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Abstract

Background—Progression of Barrett esophagus (BE) to esophageal adenocarcinoma occurs
among a minority of BE patients. To date, BE behavior cannot be predicted on the basis of
histologic features.

Aims—We compared BE samples that did not develop dysplasia or carcinoma upon follow-up of
=7 years (BE nonprogressed [BEN]) with BE samples that developed carcinoma upon follow-up
of 3 to 4 years (BE progressed [BEP]).
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Methods—The NanoString nCounter miRNA assay was used to profile 24 biopsy samples of BE,
including 13 BENSs and 11 BEPs. Fifteen samples were randomly selected for miRNA prediction
model training; nine were randomly selected for miRNA validation.

Results—Unpaired ¢tests with Welch’s correction were performed on 800 measured miRNAS to
identify the most differentially expressed miRNAs for cases of BEN and BEP. The top 12 miRNAs
(P < .003) were selected for principal component analyses: miR-1278, miR-1301, miR-1304-

5p, MmiR-517b-3p, miR-584-5p, miR-599, miR-103a-3p, MmiR-1197, miR-1256, miR-509-3-5p,
miR-544b, miR-802. The 12-miRNA signature was first self-validated on the training dataset,
resulting in 7 out of the 7 BEP samples being classified as BEP (100% sensitivity) and 7 out

of the 8 BEN samples being classified as BEN (87.5% specificity). Upon validation, 4 out of

the 4 BEP samples were classified as BEP (100% sensitivity) and 4 out of the 5 BEN samples
were classified as BEN (80% specificity). Twenty-four samples were evaluated, and 22 cases were
correctly classified. Overall accuracy was 91.67%.

Conclusion—Using miRNA profiling, we have identified a 12-miRNA signature able to reliably
differentiate cases of BEN from BEP.
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Introduction

Esophageal adenocarcinoma (EAC) is an aggressive malignancy with an increasing
incidence in the USA [1]. Chronic gastroesophageal reflux disease (GERD), which leads

to Barrett esophagus (BE), is the most common risk factor for EAC development [2]. BE is
a metaplastic process that occurs in the lower portion of the esophagus, in which the normal
stratified squamous epithelium lining of the esophagus is replaced by simple columnar
epithelium with goblet cells. BE is thought to represent an adaptation to chronic acid and
bile exposure from GERD [3]. BE is found in 4% to 14% of patients who seek medical care
for GERD. However, a large subgroup of patients with BE do not have any symptoms [4];
fewer than 10% of patients with GERD are likely to progress to BE within 5 years [5, 6].

BE is a premalignant condition associated with an increased risk of progression to EAC

of 0.15% to 0.58% per patient annually [7, 8]. Progression of BE to EAC is a gradual
process. Therefore, periodic esophageal biopsies are used to monitor patients with BE.
Current endoscopic surveillance programs for early detection of BE progression to dysplasia
involve 4 quadrant biopsies (every 1 to 2 cm) that are performed in accordance with the
Seattle Protocol, including biopsies of any endoscopic mucosal abnormality [9]. Biopsies
are pathologically classified into 5 general categories: nondysplastic, low-grade dysplasia,
high-grade dysplasia (HGD), intramucosal adenocarcinoma, and invasive carcinoma [3, 10,
11]. In the absence of dysplasia, the American College of Gastroenterology recommends
endoscopic surveillance at 3-year intervals [12]. If the biopsy shows evidence of low-grade
dysplasia, then annual endoscopy is recommended. In the event of HGD, endoscopy is
recommended every 3 months [12], followed by appropriate endoscopic treatments.

Dig Dis Sci. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saller et al.

Page 3

Several studies have shown that these surveillance programs do not reduce EAC-related
mortality rates among patients with BE [13-15]. This suboptimal result is potentially due to
sampling errors and/or poor adherence to the Seattle Protocol (as low as 30%) [16].

