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Abstract
Background: Aberrant expression of small noncoding endogenous RNA molecules known as microRNAs 
(miRNAs) is documented to occur in multiple cancer types including esophageal adencarcinoma (EAC) 
and its only known precursor, Barrett’s esophagus (BE). Recent studies have linked dysregulation of specific 
miRNAs to histological grade, neoplastic progression and metastatic potential. Materials and Methods: 
Herein, we present a summary of previously reported dysregulated miRNAs in BE and EAC tissues as well as 
EAC cell lines and evaluate a cranberry proanthocyanidin rich extract’s (C-PAC) ability to modulate miRNA 
expression patterns of three human EAC cell lines (JHEso-Ad-1, OE33 and OE19). Results: A review of 13 
published studies revealed dysregulation of 87 miRNAs in BE and EAC tissues, whereas 52 miRNAs have been 
reported to be altered in BE or EAC cell lines, with 48% overlap with miRNA changes reported in tissues. We 
report for the first time C-PAC–induced modulation of five miRNAs in three EAC cell lines resulting in 26 
validated gene targets and identification of key signaling pathways including p53, angiogenesis, T-cell activation 
and apoptosis. Additionally, mutiple cancer related networks were ideintified as modulated by C-PAC utilizing 
Kyoto Encyclopedia of Genes and Genomes (KEGG), Protein Analysis Through Evolutionary Relationships 
(PANTHER), and MetaCore analysis tools. Conclusions: Study results support the cancer inhibitory potential 
of C-PAC is in part attributable to C-PAC’s ability to modify miRNA profiles within EAC cells. A number of 
C-PAC–modulated miRNAs have been been identified as dysregulated in BE and EAC. Further insights into 
miRNA dysregulation and modulation by select cancer preventive agents will support improved targeted 
interventions in high-risk cohorts.   
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BACKGROUND

Esophageal cancer is the eighth most commonly diagnosed cancer 
worldwide, with squamous cell carcinoma and adenocarcinoma 
comprising the two main esophageal cancer histologies.[1-3] 
Esophageal adenocarcinoma (EAC) is the major histological type of 
esophageal cancer diagnosed in the western world today. Risk factors 
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associated with EAC and the only known precursor lesion, Barrett’s 
esophagus (BE), are still being unraveled; however, persistent, 
symptomatic reflux of gastric and duodenal contents, known as 
gastro-esophageal reflux disease (GERD), have long been known 
to correlate with the development of BE and EAC.[1,4,5] Obesity 
has also been reported to impart increased risk for EAC and a 1.5-
2-fold increased risk for GERD.[6,7] Rates of EAC have increased 
at an alarming pace in the US and Western Europe in recent  
years.[8-11] Esophageal cancer is the fourth leading cause of cancer-
related mortality in UK males and the sixth leading cause of cancer-
related deaths in UK females.[10] In the US, 16,980 new incident 
cases of esophageal cancer are estimated to occur in 2011 and 
14,710 deaths, representing the 7th leading cause of cancer-related 
deaths among US males.[11] Thus, there is a large population at 
increased risk for the development of Barrett’s and EAC, illustrating 
the potential global health significance of this growing problem. 
Moreover, mortality figures closely parallel the incidence data, 
reflecting the poor 5-year survival rate of only 17%[11] for esophageal 
cancer in the US. The latter is due to late stage of diagnosis coupled 
with ineffective screening, preventive and treatment options. 
Chemoprevention with efficacious bioactive constituents derived 
from various food stuffs is an active area of investigation supported 
by the fact that plant-based diets rich in fruits and vegetables have 
generally been associated with reduced risk for EAC and BE.[12-14] 
Cranberries, for example, have been reported to have a multitude 
of positive health effects ranging from improved immune function 
and decreased infections to cardiovascular benefits, and more 
recently, cancer inhibition.[15-17] Our laboratory has specifically been 
investigating the ability of a proanthocyanidin-rich cranberry extract 
(C-PAC) to inhibit cancers of the aerodigestive tract.[18-20] 

In brief, in this report, we sought first to summarize the current 
findings on microRNA (miRNA or miR) expression patterns in 
BE through EAC pathologies and second, to identify C-PAC–
induced alterations of miRNAs following treatment of a panel 
of three validated EAC human cell lines. The results summarize 
our knowledge of esophageal miR targets across varying 
histopathological categories and provide new insight regarding miR 
modulation following C-PAC exposure and identify cancer-related 
pathways linked to miR modulation by the chemopreventive agent 
under evaluation in the context of EAC. Recent studies have linked 
dysregulation of specific miRNAs to histological grade, neoplastic 
progression, metastatic potential, treatment responiveness and 
patient prognosis.[21] Thus, improving of knowledge of discriminate 
miRNA expression profiles holds valuable clinical utility.

MATERIALS AND METHODS

Cranberry proanthocyanidin preparation
Briefly, cranberries were homogenized in 70% aqueous acetone, 
filtered and the pulp discarded. Collected C-PAC was concentrated 
under reduced pressure and the extract isolated using bioassay-

directed fractionation as previously reported.[22-24] Methods 
including 13C nuclear magnetic resonance (NMR), electrospray 
mass spectrometry, matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry, and acid-catalyzed degradation 
with phloroglucinol have all been utilized to confirm the presence 
of A-type linkages and the concentration of PACs present in the 
C-PAC extract.[22-24] Purified proanthocyanidin extract was freeze-
dried and stored at −80°C until dissolved in media for individual 
experiments. 

Cell-lines and cultures conditions
A panel of three authenticated human EAC cell lines was utilized in 
this series of experiments.[25] Specifically, JH-ESOAd1, referred to 
as JHAD1, isolated in 1997 from a distal EAC, stage III, N0 (Johns 
Hopkins University, Baltimore, MD, USA), OE33 cells isolated 
in 1993 from a distal EAC, stage II, N0, (ECACC, Wiltshire, UK), 
and OE19 cells isolated in 1993 from an adenocarcinoma at the 
gastro-esophageal junction, stage III, N1 (ECACC, Wiltshire, UK) 
were utilized. Cells were grown in Roswell Park Memorial Institute 
(RPMI) 1640 medium containing l-glutamine (2.0 mM), penicillin 
(104 units/ml), streptomycin (104 μg/ml), sodium pyruvate (1 mM), 
and 0–10% fetal bovine serum (FBS) depending on the experiment. 
Cells were maintained as monolayers at 37°C with 95% air and 5% 
CO2 throughout all studies.

Cell viability assays 
C-PAC–induced inhibition of cell viability was determined utilizing 
the 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate (WST-1) colorimetric assay (Roche Applied 
Science, Indianapolis, IN, USA) as we previously reported.[19] 
Briefly, the viability assay is based on the ability of metabolically 
active cells to cleave the tetrazolium salt, WST-1, into a formazen 
dye. JHAD1 and OE19 cells were plated in sterile 96-well plates 
at 12E3 and 24E3 cells/well, respectively, and allowed to adhere 
for 35 hours (70% confluency) prior to treatment with C-PAC 
at concentrations of 25–100 μg/ml for 24, 48, 72 and 96 hours. 
Complete phenol red-free RPMI medium with 5% FBS was 
utilized for viability assays. Plates were processed according to the 
manufacturer’s instructions with spectrophotometer readings at 450 
nm (Biotek Synergy HT). A minimum of six wells were analyzed 
for each test condition and time-point. 

