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Abstract

Background & Aims—Barrett’s esophagus (BE) is the greatest risk factor for esophageal 

adenocarcinoma, but only a small proportion of patients with BE develop cancer. Biomarkers 
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might be able to identify patients at highest risk of progression. We investigated genomic 

differences in surveillance biopsies collected from patients whose BE subsequently progressed 

compared to patients whose disease did not progress.

Methods—We performed a retrospective case–control study of 24 patients with BE that 

progressed to high-grade dysplasia (HGD, n=14) or esophageal adenocarcinoma (EAC, n=10). 

The control group (n=73, called non-progressors) comprised patients with BE and least 5 years of 

total endoscopic biopsy surveillance without progression to HGD or EAC. From each patient, we 

selected a single tissue sample obtained more than 1 year before progression (cases) or more than 

2 years before the end of follow up (controls). Pathogenic mutations, gene copy numbers, and 

ploidy were compared between samples from progressors and non-progressors.

Results—TP53 mutations were detected in 46% of samples from progressors and 5% of non-

progressors. In this case–control sample set, TP53 mutations in BE tissues increased the adjusted 

risk of progression 13.8-fold (95% CI, 3.2–61.0) (P<.001). We did not observe significant 

differences in ploidy or copy number profile between groups. We identified 147 pathogenic 

mutations in 57 distinct genes—the average number of pathogenic mutations was higher in 

samples from progressors (2.5) than non-progressors (1.2) (P<.001). TP53 and other somatic 

mutations were recurrently detected in samples with limited copy number changes (aneuploidy).

Conclusions—In genomic analyses of BE tissues from patients with or without later progression 

to HGD or EAC, we found significantly higher numbers of TP53 mutations in BE from patients 

with subsequent progression. These mutations were frequently detected before the onset of 

dysplasia or substantial changes in copy number.
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INTRODUCTION

Esophageal adenocarcinoma (EAC) is a devastating disease with an average five-year 

survival of only 15%.1 Moreover, rates of EAC in the U.S. population have increased >450% 

in recent decades.2 EAC is believed to arise from Barrett’s esophagus (BE), intestinal 

metaplasia of the lower esophagus that forms in response to reflux injury. The prevalence of 

BE at the gastroesophageal junction has been estimated to be around 1.6 to 11% of adults, 

putting millions at heightened risk of EAC.3,4 However, the annual incidence of progression 

among patients with BE remains low, estimated at ≤0.33% in a recent meta-analysis.5 This 

disparity between the large number of patients with BE and the modest risk of progression to 

advanced disease poses challenges to screening and surveillance paradigms. Guidelines 

recommend those with non-dysplastic BE (NDBE) undergo surveillance endoscopy and 

biopsies every three to five years.6 Standard screening is reliant upon identification of 

histologic dysplasia, leading to selection of patients for more intense screening, ablation or 

even surgical esophagectomy. One limitation of this approach is substantial inter-observer 

variability between pathologists in histological grading of BE, especially to diagnose low-

grade dysplasia (LGD).7,8 Current strategies also require a large population to undergo 

frequent, invasive and costly endoscopic procedures. Given all of these challenges, there is a 
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clear need for improved understanding of the biology of disease progression and 

development of predictive markers that can identify which among the large population of 

patients with BE are at elevated risk of progression.

Previous studies have detected chromosomal alterations and aneuploidy9,10 or methylation 

of key tumor suppressor genes11 in BE samples obtained before the development of high-

grade dysplasia (HGD) or EAC, suggesting that acquisition of aneuploidy or methylation to 

be a potential biomarkers for risk stratification. In addition, there have been previous 

comparisons of the genomic features of NDBE to dysplasia and cancer.12–15 Many of these 

studies, however, did not examine the progression history of their BE patients or even 

excluded NDBE patients who later progressed12,13,16,17, making it impossible to distinguish 

early high-risk genomic features that may be key drivers and early biomarkers of 

progression.

The tumor suppressor p53 has been identified as a risk factor for progression in BE, most 

commonly when aberrant p53 expression is detected via immunohistochemistry (IHC).18–21 

p53 testing has often been evaluated as a marker to assist with the pathologic diagnosis of 