The management of BE is further complicated by pathologic inter- and intraobserver
variability in diagnosing BE and in grading dysplasia [12]. Moreover, according to the
British Society of Gastroenterology, the introduction of chromo-endoscopy, narrow-band
imaging, and auto-fluorescence endoscopy has not significantly contributed to improved
effectiveness of BE surveillance [17].

Although a small percentage of BE patients will progress to dysplasia and cancer, the
majority will continue to have long-standing BE without progression [6, 11, 18]. The
annual incidence of progression to EAC among patients with BE is between 0.15 and
0.58% per patient [7, 8], and the combined incidence of HGD and EAC is about 1% [6,
11]. Population-based studies of BE patient follow-ups have reported an annual risk of
progression to EAC between 0.12 and 0.14% [18]. If HGD is present, then the risk of
developing EAC is significantly increased to = 10% per patient annually [11, 18, 19]. In the
absence of dysplasia, the behavior of BE cannot be predicted on the basis of evaluation of
histologic features alone.

Analyses of microRNAs (miRNAs) have demonstrated reliable patterns of upregulation

and downregulation in different cancer types and have a regulatory role in cellular
differentiation, proliferation, and apoptosis [20, 21]. Studies have consistently shown that
alterations in expressions of specific miRNAs observed during progression to BE, dysplasia,
and EAC can be used to reliably predict the histology of a given tissue on the basis of

its corresponding miRNA expression profile. Indeed, miRNAs can be used to differentiate
between specific evolutionary events in the progression of BE to dysplasia and cancer [22—
27].

Although these studies have characterized the miRNAs involved in BE progression, no
studies to our knowledge have tested the discriminatory role of miRNAs in differentiating
between BE patients who are prone to progress to dysplasia/cancer (BEP) and those who
are not (BEN). An miRNA panel capable of differentiating between cases of BEN and

BEP would be of great clinical value for properly monitoring patients. Accurate risk
stratification could direct preventive medical attention to patients at high risk of progression,
thereby decreasing their time to follow-up. This risk stratification could also help to prevent
unnecessary follow-up and testing for BE patients who are not at risk of progression to
dysplasia and cancer. These potential clinical benefits motivated our development of a novel
12-miRNA signature assay that reliably differentiates cases of BEN from cases of BEP by
using NanoString nCounter analyses of miRNA expression.

Material and Methods

Patients and Sample Selection

This retrospective study was approved by the H. Lee Moffitt Cancer Center and Research
Institute (MCC) Institutional Review Board (Pro00014706). We evaluated esophageal
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biopsy samples taken from patients with BE who developed EAC over a period of 3 to

4 years and compared them with esophageal biopsy samples taken from patients who did
not develop dysplasia or carcinoma over a period of = 7 years. Patients who progressed

to carcinoma included 6 males with a median age of 70 years (range, 49-79 years), and
patients who did not progress to dysplasia or carcinoma included 3 females and 7 males with
a median age of 72 years (range, 55-88 years). All patients had endoscopic appearance of
BE of = 1 cm within the esophagus (proximal to the top of the gastric folds), and goblet
cells intestinal metaplasia were present in their endoscopic biopsies, thereby meeting the
criteria for BE as defined by the American College of Gastroenterology [12]. Multiple
biopsies, taken during the same procedure from different areas of the Barrett’s mucosa,
were performed on 4 of the patients studied (2 BEN and 2 BEP) and included in the study.
For each patient, biopsies were taken following the Seattle Protocol as per ACG clinical
guidelines [28].

The tissue collection and review processes were regulated by specific standard operating
procedures and quality assurance/quality control protocols. Overall, we studied 24 samples
of Barrett’s mucosa (13 BEN and 11 BEP). A total of 24 patient samples (13 BENs/11
BEPs) were profiled by using the NanoString nCounter miRNA assay (NanoString
Technologies Inc, Seattle, WA). The BEP patient samples were identified by selecting
patients with EAC from completed MCC clinical trials (MCC 15,464; MCC 16,464;
MCC18099 and MCC 18,739). Patient clinical records were retrospectively reviewed to
identify the initial esophageal biopsies that were taken when the patients harbored BE
without dysplasia. The BEN patient samples were identified from a pathology laboratory
database of a community gastroenterologist (coauthor FSC). A retrospective chart review
was performed by using PowerChart/PathNet at MCC and Greenway database software at
the gastroenterologist office.

