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Abstract

Background Chemopreventive effects of zinc for esophageal cancer have been well documented in animal models. This pro-
spective study explores if a similar, potentially chemopreventive action can be seen in Barrett’s esophagus (BE) in humans.
Aims To determine if molecular evidence can be obtained potentially indicating zinc’s chemopreventive action in Barrett’s
metaplasia.

Methods Patients with a prior BE diagnosis were placed on oral zinc gluconate (14 days of 26.4 mg zinc BID) or a sodium
gluconate placebo, prior to their surveillance endoscopy procedure. Biopsies of Barrett’s mucosa were then obtained for
miRNA and mRNA microarrays, or protein analyses.

Results Zinc-induced mRNA changes were observed for a large number of transcripts. These included downregulation of
transcripts encoding proinflammatory proteins (IL32, IL1p, IL15, IL7R, IL2R, IL15R, IL3R), upregulation of anti-inflamma-
tory mediators (IL1RA), downregulation of transcripts mediating epithelial-to-mesenchymal transition (EMT) (LIF, MYB,
LYN, MTAI, SRC, SNAIL1, and TWIST1), and upregulation of transcripts that oppose EMT (BMP7, MTSS1, TRIB3,
GRHL1). miRNA arrays showed significant upregulation of seven miRs with tumor suppressor activity (-125b-5P, -132-3P,
-548z, -551a, -504, -518, and -34a-5P). Of proteins analyzed by Western blot, increased expression of the pro-apoptotic
protein, BAX, and the tight junctional protein, CLAUDIN-7, along with decreased expression of BCL-2 and VEGF-R2
were noteworthy.

Conclusions When these mRNA, miRNA, and protein molecular data are considered collectively, a cancer chemopreventive
action by zinc in Barrett’s metaplasia may be possible for this precancerous esophageal tissue. These results and the extensive
prior animal model studies argue for a future prospective clinical trial for this safe, easily-administered, and inexpensive
micronutrient, that could determine if a chemopreventive action truly exists.
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Introduction

Due in part to the very low 5-year survival rate after diag-
nosis (and even after esophagectomy), esophageal ade-
nocarcinoma (EAC) is viewed as one of the most severe
cancer diagnoses. In the USA, the five-year survival rate
for patients diagnosed with esophageal cancer across
all stages is only 19.2%; while the annual death rate has
decreased between 2006 and 2015, it has done so by less
than 1% per year [1]. EAC is the predominant histologic
subtype of esophageal cancer in Western countries, and
there has been a steadily increased incidence in EAC since
the early 1970s. Identified risk factors for EAC include
gastroesophageal reflux (GERD), obesity, tobacco use, and
Barrett’s esophagus (BE). BE is a precursor clinical condi-
tion to EAC that is characterized by metaplastic changes in
the esophagus, specifically the formation of an intestinal-
like, secretory, columnar epithelium in an otherwise strati-
fied squamous epithelial tissue [2]. BE is associated with
factors including GERD, older age, obesity, smoking, and
male gender. A case—control study found the odds ratio
of developing EAC with weekly GERD symptoms to be
7.7%, compared to individuals without GERD symptoms
[3, 4]. Currently, the prevalence of GERD in the USA is
estimated around 20% of the population, with an increase
in disease prevalence since 1995 [5]. The prevalence of
BE in patients with symptomatic GERD is estimated to be
5-15% [6]. This constitutes an enormous pool of people
at risk for EAC. Although GERD typically presents with
readily discernible symptoms, BE does not present with
any symptoms that would distinguish it from its GERD
precursor, and an endoscopic examination with biopsies is
necessary for its discovery [3]. This stealth aspect makes
the condition even more concerning.

Proton pump inhibitors (PPIs) directly inhibit gastric
acid secretion by inhibiting the H,K-ATPase of the parietal
cells of the stomach, reliably raising intragastric pH above
a pH of 4 [7]. However, PPI drugs are not doing anything
to directly act chemopreventively on Barrett’s epithelia
regarding the potential neoplastic progression of Barrett’s,
other than reducing further acid erosion of esophageal
mucosa. PPI usage in patients with BE has been associ-
ated with a lower risk of EAC, but this may only be due
to an indirect action [8]. Recent meta-analysis has in fact
suggested that PPIs are not inhibiting EAC development
in BE [9]. Aside from endoscopic surveillance of their
Barrett’s metaplasia for possible emergence of dysplasia
or adenocarcinoma, BE patients have limited options for
taking proactive steps to inhibit neoplastic progression of
their condition.

The anticancer action of zinc has been known for over
40 years. Zinc suppression of sarcoma growth and L1210
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leukemia cell growth in mice has been known since the
1970s [10, 11]. The subject of zinc deficiency correlat-
ing with various cancers as well as zinc supplementation
serving as a possible chemopreventive agent in cancer has
been recently and extensively reviewed [12, 13]. Inhibition
by zinc of esophageal cancer (squamous cell carcinoma
[SCC]) development in mice dosed with the chemical car-
cinogen, N-nitrosomethylbenzylamine, was reported over
30 years ago [14]. Inhibition by zinc of oral cancer in
mice had been observed by Poswillo [15]. Moreover, zinc
was reported to inhibit cancer cell growth at concentra-
tions not affecting normal cell growth [16]. Zinc has been
twice shown to inhibit dimethylhydrazine-induced colon
carcinogenesis in mice and rats including not only effects
on tumor burden but on preneoplastic tissue changes as
well [17-19]. The inverse correlation of zinc tissue lev-
els with prostate cancer has been observed, as was an
inhibitory effect of zinc supplementation on chemically
induced prostate cancer in rodents [20, 21]. However, the
science is not universally in agreement on zinc’s antican-
cer action as zinc gluconate was reported to be ineffective
against dimethylhydrazine-induced colon carcinogenesis
in rodents [22].

