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Abstract

Background—The tissue-specificity and robustness of miRNAs may aid risk prediction in 

individuals diagnosed with Barrett’s esophagus. As a initial step, we assessed whether miRNAs 

can positively distinguish esophageal adenocarcinoma (EA) from the precursor metaplasia 

Barrett’s esophagus (BE).

Methods—In a case-control study of 150 EAs frequency-matched to 148 BE cases, we 

quantitated expression of 800 human miRNAs in FFPE tissue RNA using NanoString miRNAv2. 

We tested differences in detection by case group using the chi-square test and differences in 

expression using the Wilcoxon rank-sum test. Bonferroni-corrected statistical significance 

threshold was set at P<6.25E–05. Sensitivity and specificity were assessed for the most significant 

miRNAs using five-fold cross-validation.

Results—We observed 46 distinct miRNAs significantly increased in EA compared with BE; 35 

of which remained when restricted to T1b and T2 malignancies. Three miRNAs (miR-663b, 

miR-421, miR-502-5p) were detected in >80% EA, but <20% of BE. Seven miRNAs (miR-4286, 

miR-630, miR-575, miR-494, miR-320e, miR-4488, miR-4508) exhibited the most extreme 

differences in expression with >5 fold-increases. Using five-fold cross validation, we repeated 

feature (miR) selection and case-control prediction and computed performance criteria. Each of 

the five folds selected the same top ten miRs which, together, provided 98% sensitivity and 95% 

specificity.

Conclusion—This study provides evidence that tissue miRNA profiles can discriminate EA 

from BE. This large analysis has identified miRNAs that merit further investigation in relation to 

pathogenesis and diagnosis of EA.

Corresponding author: Jennifer Drahos, Division of Cancer Epidemiology and Genetics, National Cancer Institute, 9609 Medical 
Center Drive, Rm 7E-226, MSC 9774, Bethesda, MD 20892-9774, USA, jennifer.drahos@nih.gov.
*co-first authors
**co-last authors

The findings and conclusions in this report are those of the authors and do not necessarily represent the official position of the 
National Institutes of Health.

The authors disclose no potential conflicts of interest

HHS Public Access
Author manuscript
Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2017 March 01.

Published in final edited form as:
Cancer Epidemiol Biomarkers Prev. 2016 March ; 25(3): 429–437. doi:10.1158/1055-9965.EPI-15-0161.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Impact—These candidate miRNAs may provide a means for improved risk stratification and 

more cost-effective surveillance.

Introduction

Esophageal adenocarcinoma (EA) is a highly lethal malignancy. A majority of patients 

present with late-stage disease, resulting in a 5-year survival rate of less than 20% (1). 

Incidence of this lethal malignancy has dramatically increased during the last three decades 

in the U.S. and continues to rise (2, 3). Prevention and control of EA could be enhanced with 

improved risk prediction and early diagnosis. The precursor metaplasia, which precedes EA, 

is known as Barrett’s esophagus (BE). BE increases the risk of EA by 10- to 40-fold that of 

the general population, which translates to an absolute risk of approximately 0.5% per year 

or 1/200 person-years (4, 5). To make surveillance programs cost-effective, new strategies 

and biomarkers that can accurately distinguish these glandular epithelia are needed.

MicroRNAs (miRNAs) represent a broad class of small RNA molecules, typically 

comprised of 18–22 nucleotides, which negatively regulate the translation and stability of 

target messenger RNAs. Each miRNA has the potential to regulate a diverse array of gene 

transcripts and, as such, miRNAs have central roles in endogenous processes including 

metabolism, inflammation, and carcinogenesis. Accumulating evidence indicates that 

miRNAs likely contribute to the pathogenesis of all human malignancies (6) with varied 

effects that include both tumor suppression and oncogenesis (7). Identifying miRNA 

signatures of cancer therefore could have utility for risk stratification and early detection. 

Although prior studies have identified several miRNAs associated with EA, no study to date 

has quantitated a wide-range of miRNAs in >40 samples in an attempt to distinguish 

between the glandular epithelia of BE and EA (8–15). Distinguishing such tissues using 

miRNA profiles may enhance the cost-effectiveness of surveillance programs. Therefore our 

study aimed to discover miRNA signatures that could discriminate EA from BE.