Pathologic Evaluation of Patient Samples

Selected hematoxylin and eosin stain slides underwent a comprehensive histopathologic
review by 2 board-certified senior pathologists (DC and KN). Ten 1 um sections were

cut from each selected formalin-fixed paraffin-embedded (FFPE) tissue block. Each BE
lesional area was marked on the slides using permanent markers and carefully examined

to measure cellular composition. To ensure BE tissue purity for each specimen, the areas
containing the marked BE mucosa were macrodissected, excluding other tissue components
(esophageal squamous mucosa, nonintestinalized columnar mucosa, muscularis mucosae,
and submucosal tissue). The samples were then submitted to the MCC Genomic Core, where
RNA was extracted and subjected to NanoString analyses.

RNA Extraction

Total RNA, including miRNA, was extracted from the ten 1 pm FFPE tissue blocks by using
the Recover All Total Nucleic Acid Isolation Kit (Life Technologies, cat # AM1975). After
macrodissection of the selected FFPE block areas, each sample contained < 80% of BE
mucosa.
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NanoString Analyses

Total RNA samples were processed in accordance with the nCounter Human miRNA
Expression Assay V2 (NanoString, Seattle, WA) user manual. We used 100 ng of RNA
extracted from each sample as input. Mature miRNAs were ligated to a species-specific tag
sequence (miRtag) by using a thermally controlled splinted ligation. Unligated miRtags
were removed by enzymatic purification, and miR-tagged mature miRNAs were then
hybridized overnight at 65 °C with an nCounter Human (V2) miRNA Expression Assay
CodeSet containing 800 miRNA probes. The unhybridized CodeSet was removed by
automated purification that was performed on an nCounter Prep Station, and the remaining
target probe complexes were transferred and bound to an imaging surface. Absolute counts
of the reporter probes were tabulated for each sample by using the nCounter Digital
Analyzer, and raw data output was imported into nSolver (http://www.nanostring.com/
products/nSolver). Positive control probes in the CodeSet were tested for their linearity,
with a correlation between the concentration of the added target and the resulting count;

the correlation was = 0.95, indicating high-quality data. The limit of detection for each
assay was confirmed by using the positive and negative controls. Six negative controls were
used for each sample to measure the levels of nonspecific binding. The mean value with 2
standard deviations was calculated for each sample and subtracted from the miRNA count.
Every value equal to or less than that of the background noise was not considered during the
qualitative and quantitative analyses.

Statistical Methods

A total of 24 samples were used to build miRNA signatures to predict progression from

BE to malignancy. The 24 samples included 13 BENs and 11 BEPs. Sixty percent of the
samples (7= 15) were randomly selected for training purposes, and the remaining 40% (n=
9) were used for validation purposes.

nSolver Analysis Software 4.0 by NanoString was used to process miRNA data. A
background correction was performed using geometric means of negative controls, and
between-sample normalization was performed using geometric means of positive controls
and housekeeping genes. The normalized data were log-transformed before analyses.

Mann-Whitney U tests were performed to detect the most significant differentially
expressed miRNAs between BENs and BEPs. The false discovery rate was calculated to
correct for multiple comparisons. Confidence intervals were also calculated for miRNA
selection purposes. The top 12 miRNAs with a false discovery rate < 0.15 and both
confidence limits, which fell on one side of O (i.e., both confidence limits were > 0, or
both confidence limits were < 0), were selected to build the model.

A principal component analysis was performed on the 12 miRNAs. The first principle
component (PC1), which captures the largest proportion of the variance, was selected as
the signature score. The cutoff was set to 0, which maximized the sum of sensitivity and
specificity. Samples with PC1 < 0 were classified as BEP, and samples with PC1 = 0 were
classified as BEN.
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The signature was first self-validated on the training dataset, resulting in a sensitivity of
100% (7 BEPs were all classified as BEPs) and a specificity of 84.5 (7/8 BENs were
classified as BEN).