The most compelling evidence that zinc may be chemo-
preventive for esophageal squamous cell cancer (SCC) in
humans comes out of the large body of work on rodent mod-
els by the research laboratory of LY Fong. Work from this
group has clearly shown promotion of esophageal cancer
(SCC) by zinc deficiency [23, 24]. But there is also clear evi-
dence that zinc supplementation is chemopreventive in these
animals for induction of SCC of the esophagus, tongue, and
oral cavity [11, 25, 26].

It is true that all of the rodent model esophageal cancer
findings previously reported for zinc deal exclusively with
SCC, whereas Barrett’s epithelia develop into EAC, a totally
different neoplastic lineage [11, 23, 24]. Therefore, one
could not be assured that zinc would have similar cancer-pre-
ventive action regarding neoplastic progression coming from
Barrett’s metaplasia, as it does with development of SCC.
However, a large body of nutritional and dietary studies have
been published over time that show associations among zinc
deficiency, zinc supplementation, and esophageal cancers
in general [27]. Our current study was designed to specifi-
cally address that question, as well as being the first study
in humans to address zinc’s esophageal cancer preventive
action. A study in humans was deemed worthwhile because
of the known difficulty of achieving adequate animal models
for the condition of BE [28]. Issues surrounding the com-
pletely accurate reflection of various animal models for Bar-
rett’s metaplasia in humans ([29]) plus the issue of the well-
known safety of the therapeutic intervention here—26 mg
zinc gluconate BID—induced us to initiate this pilot study in
humans. We sought to observe if the chemopreventive action
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reported for zinc-inhibiting SCC in rodents could extend to
the Barrett’s-driven EAC risk in humans.

This current study does not contribute fundamentally to
the mechanism of zinc’s potentially chemopreventive role in
cancer other than to show changes in cellular signaling and
other molecular intermediates as a result of zinc treatment.
We would point out however that there are three actions of
zinc that have a high probability of figuring prominently in
zinc’s effects on neoplasia. The first is that zinc has well-
described antioxidant activity, both acutely and chronically
([30-32]). The second is that zinc binds to and regulates
various isoforms of the Protein Kinase C family of signal-
ing proteins, proteins that are highly involved in the tumor
promotional phase of carcinogenesis ([33]). The third is that
zinc has been reported to stabilize full length APC protein
and thereby promote apoptotic activity ([34]).

Methods and Materials
Patient Demographics and Enroliment

This research study was reviewed and approved by the
Lankenau Medical Center Institutional Review Board. All
enrolled subjects provided written informed consent. Pre-
viously identified BE patients in the Lankenau Medical
Center, Division of Gastroenterology patient practice, were
contacted for recruitment 6—8 weeks prior to their regularly
scheduled endoscopic surveillance procedure. Prior diag-
nosis of BE in all enrolled test subjects was made by a staff
pathologist on the basis of identification of goblet cell meta-
plasia in hematoxylin/eosin-stained sections of suspected
Barrett’s tissue biopsies. Criteria for enrollment exclusion
were insulin-dependent diabetes, prior history of Barrett’s
dysplasia or neoplasia, and the following medications: ami-
loride-class diuretics, fluoroquinolone antibiotics, anticoag-
ulants (except for aspirin), hormone-replacement therapy,
and cholestyramine; these being medications which could
be interfered with by supplemental zinc. Demographic char-
acteristics of the Barrett’s patients enrolled in this study are
shown in Table 1. Approximately 75% of Barrett’s patients
that were approached to participate in this study, agreed to
participate and provided written informed consent.

Zinc Medication

Zinc was administered in lozenge form to prolong the contact
time of the administered zinc with the esophageal mucosa.
Patients were instructed to take two zinc lozenges each
morning and evening for 14 days prior to their upper endos-
copy procedure. Each lozenge contained 13.2 mg of zinc in
the form of zinc gluconate with other inert ingredients, for
a total daily supplemental zinc intake of 52.8 mg. Patients

Table 1 Patient demographics relating to biopsy tissue samples used
in mRNA, miRNA, and protein analyses

Placebo group Zinc supplement
group
n % of total n % of total

mRNA study
Age

4049 2 40.0 0 0.0

50-59 1 20.0 2 40.0

60-69 2 40.0 1 20.0

70+ 0 0.0 2 40.0
Gender

Female 2 40.0 3 60.0

Male 3 60.0 2 40.0
Ethnicity

Caucasian 4 80.0 5 100.0

African American 0 0.0 0 0.0

Hispanic 1 20.0 0 0.0

Asian 0 0.0 0 0.0
Barrett’s segment length

1 cm 1 20.0 2 40.0

2cm 4 80.0 2 40.0

3cm 0 0.0 0 0.0

>3 cm 0 0.0 1 20.0
Proton pump inhibitor use

Omeprazole 2 40.0 4 80.0

Esomeprazole 0 0.0 1 20.0

Pantoprazole 2 40.0 0 0.0

Lansoprazole 1 20.0 0 0.0

Dexlansoprazole 0 0.0 0 0.0
miRNA study
Age

40-49 2 333 0 0.0

50-59 1 16.7 0 0.0

60-69 3 50.0 5 83.3

70+ 0 0.0 1 16.7
Gender

Female 2 333 4 66.7

Male 4 66.7 2 33.3
Ethnicity

Caucasian 4 66.7 6 100.0

African American 1 16.7 0 0.0

Hispanic 1 16.7 0 0.0

Asian 0 0.0 0 0.0
Barrett’s segment length

1 cm 2 333 1 16.7

2cm 3 50.0 3 50.0

3cm 0 0.0 1 16.7

>3 cm 1 16.7 1 16.7
Proton pump inhibitor use

Omeprazole 3 50.0 4 66.7

Esomeprazole 1 16.7 1 16.7
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Table 1 (continued)

