDBE to EAC and that there was no signif-
icant difference detected in the frequency of mutations 
between the different stages. Only SMAD4 and TP53 
were found to differ in frequency between dysplasia 
and NDBE. Whereas Weaver et al. found that mutations 
to SMAD4 appeared to be exclusive to a small propor-
tion of EAC cases (13%), TP53 mutations were found in 
patients who progress to cancer by both Stachler et al.45  
and Ross- Innes et al.46, including in some cases of 

Box 1 | BE cell of origin

The concept of clonal expansion relies on an originating cell that can expand into a 
clonal population retaining early mutations, and later develop mutations that may 
expand into new subclonal populations. In barrett’s oesophagus (be) there have been 
several hypotheses regarding a cell of origin that could give rise to intestinal metaplasia 
from a predominantly squamous epithelial background107,108: transdifferentiation of 
squamous epithelial cells, reprogramming them into columnar cells; or expansion  
of other progenitor cells within the oesophagus or gastric cardia. In either case, the  
cell of origin for be would need to undergo a phenotypic change to acquire intestinal 
characteristics.

In the transdifferentiation model, alterations to various signalling pathways and gene 
expression patterns in squamous epithelium are presumed to be driven by the acidic 
conditions of reflux. In mouse models, overexpression of an intestinal transcription 
factor Cdx2 in squamous cells resulted in a transitional cell type with glandular 
features109. In vitro studies using bone morphogenetic protein 4 (BMP4) induction also 
resulted in a phenotypic shift to a columnar type, most likely through Cdx2 activation110, 
although both models appeared to be more gastric than intestinal.

Alternatively, stem- like cells contained within the oesophagus in submucosal glands 
may be reprogrammed by reflux injury to differentiate into intestinal epithelia within 
the oesophagus through the interleukin-1β (Il-1β)–Il-6 signalling cascade and Notch 
signalling111,112. other progenitors have also been suggested to arise from the gastro- 
oesophageal junction and may suggest that be and oesophageal adenocarcinoma 
(eAC) are gastric in origin113,114.

Although the various models of the origin of be have significant differences, 
fundamentally the evolutionary mechanisms follow the same pattern. A phenotypically 
altered cell, regardless of its tissue origin, is selected for owing to the acidic environment 
created by reflux within the oesophagus. This cell has an advantage over the squamous 
epithelia surrounding it, and can expand clonally. It is also possible, given the evidence of 
multiple clones within be and the existence of mutations between adjacent be and eAC 
that are not shared30,34, that multiple cells of origin could arise within the oesophagus.

Mutational signature
A combination of mutations 
(specifically single base- pair 
substitutions) that generates  
a specific pattern, or signature, 
relating to specific mutational 
processes.

Minor- in groove
DNA facing in to the histone 
core (minor- in).
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NDBE prior to progression to dysplasia. Investigating 
the specific mutations in TP53 through paired EAC and 
EAC- adjacent BE samples (n = 23 pairs) found that BE 
often exhibited private mutations that were not shared 
by the EAC sample, and a similar pattern was also found 
for CNAs46.

These findings are consistent with those described 
by the Big Bang model of tumour growth described in  
colorectal cancer (CRC)47, which suggests that very 
early private mutations occur within a single clone that 
expands with subsequent mutations developing in sub-
clones within the cancer. BE tissues prior to EAC devel-
opment display multiple clonal populations30,34,48, as do 
both primary and metastatic EAC49,50. These patterns 
of early mutations in a BE clone followed by expansion 
are consistent with observations in CRC where a similar 
histological progression is observed51. Single- cell and 
bulk genomic profiling of precancerous adenomatous 
polyps and CRC found that clonal mutations identified 
in the precancerous tissues were shared by the CRC. This 
analysis also showed that the precancerous tissues were 
found to be derived from a single founder clone that later 
accumulated additional mutations, generating genomic 
diversity52.

Chromosomal structural instability. Sequencing stud-
ies across hundreds of patients with EAC have consis-
tently shown a disease with a high burden of structural 
aberrations and CNAs. Loci that include canonical can-
cer genes such as ERBB2, EGFR, GATA4, GATA6 and 
RUNX1 have been found to be recurrently amplified or 
lost in EAC26,27,53. Genomic catastrophes such as katae-
gis and chromothripsis are common (frequency ≥30%), 
with evidence of breakage–fusion–bridge processes, focal 
amplifications and extrachromosomal DNA driving high 
CNA rates27,36,54.