The signature was then tested on the validation dataset, resulting in a sensitivity of 100% (4
BEPs were classified as BEP) and a specificity of 80% (4/5 BENs were classified as BEN).

We define BEP as BE that progressed to EAC over a period of 3 to 4 years and BEN as BE
that did not progress to dysplasia or carcinoma over a period of > 7 years.

Differential Expression of miRNA Between BEN and BEP

The expression levels of 800 miRNAs were evaluated. Initially, 60% of samples (15 [8
BENSs and 7 BEPs]) were randomly selected for training purposes, and 40% (9 [5 BENs and
4 BEPs]) were randomly selected for validation purposes. Twenty-two miRNAs were found
to be differentially expressed between BEN and BEP samples with a £< 0.01. Validation

of these 22 miRNA signatures, using a cutoff of PC1 > 1 for BEP and PC1 < 1 for BEN,
gave a sensitivity of 75% and a specificity of 80%, with a total accuracy of 92% ([24-2]/24)
(Fig. 1 and Table 1). As some of these miRNA biomarkers shared correlated predictive
information, we then used P < 0.005 to select the most significantly differentiated miRNAs
from the initial 22 differentially expressed miRNAs. Twelve were identified and selected:
miR-1278, miR-1301, miR-1304-5p, miR-517b-3p, miR-584-5p, miR-599, miR-103a-3p,
miR-1197, miR-1256, miR-509-3-5p, miR-544b, miR-802 (Table 1). Using the same cutoff
of PC1 > 1 for BEP and PC1 < 1 for BEN, the final 12 miRNA models showed a high
prediction performance with a sensitivity of 100% and a specificity of 100% at training and
a sensitivity of 75% and a specificity of 80% at validation, with a total rate of accuracy of
92% ([24-2]/24) (Fig. 2). Batch effect was not observed between cases selected from MCC
and those selected from the community pathology laboratory database.

Statistical Analyses

The 12 most statistically significant dysregulated miRNAs (P < 0.003) were selected for
principal components analyses. The 12-miRNA signature was first self-validated on the
training dataset itself, resulting in 7 out of the 7 BEP samples being classified as BEP (100%
sensitivity) and 8 out of the 8 BEN samples being classified as BEN (100% specificity).
The 12-miRNA signature was then validated by using the 9-sample validation dataset. To
validate the 12-miRNA signature, we extracted the expression data of the 12 miRNAs from
each sample of the validation dataset and standardized the gene expressions by the mean
and standard deviation of the training dataset. We then multiplied the standardized gene
expressions by the loading factors of the 12 miRNAs, the result of which was a weighted
sum for each sample. Finally, we applied the same cutoff (PC1 > 0) to the weighted sums
and categorized each sample as BEN or BEP, resulting in 3 out of the 4 BEP samples being
classified as BEP (75% sensitivity) and 4 out of the 6 BEN samples being classified as
BEN (80% specificity). A total of 24 samples were evaluated, and 22 cases were correctly
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classified. The overall accuracy was 91.67%. Samples taken from the same patient expressed
a similar miRNA profile, with high concordance.

Discussion

We compared the miRNA expression profiles of 800 miRNAs between BEN and BEP
samples. Our data showed that a 12-miRNA signature is capable of differentiating between
BEN and BEP in biopsies taken from patients during initial visits. This signature may allow
for a better stratification of BE patients and provide them with an optimized personalized
follow-up schedule.

The regulatory role of miRNAs in normal cellular processes and their dysregulation in
cancer development are known [29-31]. Prior studies on miRNA among BE patients

used paired tissues to compare the miRNA expression profiles of patients with normal
esophageal squamous mucosa to those with BE without dysplasia/EAC and those with BE
with dysplasia/EAC [22-27]. Although these studies have shown that specific miRNASs are
consistently altered during BE progression, an miRNA signature that is able to discriminate
between BEN and BEP has yet to be identified. We focused on identifying an optimal
miRNA signature for identifying patients with BE who are at high risk of progression to
dysplasia and carcinoma.