Table 1 (continued)

Placebo group Zinc supplement Placebo group Zinc supplement
group group
n % of total n % of total n % of total n % of total
Pantoprazole 1 16.7 0 0.0 Esomeprazole 0 0.0 1 25.0
Lansoprazole 1 16.7 1 16.7 Pantoprazole 2 50.0 0 0.0
Protein study: BAX Lansoprazole 0 0.0 1 25.0
Age **] patient in the placebo group was not taking any PPI medication
40-49 0 25.0 1 25.0
50-59 1 0.0 1 25.0
60-69 2 250 0 25.0 were instructed to take the two lozenges consecutively, not
70+ 1 50.0 2 25.0 simultaneously, to not chew the lozenges or swallow them
Gender whole, and to refrain from foods containing phytates or cit-
Female 2 50.0 0 50.0 rus for 1 h before or after the lozenges; these foods being
Male 2 50.0 4 50.0 known to reduce cellular zinc uptake by rendering zinc non-
Ethnicity absorbable. A parallel, placebo group of Barrett’s patients
Caucasian 4 100.0 4 100.0 received lozenges containing a molar equivalent amount of
African American 0 0.0 0 0.0 sodium gluconate. Patients were randomly assigned to the
Hispanic 0 0.0 0 0.0 zinc or placebo subgroups by the sealed envelope method.
Asian 0 0.0 0 0.0 Study patients were blinded as to which treatment group that
Barrett’s segment length they were enrolled (placebo or zinc) until they completed the
Lem 2 75.0 0 75.0 study and provided biopsy tissue.
2cm 2 0.0 1 25.0 Normal (dietary) zinc intake is considered in the range of
3cm 0 0.0 0 0.0 5-10 mg/adult/day, and toxic limits are generally viewed to
>3 cm 0 25.0 3 0.0 be above 150 mg/adult/day. Lower doses (< 100 mg/adult/
Proton pump inhibitor use** day) have generally been considered safe and without effect
Omeprazole 1 50.0 1 333 on systemic copper levels [35, 36]. Hundred milligrams of
Esomeprazole 0 0.0 2 33.3 zinc/adult/day had no significant effect on plasma copper
Pantoprazole 2 50.0 0 0.0 levels over 3 months in an elderly population [37]. Zinc lev-
Lansoprazole 0 0.0 1 333 els in excess of 150 mg/adult/day were required to cause
Protein study: claudin changes in copper status, immune function, and HDL levels
Age [33].
4049 1 25.0 1 25.0 The transit time/turnover time of epithelial mucosa for
50-59 0 0.0 1 250 normal stratified squamous esophagus is 7.5 days, whereas
60-69 1 25.0 1 25.0 intestine is only 3 days ([39]). If Barrett’s is similar to either
70+ 2 50.0 1 25.0 of these—and results on Ki67 and IdU labeling of Bar-
Gender rett’s cells suggest that it is slower but still less than 14 days
Female 2 50.0 2 50.0 ([40])—our 14-day treatment time allows for at least one
Male 2 50.0 2 50.0 refoliation of the tissue in the presence of zinc. Therefore,
Ethnicity we are allowing for not only zinc effects on existing, differ-
Caucasian 4 100.0 4 100.0 entiated Barrett’s epithelia, but also zinc effects on undiffer-
African American 0 0.0 0 0.0 entiated epithelia (and stem cells) in the crypt regions of the
Hispanic 0 0.0 0 0.0 Barrett’s metaplasia. Not knowing what population of Bar-
Asian 0 0.0 0 0.0 rett’s epithelia would be the most amenable to zinc action, a
Barrett’s segment length 14-day treatment allows us to cover both possibilities.
lem 3 75.0 3 75.0 Our research group has published on the ability of zinc to
2em 0 0.0 1 250 favorably remodel the tight junctional complexes of various
3cm 0 0.0 0 0.0 human epithelial cell culture models ([41-45]. This involved
>3cm 1 250 0 0.0 zinc-induced upregulations and downregulations of various
Proton pump inhibitor use claudin proteins that resulted in junctional seals that are less
Omeprazole 2 50.0 2 50.0
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leaky. The optimal concentration range to achieve this effect
was 50-100 uM. If one administers a twice daily dose of
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26.6 mg zinc and this results in total absorption into the
bloodstream followed by dilution across a 5 L blood volume,
one is in the middle of this range, twice daily. That was
the rationale for the administered dosage. This is however
vastly over simplistic as it ignores confounding factors such
as transport of zinc into cellular spaces, binding of zinc to
metallothioneins, elimination of zinc by the kidney, etc. In
addition, it ignores the specific method of zinc delivery used
here—a slow dissolving lozenge which results in coating of
the oral cavity and esophageal mucosa, in essence a topical
delivery of zinc to the (apical surface of the) Barrett’s target
tissue. It was previously documented by our group that this
oral dosage with this mode of administration (orally admin-
istered lozenges) achieved a pharmacologically effective
dose in the Barrett’s cells ([46]).

Esophageal Biopsy Collection

During the patient’s endoscopic exam, diagnostic biopsies
were taken in four quadrants at one centimeter intervals with
standard biopsy forceps for histological evaluation. Four
additional standard biopsy samples (1 mm) were then taken
from the apparent Barrett’s region for research purposes and
flash-frozen on dry ice in the endoscopy procedures room
for later RNA microarray or protein chemistry analyses as
described below. The four biopsies were pooled in order to
yield enough material for RNA or protein assay.