Generally, it has been assumed that large- scale 
genomic catastrophes resulting in sudden phenotypic 
changes (often termed ‘hopeful monsters’) are a com-
mon event in cancer but that most clones would die out 
as they would be selectively disadvantaged (‘maladap-
tive monsters’). This means that few such catastrophes 
would lead to cancer, or be detectable. Recent investiga-
tions have uncovered CNAs occurring in histologically  
normal or healthy tissues8,12,55,56 and catastrophic geno-
mic changes resulting in aneuploidy in pre-malignant 
tissues51,57,58, indicating that these ‘hopeful monsters’ may 
arise prior to even the pre- malignant stage.

In BE, such catastrophes have been well documented 
in dysplastic tissues, but most of these appear to be 
preceded by two specific events. Loss of heterozygosity 
(LOH) mutations in 17p and 9p, affecting TP53 and 
CDKN2A, respectively, are common in EAC, occur-
ring in up to 95% of cases59,60. Early investigations of BE 
tissues using flow cytometry showed that both 9p and 
17p LOH occurred with increasing frequency between 
diploid and aneuploid cell populations61. Spatial flow 
cytometry cell sorting and targeted sequencing of BE tis-
sues suggested that 9p LOH is an early event and that it 
is found across different cell populations in BE tissues62,63 
in both patients who progress and those who do not. 
Stachler et al.45 reported that 37% (9/24) of patients who 
progress had TP53 mutations (truncating, missense or 
LOH) in their NDBE segments, compared with only 
5% (4/73) of patients with NDBE who do not progress. 
These early alterations to CDKN2A and TP53 within BE 
are often associated with, or followed by, aneuploidy or 
whole- genome doubling38,61.

Early inactivation of these tumour suppressors pro-
vides a potential mechanism for subsequent genomic 
instability, followed by oncogenic amplification lead-
ing to the development of EAC. Whole- genome 
single- nucleotide polymorphism (SNP) array profiling 
of 248 patients in the Seattle Barrett’s Esophagus Study 
provided evidence that somatic CNAs were occurring 
across all patients with BE in the earliest biopsy samples 
profiled63. Critically, however, they showed that patients 
who progressed to cancer displayed more frequent and 
larger CNAs and that this increased over time. Similarly, 
an exome sequencing study of BE showed an increase in 
the rate of focal amplifications and deletions along the 
histological progression to EAC from NDBE38.

Whole- genome duplication and general aneuploidy 
have long been recognized as evidence of progression 
to EAC. Levine et al. correlated histopathological fea-
tures of dysplasia from electron microscopy with flow 
cytometry measurements of tetraploid fractions64, and 

Box 2 | Inflammation as an early driver

The tumour microenvironment in oesophageal adenocarcinoma (eAC) is thought  
to be shaped by the immune inflammatory response to chronic reflux within the 
oesophagus115. Increased recruitment of inflammatory immune cells and secretion of 
pro- inflammatory and anti- inflammatory cytokines may occur in both eAC and barrett’s 
oesophagus (be)116. Whereas eAC displays mixed T helper 1 (TH1) cell- type and TH2 
cytokine profiles, be is primarily characterized by TH2 cytokines117,118, which could drive 
early carcinogenesis.

This raises the question of the sequence of changes in the immune microenvironment 
of be as it progresses to eAC. expression profiling of specific immune cells, cytokines 
and chemokines across grades of be from non- dysplastic barrett’s oesophagus (NDbe) 
through dysplasia to EAC was undertaken recently by Lagisetty et al.119. Their work 
showed that the genes encoding chemokine receptors such as CXCr1 and CXCr2  
were upregulated in eAC and high- grade dysplasia (HGD) samples as compared with 
NDbe and low- grade dysplasia (lGD). Genes encoding the acute inflammatory markers 
interleukin-6 (Il-6) and CXCl8 were also significantly upregulated (threefold to 
fourfold) in HGD and eACs, whereas genes encoding cytokines involved in immune 
activation (CXCr3, CXCl9 and CXCl10) were not. They also showed a stepwise 
increase in expression of the immune checkpoint molecule PDL1 from NDBE to EAC 
where PDL1 was also associated with activation of other immune checkpoint pathways 
(including PD1, PDL2, CTLA4, ICOS and TIGIT). In addition, whereas TH1, TH2 and  
pro-b immune cell populations were increased (measured by a method called xCell 
from transcriptional profiling) in HGD versus NDbe samples, other cell populations 
(including CD4+ and CD8+ T cells) then decrease between HGD and EAC. Another 
recent study by Wagener- Ryczek et al.120 observed only a slight increase in PDL1 
expression as compared with healthy tissue. overall, these studies appear to show early 
inflammatory responses in be and a progressive change in the immune microenvironment 
driving proliferation as dysplasia and eAC develop.