HGD. While several of these studies have suggested promising results, p53 IHC is not 

recommended for routine use in the evaluation of BE biopsies owing in part to limited 

prospective data, the lack of clear guidelines for the interpretation of p53 staining, and lack 

of guidelines for integrating the results with dysplasia grading.6,22 There have also been a 

multitude of studies looking at TP53 mutations in BE and EAC.10,17,23–26 However, most of 

these studies either looked at BE adjacent to an already formed EAC or BE biopsies without 

clinical follow-up. Although results have not always been consistent, most studies have 

suggested TP53 mutations are absent or rare in NDBE.16,17,23,24 For example, Weaver et al 

performed targeted next-generation sequencing on a collection of NDBE samples from 

patients with stable, non-progressive disease and found TP53 mutations in only 2.5%.16 No 

studies have looked at potential differences in specific mutations of TP53 found in BE 

patients or the broader genomic context (other genomic alterations) in which the TP53 
mutations arose. Compared to many previously used techniques to study genomics of BE, 

modern next-generation sequencing technologies now have the ability to detect somatic 

mutations at lower allelic fraction than previously feasible and to jointly assess mutations 

and somatic copy-number aberrations. These technologies allow a more thorough and 

accurate analysis of BE tissues, especially when using small clinical FFPE biopsies that may 

have a limited amount of BE epithelium present.

Here we report a case–control study evaluating genomic alterations that are associated with 

subsequent progression to HGD or EAC. We utilize routine clinical samples obtained at least 

one year prior to progression in cases and controls that are matched on clinical risk factors 

(BE segment length and pre-progression dysplasia history). We identified several genomic 

alterations in BE samples that are enriched in patients who later progress to HGD or EAC. 

In addition, by performing paired analysis of mutations and copy-number alterations in these 

preneoplastic samples, we demonstrated that these mutations commonly occur in the 

absence of substantial aneuploidy. Together, these lead to revisions of the current models of 

progression of BE to EAC and underscore the ultimate potential for genomic testing to 

facilitate risk stratification of patients with non-dysplastic BE.
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METHODS

Patient and Sample Selection

After IRB approval, patients for our study set were identified from a retrospective cohort 

with endoscopic biopsies for surveillance of BE performed at one of 4 endoscopy centers 

within the University of Pittsburgh Medical Center (UPMC) system. All patients had 

histologically confirmed intestinal metaplasia. For detailed patient and sample selection 

process and comparison to reference populations, please see the Supplementary Methods, 

Supplementary Table 1 and 2.

A formalin-fixed, paraffin-embedded (FFPE) block was chosen that represented the highest 

grade of neoplasia (NDBE, IFD, or LGD) originally diagnosed up to that point in 

surveillance for 83/97 patients. In the remaining 14 patients, a secondary block had to be 

chosen due to lack of availability of the initially selected block (sample selection is detailed 

in Supplementary Table 2 and Supplementary Figure 1 and 2).

For our validation cohort who were subjected to p53 IHC validation, a collection of NDBE 

biopsies from 16 patients (29 samples) with no history of dysplasia but subsequently 

progressed to HGD or EAC and 28 consecutive NDBE patients (44 samples) with no known 

subsequent dysplasia were collected from the archives of Miraca Life Sciences.

Histopathologic Review

In our study set, ten to 15 serial 5 micron sections were cut from each paraffin block. One 

was stained with hematoxylin and eosin and jointly reviewed by three gastrointestinal 

pathologists (RO, JH, and AA) with expertise in BE using a multi-headed microscope to 

provide a histologic diagnosis for each sample. In the 3 cases where there was disagreement 

between the three pathologists, the majority (two out of three) diagnosis was taken 

(Supplementary Table 2). Pathologists were blinded to original diagnosis, progression status, 

and sequencing results.

Clinical Data

Patient’s age, sex, BE segment length, surveillance biopsy and resection diagnoses, history 

of ablative and surgical treatment and clinical follow-up after the diagnosis of EAC was 

recorded. After selection, individual patients were given a unique study number and patient 

demographics were blinded to all investigators with JD holding the key. For this study, the 

follow up interval was calculated from the date of the endoscopic procedure on which the 

sample was originally obtained to the date of first diagnosis of HGD or EAC (progressors) 

or date of last surveillance biopsy or first ablation procedure (non-progressors).

P53 Immunohistochemistry

On samples with available tissue sections, one was prepared for p53 immunohistochemistry. 

A single pathologist (JD (study set) and MR (validation set)) reviewed all p53 immunostains 

in conjunction with a hematoxylin and eosin stained slide blinded to mutation and outcome 

data. Aberrant expression was defined as strong nuclear overexpression or complete lack of 
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expression in at least 1 glandular complex (pit or crypt and associated glands) with or 

without surface expression (Supplementary Methods).

Statistical Analysis

Differences in categorical variables were analyzed with Fisher’s exact test (two-tailed P 

value) while differences in continuous variables were evaluated with the Mann-Whitney U 

Test. P<0.05 was considered significant. Statistical analysis was performed with IBM SPSS 

(version 22).