Down-regulated miRNAs that lead to oncogenesis are considered tumor suppressor miRNAS
(TSmIRs). If select TSmiRs are down-regulated in a significantly consistent number of BEPs
compared to BENSs, then these TSmiRs may have utility in predicting BEPs that would
require a higher level of surveillance.

Of the 12 miRNAs identified in the optimal signature; all were downregulated in the BEP
cases compared to those of BEN. Interestingly, some of the 12 miRNAs selected for our
analyses have previously been reported to play a role in the regulation of carcinogenic
pathways of other tumor types [31-44]. For example, miRNA-1301 has been associated
with the inhibition of glioma cell proliferation by directly targeting N-Ras as well as

the inhibition of hepatocellular carcinoma cell migration, invasion, and angiogenesis by
decreasing Wnt/B-catenin signaling through the targeting of BCL9 [45, 46].

MiR-1304 reportedly behaves as a TSmiR through the regulation of heme oxygenase-1
post-transcriptionally in NSCLC cells [47]. miR-517b-3p has been shown to have lower
levels of expression in mesothelioma [48].

MiR-584-5p is downregulated in medulloblastoma through the inhibition of histone
deacetylase 1, eukaryotic translation initiation factor 4e family member 3, and C-MYC
[49]. MiR-584-5p behaves as a TSmIR in renal cell carcinoma, glioma, and neuroblastoma
[50-52].

MiR-599 behaves as a TSmIR via inhibition of cell migration, invasion, metastasis, and
epithelial-mesenchymal transition in the inhibition of EIF5A2 in gastric cancer [53].
MiR-599 also behaves as a TSmiR via inhibition of MYC in hepatocellular carcinoma and
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serves as a TSmiR in anaplastic thyroid cancer by activating the T-cell intracellular antigen
1, which is an established tumor suppressor [54, 55].

MiR-103a-3p has target sites in the 5"UTR of GPRC5A, which consequently acts as a TSG
in some cancer types and as an oncogene in others [56]. MiR-544 similarly operates as

an oncomiR in gastric cancer and osteosarcoma by downregulating AXIN2 but operates

as a TSmiR in gliomas through the inhibition of PARK7, which in turn inhibits glioma
proliferation, invasion, and migration while inducing cell apoptosis [57-59].

To date, MiR-1197 has not been known to function as a TSmiR. The literature suggests
that miR-1197 plays a role as an oncomiR, as its downregulation inhibits proliferation

and migration in human non-small cell lung cancer cells through the upregulation of

the oncogene Homeobox C11 [60]. MiR-509-3-5p behaves as a TSmIR via inhibition of
invasion and lymphatic metastasis by targeting PODXL in gastric cancer [61]. Its role as a
TSmIR is also observed in its downregulation in breast cancer and targeting of superoxide
dismutase 2 [62].

MiRNA-802 has been shown to target Rab-23, thereby suppressing migration and invasion
of gastric cancer [38]. Presumably, its downregulation in BEP will have opposite effects.
MiRNA-802 has also been shown to inhibit epithelial-mesenchymal transition targeting
flotillin-2 in prostate cancer [39] and to promote proliferation of lung carcinoma and
osteosarcoma by targeting the Menin and p27 genes, respectively [40, 41]. These findings
suggest that the function of mMiRNA-802 may be tumor-type specific.

MiRNA-1256 is a recently discovered miRNA that is positioned at chromosome 1p36.12.
The expression of mMiRNA-1256 was found to be reduced in non-small cell lung cancer cells,
and its upregulation was found to suppress the proliferation and migration of 2 non-small
cell lung cancer cell lines [42]. Such suppression is the result of tectonic family member

1 (TCTNZ1) downregulation by the upregulated MiR-1256 [42]. Dysregulation of miR-1256
was also reported in prostate [43] and colorectal cancers [44].