Different groups of patients have been used in the dif-
ferent studies reported here (miRNA, mRNA, etc.) because
of the limiting amount of tissue (biopsies) taken from each
patient. For both protein and RNA analyses, we found it
necessary to pool 4 standard biopsies (1 mm each) from a
given tissue region in order to have sufficient cell material to
extract enough protein or RNA to then conduct the required
analyses. Taking more biopsies (from each patient) would
have lengthened the patient’s anesthesia exposure time, but
also reduced the confidence of biopsy accuracy. This is
because the transient mucosal bleeding that begins upon tak-
ing the initial biopsy can obscure the tissue field and reduce
confidence in obtaining biopsies from specific regions (e.g.,
Barrett’s metaplasia vs normal squamous esophagus).

mRNA RNA-seq Analyses

For RNA-seq analysis, RNA was extracted from Barrett’s
metaplasia tissue biopsies by Trizol (Invitrogen) and sub-
sequently cleaned and DNase-treated using RNeasy col-
umns (Qiagen). 3' mRNA-seq libraries were generated
from DNase-treated total RNA using the QuantSeq FWD
library preparation kit (Lexogen) according to the manu-
facturer’s directions. Overall, library size was determined
using the Agilent Tapestation and the DNA 5000 Screen-
tape (Agilent). Libraries were quantified using real-time

PCR (KapaBiosystems). Libraries were pooled, and high-
output single-read 75-base-pair next-generation sequenc-
ing was done on a NextSeq 500 (Illumina). RNA-seq data
were aligned using Bowtie2 [47] against hg19 version of the
human genome, and RSEM version 1.2.12 software [48] was
used to estimate raw read counts for each gene using Ensem-
ble v84 transcriptome information. DESeq 2 [49] was used
to estimate the significance of the differential expression
between sample groups.

miRNA Microarray Analyses

Human miRNA expression assay (nanoString nCounter sys-
tem) that detects > 800 human miRNA [50, 51] was used
for miRNA expression profiling in esophagus biopsies. This
assay was performed at the Ohio State University Compre-
hensive Cancer Center Nucleic Acid Facility. Total RNA
(100 ng) was used as input material. Small RNA samples
were prepared by ligating a specific DNA tag onto the 3’ end
of each mature miRNA according to manufacturer’s instruc-
tion (nanoString Technologies). These tags normalized the
melting temperatures (7,,s) of the miRNAs and provided
identification for each miRNA species in the sample. Excess
tags were then removed, and the resulting material was
hybridized with a panel of miRNA:tag-specific nCounter
capture and barcoded reporter probes. Hybridization reac-
tions were incubated at 64 °C for 18 h. Hybridized probes
were purified and immobilized on a streptavidin-coated car-
tridge using the nCounter Prep Station (nanoString Technol-
ogies). nCounter digital analyzer was used to count individ-
ual fluorescent barcodes and quantify target RNA molecules
present in each sample. For each assay, a high-density scan
(600 fields of view) was performed. Abundances of miRNAs
were quantified using the nanoString nCounter gene expres-
sion system [52]. Each sample was normalized to the geo-
metric mean of the top 50 most highly expressed miRNAs.
Student’s ¢ test was used to calculate statistical significances
of pairwise comparisons.

Western Blot Analyses

Biopsies of Barrett’s mucosa were collected in the endos-
copy unit as described above and then flash-frozen on dry
ice and stored at — 80 °C until homogenization. Tissue was
thawed and resuspended in lysis buffer containing sodium
dodecyl sulfate with protease and phosphatase inhibitors
and then homogenized by hand using glass mortars/pes-
tles (Wheaton), thereby generating a total cell lysate. Sus-
pensions were then sonicated, extracted for 75-90 min at
4 °C on a rotator, and ultracentrifuged. Cellular proteins
were separated on Novex tris-glycine minigels. Primary
antibodies to the proteins BAX, BCL-2, and CLAUDIN-7
were products of Cell Signaling Technology, Inc. (Danvers,
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MA). Primary antibodies to the protein VEGF-R2 were a
product of Thermo Fisher (Waltham, MA). Secondary anti-
bodies were purchased from Southern Biotech (Birmingham,
AL). Quantification of Western blot results was performed
by densitometry of specific protein bands using a Bio-Rad
Chemidoc MP Imaging System. Densitometry conducted on
Memcode stains of total protein served as loading controls
for all Western blot data shown [53].

Statistics

The Student’s ¢ test was used to calculate statistical sig-
nificance (P <0.05, two-tailed or one-tailed as indicated)
for pairwise comparisons (placebo treatment group vs zinc
treatment group). NS: not significant (P> 0.05).

Results
Patient Demographics

The demographic data for the patients whose Barrett’s tissue
was analyzed are shown in Table 1. All patients enrolled in
the study were on long-term, continuous PPI therapy, the
most common being omeprazole. As anticipated from the
published literature involving BE, most patients were Cau-
casian and the majority were males over 50 years of age.
Barrett’s segment length varied considerably.

The study excluded any patients who were currently tak-
ing insulin, fluoroquinolone antibiotics, or amiloride-class
diuretics, due to potential interactions that zinc could have
with these medications’ uptake or actions. Patients with any
history of Barrett’s dysplasia were also excluded, as well as
patients who had prior esophageal surgery or any endoscopic
interventions such as radiofrequency ablation or endoscopic
mucosal resection to their Barrett’s tissue.

Patients on a strict vegan diet were excluded due to
the likelihood of lower-than-normal zinc intake from the
absence of meat, fish, or dairy in their diet. We recorded
whether any patients were on a daily nutritional zinc sup-
plement greater than 10 mg of zinc/day.

mRNA RNA-seq

As described in Methods section, RNA was isolated from
Barrett’s tissue biopsy samples from 5 zinc-treated and 5 pla-
cebo-treated BE patients, whose demographic characteristics
are given in Table 1 and assayed using RNA-seq. Of the over
27,000 detected genes, we observed significant changes in
2773 genes (P <0.05) (Supplemental File). 1314 gene tran-
scripts upregulated and 1459 downregulated in zinc-treated
patients. The heatmap shown in Fig. 1 demonstrates a small
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subset of those genes with at least 1.5-fold induced changes
and whose change was consistent with a potentially cancer
chemopreventive action by zinc, based upon evidence from
the published literature.