Chemoprevention strategies in eAC focus on decreasing the inflammatory response 
directly through treatment with anti- inflammatory drugs (such as NSAIDs) and acid- 
suppression agents (such as proton- pump inhibitors). Use of NSAIDs has been linked 
with a lower burden of genomic alterations and decreased risk of eAC121–123. However, 
the benefit of using NSAIDs in patients with BE is less clear, as the large (2,557 patients) 
prospective AspECT trial found that the NSAID aspirin appeared to have no protective 
effect, whereas high- dose proton- pump inhibitors showed a significant difference in 
the time to outcome (eAC or HGD)124.

more longitudinal studies are needed in be to understand the role of the immune 
microenvironment in cancer initiation and progression, as well as the benefit to 
patients in preventing or decreasing the inflammatory response to reflux injury.

Chromothripsis
Hundreds of clustered  
breaks occurring in a single 
catastrophic event affecting  
a limited number of 
chromosomes.

Breakage–fusion–bridge 
processes
Mechanisms of genomic 
instability initiated by telomeric 
end fusions following double- 
stranded breaks, which can 
result in repetitive cycles  
of fusions and breaks.

Extrachromosomal DNA
(often extrachromosomal 
circular DNA). DNA found 
separate to the chromosomes 
and often contributing to 
higher copy numbers and 
altered gene expression in 
cancer.
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prospective studies of patients in surveillance for BE 
have shown that patients with high aneuploidy and/or 
tetraploid cell fractions have up to 20 times greater risk 
of developing EAC from NDBE58,61,65–67. Newell et al. ana-
lysed NDBE, HGD and EAC whole- genome sequencing 
samples and observed evidence of catastrophic altera-
tions including breakage–fusion–bridge processes, 
oscillating copy numbers, clustered structural alterations 
and localized regions of hypermutation (known as katae-
gis) exclusively in HGD and EAC samples, indicating 
that genomic catastrophes are more likely as a patient 
progresses33.

To date, these studies show that NDBE tissues 
can contain some CNAs including LOH and general 
genomic instability. However, catastrophic structural 
events such as whole- genome duplications, kataegis and 
high rates of aneuploidy, often following the loss of TP53 
(reF.58), are found only in dysplastic tissues, indicating 
a clear molecular pattern of cancer evolution through 
genomic instability in precancerous tissue. The ques-
tion arises of how to reconcile the variable mutational  
patterns observed in this disease.

Evolutionary models of progression
Evidence from metastatic EAC suggests that tumorigen-
esis proceeds from an early clonal expansion with related 
subclonal populations similar to what is proposed by the 
Big Bang model of CRC47, although with an important 
difference. Subclones in EAC show evidence of selection 
pressures and spatially discrete populations50. The many 
early mutations and mutational processes operating in 
BE provide ample ground for this selection to occur62, 
resulting in a diversity of clonal populations.

The genetic evolution from BE to EAC may be 
explained by the canonical methods through which 
populations of organisms evolve: gradualism and punc-
tuated equilibrium. Longitudinal surveillance of patients 
with BE with tissue biopsies have enabled researchers 
to describe genomic patterns of these methods within 
individual patients.

Gradualism and punctuated equilibria. In describing 
the evolution of cancers generally, the question of grad-
ualism versus punctuated equilibria is often raised68. 
Gradualism describes the stepwise accumulation of 
mutations over time with multiple clonal expansions, 
followed by phenotypic changes (for example, neoplastic  
progression). Applied to BE, this would suggest that 
any patient with BE is in the process of progressing to 
cancer through a process of stepwise mutation accu-
mulation, and more importantly that the timing should  
be predictable as mutation rates are relatively stable7 
prior to a ‘punctuated’ or more abruptly discernible 
phenotypic change.