Sequencing

For full sequencing and analysis details, see supplemental methods. After DNA isolation and 

fragmentation, libraries were constructed and underwent hybrid capture for the target genes 

(Supplementary Table 3) and sequencing. Mutations, copy number variants, ploidy, and 

genomic doubling was determined in each sample. To identify any possible TP53 mutations 

missed by MuTect, sequence reads (blinded to outcome status) were manually reviewed 

around the region of TP53. To remove known germline polymorphisms and likely passenger 

events, all called variants were filtered to retain only likely pathogenic events (see 

Supplementary Methods). A similar approach has been successfully used in a clinical setting 

when testing tumor samples for somatic alterations.27,28

Data Availability

All sequencing results analyzed during this study are included in this published article. As 

all samples were only sequenced on a small targeted platform without normal control, 

mutation calls from MuTect and GATK are listed in Supplementary Table 4.

RESULTS

Patient selection

For our study set, we collected archival samples from 24 patients who were under routine 

BE surveillance and later progressed to HGD (n=14) or EAC (n=10) more than 1 year after 

their index BE diagnosis. The included cases were representative of the population of 

incident progressors as demonstrated by their similarity to progressors not used in the study 

with respect to age, sex, BE segment length and history of IFD and LGD (Supplementary 

Table 1).

We collected samples from a 73-patient control group with > 2 years follow-up after the 

tested sample, and at least 5 years of total endoscopic biopsy surveillance without 

progression to HGD or EAC. Because IFD and LGD is prevalent among progressors, we 

selected controls matched with cases on history dysplasia based upon the original clinical 

diagnosis. Consequently, selected controls were more likely to have a diagnosis of IFD or 

LGD, more likely to have long segment BE and more often male than a typical unselected 

reference population of BE patients with at least 5 years of total endoscopic surveillance and 

no evidence of progression (Supplementary Table 1).
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Clinical and histological characteristics

Selected cases and controls were similar with respect to clinical diagnosis of IFD or LGD 

during surveillance, BE segment length and sex, but cases were almost 6 years older (67.5 

vs. 61.6 years) on average than controls (Table 1). As expected, in the non-progressor 

control group there was a significantly longer mean duration of follow-up (6.7 vs. 3.3 years, 

P<0.001) and greater mean number of follow-up endoscopies (5 vs 3, P<0.001).

We selected a single archival paraffin block for each patient, representing the highest grade 

of dysplasia (NDBE, IFD, or LGD) originally diagnosed at that pre-progression time point 

(see Methods, Supplementary Table 2 and Supplementary Figure 1). We subjected all 

samples to blinded expert review by three gastrointestinal pathologists to obtain a consensus 

or (2/3) majority diagnosis for each tissue sample. Consistent with other studies where cases 

of IFD/LGD are subjected to pathologic review, our review panel downgraded the 

histopathologic diagnosis of the majority of samples with initial diagnosis of IFD/LGD, both 

among the progressing and non-progressing patients.8,29 Of the 97 samples, all 42 originally 

diagnosed as NDBE were confirmed on review. Of the 55 samples originally diagnosed as 

IFD or LGD, 45 were downgraded to NDBE and 10 were confirmed as IFD/LGD 

(Supplementary Table 2 and Supplementary Figure 2). In sum, 87.5% of progressor samples 

and 90.4% of control samples were assessed by consensus review to be NDBE and there was 

no difference in the proportion of samples with consensus IFD or LGD (P=1.000; Fig. 1a 

and Table 1). The estimated mean fraction of BE cells in the tissue samples was identical 

between progressors (39.8%) and non-progressors (39.9%).

Sequencing

We performed NGS of 243 genes commonly altered in EAC (Supplementary Table 3, 

Supplementary Figure 3) and additional loci throughout the genome to facilitate copy-

number analysis. Average mean targeted coverage for this cohort was ~160x. All samples 

used for analysis contained at least 30x coverage over at least 80% of the targeted genome. 

The number of identified mutations did not correlate with the percentage of BE cells in the 

non-progressing samples (Spearman R=0.20). Additionally, pathogenic mutations were 

identified in samples with the lowest percentage of BE cells, as gauged by pathology review 

and computational analysis, confirming the ability to perform genomic analysis in clinical 

BE biopsies.