Among these zinc-induced transcript changes, two gen-
eral themes were observed. First, many of the zinc-induced
changes formed an anti-inflammatory pattern. These
changes—both downregulations and upregulations—are
highlighted in yellow in Fig. 1a and B. Included among these
are downregulations (Fig. 1a) of the interleukin-2 recep-
tor (IL2RB) (2.7 fold), the interleukin-3 receptor (IL3RA)
(threefold), the interleukin-17 receptor (IL17RB) (3.3-fold),
the interferon gamma receptor (IFNGR1) (2.3-fold), and
the interleukin-7 receptor (IL7R) (2.6-fold). Specific proin-
flammatory cytokines were significantly downregulated as
well: interleukin-32 (IL32) (4.5-fold), interleukin-15 (IL15)
(2.3-fold), and interleukin-1-beta (IL1B) (2.2-fold). There
were also significant upregulations (Fig. 1b) that would be
consistent with an anti-inflammatory profile, such as the
interleukin 1 receptor antagonist (IL1RN) (3.9-fold) and
the interleukin 36 receptor antagonist (IL36RN) (7.2-fold).

The second cancer preventive theme that could be
observed in the zinc treatment group was a broad-based
downregulation (Fig. 1a) of mediators of epithelial-to-mes-
enchymal transition (EMT), the general cellular dedifferenti-
ation program that appears to accompany neoplastic progres-
sion. There were also upregulations (Fig. 1b) of transcripts
with an anti-EMT role. These changes are highlighted in
green in Fig. 1. These included statistically significant down-
regulations of leukemia inhibitory factor (LIF) (6.3-fold),
v-myb myeloblastosis viral oncogene homolog (MYB) (3.6-
fold), v-yes-1 Yamaguchi sarcoma viral related oncogene
homolog (LYN) (2.0-fold), metastasis associated 1 (MTA1)
(1.7-fold), Indian Hedgehog (IHH) (1.7-fold), and v-src
Sarcoma viral oncogene homolog (SRC) (1.6-fold). Snail
family zinc finger 1 (SNAI1) (2.6-fold) and twist basic helix-
loop-helix transcription factor (TWIST1) (2.2-fold) were
each downregulated over twofold but failed to quite achieve
statistical significance (P <0.1). Zinc-induced upregulations
of genes with an anti-EMT profile included bone morphoge-
netic protein 7 (BMP7) (2.1-fold), secreted frizzled-related
protein 1 (SFRP1) (3.2-fold), grainy head-like 1 (GRHL1)
(4.8-fold), and metastasis suppressor 1 (MTSS1) (2.2-fold).
The Discussion section provides references for the antican-
cer activity attributed to all of these various genes.

There were many other transcriptional changes—both
up- and downregulations—that individually suggested anti-
cancer effects of zinc on specific miscellaneous proteins with
known causal roles in the neoplastic process. Among these
are significant downregulations (Fig. 1a) of matrix metallo-
peptidase 12 (MMP12) (8.5-fold), prostaglandin E receptor
4 (PTGER4) (2.2-fold), MAP kinase kinase 3 (MAP2K3)
(1.7-fold), protein kinase C-alpha (PRKCA) (1.6-fold), and
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Fig. 1 Heatmap showing a sam-
pling of genes whose expression
was significantly altered by zinc
treatment and which have docu-
mented associations or roles in
BE progression to neoplasia.
Gene expression data are shown
for 5 placebo-treated patients
(P) and 5 zinc-treated patients
(Z). a Genes downregulated as a
result of zinc treatment; b genes
upregulated as a result of zinc
treatment. Data include aver-
age fold-change in the mRNA
transcript level and the P value
for the statistical confidence.
One of the placebo patients (P5)
showed characteristics of the
zinc treatment group for reasons
unknown. Genes whose up- or
downregulation evidences an
anti-inflammatory action of
zinc treatment are highlighted
in yellow. Genes whose up- or
downregulation suggests zinc-
induced inhibition of epithelial-
to-mesenchymal transition
(EMT) signaling are highlighted
in green