Although the histological model of BE progression 
(Fig. 1) displays what may be considered a stepwise pro-
gression towards EAC, the timing of these steps is highly 
variable between patients who do progress22. The evi-
dence for gradual accumulation of mutations is similarly 
variable between patients over time. One confounder in 
this model, however, is that we can only estimate how 
long a patient has had BE, owing to the unquantifiable 

delay between the onset of BE and its diagnosis, and 
these estimates vary widely69.

Furthermore, most patients with BE will never 
develop cancer20, and their genomic profiles tend to dis-
play a low number of mutations that are stable between 
biopsy samples over time31,63. This observation would 
suggest an alternative evolutionary model: punctuated 
equilibrium. Under this model, pre- malignant clones 
may gradually accumulate mutations over time until a 
single clone acquires the necessary mutations to ena-
ble clonal expansion, resulting in a sudden phenotypic 
change (such as cancer)70. This pattern of progression has 
been described in the tumorigenesis of breast cancer71 
and CpG island methylator phenotype (CIMP)- positive 
CRCs56,72–74. Bursts of mutation from genomic catastro-
phes such as chromothripsis and chromoplexy may 
result in ‘hopeful monster’ clones that can be viewed 
as examples of punctuated equilibrium observed in 
cancer genomes70,75,76. However, it should be noted that  
how cancer evolution fits within the wider context of 
evolutionary theory is still being debated.

These evolutionary patterns can be seen in both 
‘born bad’ BE as well as in those patients who appear 
to progress in a single catastrophic event31. Importantly, 
punctuated equilibria and gradualism are not mutually 
exclusive evolutionary pathways in BE or across the 
histological and molecular models described. Multiple 
clones can coexist over indeterminate periods of time, 
gradually accumulating mutations, until a mutational 
event triggers clonal expansion and a punctuated pheno-
type change. This is consistent with the observation of 
heterogeneity in both BE and EAC5,38, and a pattern  
of genomic alterations consistent with gradual accumu-
lation has been described in BE prior to tumorigenesis. 
Li et al.63 demonstrated this using whole- genome CNA 
patterns at two surveillance times in 248 patients. The 
overall amount of CNAs detected increased between  
the two time points in most of the 79 patients who even-
tually progressed to EAC63. Our work confirmed that 
a subset of patients who develop cancer show distinct 
CNA patterns consistent with a gradual accumulation 
of mutations31,77. This pattern is also supported by TP53 
driver mutations detected in dysplastic tissues, with 
subsequent mutation of SMAD4 in early EAC37,38. These 
mutations are consistent with a gradual accumulation 
of mutations over a long period of time, with an event 
(for example, TP53 losses) driving a clonal expansion to 
tumorigenesis (Fig. 2).

Without costly and technically difficult sequencing 
to characterize a large percentage of the oesophagus  
in patients with BE, the specific clones that display 
early evidence of neoplastic potential, through either 
specific accumulations of mutations or an early cata-
strophic event, would be difficult or impossible to detect. 
Currently, researchers are only able to infer the early 
evolutionary patterns from the histological evidence, in 
the gradual detection of dysplasia in patients followed 
for many years or the sudden transition of patients 
from non- dysplasia to cancer after a period of appar-
ent phenotypic stability, and genomically in the hetero-
geneity and overall high numbers of clones within the 
BE tissue31,34,63. However, given the longitudinal nature 

Chromoplexy
Chains of rearrangements that 
result from the repair of 
double- stranded breakages.
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of clinical surveillance sampling, these inferences will 
become more robust as more genomic and phenotypic 
data are generated over time and space.

Exploiting evolution in the clinic
Detecting the patterns of gradual, catastrophic or 
‘born bad’ BE offers an alternative to the current 
histopathological- based approach78,79 for quantifying 
patient risk in the clinic. As discussed earlier, patients 
with non- dysplastic BE have a very low risk of progress-
ing to EAC, and in fact the majority of patients never 
will21,80. Current surveillance practices require patients 
with BE to undergo endoscopy every 1–3 years, even for 
patients who are not dysplastic who should be at the low-
est risk of progression. Accurately stratifying high- risk 
and low- risk patients would enable clinicians to target 
surveillance and even perform earlier intervention for 
the highest risk patients81,82, and decrease unnecessary 
procedures in the lowest risk patients.