RNA isolation and miRNA assay
JHAD1, OE33 and OE19 AC cells were seeded at 5E6, 14E6 
and 14E6 cells (60% confluency), respectively, in T75 flasks and 
permitted to adhere for 30 hours prior to C-PAC (50 µg/ml) 
treatment. Cells were harvested 6 hours after C-PAC treatment 
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) as per the 
manufacturer’s recommendations and RNA was isolated utilizing 
standard phenol–chloroform extraction procedures. RNA quality 
was determined by Nanodrop using the 8000 Spectrophotometer 
(Thermo Scientific, Wilmington, NC, USA), and RNA integrity 
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and presence of the small RNA fraction was determined using 
the Bioanalyzer 2100 capillary electrophoresis system (Agilent, 
Santa Clara, CA, USA). Sixty nanograms of total RNA was reverse 
transcribed using the human Megaplex Primer Pools A and B and 
the TaqMan miRNA reverse transcription kit (Applied Biosystems, 
Foster City, CA, USA) according to the manufacturer’s instructions. 
Each sample was pre-amplified for 12 cycles using human pool A and 
B Taqman® Megaplex™ PreAmp Primers and PreAmp Master Mix 
(Applied Biosystems) according to the manufacturer’s instructions. 
For each sample, the preamplification reactions A and B were diluted 
and each reaction was combined with Taqman® Gene-Expression 
Master Mix (Applied Biosystems) divided into eight aliquots and 
each aliquot was added to one of the eight sample ports of the 
TaqMan® Array A or B (v2.0), respectively. The TaqMan® Array 
Human miRNA Card Set v2.0 enables detection of 667 human 
miRNAs, 3 miRNA endogenous reference controls and 1 miRNA 
assay not related to human as a negative control. The real-time 
polymerase chain reaction (PCR) reactions were run according 
to the manufacturer’s instructions. RealTime Statminer Software 
(Integromics, Philadelphia, PA, USA) was used to analyze the data. 
The global geometric mean of all expressed miRNA assays was used 
to normalize the data.[26]

MiRNA targets and pathway analysis
MiRNA targets were determined using miRWalk (http://www.
ma.uni-heidelberg.de/apps/zmf/mirwalk/), a comprehensive 
database of human, mouse and rat miRNAs on predicted and 
validated targets associated with specific genes, pathways, diseases 
or inherited disorders, organs, cell lines and transcription factors.
[27] The validated targets module of miRwalk was utilized to derive 
gene target information for miRs previously reported to be altered 
in BE and EAC compared to normal esophageal tissues and to 
determine gene targets altered in EAC cell lines following C-PAC 
treatment [Tables 1-4]. In addition, miRNA predicted targets in 
mRNA selected regions were determined and analyzed for the 
five common miRs altered in all three EAC cell lines following 
C-PAC treatment [Supplemental Table 2]. Next, gene targets were 
analyzed utilizing the Database for Annotation, Visualization and 
Integrated Discovery (DAVID, v6.7)[28] and signaling pathways 
were further investigated through use of the PANTHER(http://
www.pantherdb.org)[29,30] software, a system for inferring gene 
function based on published scientific experimental evidence and 
evolutionary relationships to predict function. PANTHER utilizes 
gene family and subfamily information, gene ontology classes 
(molecular function, biological process, and cellular component), 
evolutionary relationships, PANTHER protein classes and pathway 
diagrams to classify genes based on their function. Gene target lists 
were further subjected to both enrichment analysis and network 
analysis using GeneGo’s MetaCore software (http://www.genego.
com) which is an integrated knowledge base and pathway analysis 
tool based on a proprietary manually curated database of human 
protein–protein, protein–DNA and protein compound interactions, 

metabolic and signaling pathways, all supported by proprietary 
ontologies. The enrichment analysis provided lists of biological 
pathways and functional ontologies (GO and GeneGo) statistically 
over-represented in each target list (false discovery rate or FDR 
< 0.05). We also used the GeneGo Analyze Network algorithm 
with canonical pathways to build statistically significant biological 
networks from each target list (at FDR < 0.05). The results of this 
analysis serve to further investigate potential pathways altered by 
C-PAC and to compare pathway results generated from PANTHER 
and KEGG, as well as provide additional information which may 
only be available through GeneGo’s proprietary database.[31,32] 

Statistical analysis
Results are presented as the mean value ± SE for cell viability 
experiments. Viability data were evaluated for statistical significance 
comparing media-treated versus C-PAC–treated EAC cells using 
the Student’s t test (two-sided, P < 0.05). The miRNA data were 
analyzed as described above with only common miRNAs which 
were altered ≥2-fold in all three EAC cell lines (with P < 0.05) 
included in the analysis to derive validated targets and evaluate 
pathways impacted by C-PAC treatment.

Literature review
A comprehensive review of the literature through July 1, 2011 
identified 13 original research studies evaluating dysregulation 
of miRNAs in BE or EAC tissues relative to normal squamous 
epithelium (NSE),[33-45] whereas only one study characterizing 
changes in EAC or BE cell lines relative to normal utilizing 
authenticated esophageal cell lines was identified.[45] Studies 
characterizing miRNA alterations in esophageal squamous cell 
carcinoma were excluded, as were reports primarily focused 
on miRNAs linked to prognosis, therapeutic response or other 
clinical outcomes. We regret if any studies meeting the inclusion 
criteria were omitted. Results of the 13 published studies reporting 
dysregulated miRNAs in BE, EAC, or cell lines of BE or EAC origin 
are summarized in Table 1 and Supplemental Table 1, respectively. 
Generally, we have included what the previous authors described 
as significantly modulated miRs based upon the methodology and 
criteria of the individual studies. However, miRs were excluded 
based upon a lack of significant difference in addition to a fold 
change value less than two-fold compared to normal or a lower 
grade of histopathological change. In addition, for all miRs altered in 
esophageal tissues, the miRWalk database was utilized to determine 
“validated” and “predicted” gene targets for further pathway analysis 
across the three databases as described above. 

RESULTS AND DISCUSSION

Inhibition of EAC cellular viability by C-PAC
Pre-treatment of JHAD-1 and OE19 EAC cells with C-PAC at 25, 
50, and 100 μg/ml resulted in a concentration- and time-dependent 
significant inhibition of cellular viability. The data presented in 
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Figures 1a and 1b support an IC50 of 50 μg/ml for C-PAC. Similar 
concentrations of C-PAC have previously been found to inhibit the 
viability and proliferation of lung (NCI-H460) and colon cancer 
(SW460) cell lines, increase the percentage of cells accumulating 
at the G1 checkpoint, induce apoptosis, modulate global gene 
expression profiles and alter select proteins linked to cell cycle 
regulation and apoptosis.[18-20] In addition, C-PACs’ inhibitory effects 
are greater in cancer cells compared to normal HET1A esophageal 
cells (data not shown) and C-PAC shows superior inhibition of EAC 
cell viability (85–90% inhibition) compared to black raspberry extract 
(<40%).[20] C-PAC has unique A-type chemical linkages found only 
in a limited number of fruits to date including cranberry, chokeberry, 
plums and avocado,[17,46,47] which may account for some of the 
improved inhibitory capacity and other unique mechanisms by which 
C-PAC inhibits cancer-related processes in EAC cells. This unique 
A-type linkage is important for C-PACs’ anti-adhesion effects in the 
bladder as previously reported by Dr. Howell and colleagues.[23,24,46] 
Moreover, similar in vitro concentrations reported to block bacterial 
adhesion to the bladder wall inhibit cancer cell growth in vitro and 
these levels appear to be behaviorally achievable and efficacious in 
human cohorts for inhibiting urinary tract infections. 