Ploidy and copy number alterations

As others have reported that major changes in ploidy and chromosomal copy-number can be 

identified in Barrett’s tissue within 24–48 months before the development of EAC 10,14, we 

first evaluated somatic copy number alterations using the ABSOLUTE computational 

algorithm.30 We found no significant difference in the average ploidy of progressors vs. non-

progressors (Fig. 1b, Supplementary Table 5). Whole chromosome or arm level copy 

number changes were found in 16 (67%) progressors and 42 (58%) of non-progressors 

(P=0.48) (Fig. 1c, Supplementary Figure 4, Supplementary Table 5, 6). We identified four 

samples with evidence of genome doubling (two non-progressors and two progressors), 

Supplementary Table 5. Excepting these samples, the number of arm or chromosomal copy 

number events (mean 2.2 for progressors and 2.4 for non-progressors, P=0.81) and total 

Stachler et al. Page 6

Gastroenterology. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



copy number events (mean 5.3 for progressors and 5.7 for non-progressors, P=0.77) in each 

sample was low. Focal homozygous deletions in tumor suppressor genes were limited to the 

CDKN2A/CDKN2B locus, present in 14 (19%) non-progressors and 2 (8%) progressors. We 

identified no evidence of focal amplifications in EAC oncogenes. Overall, the ploidy and 

copy number profile of our samples showed no discernable differences between progressors 

and non-progressors, suggesting these mainly NDBE samples from progressors were taken 

before the development of large-scale copy number alterations shown to occur shortly before 

progression to EAC.14

Pathogenic mutation burden

We next asked if there was a difference in the relative burden of pathogenic mutations in 

histologically identical samples from progressors and non-progressors. As matched germline 

samples were not available, we filtered the data to enrich for likely pathogenic alterations by 

removing common germline variants and mutations not identified in other cancer sequencing 

studies (see supplementary methods). Following filtering, we identified 147 pathogenic 

mutations across 57 distinct genes with the average burden of pathogenic mutations higher 

in progressors than in non-progressors (2.5 vs. 1.2, P<0.001; Fig. 1d, Supplementary Table 

7).

Differentially altered genes

We next asked if individual genes were differentially altered in the progressors and non-

progressors (Fig. 2a, b, Supplementary Table 7). Both populations harbored high rates of 

CDKN2A alterations and ARID1A mutations. Three of four progressors with ARID1A 
mutations had two mutations, suggesting biallelic inactivation, while none of the controls 

with ARID1A mutations had more than one alteration identified. We also identified several 

cancer-associated genes with higher somatic mutation rates in progressing patients. Most 

strikingly, we identified TP53 mutations in 11 of 24 progressors (46%) but only 4 (5%) in 

the non-progressors (P<0.0001), adjusted OR 13.8 (95% CI 3.2–60.5). Of the 15 samples 

with TP53 mutations, the expert histologic diagnosis was NDBE in 12 (80%), IFD in 1 

(7%), and LGD in 2 (13%). There was no significant association between dysplasia grade 

(NDBE, IFD, LGD) and TP53 mutation status (Supplementary Table 8).

As histologic state was downgraded for many samples, we also evaluated TP53 mutation 

status using the original diagnosis (Supplementary Table 2). In the 13 progressors whose 

original diagnosis was NDBE, 6 (46%) contained a TP53 mutation compared to 1 of 29 

(3.4%) of the non-progressors originally diagnosed as NDBE (Fisher exact, 2 tail P=0.0019). 

There was also a significant difference in the samples originally diagnosed as LGD, 67% vs. 

7% (P=0.014) and a trend for IFD samples (20% vs. 7%) for progressors and non-

progressors, respectively. Additionally, in a few cases, the highest-grade block (LGD or IFD) 

was unavailable (see methods). We therefore evaluated the rates of TP53 mutation based 

upon the patient’s highest-grade diagnosis up to the time the tested sample was taken, 

regardless of the sample analyzed (progressors by definition had a HGD or EAC diagnosis at 

a later time point). Among patients diagnosed exclusively with NDBE during clinical 

pathology evaluation, 5 of 10 (50%) progressors but only 1 of 21 (4.8%) non-progressors 

possessed TP53 mutations, P= 0.008. Among those patients with a diagnosis of IFD, TP53 
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mutations were found in 2 of 6 (33.3%) of progressors and 2 of 31 (6.5%) of non-

progressors; P=0.115. Among patients with a diagnosis of LGD, TP53 mutations were found 

in 4 of 8 (50%) progressors and 1 of 21 (4.8%) non-progressors; p =0.0123.

Further inspection indicated that TP53 amino acid changes induced by mutations in 

progressors may be more pathogenic than those in the non-progressors. Four of 11 

progressors possessed truncating TP53 mutations and 2 of 11 progressors either had a 

second TP53 mutation or loss of heterozygosity (LOH), while none of the controls had TP53 
LOH or truncating events. In addition, we compared the TP53 mutations found in our cohort 

to those detected across exome sequencing of 705 gastroesophageal adenocarcinomas 

(GEA). Only one of the four mutations in the non-progressors was previously reported in 

gastroesophageal adenocarcinoma. In contrast 10 of 11 progressors with a TP53 mutation 

had mutations previously reported. Among the progressing patients we identified two 

R175H and three R273C mutations, both highly recurrent across human cancer (Fig. 2c).