Although the clinical benefits to improved surveil-
lance are currently limited to the minority of patients 
who are diagnosed with BE, understanding the earliest 

molecular drivers of cancer progression may, in turn, 
enable the development of wider population screening 
approaches that utilize less invasive diagnostics (for 
example, Cytosponge83 and liquid biopsy84,85).

Progression biomarkers. Previous studies have focused 
on those mutations and CNAs that were identified 
in both BE and EAC (TABLe 1). In the evolution of the 
cancer, the reasonable assumption is that the common 
genomic changes between the precursor lesion and 
the tumour must be drivers of cancer development. 
However, many of the mutations and CNAs identified 
in EAC and subsequently characterized in BE are found 
throughout the histological spectrum of BE to EAC, but 
are not specific to patients who develop EAC. For exam-
ple, Weaver et al. showed that one half of NDBE samples 
from patients who never progressed to EAC displayed 
mutations in a panel of 26 EAC driver genes (21/40 
NDBE samples) including mutations to canonical can-
cer drivers such as ARID1A, CDKN2A and SMARCA4 
(reF.37). This makes these mutations poor biomarkers 
for early stratification despite being relatively common  
EAC mutations. Similarly, despite being identified in EAC  
and tumour- adjacent BE samples by Ross- Innes et al., 
SMAD4 was found to be exclusively mutated in only a 
small proportion of patients with EAC when compared 
with patients with BE who had not yet progressed to 
cancer5,37. TP53 mutation and 17p LOH45,66 have pro-
vided the most specific biomarker for progression to  
date. TP53 expression characterized using immuno-
histochemistry has been consistently correlated to HGD86 
and progression to EAC66,87; however, as a biomarker for 
early risk stratification it has poor sensitivity in NDBE 
(identifying 11–46% of NDBE progressors31,88) or even 
LGD (identifying 25–67% in LGD progressors31,88,89).

CNAs are also a common feature of both EAC and 
BE, and have been shown to increase over time in 
patients who progress from NDBE to HGD or cancer31,63. 
Related to general CNAs, higher rates of aneuploidy 
measured through flow cytometry have been associated 
with an increased risk of developing EAC45,67,90,91. The 
number of clones identified in a patient also provides 
some estimate of the risk of progression, as patients with 
higher numbers of clones are more likely to progress to 
cancer34. Both of these observations are consistent with 
evolutionary models of either gradual accumulation or 
single catastrophic events and have recently led to the 
development of models for predicting progression.

The best accuracy to date has been derived from 
using whole- genome sequencing methods to gen-
erate CNA profiles and build patient risk prediction 
models on longitudinal samples. Li et al. at the Fred 
Hutchison Cancer Research Center in Seattle first 
demonstrated this using whole- genome CNA profiles 
from single- nucleotide polymorphism arrays to char-
acterize the Seattle Barrett’s Esophagus Study cohort of 
268 patients. They identified 29 copy number features 
that could stratify patients who progress from those who 
do not and reported an AUC roC of 0.84–0.94 (reFs63,92). 
Their analyses also demonstrated that general CNA rates 
in BE increased significantly over time in patients who 
progress.

BE onset CancerGradual accumulation

‘Born bad’

Catastrophic

Gradualism

Punctuated
equilibria

BE histology Progression risk

Non-
dysplastic LGD HGD

or EAC
Mutations

Low
Moderate
High

Fig. 2 | Histological and molecular BE progression. Three patterns of Barrett’s oeso-
phagus (BE) progression based on molecular and histopathological profiling have  
been observed and can be explained with the evolutionary models of gradualism and 
punctuated equilibria. In the ‘gradual accumulation’ model, BE clones acquire mutations 
over time in non- dysplastic tissues and later in tissues with low- grade dysplasia (LGD) 
before progressing to high- grade dysplasia (HGD) and early cancer; patient risk may 
depend on when they acquire specific mutations. The ‘born bad’ model proposes that  
BE was primed to progress to cancer even in non- dysplastic tissues and patients are at  
a high risk of progression even at that earliest point, whereas ‘catastrophic’ progression 
occurs in patients who display stable low- risk profiles over time. In this model, a catastro-
phic event suddenly alters the histology. Both evolutionary models (that is, gradualism 
and punctuated equilibria) can help to explain the patterns observed. A phenotypic 
change from molecularly stable non- dysplastic tissues to HGD or cancer is triggered in 
each case following clonal expansion. Histology is represented by the shape of the cell 
and overall risk of progressing by the colour. Representations of mutations indicating 
clonal relationships are shown as stars inside the cells. EAC, oesophageal adenocarcinoma.