MiRNA alterations in BE, EAC and esophageal cell 
lines
Table 1 summarizes aberrant miRNA expression in BE and EAC 
tissues as identified in 13 original research studies.[33-45] A total of 
87 miRNAs were identified from the previously published reports 
based on a thorough literature search through July 1, 2011. A total 
of 44 miRNAs were altered in both EAC and premalignant tissues 
as indicated by a superscript on the common miRNA in Table 1. Ten 
miRNAs were uniquely altered in BE tissues compared to NSE with 
the upregulated including miR-10a, miR-144, miR-148a, miR-451 
and miR-548b-3p, and the downregulated including miR-222, miR-

370, miR-509, miR-543, and miR-636. References 33–35 include 
analysis of patient tissues with varying degrees of histopathological 
alteration providing some insight into the potential miRNAs linked 
to EAC progression. The latter may prove particularly useful for 
patient stratification and for assessing select miRNAs as biomarkers 
of early efficacy in chemopreventive intervention trials.

The last column of Table 1 includes miRNAs altered in EAC 
cell lines following a 6-hour treatment with C-PAC. A total of 
10 miRNAs (let-7b, miR-106b, miR-143, miR-199a, miR-215, 
miR-223, miR-23b, miR-32, miR-543, and miR-7) were altered 
by C-PAC inversely of at least one previously reported miRNA 
aberration associated with the BE or EAC, supporting that C-PAC 
may in part normalize miRNA expression in EAC. In addition, six 
of C-PAC–modulated miRs identified have been reported to be 
differentially expressed between EAC compared to NSE and also in 
premalignant pathologies, supporting that C-PAC may hold cancer 
inhibitory potential at late stages of neoplastic transformation, as 
well as early during the development of esophageal premalignancy. 
Importantly, let-7 family members and miR-143 are associated 
with tumor suppressor activity[48,49] and both are downregulated in 
BE and EAC,[33-35,37,39] yet upregulated following C-PAC treatment. 
MiR-223 was recently linked to gastric cancer invasion[50] and 
is documented to be upregulated in EAC compared to normal 
esophageal tissues.[40] C-PAC treatment results in downregulation of 
miR-223 in OE33 EAC cells, again supporting the potential benefits 
of C-PAC against EAC and precursor lesions. C-PAC also inversely 
impacted let-7b, miR-136, and miR-34a based upon BE and EAC 
cell line findings summarized in Supplemental Table 1. A total of 52 
miRNAs were dysregulated in BE or EAC cells when compared to 
normal esophageal cells or a more normal histopathological\ state as 
previously reported by Dr. Meltzer and colleagues.[45] Additionally, 
25 of the 52 (48.1%) miRNA alterations detected in esophageal cell 

a b
Figure 1: Inhibition of cell viability by cranberry proanthocyanidins (C-PAC). (a) C-PAC–induced inhibition of JHAD1 cellular viability 
over time. (b) C-PAC–induced inhibition of OE19 cellular viability over time. Reported inhibition is relative to vehicle or media-
treated esophageal adenocarcinoma cells. Evaluations were in replicates of six per cell line, per experimental time point (*P < 0.05, 
significantly different from media-treated controls by t-test)
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lines were in common with those reported in tissue-based studies. 

Overall, there are a relatively small number of validated BE and EAC 

cell lines[25] and few studies characterizing miRNAs alterations in 

those lines compared to normal cells.

miRNA modulation in JHAD1, OE19 and OE33 cell 
lines following C-PAC treatment
A 6-hour C-PAC (50 µg/ml) treatment of JHAD1, OE19 and 

OE33 EAC cells resulted in significant modulation of five common 

miRNAs in all three cell lines. Common miRNAs significantly 

upregulated ≥2.0-fold included miR-410 and miR-520d-5p, 

whereas common downregulated ≤2.0-fold included miR-202, 

miR-516a-3p, and miR-586, as detailed in Figure 2a. In addition, 

the Venn diagrams in Figures 2b and c show additional miR overlap 

between cell lines, with specific miRs listed in Figure 2a. Overall, 

the greatest number of C-PAC–induced miR alterations occurred 

Table 1 (contd...)

Table 1: Differential expression of miRNAs in BE and EAC tissues as identified in 13 studies and C-PAC–induced 
alterations in EAC cell lines
miRNA Pathology Direction and details of change Reference C-PAC–induced alteration

let-7ac BE-HGD from EAC Down (BE-HGD from EAC vs. BE) 33

let-7a BE-HGD from EAC Down (BE-HGD from EAC vs. BE from HGD/EAC) 33

let-7a EAC Down (EAC vs. BE-HGD) 34

let-7b EAC Down (EAC vs. BE-HGD) 34 Upregulated (OE19)

let-7cc BE Down (BE vs. NSE) 35

let-7c EAC Down (EAC vs. NSE) 34, 35

let-7c EAC Down (EAC vs. BE-HGD) 34

let-7c EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

let-7f EAC Down (EAC vs. BE-HGD) 34

miR-100c EAC Down (EAC vs. NSE) 34, 35, 36 

miR-100 EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-101 BE-HGD Up (BE-HGD vs. BE-LGD) 34

miR-106bc EAC Up (EAC vs. NSE) 35 Downregulated (JHAd1, OE19)

miR-106b EAC Up (EAC vs. BE) 35

miR-10a BE-HGD Up (BE-HGD vs. NSE) 34

miR-125bc BE-HGD Up (BE-HGD vs. BE-LGD) 34

miR-125b EAC Down (EAC vs. NSE) 36

miR-125b EAC Down (EAC vs. BE) 36

miR-126 BE-HGD Up (BE-HGD vs. NSE) 34

miR-126 EAC Up (EAC vs. NSE) 34

miR-140 EAC Up (EAC vs. NSE) 34

miR-143c BE Up (BE vs. NSE) 37, 38

miR-143 BE-HGD Up (BE-HGD vs. NSE) 34

miR-143 EAC Up (EAC vs. NSE) 34

miR-143 EAC Down (EAC vs. NSE) 39 Upregulated (JHAd1)

miR-143 EAC Down (EAC vs. BE) 37

miR-144 BE-HGD Up (BE-HGD vs. NSE) 34

miR-145c BE Up (BE vs. NSE) 37

miR-145 BE-HGD Up (BE-HGD vs. NSE) 34

miR-145 EAC Up (EAC vs. NSE) 34

miR-145 EAC Down (EAC vs. BE) 37

miR-145 EAC Down (EAC vs. NSE) 39

miR-146ac BE-HGD Up (BE-HGD vs. NSE) 34

miR-146a EAC Up (EAC vs. NSE) 34

miR-147 EAC-PROG Up (EAC vs. BE-HGD,  BE-LGD, BE and NSE) 35

miR-148a BE-HGD Up (BE-HGD vs. NSE) 34

miR-149c BE-HGD Down (BE-HGD vs. NSE) 34

miR-149 EAC Down (EAC vs. NSE) 34
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Table 1 (contd...)