(@

Zinc/Placebol Placebo Zinc
fold [pvaluel 1| 2[3|a|5]1]|2]|3[4a]5]Gene Description
4E-06 CA1 carbonic anhydrase |
0.02 PLA2G12B phospholipase A2, group XIIB
1E-08 ANPEP alanyl ane) aminopepti
6E-06 KLK3 kallikrein-related peptidase 3
6E-05 CA7 carbonic anhydrase VI
3E-04 INOX1 NADPH oxidase 1
0.004 sI i (alph. i )
4E-04 Muc2 mucin 2, oli ic g 'ming
0.004 KLK15 kallikrein-related peptidase 15
2E-06 cDx2 caudal type homeobox 2
7E-04 CLDN3 claudin 3
5E-09 MMP12 matrix 12 (macrophag )
0.006 REG4 reg ing isl ived family, 4
9E-11 MuUC13 mucin 13, cell surface associated
0.011 LIF leukemia inhibitory factor
2E-06 HEPH hephaestin
4E-04 KLK1 kallikrein 1
2E-07 1L32 interleukin 32
1E-08 EPCAM pi ial cell
2E-04 CYBRD1 cytochrome b reductase 1
7E-04 MYB v-myb is viral (avian)
8E-05 sop3 P! ide di 3, extr
0.026 IL17RB interleukin 17 receptor B
4E-05 CLDN4 claudin 4
0.002 IRAK2 interleukin-1 receptor-associated kinase 2
-3.00 | 0.004 IL3RA interleukin 3 receptor, alpha (low affinity)
-2.97 | 4E-05 [ TNFRSF11A tumor necrosis factor receptor superfamily, member 11a
-2.97 | 2E-04 CES3 carboxylesterase 3
-2.92 | 5E-05 CLDN7 claudin 7
-2.90 | 1E-04 cD55 cD55 , decay ing factor for
-2.86 | 1E-04 socs1 PP of cytoki i ling 1
-2.84 | 0.001 ACE angiotensin | converting i i i A)1
-2.70 | 0.008 IL2RB interleukin 2 receptor, beta
-2.63 | 0.003 IL7R interleukin 7 receptor
-2.59 | 0.09 SNAI1 snail family zinc finger 1
-2.51 [ 0.014 IL15RA interleukin 15 receptor, alpha
-2.35 | 0.008 TNFRSF12A tumor necrosis factor receptor superfamily, member 12A
-2.35 | 0.008 L5 interleukin 15
-2.26 | 0.041 TRAF1 TNF receptor-associated factor 1
-2.26 [ 7E-05 IFNGR1 interferon gamma receptor 1
-2.24 | 0.071 TWIST1 twist basic helix-loop-helix transcription factor 1
-2.20 | 0.043 IL1B interleukin 1, beta
-2.18 [4E-05 PTGER4 pr in Er a EP4)
-2.09 [ 0.015 SEPP1 selenoprotein P, plasma, 1
-2.06 | 0.009 TNFSF13B  tumor necrosis factor (ligand) superfamily, member 13b
-2.00 | 3E-04 PLA2G16 phospholipase A2, group XVI
-1.96 [ 7E-04 CA13 carbonic anhydrase XIIl
-1.96 [ 2E-05 LYN v-yes-1 viral
-1.95 | 0.006 VDR D (1,25- dihy yvi in D3)
-1.89 | 0.003 PLCB3 i C, beta 3 (phosp! i
-1.87 | 0.002 TNFRSF1B tumor necrosis factor receptor superfamily, member 1B
-1.87 [ 2E-04 cTsc cathepsin C
-1.83 | 0.004 SIRT6 sirtuin 6
-1.82 | 0.069 LTB lymphotoxin beta (TNF superfamily, member 3)
-1.82 [ 0.015 BORA bora, aurora kinase A activator
-1.79 [ 0.001 PROM1 prominin 1
-1.79 [ 0.016 GDF15 growth differentiation factor 15
-1.78 [ 6E-04 STATS5A signal transducer and activator of transcription 5A
-1.73 [ 0.032 MTA1 metastasis associated 1
-1.72 | 0.008 TNFRSF10B tumor necrosis factor receptor superfamily, member 10b
-1.67 | 0.005 MAP2K3 mitogen-activated protein kinase kinase 3
-1.67 | 0.037 CTHRC1 collagen triple helix repeat containing 1
-1.66 | 0.035 IHH indian hedgehog
-1.66 [ 3E-04 D2 inhibitor of DNA binding 2
-1.65 | 0.006 PLCD3 phospholipase C, delta 3
-1.64 [ 0.012 CLDN12 claudin 12
-1.64 | 0.004 TNFRSF14  tumor necrosis factor receptor superfamily, member 14
-1.62 | 0.003 CDH1 cadherin 1, type 1, E-cadherin (epithelial)
-1.60 [ 0.001 PRKCA protein kinase C, alpha
-1.56 | 0.005 SRC v-src A-2) viral
-1.55 | 0.005 CASP3 3, i ysteine p
-1.54 | 0.03 <2 P! kinase kinase 2
-1.41] 0.044 | | | Jmapr2ks mitogen-activated protein kinase kinase 5
(b)
1.59 | 1E-05 GSTP1 glutathione S-transferase pi 1
1.60 | 0.004 EYA2 eyes absent homolog 2
1.65 | 0.027 GPX2 glutathione peroxidase 2 (gastrointestinal)
1.77 | 0.003 SOX2 SRY (sex determining region Y)-box 2
1.79 | 0.006 IGF1R insulin-like growth factor 1 receptor
2.10 | 0.016 BMP7 bone morphogenetic protein 7
2.25 | 1E-04 MTSS1 metastasis suppressor 1
2.32 | 0.031 CDH13 cadherin 13, H-cadherin (heart)
0.01 SFRP1 secreted frizzled-related protein 1
4E-04 EVPL envoplakin
0.009 TRIB3 tribbles homolog 3
8E-07 PITX1 paired-like homeodomain 1
0.003 IL1RN interleukin 1 receptor antagonist
0.005 PTPN13 protein tyrosine phosphatase, non-receptor type 13
5E-05 |ADH7 alcohol dehydrogenase 7 (class IV), mu or sigma polypeptide
0.003 GRHL1 grainyhead-like 1
0.005 [ANXA1 annexin A1
0.048 IL36RN interleukin 36 receptor antagonist
0.003 BNC1 basonuclin 1
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«Fig.2 Effect of zinc on miRNA species present in Barrett’s epithe-
lia. Seven miRNA species that were significantly upregulated in BE
biopsy samples of the zinc treatment group (P <0.05, Student’s ¢ test,
one-tailed) are shown as vertical point plots. Each data point repre-
sents the miRNA abundance for a specific patient (n=6 zinc-treated
patients and 6 placebo patients per miRNA analyzed). RNA purifica-
tion and miRNA analyses are described in Methods

MAP kinase kinase kinase 5 (MAP3K5) (1.5-fold). General
zinc-induced upregulation events (Fig. 1b) that may have an
anticancer action here occurred as well, such as a 1.8-fold
increase in the insulin-like growth factor 1 receptor (IGFIR).