Cytosponge
A non- endoscopic device for 
sampling cells within the 
oesophagus consisting of a pill 
with a sponge on a string that 
can be swallowed by the 
patient.

AUC ROC
(Area under the receiver 
operating characteristic curve). 
A performance metric for 
classification at various 
thresholds by plotting the  
true positive rate against  
the false positive rate.

www.nature.com/nrc

R e v i e w s

736 | November 2021 | volume 21 



0123456789();: 

Recent work by Douville et al.93 used oesophageal 
brushings and a sequencing method called RealSeqS to 
characterize a set of genome- wide primers for CNAs. 
Using a combination of sample aneuploidy and specific 
chromosome arm- level CNAs (1q gain, 9p loss, 12p gain, 
17p loss and 20q gain), they trained an algorithm to clas-
sify patient samples (n = 79) by histopathology status (for 
example, NDBE or HGD or EAC). This method showed 
quite high sensitivity for classifying EAC and HGD (96% 
and 68% in the validation), and suggested equally high 
specificity in the samples that did not progress93. None 
of the samples was analysed at the initial diagnostic 
endoscopy for future risk of progression; instead, this 
method assessed the likelihood of dysplasia or cancer in 
the given sample.

Our retrospective longitudinal cohort from the 
United Kingdom analysed 777 biopsy samples from 
88 patients with follow- up of up to 15 years, resulting in 
the largest longitudinal cohort to date aimed at stratify-
ing patients as early as possible31. To characterize CNAs 
in the biopsy samples we used shallow whole- genome 
sequencing (average depth 0.4×) as an affordable 
method to characterize the CNA profiles of each sample 
and an elastic-net regression model to identify the genomic 
regions that were predictive of progression to HGD or 
cancer. This algorithm resulted in a single- sample risk 
prediction, independent of histopathology grades, with 
an AUC ROC of 0.89 with high sensitivity (0.82) and 
specificity (0.83). It also enabled us to classify samples as 
‘low’, ‘moderate’ or ‘high’ risk and demonstrate that the 
‘high’- risk samples were consistent in patients who pro-
gressed more than 8 years before a HGD or EAC diag-
nosis. Critically, our data also provided further evidence 
for the described evolutionary patterns of progression 
(which we class as ‘born bad’, gradual accumulation and 
catastrophic).

To date, none of these methods has been developed 
into a tool to assist clinical decision- making. Each has 
provided the necessary retrospective evidence that 

molecular characterization of CNAs can offer accurate 
risk stratification of patients who are likely to develop 
HGD or cancer. Prospective analysis of patients in sur-
veillance with BE will be necessary to demonstrate the 
utility and accuracy of CNA biomarkers as well as fur-
ther analysis on the inclusion of known demographic 
risk factors. A better understanding of biomarkers in BE 
and EAC can help to improve our ability to determine 
who is really at risk94.

Clinical risk prediction for EAC. Early detection for 
cancer has the potential to reduce cancer mortality, pro-
viding the primary motivation for patient screening and 
surveillance. Key to the aim of early detection is iden-
tifying the population most at risk of developing dis-
ease. In EAC this has meant endoscopic surveillance of 
patients with BE to identify dysplasia on biopsy samples 
as the only currently known method for early detection. 
However, as our understanding of the significance of 
somatic mutations in cancer has increased by large- scale 
genome sequencing efforts through TCGA and ICGC 
pan- cancer analyses6, identifying molecular risk factors 
offers new opportunities to improve early detection.

Current clinical practice for EAC risk prediction 
in patients with BE relies almost entirely on the his-
topathological diagnosis of dysplasia78,79. A few large 
cohort studies have concluded that there are increased 
risks for patients who are male, have ever smoked, have 
long- segment Be or are older than 60 years80,95,96. However, 
these are the same risk factors that have been found 
to indicate that a patient will develop BE, along with 
chronic acid reflux97,98.