Table 1 (contd...)

miRNA Pathology Direction and details of change Reference C-PAC–induced alteration

miR-15b BE-HGD from EAC Up (BE-HGD from EAC vs. BE) 33

miR-15b BE-HGD from EAC Up (BE-HGD from EAC vs. BE from HGD/EAC) 33

miR-181ac BE-HGD Up (BE-HGD vs. NSE) 34

miR-181a EAC Up (EAC vs. NSE) 34

miR-181bc BE-HGD Up (BE-HGD vs. NSE) 34

miR-181b BE-HGD Down (BE-HGD vs. BE-LGD) 34

miR-181b EAC Up (EAC vs. NSE) 34

miR-192c BE Up (BE vs. NSE) 35

miR-192 EAC-PROG Up (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-192 EAC Up (EAC vs. NSE) 35, 36, 40

miR-193a EAC Down (EAC vs. BE-HGD) 34

miR-193bc BE-HGD Down (BE-HGD vs. BE-LGD) 34

miR-193b EAC Down (EAC vs. NSE) 34

miR-194c BE Up (BE vs. NSE) 37

miR-194 EAC Up (EAC vs. NSE) 36, 37, 40

miR-194 EAC Up (EAC vs. BE) 36

miR-195c BE-HGD Up (BE-HGD vs. NSE) 34

miR-195 EAC Up (EAC vs. NSE) 34

miR-196ac BE Up (BE vs. NSE) 41

miR-196a BE-LGD Up (BE-LGD vs. NSE) 41

miR-196a BE-LGD Up (BE-LGD vs. BE) 41

miR-196a BE-HGD Up (BE-HGD vs. NSE) 41

miR-196a BE-HGD Up (BE-HGD vs. BE) 41

miR-196a BE-HGD Up (BE-HGD vs. BE-LGD) 41

miR-196a BE-LS Up (BE-LS vs. BE-SS) 42

miR-196a EAC Up (EAC vs. NSE) 41

miR-196a EAC Up (EAC vs. NSE) 43

miR-196a EAC Up (EAC vs. BE-LGD) 41

miR-197 BE-HGD Up (BE-HGD vs. BE-LGD) 34

miR-199ac BE-HGD Up (BE-HGD vs. NSE) 34 Downregulated (OE33)

miR-199a EAC Up (EAC vs. NSE) 34

miR-199a*c BE-HGD Up (BE-HGD vs. NSE) 34

miR-199a* EAC Up (EAC vs. NSE) 34

miR-199bc BE-HGD Up (BE-HGD vs. NSE) 34

miR-199b EAC Up (EAC vs. NSE) 34

miR-200a EAC Down (EAC vs. BE) 44

miR-200a*c BE-HGD Up (BE-HGD vs. BE-LGD) 34

miR-200b EAC Down (EAC vs. BE) 44

miR-200cc BE Down (BE proximal to EAC vs. BE) 44

miR-200c EAC Down (EAC vs. BE) 44

miR-203c BE Down (BE vs. NSE) 35, 37

miR-203 BE-HGD Down (BE-HGD vs. NSE) 34

miR-203 BE-HGD Down (BE-HGD vs. BE-LGD) 34

miR-203 BE-HGD/EAC Up (BE-HGD from EAC vs. BE) 33

miR-203 EAC Down (EAC vs. NSE) 34, 35, 36, 37, 40 

miR-203 EAC-PROG Down (EAC vs. BE-HGD,  BE-LGD, BE and NSE) 35

miR-205 BE Down (BE vs. NSE) 35, 37, 38
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Table 1 (contd...)

Table 1 (contd...)

miRNA Pathology Direction and details of change Reference C-PAC–induced alteration

miR-205 BE-HGD Down (BE-HGD vs. NSE) 34

miR-205 EAC Down (EAC vs. NSE) 34, 35, 36, 37

miR-205 EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-20b BE Down (BE vs. NSE) 35

miR-20b BE-HGD Down (BE-HGD vs. BE-LGD) 34

miR-21c BE Up (BE vs. NSE) 37

miR-21 BE from HGD/EAC Up (BE from HGD/EAC vs. BE) 33

miR-21 EAC Up (EAC vs. NSE) 36, 37, 40 

miR-21 EAC Up (EAC vs. BE) 26

miR-210c BE-HGD Down (BE-HGD vs. NSE) 34

miR-210 EAC Down (EAC vs. NSE) 34

miR-214 EAC Up (EAC vs. NSE) 34

miR-215c BE Up (BE vs. NSE) 35, 37

miR-215 EAC Up (EAC vs. NSE) 35, 37

miR-215 EAC Down (EAC vs. BE) 37 Upregulated (OE33)

miR-215 EAC-PROG Up (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-219 EAC Down (EAC vs. NSE) 34

miR-221c BE-HGD Down (BE-HGD vs. NSE) 34

miR-221 EAC Down (EAC vs. NSE) 34

miR-222 BE-HGD Down (BE-HGD vs. NSE) 34 Downregulated (JHAd1, OE19)

miR-223 EAC Up (EAC vs. NSE) 40 Downregulated (OE33)

miR-224 EAC Down (EAC vs. NSE) 34

miR-23ac EAC Down (EAC vs. NSE) 35 Upregulated (JHAd1, OE33)

miR-23a EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-23bc BE-HGD Down (BE-HGD vs. BE-LGD) 34 Upregulated (JHAd1, OE19)

miR-23b EAC Down (EAC vs. NSE) 34

miR-25c EAC Up (EAC vs. NSE) 34, 45 Upregulated (JHAd1, OE19)

miR-25 EAC Up (EAC vs. BE) 45

miR-27a EAC Down (EAC vs. NSE) 34

miR-27bc BE-HGD Down (BE-HGD vs. NSE) 34

miR-27b EAC Down (EAC vs. NSE) 34, 36

miR-28 BE-HGD Up (BE-HGD vs. NSE) 34

miR-28 EAC Up (EAC vs. NSE) 34

miR-29cc BE-HGD Up (BE-HGD vs. NSE) 34

miR-29c EAC Up (EAC vs. NSE) 34

miR-30a-5pc BE-HGD Up (BE-HGD vs. NSE) 34

miR-30a-5p EAC Up (EAC vs. NSE) 34

miR-31 EAC Down (EAC vs. NSE) 34

miR-32c BE Down (BE vs. NSE) 35 Upregulated (OE33)

miR-32 EAC Down (EAC vs. NSE) 35

miR-326c EAC Up (EAC vs. NSE) 35 Upregulated (OE33)

miR-326 EAC-PROG Up (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-330-5p EAC Up (EAC vs. NSE) 35 Upregulated (OE19)

miR-338 BE-HGD Up (BE-HGD vs. NSE) 34

miR-338c EAC Down (EAC vs. NSE) 34
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Table 1 (contd...)