Beyond TP53, several known GEA tumor suppressors and oncogenes (ARID1B, APC, 

ERBB2, RB1, RUNX1, LARP4B, and BIRC5) had more frequent mutations in progressors 

(Fig 2b, Supplementary Table 7). Among these, ARID1B, APC, and ERBB2 were 

significantly enriched in the progressors (P<0.05). In addition, when we compared the pre-

progression samples (cases) from those who progressed to a HGD endpoint and those who 

progressed to a cancer endpoint, there was no difference in ploidy, number of chromosomal 

changes, percent of samples with TP53 mutations, or number of pathogenic mutations 

(Supplementary Table 9).

Analysis of subsequent progression samples

In 6 patients who progressed to EAC or HDG, the subsequent progression lesion was also 

available for sequencing. In 5 of these patients, the pre-progression sample contained 

pathogenic mutations. Overall, 11/20 mutations found in the pre-progression sample were 

also identified in the progression lesion (Supplementary Table 10). Two of the 5 patients had 

a single TP53 mutation in the pre-progression BE sample, with both mutations also found at 

progression. One pre-progression BE sample, patient #20 with LGD, had two TP53 
mutations, p.G117Ifs*8 and R175H. The progression sample had the p.G117Ifs*8 mutation 

but not the R175H, suggesting that sampled area of LGD had additional genomic evolution 

following the branching off of the region of BE that led directly to subsequent progression. 

More broadly, our finding that the same TP53 mutations in pre-progression samples were 

also found at progression indicates that these mutations were not merely a sign of a field of 

tissue at higher risk of somatic mutations. Instead, these mutations directly mark the 

precursor lesions to more advanced disease.

p53 immunohistochemistry

We also evaluated p53 IHC on 57 sequenced samples from our study set with sufficient 

tissue for evaluation. Five of 7 (71.4%) TP53 mutant samples compared to 3 of 50 (6%) 

samples without a detectable TP53 mutation had abnormal p53 overexpression by IHC 

(Supplementary Fig. 5), indicating a strong but imperfect correlation between the two assays 

(P<0.001). Similar to TP53 sequencing, abnormal p53 IHC was enriched in the progressor 
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group, detected in 4 of 9 (44.4%) evaluable progressors compared to 4 of 47 (8.5%) 

evaluable non-progressors. In patients with results from both assays, 5 of 9 (56%) evaluable 

progressors had either TP53 mutation or abnormal p53 expression (n=3, mutation+ IHC+; 

n=1, mutation+ IHC−; n=1, mutation− IHC+), compared to 5 of 47 (10.6%) evaluable non-

progressors (n=2, mutation+ IHC+; n=1, mutation+ IHC−; n=2, mutation− IHC+).

p53 immunohistochemistry of an independent cohort

To evaluate our findings in an independent validation cohort, we collected another set of 

NDBE biopsies in patients with no history of dysplasia but subsequent progression to cancer 

or high-grade dysplasia (29 blocks from 16 patients) and 28 consecutive NDBE patients (44 

total blocks) with no subsequent dysplasia as controls. As many of these samples’ tissue 

blocks were older and had limited amount of tissue sections, we could not obtain sufficient 

quality DNA for genomic sequencing and instead focused on evaluating p53 status via IHC. 

In the progressors, 11/16 (69%) patients had an abnormal p53 IHC pattern. When we 

evaluated all NDBE biopsies from these 16 patients, 14/29 (48%) had an abnormal p53 IHC 

result. In the controls samples, by contrast, only 2/28 (7.1%) patients and 3/44(6.8%) 

biopsies had a mutant IHC pattern (Supplementary Table 11). This discrepancy (P<0.0001 

(patients) and P=0.0001 (total biopsies)) in p53 aberrations is consistent with our genomic 

results, validating that TP53 abnormalities in NDBE can mark patients who subsequently 

progress.

DISCUSSION

Our finding of highly recurrent, pathogenic TP53 mutations in predominantly non-dysplastic 

surveillance biopsies taken up to 9 years prior to a diagnosis of HGD or EAC challenges the 

prevailing models of BE progression in which these mutations are thought to occur 

contemporaneously with high-grade dysplasia or cancer. These results likely differ from 

those in the past as studies that failed to identify recurrent TP53 mutations in NDBE either 

did not selectively evaluate patients with subsequent progression or used older, less sensitive 

genomic assays.16

There are however, previous reports that support our findings of TP53 mutations in BE from 

progressors yet being rare in similar tissue from non-progressors. Several studies that 

performed multi-region sequencing noted TP53 mutations in NDBE adjacent to invasive 

EAC in surgical resection specimens26,31,32 and in biopsies adjacent to HGD or EAC.33,34 

Del Portillo et al, utilized a targeted sequencing panel without paired normal, similar to our 

technique, to identify mutations in NDBE from biopsies or endoscopic mucosal resections in 

eight patients with concurrent HGD/EAC or in 13 patients with no history of progression. 