Materials and Methods

Study population

The case population consisted of 150 individuals with pathologically confirmed EA. Cases 

were randomly selected from all patients receiving surgical resection of carcinomas of the 

esophageal at the Department of Surgery at Medical University of Vienna, Austria who 

consented to participate in genetic research. Cases underwent surgical resection of the 

esophagus between 1992–2009, with macro-dissection of the cancerous tissue prior to being 

processed as formalin-fixed paraffin embedded (FFPE) samples. Cases were excluded from 

study selection if there was insufficient tumor tissue from surgical specimen for RNA 

isolation (explained in more detail below). No other specific inclusion or exclusion criteria 

were applied. The comparison population consisted of 150 randomly selected non-dysplastic 

BE patients at the same institution during 1992–2012 without EA using American College 

of Gastroenterology guidelines (16). BE patients frequency-matched on birth year (+/− 5 

years) and sex to the EA case population. All selected BE patients had jumbo-forceps 

biopsies taken from a macroscopically visible (salmon-pink mucosa) metaplastic segment of 

the tubular esophagus, which was subsequently microscopically confirmed to have goblet 
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cells. Two BE patient samples failed to provide adequate RNA material, leaving 148 BE and 

150 EA samples for analysis.

RNA isolation and quality control

For RNA extraction, FFPE blocks were cut in 10 μm scrolls at the Medical University of 

Vienna. The lesion of interest (EA or BE [specialized intestinal metaplasia]) occupied ≥ 

80% of the surface area of the blocks. Based on run-in experiments, a single 10 μm scroll 

was collected for EA cases and two 10 μm scrolls were collected for BE biopsies. Samples 

were sent to Johns Hopkins Medical Institute (JHMI) Deep Sequencing and Core Facility. 

The QIAGEN RNeasy FFPE kit was used to extract total RNA (Qiagen, Germantown, MD).

NanoString nCounter analysis

Total RNA samples were processed according to the manufacturer’s protocol for the 

nCounter Human miRNA Expression Assay v2 kit (NanoString, Seattle, WA). We used 175 

ng of each total RNA sample as input into the nCounter Human miRNA sample preparation. 

Hybridization with the capture probe set was incubated for 16 hours. Data were extracted 

using the nCounter RCC Collector and were outputted as absolute counts. Detectable levels 

of non-specific binding (“background noise”) were measured by six negative-controls for 

each sample, the mean plus two standard deviations was subtracted from each miRNA count 

for a given patient sample. Values at or below the background noise of a given sample were 

recoded to undetected for the qualitative analysis and missing for the quantitative analysis.

Normalization of miRNAs

miRNA normalization factors were calculated based on a global mean normalization method 

first introduced to normalize data from RT-qPCR miRNA profiling studies in which a large 

number of miRNAs are tested per sample. This method has been shown to reduce overall 

variation better than endogenous invariant reference normalization and is advocated by 

NanoString: The mean count (expression) of each miRNA was calculated across all samples 

and then the miRNAs were ranked from highest to lowest mean count. The 100 miRNAs 

with the highest mean count were used to calculate the normalization factor. For each 

sample, the geometric mean of these 100 miRNAs was calculated. The arithmetic mean of 

all sample geometric means was also calculated (a constant). The normalization factor for 

each sample was determined by the ratio: arithmetic mean of sample geometric means/

sample geometric mean. Each sample-specific normalization factor was applied to all 

miRNA counts for that sample. This dataset is referred to as the normalized dataset.

Statistical analysis

To compare miRNA profiles between EA and BE tissues, we first assessed differences in 

detection vs non-detection in the raw data by calculating the proportion of individuals that 

expressed the miRNA above background noise. The chi-square test was used to compare 

proportions of detect/non-detect in the two tissue groups. Secondly, the normalized dataset 

was used to calculate the median and interquartile range of each miRNA expressed in >30% 

of individuals in BE and EA groups. The Wilcoxon rank-sum test was used to characterize 

the extent of differences in expression between groups. All tests were two-sided. Based on 
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the 800 miRNA probes, the Bonferroni-corrected P-value of <6.25E–5 was considered 

statistically significant.

We used five-fold cross-validation to obtain unbiased estimates of performance criteria for a 

model that predicted EA or BE status based on the most significant miRNAs (17) We 

randomly assigned subjects to five mutually exclusive groups with approximately equal 

numbers of cases and controls in each group. For a given fold, we used the 4 retained groups 

to select the top five miRNAs based on lowest P-values of those <6.25E–5 and more 

frequent detection in EA vs. BE, and the top five miRNAs from the quantitative analysis 

based on greatest increased median-fold expression in EA vs. BE with P-values <6.25E–5. 