miRNA Pathology Direction and details of change Reference C-PAC–induced alteration

miR-345 EAC Down (EAC vs. BE-HGD) 34

miR-355-5p EAC Up (EAC vs. NSE) 35

miR-370 BE-HGD Down (BE-HGD vs. NSE) 34

miR-409-3p EAC Up (EAC vs. NSE) 35 Upregulated (OE33)

miR-422b EAC Down (EAC vs. NSE) 34

miR-424c BE-HGD Up (BE-HGD vs. NSE) 34

miR-424 EAC Up (EAC vs. NSE) 34

miR-429 EAC Down (EAC vs. BE) 44

miR-451 BE-HGD Up (BE-HGD vs. NSE) 34

miR-483-3p EAC Up (EAC vs. NSE) 35

miR-486-5p BE-HGD/EAC Down (BE-HGD from EAC vs. BE) 33

miR-494c BE-HGD Down (BE-HGD vs. NSE) 34

miR-494 EAC Down (EAC vs. NSE) 34

miR-494 EAC Down (EAC vs. BE-HGD) 34

miR-497 EAC Up (EAC vs. NSE) 34 Upregulated (OE19)

miR-509 BE-HGD Down (BE-HGD vs. NSE) 34

miR-513c BE-HGD Up (BE-HGD vs. BE-LGD) 34

miR-513 BE-HGD Down (BE-HGD vs. NSE) 34

miR-513 EAC Down (EAC vs. NSE) 34

miR-516a-5p EAC Up (EAC vs. NSE) 35

miR-519d EAC Up (EAC vs. NSE) 35

miR-543 BE Down (BE vs. NSE) 35 Upregulated (OE33)

miR-548b-3p BE Up (BE vs. NSE) 35

miR-557 EAC Up (EAC vs. NSE) 34

miR-560c EAC Up (EAC vs. NSE) 35

miR-560 EAC-PROG Up (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-605c EAC Down (EAC vs. NSE) 35

miR-605 EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-615-3pc EAC Up (EAC vs. NSE) 35

miR-615-3p EAC-PROG Up (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

miR-617c BE-HGD Down (BE-HGD vs. NSE) 34

miR-617 EAC Down (EAC vs. NSE) 34

miR-630 EAC Up (EAC vs. NSE) 34

miR-636 BE-HGD Down (BE-HGD vs. BE-LGD) 34 Downregulated (OE33)

miR-663 EAC Up (EAC vs. NSE) 34

miR-7 EAC Up (EAC vs. NSE) 34 Downregulated (JHAd1)

miR-93c EAC Up (EAC vs. NSE) 45

miR-93 EAC Up (EAC vs. BE) 45

miR-99ac BE-HGD Down (BE-HGD vs. NSE) 34

miR-99a EAC Down (EAC vs. NSE) 34, 35

miR-99a EAC-PROG Down (EAC vs. BE-HGD, 
BE-LGD, BE and NSE)

35

Note: NSE is normal squamous epithelium; BE is Barrett’s esophagus; HGD is high-grade dysplasia and LGD is low-grade dysplasia.. EAC is esophageal adenocarcinoma; PROG 
is progression to EAC across histopathology categories (NSE to BE, BE-LGD, and BE-HGD to EAC). Reference 33 utilizes BE tissue from patients without dysplasia (BE) as well 
as BE tissue from patients with dysplasia and EAC (BE from HGD/EAC) and dysplastic BE tissues from patients with HGD and EAC (BE-HGD from EAC). Similarly, reference 
44 compares BE tissue proximal to EAC to BE tissues from noncancer patients. SuperscriptC on miRs in column one denotes miRs altered in both esophageal premalignant 
tissues and EAC.
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Supplemental Table 1 (contd...)

Supplemental Table 1: Differential expression of miRs in cell lines of BE and EAC origin as previously reported[45] 
and C-PAC–induced miR alterations in EAC cell lines
miRNA Cell line Direction and details of change[45] C-PAC-induced alteration
let-7a EAC Down (OE33 vs. HEEpiC)

let-7a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

let-7b EAC Down (OE33 vs. HEEpiC) Upregulated (OE19)

let-7b EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

let-7c EAC Down (OE33 vs. HEEpiC)

let-7c EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

let-7e EAC Down (OE33 vs. HEEpiC)

let-7e EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

let-7f EAC Down (OE33 vs. HEEpiC)

let-7f EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-100 EAC Down (OE33 vs. HEEpiC)

miR-100 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-106a EAC Down (OE33 vs. HEEpiC)

miR-106a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-106b EAC Up (OE33 vs. HEEpiC)

miR-106b EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-125a EAC Down (OE33 vs. HEEpiC)

miR-125a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-125b EAC Down (OE33 vs. HEEpiC)

miR-125b EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-130a EAC Down (OE33 vs. HEEpiC)

miR-130a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-130b EAC Up (OE33 vs. HEEpiC)

miR-130b EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-136 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-136 EAC Down (OE33 vs. HEEpiC)

miR-136 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT) Downregulated (OE19)

miR-138 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC) Downregulated (JHAd-1)

miR-138 EAC Down (OE33 vs. HEEpiC)

miR-138 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-146a EAC Down (OE33 vs. HEEpiC)

miR-146a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-151 EAC Up (OE33 vs. HEEpiC)

miR-155 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-155 EAC Up (OE33 vs. HEEpiC)

miR-15b BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-15b EAC Up (OE33 vs. HEEpiC)

miR-17-3p EAC Down (OE33 vs. HEEpiC)

miR-17-3p EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-17-5p EAC Down (OE33 vs. HEEpiC)

miR-17-5p EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-186 EAC Up (OE33 vs. HEEpiC)

miR-186 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-193a BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-193a EAC Down (OE33 vs. HEEpiC)

miR-193a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-19b EAC Down (OE33 vs. HEEpiC)

miR-19b EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)
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Supplemental Table 1 (contd...)

Supplemental Table 1 (contd...)

miRNA Cell line Direction and details of change[45] C-PAC-induced alteration
miR-200a BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-200a EAC Up (OE33 vs. HEEpiC)

miR-200a EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-203 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-203 EAC Down (OE33 vs. HEEpiC)

miR-203 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-205 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-205 EAC Down (OE33 vs. HEEpiC)

miR-205 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-20a EAC Down (OE33 vs. HEEpiC)

miR-20a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-20b EAC Down (OE33 vs. HEEpiC)

miR-20b EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-22 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-22 EAC Down (OE33 vs. HEEpiC)

miR-23a EAC Down (OE33 vs. HEEpiC)

miR-25 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-25 EAC Up (OE33 vs. HEEpiC)

miR-25 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-26a EAC Down (OE33 vs. HEEpiC)

miR-26a EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-27a EAC Down (OE33 vs. HEEpiC)

miR-28 EAC Up (OE33 vs. HEEpiC)

miR-28 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-301 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-301 EAC Up (OE33 vs. HEEpiC)

miR-301 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-30a-5p BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-30a-5p EAC Up (OE33 vs. HEEpiC)

miR-30a-5p EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-31 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-31 EAC Down (OE33 vs. HEEpiC)

miR-31 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-339 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-339 EAC Up (OE33 vs. HEEpiC)

miR-345 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-345 EAC Up (OE33 vs. HEEpiC)

miR-34a BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-34a EAC Down (OE33 vs. HEEpiC)

miR-34a EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT) Downregulated (JHAd-1)

miR-34b BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-34b EAC Down (OE33 vs. HEEpiC)

miR-34c BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-34c EAC Down (OE33 vs. HEEpiC)

miR-34c EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-377 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)
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in the JHAD1 cell line (n = 98), followed by the OE33 (n = 85) 
and OE19 (n = 81) cell lines. We have found the OE19 cells to be 
the most tumorigenic in a mouse xenograft model and generally this 
cell line has been more resistant to treatment with cancer inhibitory 
agents compared to the OE33 and JHAD1 cell lines. The five 
common miRs altered by C-PAC treatment across all three cell lines 
resulted in identification of 26 validated gene targets utilizing the 
miRWalk database as detailed in Table 2. A number of gene targets 
have been implicated in cancer, including tumor suppressor genes 
(p53 and p16), oncogenes (Rb and ErbB) and inflammatory linked 
transcription factors (NFkB). Pathway analysis utilizing the target 
genes resulting from the five miRs altered by C-PAC treatment in 
all three EAC cell lines resulted in 23 KEGG pathways detected as 
modulated. Identified KEGG pathways included pathways in cancer, 
a number of specific cancers (bladder, nonsmall cell lung cancer, 
chronic myeloid leukemia, prostate cancer, glioma, melanoma, 
small cell lung cancer, endometrial cancer, basal cell carcinoma, 
renal cell cancer, colorectal cancer), cell cycle, p53 signaling, B-cell 
receptor signaling, focal adhesion, ErbB signaling, apoptosis, Toll-
like receptor, T-cell receptor and Wnt signaling. We have previously 
reported that C-PAC has inhibitory effects in esophageal, colon and 
lung cancer cell lines;[18-20] however, this is the first report evaluating 
the ability of C-PAC to modulate miRNA expression profiles. 