They found TP53 mutations in 5 of 8 (63%) NDBE samples with concurrent HGD or EAC 

but none in the non-progressors. Similarly, we previous reported TP53 mutations in 5 of 7 

(71%) NDBE samples adjacent to EAC.31,34 Additional p53 IHC and FISH studies are also 

supportive of our data. Timmer et al showed that 13/22 patients that progressed had a p53 

abnormality by IHC or FISH, though they also found 97/406 non-progressing patients to 

have an abnormality by these technologies.35 Importantly, this study specifically excluded 

LGD samples, thus also showing TP53 alterations can occur in non-dysplastic samples. For 
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non-progressors, Weaver et al sequenced 40 NDBE samples and only identified one TP53 
mutation, which supports our finding of a very low rate of TP53 mutations in NDBE from 

non-progressors.16 Additionally, rereview of data from Dr. Reid’s group show that 15/27 

(56%) of progressors and 18/216 (8%) of non-progressing BE patients had a detectable 

TP53 mutation. A limitation of these latter data is a lack of refined histological breakdown 

of the BE samples. Finally, a recently published meta-analysis of biomarkers predicting risk 

of malignant progression in Barrett’s esophagus calculated TP53 mutation had a sensitivity 

of 60% and specificity of 82%, diagnostic odds ratio of 10.23.36 Together, even though 

many of these prior studies used less sensitive assays, the results are consistent with our 

data.

Among the most notable of our findings are the clear presence of TP53 mutations in NDBE 

prior to progression. The fact that a number of the cases had their histologic state 

downgraded during pathologic review can complicate the relationship between grade and 

mutation status. In routine clinical practice, diagnosis of IFD and LGD is commonly 

downgraded after re-review, as suggested by numerous studies.37–39 However, our rate of 

downgrading samples was higher than what has been seen in some studies. Here, 30/35 

(86%) of IFD samples and 16/20 (80%) LGD samples were downgraded. While most studies 

only looked at LGD, Sonwalker et al, found that over 80% of IFD diagnoses were 

downgraded.37 For low grade dysplasia, Curvers et al found 85% of LGD samples were 

downgraded (a rate actually higher than ours) and Duits et al found that 73% of LGD was 

downgraded by a panel of expert GI pathologists.8,38 However, when we looked exclusively 

at the consistently called NDBE (concordant NDBE in UPMC system and expert review 

diagnosis) samples from 31 patients, TP53 mutation remained highly significantly 

associated with progression. These results indicate that our conclusions are not due to 

excessive downgrading dysplastic samples on expert pathologic review. Additionally, there 

were 2 cases and 7 controls for which we tested a biopsy with a diagnosis of IFD or NDBE 

when there was an antecedent biopsy with an original diagnosis of LGD that was unable to 

be used. None of these samples had a TP53 mutation, indicating that these cases did not 

sway our results. Our findings indicate that TP53 mutations can be detected in NDBE and, 

when detected, identify patients at increased risk for progression. However, given that BE 

surveillance relies on endoscopy with random biopsies, we cannot exclude the possibility 

that regions not sampled by the endoscopist had dysplasia.

Our results are also notable for the presence of TP53 mutations despite the lack of marked 

aneuploidy. Previous studies have shown increased copy number changes as patients 

approach progression,10,14 especially within the 24 months preceding the development of 

EAC.14 As with any genomic study, technical considerations must be considered for the 

differences in these data. However, while the methods to query copy number in these prior 

studies may be more sensitive than our methods, these prior studies evaluated copy-number 

across 1 Mb segments of the genome that we are readily able to detect with our assays. 

Alternatively, we posit a biological explanation for the quieter copy-number profiles in our 

NDBE samples. Specifically, the majority of our samples of NDBE were obtained >24 

months before progression, possibly before the development of significant aneuploidy. 