There were many more numerous instances of zinc-
induced up- and downregulations of transcripts that are
known to have strong associations—if not causal activity—
with neoplastic progression of Barrett’s epithelia. These
would include zinc-induced downregulations of specific
transcripts in this study that are reported to upregulate in the
transition from Barrett’s metaplasia to dysplasia or adeno-
carcinoma. Examples of this are significant downregulations
of the tight junctional proteins, claudin-3 (CLDN3) (13.3-
fold), claudin-4 (CLDN4) (3.2-fold), claudin-7 (CLDN7)
(2.9-fold), and claudin-12 (CLDN12) (1.6-fold). Carbonic
anhydrase 1 (CA1) was downregulated 179-fold. Phospho-
lipase A2 (PLA2G12B) was downregulated 133-fold. Ala-
nyl aminopeptidase (ANPEP) was downregulated 90-fold.
Sucrase isomaltase (SI) was downregulated 57-fold. These
downregulations in the zinc treatment group contrast with
reported upregulations in Barrett’s neoplastic progression as
described in the Discussion.

miRNA Microarrays

Additional RNA microarray analyses conducted on zinc-
treated Barrett’s tissue focused on micro-RNA (miRNA)
content of Barrett’s epithelial biopsies (as described in
Methods section), examining over 800 different miRNA
species in each patient’s tissue samples, and again compar-
ing Barrett’s metaplasia tissue biopsies from 6 zinc-treated
Barrett’s patients versus 6 patients receiving placebo medi-
cation. This was a different set of 12 patients from those that
contributed biopsy tissue for the messenger RNA micro-
arrays described above. Their demographic characteristics
are shown in Table 1. The vast majority of the results for
individual miRNA species in these 12 patients exhibited no
statistically significant difference between the zinc group
versus the placebo group. In fact, only 10 (of 800) miRNAs
exhibited a difference between the two treatment groups that
rose to statistical significance (P <0.05, two-sided Student’s
t test). Results of 7 of those miRNA species (miR-125b-5P,
-132-3P, -548z, -551a, -504, -518b, and -34a-5P) are shown
in Fig. 2, with miRNA data portrayed as vertical point plots,
each data point signifying a particular Barrett’s patient.

Given standard probabilities, it is not remarkable that 10 of
800 miRNAs might randomly exhibit a statistically significant
difference between two groups. What is unusual here is that the
miRNAs in question were uniformly upregulated in the zinc
treatment group in all ten cases and that 7 of these 10 miRNA
species (Fig. 2) are classed as tumor suppressor miRNAs in
the published literature, as discussed below.

There were cases of individual miRNAs that exhibited
a trend toward downregulation in the zinc treatment group,
such as miR-21-5P (a 38% decrease) and miR-31-5P (a 33%
decrease), but these failed to achieve statistical significance
(P<0.15) (data not shown). Both miR-21-5P and miR-31-5P
have exhibited zinc-induced decreases in the esophageal
mucosae of rats [52].

Protein Expression

Barrett’s biopsy tissue samples from an independent group of
8 BE patients (4 zinc-treated and 4 placebo-treated) (demo-
graphic characteristics in Table 1) were analyzed for any
observed patterns (zinc vs placebo) of protein expression by
PAGE and Western blot for a variety of cancer-relevant pro-
teins. Immunoblot analyses performed for the pro-apoptotic
protein, BAX (Fig. 3a) showed higher BAX levels in biopsy
tissues from the zinc-treated group. Band density determina-
tions are shown in Fig. 3b, and the differences between zinc
and placebo treatment groups are shown to be close to sta-
tistical significance (P <0.1, Student’s ¢ test, one-tailed, n=4
per group). This suggests potentially increased apoptotic sur-
veillance in Barrett’s tissue in the zinc treatment group. We
analyzed BCL-2 levels in a separate group of 4 zinc-treated
patients and 4 placebo controls and observed lower BCL-2
levels in the zinc treatment group. However, histology on these
Barrett’s biopsies failed to show true secretory columnar epi-
thelia in all cases, unlike the BAX group, all of which were
true secretory epithelia.

We found that if we limited our Western immunoblot data
to only those patients (biopsies) for which we were able to
obtain simultaneous histological confirmation of secretory
intestinal epithelia, other zinc-dependent patterns could be
seen. Figure 4 shows the results for two such proteins, the
tight junctional protein, CLAUDIN-7, and the pro-angiogenic
receptor protein, VEGF-R2. In the case of CLAUDIN-7, a
statistically significant 40% increase was observed in the
zinc-treated group. In the case of VEGF-R2, a 30% decrease
was observed in the zinc treatment group, which was near the
threshold of statistical significance.
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Fig.3 Effect of zinc on the pro-apoptotic protein, BAX. a West- 20000 +
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treated patients (Z) and four placebo-treated patients (P), with cell
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mean+SEM (P<0.1, Student’s ¢ test, one-tailed, n=4). Densitom-
etry that was conducted on a Memcode stain of total protein served as
the loading control for each band (lane)

Discussion

From previous studies of the effect of zinc on epithelial bar-
rier function [41] and specifically tight junctions (TJs), it is
obvious that zinc at an approximate 50 uM concentration—
approximately 10X the normal level of zinc in plasma or
cell culture medium containing 10% serum—is acting very
much like a “drug.” Zinc is apparently activating intracellu-
lar signaling and transcriptional pathways that are quiescent
at a 5 uM zinc level (the normal blood zinc level). In the
case of barrier function, this results in modified TJ com-
plexes that are superior—Iless leaky—to those in the basal
state [42—44, 54]. We suspect that this is simply a result of
standard Michaelis—Menten kinetics coupled with a wide
variation in protein affinities for zinc, i.e., a wide variation
in the K, values of cellular proteins for zinc. In other words,
the wide range of binding affinities for zinc (their K,,) exhib-
ited by the many various signaling proteins/binding proteins/
transcription factors in somatic cells can result in certain
proteins (and pathways) becoming active at 50 uM zinc, that
are inactive at 5 uM zinc. This is very important given that
a toxic action of zinc is not seen until concentrations above
150 uM—a limiting level that correlates roughly in humans