Next, PANTHER pathway analysis was conducted to gain additional 
insight into metabolic and signaling pathways impacted by C-PAC 
treatment. PANTHER analysis resulted in the identification of five 
C-PAC altered pathways in EAC cells, with angiogenesis being 
the only unique addition beyond the KEGG identified pathways 
as documented in Table 2. MetaCore pathway analysis was also 
applied utilizing the same 26 validated gene targets and resulted not 
only in a number of pathways previously identified by KEGG and 
PANTHER, but also in some unique pathways such as G-protein 
signaling, anti-angiogenic pigment epithelium-derived factor 
(PEDF) signaling, DNA damage, vascular endothelial growth 
factor (VEGF), mucin and immune response, among others. A 
number of the C-PAC–modulated pathways are logical targets 
for chemoprevention of EAC, given the documented molecular 
alterations occurring on the continuum from BE to EAC.[51-53] 
Similarly, the top 20 canonical pathways identified via GeneGo/
MetaCore analysis of the targets resulting from the five miRs altered 
by C-PAC in all three EAC cell lines include not only P53 signaling, 
apoptosis, cell cycle, immune response, but also DNA damage-
related pathways as displayed in Table 3. MetaCore pathway analysis 
was also conducted utilizing validated targets derived from all 41 
miRs altered in two or more EAC cell lines. The top 20 canonical 
pathways included more gene ontology categories linked to immune 

Supplemental Table 1 (contd...)

miRNA Cell line Direction and details of change[45] C-PAC-induced alteration
miR-377 EAC Down (OE33 vs. HEEpiC)

miR-424 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-424 EAC Down (OE33 vs. HEEpiC)

miR-424 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-429 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-429 EAC Up (OE33 vs. HEEpiC)

miR-429 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-503 BE Down (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-503 EAC Down (OE33 vs. HEEpiC)

miR-574 EAC Down (OE33 vs. HEEpiC)

miR-574 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-590 EAC Up (OE33 vs. HEEpiC)

miR-590 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-625 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-625 EAC Up (OE33 vs. HEEpiC)

miR-625 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-630 BE Up (QhTRT, ChTRT, and GihTRT vs. HEEpiC)

miR-630 EAC Down (OE33 vs. HEEpiC)

miR-630 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-765 EAC Up (OE33 vs. HEEpiC)

miR-92 EAC Down (OE33 vs. HEEpiC)

miR-92 EAC Down (OE33 vs. QhTRT, ChTRT, and GihTRT)

miR-93 EAC Up (OE33 vs. HEEpiC)

miR-93 EAC Up (OE33 vs. QhTRT, ChTRT, and GihTRT)

Note: HEEpiC is a normal esophageal cell line; OE33 is an EAC cell line; QhTRT, ChTRT, and GihTRT are cell lines originating from Barrett’s esophagus. BE is Barrett’s 
esophagus; EAC is esophageal adenocarcinoma
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EAC cell lines Common up-regulated miRNAs Common down-regulated miRNAs

JHAD1, OE19 and OE33 miR-410, miR-520d-5p miR-202, miR-516a-3p, miR-586

JHAD1 and OE33 miR-23a*, miR-329, miR-770-5p miR-26a-1*, miR-363, miR-519a, miR-523

JHAD1 and OE19 miR-23b, miR-25*, miR-184, mir-483-5p, miR-580, miR-616 let-7i*, let-10b*, miR-206, mir-222 miR-565*, miR-604, miR-622, 
miR-638, miR-659

OE19 and OE33 miR-184, miR-23b, miR-25*, miR-483-5p, miR-580, miR-616 let-7b*, miR-381, miR-517b, miR-517c, miR-518f, miR-519e, 
miR-520b, miR-526b*

a

b c
Figure 2: Effects of C-PAC treatment on miRNA expression patterns in JHAD1, OE19 and OE33 esophageal adenocarcinoma cell 
lines. (a) Details of commonly up and downregulated miRNAs following a 6-hour C-PAC treatment by cell line; (b) Venn diagram 
illustrating the number of C-PAC upregulated miRNAs in each cell line; (c) Venn diagram illustrating the number of downregulated 
miRNAs associated with C-PAC treatment

response, cell cycle and epithelial-to-mesenchymal transition, but 
less involvement of DNA damage pathways when compared to 
the targets derived form the five common miRs altered in all three 
cell lines. Other unique categories resulting from the five common 
miR targets included proteolysis and mucin expression, whereas 
the 41 miRs dysregulated in two or more cell lines resulted in 
alterations in AKT and PTEN signaling. These data support that 
C-PAC modulated some common cancer-linked pathways across 
all three EAC cell lines; however, unique pathways were also 
detected between the EAC cell lines in terms of C-PAC–induced 
changes likely reflecting differences in the molecular profiles of the 
individual cell lines. 

Predicted targets derived from the five commonly altered miRs were 
also assessed and resulted in identification of 395 gene targets, 12 
KEGG and three PANTHER pathways which are summarized in 
Supplemental Table 2. Interestingly, the Toll-like receptor signaling 
pathway was the only one in common with pathways identified 
utilizing only validated targets. Our data analysis supports that the 
choice of the database impacts outcomes. We found that utilizing 
multiple databases to assess miR targets provided additional 
information regarding potential mechanisms by which C-PAC 
inhibits cancer cell growth; however, additional validation of 
findings is required to better understand the true overlap between 
pathways identified via the various databases and actual molecular 
alterations. A recent paper by Shmelkov et al., evaluated multiple 
pathway databases for identifying transcriptional regulatory targets 

and reported little overlap between experimentally obtained target 
genes compared to targets identified in transcriptional regulatory 
pathway databases.[32] The authors did report that the MetaCore 
pathway database results intersected with experimental results in 
84% of the cases compared to 24% utilizing the KEGG database, for 
example; PANTHER was not included in the analysis comparing 
the various databases. In addition to the results varying by database 
choice, we detected little overlap between pathways identified 
as altered utilizing “validated” versus “predicted” gene targets. 
Thus, both the types of targets and database choice are important 
considerations which stand to significantly impact interpretation 
of study results. 