We entered these selected 10 miRs into a logistic regression model from which we estimated 

prediction probabilities for the group that was omitted from the fold. miRNAs selected from 

the detectability analysis were modeled as dichotomous variables (detected/not detected) 

and miRs selected from the quantitative analysis were modelled as log base 2 continuous. 

miRs below the background noise of a given sample were recoded to the mean of the six 

negative-controls for that sample. We repeated this feature (miR) selection and prediction 

procedure five times, each time sequentially omitting a single distinct group of subjects to 

estimate unbiased prediction probabilities of case-control status. Prediction probabilities of 

≥0.5 were interpreted to indicate case status. We used predicted case status to estimate 

sensitivity, specificity, and area under the receiver operating characteristic curve (AUC). All 

data analysis was performed using STATA version 13.0 (StataCorp LP, College Station, 

TX).

Predicted dysregulated mRNA targets and KEGG pathways

We used two web-based bioinformatics tools, DIANA-microT web-server v5.0 (18, 19) 

(based on Ensembl v69 & miRBase v18) and TargetScan 6.2 (20–23), to predict putative 

mRNA targets of the top five miRNAs that positively identified EA cases from BE in the 

detectability or quantitative analyses. We report potential mRNA targets from each of the 

two web-based bioinformatics tools because they use different algorithms for prediction. 

The top mRNAs predicted from DIANA-microT web-server v5.0 were ordered and selected 

by the prediction score. Similarly, mRNAs predicted by TargetScan 6.2 were ordered and 

selected using the context score. Prediction and context scores are based on the tool-specific 

algorithms and reflect the confidence of the prediction.

To identify potential biologic pathways associated with the 10 most significant miRNAs 

(top five miRNAs from each analysis), we used DIANA miRPath v2.0 (24), which can call 

on either of two databases to make predictions: microT-CDS (database of predicted mRNA 

targets) or TarBase v6.0 (database of experimentally verified mRNA targets). For miRNAs 

with less than five experimentally-validated mRNA targets we used the microT-CDS 

database. For miRNAs with five or more experimentally-validated mRNA targets we used 

the TarBase v6.0 databases. We report identified KEGG pathways with FDR corrected p-

values of < 0.01 (24), except for miRNAs which targeted > 10 KEGG pathways. For this 

subset of miRNAs we used a more stringent p-value < 0.001 to limit the number of 

pathways reported.
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Results

Of the 150 EA cases, 79% were male, the median age of diagnosis was 65 years 

(Interquartile range: 56, 73), and the stage distribution was as follows: 9% (n=13) Stage 1B, 

25% (n=36) Stage 2, 61% (n=86) Stage 3, and 5% (n=7) Stage 4 (Supplemental Table 1). Of 

the 148 frequency-matched BE cases, 79% were also male and the median age at tissue 

collection was 69 (Interquartile range: 62, 78).

Differences in miRNA Detectability

Among 800 human miRNAs evaluated as part of the qualitative analysis, there were 27 

miRNAs detected in a significantly greater proportion of EA cases compared with BE cases 

(Table 1). Of these miRNAs, six are part of the high confidence subset of miRBase entries 

(25). The largest difference in detection was observed for miR-421, which was detected in 

98% of cancer tissues compared with just 16% of BE tissues. Strikingly different detection 

rates were also observed for miR-663b (80% vs 3%), miR-502-5p (84% vs 11%), 

miR-1915-3p (97% vs 32%), miR-601 (98% vs 41%), and miR-187-3p (81% vs 27%). 

Some miRNAs were not detected in any BE cases (miR-206, miR-600, miR-1305, 

miR-371a-5p) but had low-to-moderate expression in EA cases (13%–33% detectable).

In BE cases we observed 127 miRNAs with significantly greater detection rates compared 

with EA cases (Table 1 and Supplemental Table 2), the largest differences in detection of 

which were for miR-215 (59%), miR-574-3p (53%), miR-31-5p (53%).

Quantitative Differences of miRNA Expression

There were 24 miRNAs with a median expression ≥ 2-fold in EA tissues compared with BE 

tissues, the largest of which was a 34-fold increased median expression of miR-4286 (Table 

2 and Supplemental Table 3). Six of the 24 miRNAs (miR-630, 575, 494, 320e, 4488, 4508) 

exhibited >5-fold median differences. In combination, Tables 1 and 2 provide 46 unique 

miRNAs that were higher in EA than BE cases.

There were 17 miRNAs that had a significantly greater median expression in BE tissues 

compared with EA tissues (Table 2 and Supplemental Table 4). A majority of these median 

fold-changes were in the range of 2–3. The largest increase, a 12-fold median expression in 

BE tissues compared with EA, was observed for miR-205-5p.