In the largest of these cohort studies from Northern 
Ireland, 8,522 patients with follow- up of up to 16 years 
were analysed for risk of progression. Men were at a 
greater risk of progression (0.28% per year) than women 
(0.13% per year) with an adjusted hazard ratio of 2.11 
(95% CI = 1.41–3.16, P < 0.001), as were patients diag-
nosed above age 60 years (0.33% per year) versus patients  

Elastic- net regression model
A regularized regression 
method that combines the 
penalties of LAsso and  
ridge methods.

Long- segment BE
Barrett’s oesophagus (Be) 
replaces normal squamous 
epithelium along measurable 
lengths of the oesophagus from 
<1 cm to ≥3 cm extending  
from the junction of the 
stomach and the oesophagus.

Table 1 | Clinical risk prediction methods

Method Sample Usage Refs

Clinical and demographic

Histopathology (LGD/HGD) FFPE biopsy Standard practice, H&E slides on 
standard surveillance biopsy

78,79

Age, gender, smoking, dysplasia FFPE biopsy Points- based system 80,95,96,102

Demographic risk factors, dysplasia FFPE biopsy Web application 103

Progression biomarkers

Clonal diversity, DNA FISH probes Endoscopic brushings Complex, laboratory based 30

Clonal diversity, FISH, flow cytometry Purified fresh- frozen biopsy Complex, laboratory based 34

Aneuploidy, flow cytometry Fresh- frozen biopsy Complex, laboratory based 67,90

CNAs Purified fresh- frozen biopsy Moderate, laboratory based 63,92

CNAs FFPE biopsy Moderate, laboratory based 31

Aneuploidy, arm- level CNAs Endoscopic brushings Moderate, laboratory based 93

p53 immunohistochemistry or mutation FFPE biopsy Simple, laboratory based 45,104

Methylation, age Fresh- frozen biopsy Complex, laboratory based 105,106

CNA, copy number alteration; FFPE, formalin- fixed paraffin- embedded; FISH, fluorescence in situ hybridization; HGD, high- grade 
dysplasia; H&E, haematoxylin and eosin; LGD, low- grade dysplasia.
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aged under 50 years (0.12% per year) with an overall  
hazard ratio for age of 1.02 (95% CI = 1.01–1.03, 
P < 0.05)80. In a prospective cohort study of 411 patients 
from the Seattle Barrett’s Esophagus Study, age was also 
found to be a significant risk for progression (HR = 1.03, 
95% CI 1.00–1.06, P = 0.02), as was tobacco smoking, 
with patients who ever reported smoking at higher 
risk than never smokers (adjusted HR = 1.57, 95% CI  
0.78–3.14), whereas alcohol and BMI had no effect on 
risk of progressing to EAC96.

Both the Northern Ireland and Seattle studies iden-
tified dysplasia, either at the index biopsy or at any sub-
sequent biopsy, as increasing the risk of progression. 
Patients were therefore excluded from some analyses if 
an index biopsy sample already showed evidence of LGD 
or HGD. In an effort to develop a clinically useful risk 
scoring system, another study, across five centres in the 
United States and one centre in the Netherlands, analysed 
2,697 patients with BE who were under surveillance. 
They evaluated the influence of gender, BMI, segment 

a  IC-RISC (Interactive and Contextual RISk Calculator)

b  BE genomic progression risk mock-up
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length, age, tobacco smoking, presence of hiatal hernia 
and baseline LGD diagnosis on risk of progression to 
EAC. Again, they identified the significant predictors of 
progression to be male gender, age, smoking, BE seg-
ment length and baseline LGD. Based on this analysis 
each of these features was assigned a points value to 
provide three risk classes: ‘low’ (≤10 points), ‘moderate’  
(11–20 points) and ‘high’ (>20 points)95. Ultimately, how-
ever, risk stratification using clinical and demographic 
factors has not provided any additional information 
that alters how patients are stratified in clinical practice. 
In clinical practice, this means a diagnosis of dysplasia  
(LGD or HGD) and all men with long- segment BE 
(≥3 cm78,79,99) will be considered ‘high’ risk (TABLe 1).