Pathways resulting from miRNAs altered in BE 
and EAC and pathways altered in EAC cell lines by 
C-PAC treatment
Based on the published literature, a total of 87 miRs have been 
reported to be dysregulated in EAC and precursor lesions, as detailed 
in Table 1. Utilizing the miRWALK database, 4335 validated gene 
targets were derived from the 87 dysregulated miRs. Depositing 
the gene ENTREZ IDs for the targets in DAVID resulted in 1786 
recognized annotations for conducting pathway analysis utilizing 
the PANTHER database. Next, to assess whether C-PAC impacted 
PANTHER pathways altered in EAC tissues, 1665 validated gene 
targets were derived from the 41 miRs (altered in two or more EAC 
cell lines post–C-PAC treatment); 981 of the 1665 targets were 
recognized annotations utilized for PANTHER pathway analysis. 
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Results are summarized in Table 4. Based on the 87 dysregulated 
miRs reported in the published literature [Table 1], a total of 26 
PANTHER pathways were identified as significantly altered, with 
angiogenesis, transforming growth factor (TGF)-β-signaling, 
apoptosis, Toll receptor signaling and p53 pathway feedback loops 
2 representing the top five pathways. C-PAC altered miRs (≥2 
EAC cell lines) also resulted in the identification of 26 modulated 
pathways with 21 of the 26 overlapping with those identified as 
altered in EAC or BE tissues, supporting that C-PAC may normalize 
altered miRNA profiles in BE and EAC. This is also consistent 
with the data in Table 1 showing that C-PAC inversely modulated 
10 miRs dysregulated in BE or EAC. Pathways altered in EAC or 
BE which were not modulated by C-PAC treatment included the 
Ras pathway, insulin/insulin-like growth factor (IGF) pathway-
mitogen activated protein kinase/MAP kinase cascade, fibroblast 
growth factor (FGF) signaling, p38 pathway and integrin signaling. 
Similarly, C-PAC altered a small number of PANTHER pathways 
not reported in EAC tissues, including oxidative stress response, 

hypoxia response via hypoxia-inducible factor activation, DNA 
replication and Notch signaling pathways. These results and those 
detailed in Tables 2 and 3 support that C-PAC may hold promise 
as an inhibitor against other cancers with abberations in genes and 
pathways identified. As an example, mutations in P53, P16, PTEN, 
PIK3CA, RAS, and more recently, NOTCH have all been linked to 
cancers of the head and neck[54] and based on the results presented 
are targets potentially modulated by C-PAC treatment. 

CONCLUSIONS

Pathway results across three database platforms utilizing gene 
targets derived from miRs altered in BE and EAC tissues or by 
C-PAC treatment of EAC cell lines detected multiple common 
pathways, but also uncovered a limited number of unique pathways 
per database illustrating the effect that the database choice has on 
study results. Moreover, divergent pathways were detected when 
comparing “validated” miR targets to “predicted” miR targets, 

Table 2: Common miRNAs altered by C-PAC treatment of JHAD1, OE19, and OE33 EAC cell lines, validated gene 
targets and resultant pathways 
miRNA Gene target(s) Entrez ID Pathway category Pathways P-value

hsa-miR-586 DICER1 23405 KEGG

hsa-miR-586 RUNX2 860 Pancreatic cancer 7.1E-08
hsa-miR-586 SUPT3H 8464 Pathways in cancer 2.7E-07

Bladder cancer 8.9E-06
hsa-miR-520d-5p ERBB2 2064 Non-small cell lung cancer 2.4E-05

Chronic myeloid leukaemia 9.0E-05
hsa-miR-516a-3p WNT5A 7474 Prostate cancer 1.8E-04
hsa-miR-516a-3p WEE1 7465 Cell cycle 6.5E-04

Glioma 1.1E-03
hsa-miR-410 HPS1 3257 Melanoma 1.5E-03
hsa-miR-410 PIK3R2 5296 Small cell lung cancer 2.5E-03
hsa-miR-410 COX8A 1351 Neurotrophin signaling pathway 7.5E-03
hsa-miR-410 VEGFA 7422 Endometrial cancer 1.3E-02
hsa-miR-410 MAPK1IP1L 93487 Basal cell carcinoma 1.4E-02
hsa-miR-410 UBASH3A 53347 p53 signaling pathway 2.1E-02
hsa-miR-410 CDC2 983 Renal cell carcinoma 2.2E-02
hsa-miR-410 SPRED1 161742 B cell receptor signaling pathway 2.5E-02
hsa-miR-410 CDKN2A 1029 Focal adhesion 2.7E-02
hsa-miR-410 JUN 3725 Colorectal cancer 3.1E-02
hsa-miR-410 NFKB1 4790 ErbB signaling pathway 3.3E-02
hsa-miR-410 RB1 5925 Apoptosis 3.3E-02
hsa-miR-410 TP53 7157 Toll-like receptor signaling pathway 4.4E-02
hsa-miR-410 PUM1 9698 T cell receptor signaling pathway 4.9E-02

Wnt signaling pathway 8.9E-02
hsa-miR-202 AGT 183 PANTHER

hsa-miR-202 POMC 5443 p53 pathway feedback loops 2 8.7E-05
hsa-miR-202 GAL 51083 p53 pathway 1.2E-02
hsa-miR-202 NFYC 4802 Angiogenesis 6.0E-02
hsa-miR-202 ELA2 1991 T cell activation 8.8E-02
hsa-miR-202 SUFU 51684 Apoptosis signaling pathway 9.9E-02
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Supplemental Table 2: Pathways resulting from C-PAC altered predicted miR targets based on the five common 
miRs modulated in JHAD1, OE19 and OE33 EAC cell lines
Pathway category Pathways P-value

KEGG Cytokine–cytokine receptor interaction 1.7E-3

JAK–STAT signaling pathway 1.1E-2

Lysine degradation 1.8E-2

Natural killer cell-mediated cytotoxicity 3.5E-2

Valine, leucine and isoleucine degradation 4.2E-2

Toll-like receptor signaling pathway 4.7 E-2

Pantothenate and CoA biosynthesis 5.2 E-2

Steroid hormone biosynthesis 5.6 E-2

Heparan sulfate biosynthesis 6.8 E-2

Glycosaminoglycan degradation 6.9 E-2

Sulfur metabolism 8.0 E-2

Intestinal immune network for IgA production 8.3 E-2

PANTHER Plasminogen activating cascade 1.4E-2

p38 MAPK pathway 7.7E-2

Blood coagulation 7.7E-2

Table 3: Canonical pathways enriched with targets of miRNAs altered by C-PAC treatment of EAC cell lines
GO pathways, 

5 common miRNAs altered in all 3 cell lines

GO pathways, 

41 miRs altered in 2 or more EAC cell lines
Protein folding and maturation, POMC processing 8.7E-34 Cytoskeleton remodeling, TGF, WNT and cytoskeletal remodeling 5.9E-18

Apoptosis and survival, role of CDK5 in neuronal death and 
survival

5.0E-07 Cell cycle, influence of Ras and Rho proteins on G1/S transition 3.2E-17

Transcription, P53 signaling pathway 1.0E-06 Cell cycle, regulation of G1/S transition (part 1) 8.5E-17

Development, PEDF signaling 3.3E-06 Immune response, IL-2 activation and signaling pathway 5.7E-16

Apoptosis and survival, p53-dependent apoptosis 1.0E-05 Normal and pathological TGF-beta-mediated regulation of cell 
proliferation

6.3E-16

Development, VEGF signaling and activation 5.0E-05 Development, regulation of epithelial-to-mesenchymal transition 
(EMT)

9.4E-16

G-protein signaling, proinsulin C-peptide signaling 1.1E-04 Cell adhesion, chemokines and adhesion 3.3E-15

DNA damage, inhibition of telomerase activity and cellular 
senescence

1.1E-04 Immune response, CD137 signaling in immune cell 1.0E-14

Cell cycle, role of 14-3-3 proteins in cell cycle regulation 1.5E-04 Cell cycle, ESR1 regulation of G1/S transition 1.3E-14