Results from both the detectability and quantitative analyses were unaffected when we 

excluded the 36% of EA cases that received neoadjuvant chemotherapy or chemoradiation 

(results not shown). Results were robust when the EA case group were restricted to T1b and 

T2 malignancies, with 35 of the 46 miRNAs remaining statistically significantly increased in 

EA when compared with BE (Supplemental Tables 5 and 6).

Discriminatory Ability of a miRNA Signature

From each of the five-fold cross-validation models, the same 10 miRs were repeatedly 

selected based on a priori specified criteria. These were miRs 663b, 421, 502-5p, 1915-3p, 

and 601 from the detectability analyses and miRs 4286, 630, 575, 494, and 320e from the 

quantitative analyses. A model including these ten miRs had 98% sensitivity, 95% 
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specificity, and 0.97 AUC. We also assessed predictive performance of 45 models that 

included each pairwise combination of markers, which had AUC values ranging from 0.78 

to 0.98 with lower confidence estimates of 0.73–0.96 (Supplemental Table 7).

Predicted mRNA Targets and Biological Pathways

We selected the five most significant miRNAs from each main analysis for in silico 

assessment of mRNA targets using DIANA-microT-CDS web-server 5.0 and TargetScan 

6.2. We used the DIANA-microT-CDS prediction score to order the 2,778 predicted mRNA 

targets of these 10 miRNAs, and then selected just the top 10 of each for presentation (Table 

3). Similarly, we ordered by context score the 2,920 mRNA transcripts with conserved sites 

predicted by TargetScan and selected the top 10 mRNA targets for presentation (Table 3). 

Five of these miRNAs—630, 494, 663b, 421, and 502-5p—had one or more mRNA targets 

that have been validated by functional analyses of human tissues (Table 3). Biological 

(KEGG) pathways predicted by DIANA miRPath v2.0 using the top 10 selected miRNAs 

that positively distinguished EA from BE are shown in Table 3. Specific cancers were 

identified with mRNAs targeted by 10–15 miRNAs each, including prostate, colorectal, 

pancreatic, thyroid, bladder, glioma, and endometrial cancers. PI2K-AKT, mTOR, and 

mRNA surveillance signaling pathways were also enriched for targeted mRNAs by 9–18 

distinct miRNAs.

Discussion

We have elucidated a putative miRNA signature that appears to discriminate EA from BE. 

The results from this discovery study clearly indicate stark differences in the miRNA 

expression profiles of these glandular tissue types. Using conservative thresholds, we found 

46 distinct miRNAs increased in EA compared with BE, 35 of which were also statistically 

significantly increased when the EA case group was restricted to T1b and T2 malignancies. 

Notably, seven miRNAs (miR-4286, miR-630, miR-575, miR-494, miR-320e, miR-4488, 

miR-4508) positively discriminated EA with fold-increases > 5. Our results provide a broad 

catalog of altered miRNAs that merit further investigation in relation to the pathogenesis and 

diagnosis of EA.

Prior studies of miRNA signatures in BE and EA tissues have not provided consistent results 

(8–15, 26–31) [reviewed(32–35)]. Although small sample sizes and pathologic 

heterogeneity may have contributed to the inconsistency (36, 37), the choice of the 

comparison group is the likely driver of the disparate results (34). The aim of our study was 

to distinguish EA from BE, as the miR profiles of these tissue-types are likely to be fairly 

similar, given their mutual glandular phenotype, shared environment (distal esophagus), and 

the etiopathological associations. Distinguishing these similar phenotypes is essential for 

preventive efforts.

To date, eight previous studies also directly compared miRNAs of BE and EA (8–15, 26–

31), but the largest of these only included 36 EA cases and 34 BE cases (13). Consistent 

with these prior smaller studies, we also observed increased expression of nine miRs in the 

cancer cases (miR-21(8, 9, 13), miR-93(8), miR-409-3p, miR-424(13), miR-196a, 
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miR-196b(15), miR-125b, miR-197, and miR-513(14)). This is in contrast to two studies 

that did not identify any miRNAs with increased expression in EA (10, 11).

Distinct from these prior studies, which together observed increased EA expression of 11 

other miRs, we observed nominal decreased rather than increased expression of six of these 

miRs (miR-192 (8, 12, 15), miR-200c (8), miR-194 (9, 15), miR-200a (9, 14), miR-215 (12), 

miR-301b(13)) and no difference in expression for the five other miRs (miR-147 (12), 

miR-615-3p(12), miR-223(13), miR-450b-5p(13), miR-542-3p(13)). The NanoString assay 

we used did not test expression of miR-560(12), miR-326 (12), miR-618 (13), miR-25 (13), 

and miR-101 (14). Our ability to identify 46 miRNAs increased in EA may reflect our 

sensitive digital miRNA detection method and statistical power afforded by our large sample 

size.