Indeed, as our TP53 mutant NDBE did not have a different ploidy and had a similar mean 

number of chromosomal or total copy number changes as patients with TP53 wild type 
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NDBE, these data suggest TP53 mutations precede aneuploidy, a logical sequence as TP53 
loss may allow cells to tolerate the structural genome alterations that may more directly 

promote dysplasia and cancer.9,10,14,40 Given the known association of TP53 mutations, 

genome doubling, and aneuploidy, this would support a model of progression where some 

patients with BE develop an early TP53 mutation, which allows the development and 

tolerance of genome doubling and increased copy number changes.31,41,42 Recent pan-

cancer studies from both the TCGA and ICGC are consistent with this supposition regarding 

TP53 as an early event as they have shown that TP53 mutations often occur as a clonal 

driver in cancer.30,43,44 Our data are in contrast to prior models suggesting that BE 

progression is initiated by early loss of CDKN2A.45 While we found frequent alterations in 

CDKN2A, rates were comparable in both progressors and non-progressors, suggesting that 

these alterations do not play a major role in driving progression but may be important in 

Barrett’s epithelial growth or expansion.

The study was designed to compare progressors with clinically well-characterized, non-

progressive controls possessing similar risk factors (history of dysplasia and BE segment 

length). In this context, while limited due to the relatively low number of samples, we 

detected a nearly 13.8-fold (95% CI, 3.2–60.5) increase in the odds of progression with 

TP53 mutation (Supplementary Table 7) after adjusting for differences in age and sex. For 

progression to HGD or EAC in this patient population, TP53 mutation had a sensitivity of 

45.8% (95% CI: 26.1–66.7%) and a specificity of 94.5% (95% CI: 85.8–98.2%), positive 

predictive value of 73.3% (95% CI: 44.8–91.1%) and negative predictive value of 84.1% 

(95% CI: 74.0–91.0%). This held when we only included patients with an original NDBE 

diagnosis (samples not downgraded by expert review), Supplementary Table 12. 

Furthermore, our finding that TP53 mutations from BE were also identified in the 

subsequent progression samples adds support to our belief that these mutations were 

pathogenic. However, our findings of TP53 mutations in 5% of our control population, 

similar to the 2.5% rate in non-progressive NDBE using similar sequencing methods16, 

demonstrates how even TP53 mutation does not guarantee progression. Moreover, additional 

studies have found TP53 mutations in histologically normal squamous tissue, including the 

esophagus, findings not associated with clear cancer risk, again reinforcing that TP53 
mutations are not always associated with future cancer.46,47 As somatic genomic analytics 

are increasingly introduced into the assessment of pre-neoplastic conditions, it will be 

critical to comprehensively assess the degree that different mutations impact risk of 

neoplastic progression across distinct lineages.

Additionally, although our results suggest that TP53 mutation is the most substantial 

genomic marker of progression risk, it is also notable that mutations in other pathogenic 

cancer-associated genes were also enriched in our progressor population. These data indicate 

the potential to construct panels with a combination of biomarkers for risk stratification. 

Biomarker panels may include a variety of genomic/structural alterations and even 

epigenetic biomarkers, as methylation has been shown to predict progression risk.11,48 

Furthermore, as biomarkers are refined, it will be important to recognize that the nature of 

the mutations within individual genes may impact progression risk, as suggested by the 

distinct class of TP53 mutations found in the progressors. Future studies will need to 

evaluate the best combination of genomic aberrations that may predict a patient’s risk of 
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progression in standard clinical tissue samples. The ability to detect copy number 

alterations, ploidy, and mutations from clinical FFPE biopsies using a single targeted assay 

as was performed in this study suggests such testing is feasible. As an example, in our cohort 

of progressors in which 20 of 24 samples were obtained 2–7 years before documented 

progression, we identified four patients with NDBE who subsequently progressed to 

invasive EAC within three years (the time of the next standard surveillance endoscopy) and 

another three with progression to cancer within five years (Fig. 3). We observed pathogenic 

mutations in each NDBE sample. These data suggest that integrating risk stratification into 

BE screening may be able to identify patients with greatest need for close surveillance or, 

perhaps, therapeutic ablation. Notably, these somatic alterations included genes other than 

TP53, again highlighting the potential for multi-plexed genomic assay to assess BE 

progression risk even when dysplasia is not detected.

Limitations of this study include the analysis of only a single BE sample from each patient 

and the relatively low number of progression patients. Future studies will need to determine 

the degree of spatial and temporal heterogeneity of distinct genomic alterations across the 

field of BE in patients with or without subsequent progression. Such studies will refine our 

understanding of how long before a cancer diagnosis specific risk-predicting features can be 

found. Larger studies in these populations will be needed to refine development of a panel of 

genomic markers, especially those other than TP53 mutation, that mark high-risk patients. 

Furthermore, future studies should evaluate the potential to integrate key coding mutations 

with the specific candidate structural alterations suggested by others to be highly enriched in 

progressors.10,35 Additionally, while multiple lines of evidence (allele fraction, likely 

pathogenic nature) suggest the identified mutations are likely somatic, without a paired 

germline control we cannot definitively exclude the potential for any of the mutations we 

identified to be germline variants.