Cytoskeleton remodeling, TGF, WNT and cytoskeletal 
remodeling

1.8E-04 Signal transduction, PTEN pathway 1.8E-14

Development, EGFR signaling pathway 2.2E-04 Some pathways of EMT in cancer cells 2.3E-14

Immune response, CD40 signaling 2.4E-04 Protein folding and maturation, POMC processing 2.4E-14

Muscle contraction, Regulation of eNOS activity in 
endothelial cells

2.4E-04 Signal transduction, AKT signaling 4.2E-14

DNA damage, ATM/ATR regulation of G2/M checkpoint 2.5E-04 DNA damage, ATM/ATR regulation of G1/S checkpoint 1.2E-13

Proteolysis, putative SUMO-1 pathway 3.5E-04 Development, PDGF signaling via STATs and NF-kB 1.2E-13

DNA damage, Brca1 as a transcription regulator 3.8E-04 Development, GM-CSF signaling 1.6E-13

Mucin expression in CF via IL-6, IL-17 signaling pathways 5.6E-04 Cell cycle, role of SCF complex in cell cycle regulation 2.2E-13

Immune response, regulation of T cell function by CTLA-4 6.6E-04 Immune response, MIF-mediated glucocorticoid regulation 2.3E-13

Development, beta-adrenergic receptors transactivation of 
EGFR

7.2E-04 Immune response, IL-22 signaling pathway 2.4E-13

Immune response, human NKG2D signaling 7.8E-04 Immune response, CD40 signaling 8.6E-13

raising another important consideration for the interprtation 
of research results. Overall, the data support that C-PAC, a 
proanthocyanidin-rich cranberry extract, has potent inhibitory 
effects on the viability of EAC cells, which is in part attributable 

to modulation of select miRNAs, some of which are known 
to be altered in EAC and precursor lesions. Still, mechanistic 
information regarding the cancer inhibitory potential of C-PAC 
and other cranberry constituents is limited, particularly in terms 
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of in vivo research, compared to other berry types like black  
raspberries.[55-59] Our results support that future targeted 
interventions utilizing C-PAC in cohorts at increased risk for EAC 
progression or other cancers as idenitified by pathway analysis may 
prove promising. It is encouraging that several miRs modulated by 
C-PAC in EAC cell lines have also been reported to be inversely 
dysregulated in premalignant esophageal pathologies as well as 
EAC [Table 1], supporting that C-PAC may hold chemopreventive 
potential at early stages during the development of esophageal 
premalignancy as well as later stages characterized by neoplastic 
transformation and progression to EAC. The fact that C-PAC also 
modulates angiogenesis and PEDF signaling based on pathway 
analysis further supports this finding. Interestingly, black raspberries 
have recently been reported to inhibit late stage carcinogenesis 
in a preclinical model for esophageal squamous cell carcinoma 
through modulation of pathways linked to proliferation, apoptosis, 
inflammation, angiogenesis, cyclooxygenase and lipoxygenase. Thus, 

although the findings reported herein are limited by their descriptive 
nature, they are still informative for the identification of pathways 
linked to EAC progression or pathways modulated by C-PAC 
treatment, in turn serving to guide more mechanistically driven 
investigations. Further in vitro, in vivo and clinical investigations are 
warranted to assess the true chemopreventive efficacy of C-PAC 
toward reducing BE and EAC risk. Improving our knowledge of 
dysregulated miRNAs in specific cancers (EAC) and premalignant 
conditions (BE) will permit identification of potential miRNA-
based therapeutic or chemopreventive targets and support improved 
mechanistically informed interventions with the overarching goal 
of reducing cancer risk in high-risk cohorts. Efficacious cancer risk 
reducing interventions are especially needed for esophageal and 
other cancers plagued with ineffective screening methods, late stage 
diagnosis, cancers with limited treatment options and those with 
poor prognosis. Improving our understanding of specific miRNAs 
altered by natural or dietary sources of cancer inhibitory agents, 

Table 4: PANTHER pathways resulting from micoRNAs altered in BE and EAC tissues or EAC cell lines following 
C-PAC treatment
Esophageal tissues (EAC and BE), 

87 miRs altered based on 13 reports

EAC cell lines, 

41 miRs altered by C-PAC in ≥2 cell lines
PANTHER pathway Count P-value PANTHER pathway Count P-value

Angiogenesis 76 4.2E-08 p53 pathway feedback loops 2 27 8.0E-11

TGF-beta signaling pathway 56 3.3E-07 Angiogenesis 51 3.9E-08

Apoptosis signaling pathway 49 6.1E-07 Ras pathway 27 7.0E-07

Toll receptor signaling pathway 30 1.1E-06 p53 pathway 30 8.7E-06

p53 pathway feedback loops 2 29 1.9E-06 Apoptosis signaling pathway 31 1.4E-05

Ras pathway 35 2.0E-05 FAS signaling pathway 14 3.6E-05

FAS signaling pathway 19 2.5E-05 PDGF signaling pathway 34 8.1E-04

EGF receptor signaling pathway 47 5.9E-05 B cell activation 20 9.4E-04

B cell activation 32 1.0E-04 EGF receptor signaling pathway 28 1.1E-03

Interleukin signaling pathway 62 2.4E-04 JAK/STAT signaling pathway 9 1.2E-03

PDGF signaling pathway 54 4.0E-04 Interleukin signaling pathway 37 1.8E-03

p53 pathway 39 5.2E-04 VEGF signaling pathway 18 2.3E-03

PI3 kinase pathway 37 9.3E-04 PI3 kinase pathway 23 3.3E-03

JAK/STAT signaling pathway 12 1.0E-03 Interferon-γ signaling pathway 10 5.4E-03

Inflammation mediated by chemokine/cytokine 
signaling pathway

80 1.1E-03 Hypoxia response via HIF activation 10 8.2E-03

VEGF signaling pathway 27 1.7E-03 T-cell activation 22 1.2E-02

T-cell activation 37 2.2E-03 Toll receptor signaling pathway 14 1.4E-02

p53 pathway by glucose deprivation 13 3.2E-03 TGF-β signaling pathway 26 1.5E-02

Insulin/IGF pathway-mitogen activated protein 
kinase/MAP kinase cascade

18 4.2E-03 p53 pathway by glucose deprivation 8 2.2E-02

FGF signaling pathway 39 4.9E-03 Oxidative stress response 13 3.1E-02

Interferon-gamma signaling pathway 14 5.2E-03 Inflammation mediated by chemokine/cytokine 
signaling pathway

42 4.8E-02

Insulin/IGF pathway-protein kinase B signaling 
cascade

28 5.4E-03 Hedgehog signaling pathway 9 5.9E-02

p38 MAPK pathway 19 1.1E-02 Insulin/IGF pathway-protein kinase B signaling 
cascade

15 7.2E-02

Plasminogen activating cascade 10 1.5E-02 Notch signaling pathway 10 7.2E-02

Hedgehog signaling pathway 15 1.6E-02 Plasminogen activating cascade 6 7.3E-02

Integrin signaling pathway 52 6.5E-02 DNA replication 5 9.5E-02
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such as C-PAC, is a relatively new area of investigation,[60,61] but one 
that may lead to promising mutitargeted chemopreventive strategies 
utilizing single agents that modulate mutiple cancer-associated 
pathways or combinations of agents targeting complementary 
pathways as a risk-reducing strategy. 
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