A good clinical decision support tool for BE will ide-
ally need to balance the clinical factors that are impor-
tant to a patient’s risk, such as their age, gender and 
history of smoking, alongside the molecular evidence 
of the evolutionary history and CNA patterns (Fig. 3). It 
also needs to consider the clinical applicability in terms 
of ease of use in routine practice.

One of the best recent examples of a clinical decision 
support tool that incorporates somatic genetic muta-
tions, clinical information and treatment information 
was developed in a cohort of 1,540 patients with acute 
myeloid leukaemia. The analysis used 231 different var-
iables including fusion genes, CNAs, point mutations 
and clinical information (for example, age, gender and 
treatments) to provide personalized risk predictions for 
therapeutic decisions100. Although not yet appropriate 
for clinical use, the tool demonstrates the utility of utiliz-
ing somatic genomic information alongside known clin-
ical risk and can be a template for a BE risk tool (acute 
myeloid leukaemia multistage predictions)101.

Whereas improving risk stratification in BE surveil-
lance would impact only the relatively few patients who 
will develop EAC currently, identifying molecular bio-
markers that accurately separate high- risk and low- risk 
patients will enable the development of less invasive, 

targeted surveillance strategies. It is currently unclear 
how the clinical and molecular information may influ-
ence the overall risk jointly, but with the example of 
algorithms such as the acute myeloid leukaemia multi-
stage prediction tool101, and the availability of clinical, 
longitudinal and genomic information for large patient 
cohorts, providing a simple to use tool for accurate risk 
stratification in BE is now within reach.

Conclusion and perspectives
The high mutation rate, early structural instability and 
clonal diversity offer evidence of an early and ongoing 
evolutionary process in BE. Longitudinal genomic data 
sets suggest that this process can result in three different 
patterns over time: a gradual accumulation of mutations 
that increase the risk of cancer each year; a tissue that is 
primed, or ‘born bad’, for tumorigenesis at its origin; or a 
sudden, catastrophic event that drives a previously stable 
lesion to cancer. This raises numerous questions about 
what the earliest drivers of genomic instability may be, 
especially in the cases where TP53 is not mutated or 
lost, and whether these early events may even help to 
understand prognostic differences in more advanced 
EAC. Further work is also needed to explain the varia-
ble timescales in the progression from BE to EAC, and  
how this progression might help to understand early 
tumorigenesis across other cancer types.

It will also be important to continue investigating the 
origin of BE itself, whether this is related to submucosal 
glands in the oesophagus or arising from gastric tissues, 
as well as to better understand how the early inflam-
matory microenvironment may drive early BE and/or 
EAC evolution. This work is still in its infancy with a 
plethora of new tools now available to shed light on this 
topic. Finally, although there are still many other ques-
tions regarding the molecular evolution of BE, one of 
the critical questions for understanding EAC in patients 
will be to explain why one half of all patients with EAC 
display no histopathological evidence of BE when they 
present de novo and whether or how this may relate to 
the progression patterns described.

Ultimately, the long evolutionary history and repeated 
patient surveillance can be used to help improve person-
alized risk prediction in the management of patients with 
BE. By understanding the evolutionary dynamics across 
a BE segment through a global view of the genomic 
structural instability and the resulting clonal cell popu-
lations, we can also begin to improve our understanding 
of EAC with the aim to detect cancers earlier.

Published online 20 September 2021

Hiatal hernia
The upper part of the stomach 
bulges through the opening of 
the diaphragm (hiatus) into the 
oesophagus.

Fig. 3 | Interactive risk prediction. a | Screenshot of the Interactive and Contextual  
RISk Calculator (IC-RISC) interactive application to estimate an individual’s risk of 
developing oesophageal adenocarcinoma (EAC) using known clinical risk factors  
(for example, gender, ethnicity and age), Barrett’s oesophagus (BE) histopathology (for 
example, non-dysplastic Barrett’s oesophagus (NDBE), low- grade dysplasia (LGD) and 
high- grade dysplasia (HGD)) and known chemoprevention factors presented by Vaughan 
et al.103. b | Mock- up for an interactive support tool incorporating copy number alteration 
(CNA) risks presented by Killcoyne et al.31 utilizing the BE progression risk tool provided 
therein (GitHub - gerstung-lab/BarrettsProgressionRisk) alongside known clinical risks 
presented by IC- RISC and BE histopathology. Part a is reprinted from reF.103, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/).
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