A subset of miRNAs is commonly dysregulated in many human cancers and a miRNA 

signature of cancer is emerging. One hallmark of solid tumors is the overexpression of 

miR-21 (38); with evidence that a global signature of cancer may include overexpression of 

miR-155(39), miR-222(39), and miR-17 (39). Consistent with other cancers, we observed 

nominally increased expression of miR-21-5p (Supplemental Table 3: fold-increase 1.2, 

p=0.04), miR-155 (fold-increase 1.20, p=3*10-4) and miR-222 (fold-increase 1.12, p=0.08); 

miR-17 was not measured in our assay.

All 46 miRs which discriminate EA from BE in this study are newly identified as associated 

with esophageal adenocarcinoma. Of the 10 most significantly increased miRNAs (top five 

from each analysis); six have previously been associated with various other cancers 

(miR-630, miR-494, miR-663b, miR-421, miR-502-5p, miR-601; Supplemental Table 8) 

and many have validated mRNA targets or target pathways of cancer. For example, 

miR-630, miR-494, and miR-421 each have multiple validated mRNA targets known to be 

tumor suppressors (SMAD4, PTEN) or oncogenes (c-Myc, BCL2), suggesting that these 

miRNAs may have causal roles in carcinogenesis. Bioinformatics tools applied to our results 

identified potential targeted KEGG cancer pathways including prostate cancer (miR-494), 

non-small cell lung cancer (miR-575), and p53 signaling pathway (miR-494). Also of 

interest is enrichment of the taurine metabolism pathway (miR-630), given that taurine is a 

major constituent of bile, and bile reflux is a putative source of lower esophageal damage 

leading to EA. At least 18 of the 27 miRNAs that positively discriminated EA from BE 

target KEGG pathways that have previously been associated with cancer.

As a proof of principle, we performed an internal validation study using five-fold cross-

validation, for unbiased feature (miR) selection and prediction to assess the ability of the 

most significant miRNAs to discriminate EA from BE. (17) As further testament to the 

strength and robustness of the most significant miRs, the same ten were selected—based on 

a priori specified criteria—from each of the five folds of data. Combined, these ten miRs 

provided high, unbiased estimates of sensitivity (98%) and specificity (95%) with an AUC 

of 0.92. Moreover, pairwise combinations of these ten miRs also provided robust 

classification (Supplemental Table 7). These provisional miRNA “signatures” require 

replication in diverse external populations. If validated, these miRNA signatures—coupled 

with cheaper esophageal sampling techniques (40)— may enable improvement in the cost-
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benefit ratio of current surveillance programs (41). Even if the combinations we present 

from our study are sub-optimal in other populations, we have identified many miRNAs 

which distinguish EA from BE and provide a framework for developing diagnostic and 

possibly predictive biomarkers.

An important strength of our study is its relatively large sample size, enabling us to robustly 

assess a broad range of miRNAs. We utilized a state-of-the art technology to digitally 

quantitate miRNAs in FFPE tissue without the need for amplification. For statistical 

analysis, we used two distinct strategies—detectability and quantitation—which enabled 

assessment of the specificity, sensitivity, and classification ability of miRNAs to 

discriminate these two glandular tissues by miRNA expression patterns.

Limitations of our study include the case-control design in which all BE and EA tissues 

were from separate patients, rather than samples from patients who progressed from BE to 

EA. However, the low rate of progression of individuals in surveillance programs presents 

challenges for any robust prospective analysis. Limited clinical data was available, such as 

smoking or GERD status, which may alter miRNA expression and partially explain our 

results. Also, we only included BE patients without dysplasia thus our study does not have 

the ability to assess miRNA profiles across the spectrum of the natural history of this 

disease. Native stratified squamous epithelium was also not included as a comparison group 

because this was not the primary goal of the study and such tissue is not usually targeted or 

retained. Although we present unbiased estimates of the predictive capability of miRs using 

five-fold cross-validation, independent (external) validation is needed to provide a more 

objective quantification of the true predictive performance. Finally, although our study of 

800 miRNAs has provided for a broad comparison of these tissues, more costly next 

generation sequencing would provide a more comprehensive assessment of miRNAs.

In sum, this study provides evidence that tissue miRNA profiles can distinguish the 

glandular epithelia of EA from BE. We identified 46 miRNAs that positively discriminate 

this cancer from its preceding metaplasia and demonstrated high and unbiased AUC 

estimates which emphasizes the potential predictive ability of these biomarkers. Future 

replication studies in diverse populations will be required to provide for a broad independent 

validation of these candidate biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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