Given the rapid increase of EAC incidence during the past several decades in Western
countries [53], this 12-miRNA signature may allow for high-risk BEP patients to be
enrolled in a more stringent follow-up endoscopic program combined with earlier surgical
or endoscopic intervention. Conversely, the BEN patients at low risk of progression would
be saved the cost and inconvenience of unnecessary testing and could be followed-up

at longer time intervals. We anticipate that using the 12-miRNA signature will improve
the effectiveness of the BE patient surveillance program (Seattle Protocol). To date, this
monitoring program has, unfortunately, not effectively reduced EAC patient mortality. In
addition, the majority of BE patients never develop cancer, with risk of progression being
approximately 0.15% to 0.58% per patient annually [7, 8]. Nevertheless, this population is
subjected to routine endoscopic procedures with multiple biopsies that cost approximately
$1000 for a single patient screening in the USA. Guidelines on the diagnosis and
management of BE from the British Society of Gastroenterology include remarks on the
high economic costs of this program [17].
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Most studies have shown that surveillance has no effect or only results in an incremental
cost-effectiveness ratio of approximately $90 000/quality-adjusted life years (QALY), which
is above the threshold of being considered cost-effective [63-65]. Therefore, having a
discriminatory tool to differentiate between BEP and BEN could have significant cost-saving
advantages and help to identify BE individuals at high risk of progression to dysplasia and
cancer, potentially facilitating the detection of BE early dysplastic lesions.

Conclusion

We have identified a novel 12-miRNA signature that can identify patients with BE who are
at high risk of progression. Use of this signature could improve the effectiveness of current
screening and surveillance programs focused on reducing the incidence of EAC through
prevention of BE progression.
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The 8-miRNA Signature on Training Dataset (n=15)
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Fig. 1.

Self-validation of the 12 miRNA signature on training dataset (7= 15). Abbreviations:
BEN, Barrett esophagus non progressed; BEP, Barrett esophagus progressed; MDS,
multidimensional scaling; PC1, first principal component
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The 12-miRNA Signature on Validation Dataset (n=9)
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Fig. 2.
The 12 miRNA Signature on Validation Dataset (7= 9). Abbreviations: BEN, Barrett

esophagus nonprogressed; BEP, Barrett esophagus progressed; MDS, multidimensional
scaling; PC1, first principal component
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NanoString data showing the 12 most significantly differentiated miRNAs between BEPs and BENs

Table 1

miRNA BEN, median BEP, median Pvalue FDR Lower 95% CL  Upper 95% CL
hsa-miR-1278 3.5573 0.8875 .0012 0.1451 1.0765 4.4791
hsa-miR-1301 4.0910 0.8875 .0012 0.1451 1.1195 4.2912
hsa-miR-1304-5p 2.8979 0.8875 .0012 0.1451  0.9484 3.2899
hsa-miR-517b-3p 3.1299 0.8875 .0012 0.1451 1.0412 2.9330
hsa-miR-584-5p 3.0542 0.7570 .0012 0.1451 1.1135 3.2899
hsa-miR-599 3.3670 1.4005 .0012 0.1451 1.0570 3.0911
hsa-miR-103a-3p 3.0808 0.7570 .0022 0.1451 0.8387 2.8286
hsa-miR-1197 5.7902 4.8768 .0022 0.1451  0.4979 2.8116
hsa-miR-1256 4.6010 1.4005 .0022 0.1451 1.0789 4.1753
hsa-miR-509-3-5p  3.0808 0.8875 .0022 0.1451 0.8474 3.2357
hsa-miR-544b 2.8152 0.7570 .0022 0.1451 1.0789 2.9941
hsa-miR-802 5.5812 3.2032 .0022 0.1451 1.1223 3.9482

BEN, Barrett esophagus that has not progressed to dysplasia/carcinoma; BEP, Barrett
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