In sum, these data show that TP53 mutations are often present in NDBE before the onset of 

progression and argue for the potential to shift the screening paradigm in BE towards the use 

of molecular and genomic markers to assess risk in this premalignant tissue. In addition, this 

and other studies have shown that such testing can be accomplished using a clinically 

relevant, targeted sequencing panel with standard, formalin-fixed biopsies.34 If coupled with 

more effective screening procedures, biomarker-guided approaches may help prevent EAC 

or detect it at early, curable stages and may ultimately limit the need for frequent 

surveillance of the large population of patients who never ultimately progress to invasive 

cancer thus decreasing the under and over diagnosis common in this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EAC esophageal adenocarcinoma
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IFD indefinite for dysplasia

IHC immunohistochemistry
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Figure 1. 
Comparison of Barrett’s esophagus samples with and without subsequent progression. (a) 

Pie charts displaying the histologic diagnosis of each sample after blinded, consensus 

histologic review by three gastrointestinal pathologists. (b) Violin plot showing the inferred 

ploidy of each sample. (c) Violin plot showing number of chromosomal or chromosomal 

arm level copy number changes. (d) Violin plot showing the number of pathogenic 

mutations.
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Figure 2. 
Recurrent alterations in progressors and non-progressors. (a) Diagram displaying the 

identified pathogenic alterations in each sample along with the histologic diagnosis (top). 

Each patient is represented by a column and genes with 3 or more alterations or genes with 

enriched alterations within progressors are shown. (b) Fraction of samples within the 

progressor and non-progressor cohorts that contained a pathogenic alteration in the given 

gene. **:P<0.0001 *:P<0.05. (c) Breakdown of identified TP53 mutations. Bar graph 

representing the specific number of times the identified TP53 mutation was previously 

reported in 705 gastroesophageal adenocarcinomas (GEA) of the TCGA (CBioPortal) 

database (bottom). The percentage of TP53 mutations that were truncating, missense 

mutations previously reported in GEA sequencing studies, and missense mutations not 

previously reported in GEA (top).
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Figure 3. 
Genomic features of patients with subsequent progression to EAC within 5 years. Timeline 

showing when the tested sample was taken in relation to the patient’s diagnosis of 

progression in patients who developed EAC within ~5 years of the sample biopsy. Potential 

pathogenic mutations identified in each sample are listed. Mutations in genes that were more 

commonly mutated in progressors are bolded. The next suggested surveillance endoscopy 

interval from the tested sample is shaded.
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Table 1

Patient/Sample characteristics

Non-progressor N=73 Progressor N=24 p-value6

Patient age, mean (range) 61.6 (41.1–81.3) 67.5 (52.1–85.3) 0.002

Sex, n (%) 0.172

 Female 21 (28.8) 3 (12.5)

 Male 52 (71.2) 21 (87.5)

Barrett’s segment length, n (%) 0.811

 Irregular z-line 4 (5.5) 0 (0)

 Short segment (<3 cm) 35 (47.9) 11 (45.8)

 Long segment (≥3 cm) 29 (39.7) 11 (45.8)

 Unknown 5 (6.8) 2 (8.3)

Highest originally diagnosed dysplasia grade1 0.293

 Negative 21 (28.8) 10 (41.7)

 Indefinite 31 (42.5) 6 (25)

 Low grade 21 (28.8) 8 (33.3)

Consensus sample diagnosis, n (%)2 1.0

 Negative 66 (90.4) 21 (87.5)

 Indefinite 2 (2.7) 1 (4.2)

 Low grade 5 (6.8) 2 (8.3)

Pre-progression endoscopic ablation treatment3 N/A

 No 65 (89.0) 24 (100)

 Yes 8 (11.0) 0 (0)

Years of follow-up, mean (range)4 6.7 (2.4–13.8) 3.3 (1.4–9.0) <0.001

No. of follow-up surveillance exams, mean (range)5 5 (1–18) 3 (1–7) <0.001

1
Highest grade of dysplasia originally diagnosed in the UPMC system during surveillance prior to progression up to and including the sample 

submitted for sequencing.

2
Consensus diagnosis of 3 gastrointestinal pathologists on review of the analyzed biopsy sample (blinded to outcomes and NGS analysis)

3
Ablation treatment prior to a diagnosis of HGD or EAC (end of follow up was time of ablation)

4
Time from sample biopsy date to end of follow up

5
Number of endoscopic exams with biopsy after the sample biopsy date to end of follow-up

6
Mann-Whitney U Test for continuous variables; Fisher’s exact test for categorical variables.
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