@ Springer

Fig.4 Effect of zinc on the tight junctional protein, CLAUDIN-7, and
the VEGF receptor protein, VEGF-R2, in biopsy tissue samples con-
firmed histologically as secretory intestinal metaplasia. Densitometry
of Western blot bands for the proteins, CLAUDIN-7 and VEGF-R2,
expressed as vertical point plots. Each data point represents the West-
ern blot band density obtained from PAGE and immunoblots per-
formed on whole cell lysates of biopsy tissue from a single patient.
Patients were zinc-treated or placebo-treated as described in Methods,
but the patient groups here consisted only of BE cases confirmed his-
tologically as secretory intestinal metaplasia. P values represent Stu-
dent’s ¢ tests, one-tailed, n=5. Densitometry conducted on a Mem-
code stain of total protein served as the loading control for each band
(lane)

with a zinc intake of 150 mg/adult/day, one-third the level
of zinc administered in this study [35].

Zinc-Induced mRNA Changes

As revealed in the mRNA-seq analyses, the two most
prominent general actions of zinc treatment on Barrett’s
mucosal tissue were an anti-inflammatory activity and an
anti-EMT activity. The documented role of inflammation-
mediated genetic and epigenetic alterations in Barrett’s
carcinogenesis and the role of inflammation in cancer
generally have been the subject of many reviews [55, 56].
Statistically significant downregulation of the interleu-
kin-1 receptor, the interleukin-2 receptor, the interleukin-3
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receptor, the interleukin-7 receptor, the interleukin-15
receptor, the interleukin-17 receptor, and the interferon
gamma receptor as shown in Fig. 1 are all indications of
an anti-inflammatory action of zinc on Barrett’s tissue. So
too are significant downregulations of actual proinflam-
matory cytokines in zinc-treated Barrett’s tissue, such as
interleukin-32, interleukin-15, interleukin-7, interleukin-
1-beta, and lymphotoxin-beta. Significant zinc-associated
upregulations of interleukin receptor antagonists, namely
the interleukin 1 receptor antagonist and the interleukin 36
receptor antagonist, would further substantiate this gen-
eral anti-inflammatory program being conducted by zinc
in Barrett’s tissue.

The second general regulatory theme being modified by
zinc is even more compelling regarding BE neoplastic pro-
gression and that is epithelial-to-mesenchymal transition
(EMT). EMT’s integral involvement in Barrett’s neoplastic
progression has been very recently reviewed [57]. It is there-
fore highly noteworthy that oral zinc administration down-
regulated so many intermediates-in/inducers-of the overall
process of EMT in Barrett’s tissue, such as LIF, MYB, LYN,
MTAI1, Indian Hedgehog and SRC, and possibly SNAIL1
and TWIST1 as well (Fig. 1). Hedgehog signaling activation
is thought to be an early molecular event in the development
of esophageal adenocarcinoma and in EMT signaling gener-
ally [58, 59]. Gene profiling data have identified LYN as a
key gene in the BE—adenocarcinoma axis [60]. SNAIL and
TWIST have both been observed to be abundantly expressed
in esophageal adenocarcinoma [61]. Increased MYB expres-
sion has been observed to be linked to expression of EMT-
associated genes in breast cancer cells [62]. Likewise,
LIF overexpression in tumor cells is linked to EMT, with
resulting increased expression of mesenchymal markers
and decreased expression of epithelial markers, an activ-
ity dependent by the way upon miR-21 function [63]. Src
has been observed to promote EGF-stimulated EMT [64].
Protein kinase C-a, which is downregulated here by zinc in
Barrett’s tissue both as a transcript (Fig. 1) and as a protein
[46], has been implicated in the regulation of EMT as well,
with PKC-a silencing leading to a reduction in expression of
EMT markers such as SNAIL and TWIST [65].

The zinc-induced, statistically significant upregulations of
bone morphogenetic protein 7 (BMP7), grainyhead-like 1,
and secreted frizzled-related protein 1 also serve to support
this platform of EMT suppression, with the SFRP1 gene
being methylated and silenced in Barrett’s progression, and
BMP7 actively inhibiting TGF-beta signaling in esophageal
cancer cells [66-68]. Grainyhead-like-2 has been down-
regulated in breast cancer cells and has been observed to
suppress EMT in these cells [69]. Metastasis suppressor-1
(MTSS1), upregulated 2.25-fold in the zinc treatment group,
has been inversely linked to EMT and is known to inhibit
epithelial junction disassembly [70].

The significant 2.25-fold downregulation of the transcript
for TNF receptor-associated factor, TRAF1, in Barrett’s
tissue (Fig. 1), could be considered additive to the overall
pro-apoptotic effect of zinc treatment in reducing levels of
BCL-2 protein while also increasing levels of BAX protein
(Fig. 3), given the widely reported anti-apoptotic activity
of TRAF1 [71]. Collectively, these data may suggest that
zinc is acting to increase apoptotic surveillance in Barrett’s
tissue.

Not every transcriptional change induced by zinc was,
however, consistent with a cancer chemopreventive nar-
rative. For example, although kallikreins were typically
downregulated in the zinc treatment group (KLK3 [84-fold];
KLK15 [27-fold]; KLK1 [fivefold])—a positive outcome for
inhibition of neoplastic progression in BE [72]—there were
other kallikreins that were observed to upregulate in the
zinc treatment group, such as KLK10 (7.3-fold) (data not
shown). However, it was also observed by the same group
that there were a number of serpin peptidase inhibitors (e.g.,
SERPINB11; 41-fold increase) whose dramatic upregula-
tion might counter the activity of any upregulated kallikrein
enzymes.

Zinc-Induced miRNA Changes

The miRNA microarrays performed on Barrett’s biopsy tis-
sue from 6 zinc-treated patients versus 6 placebo-treated
patients provided information on over 800 individual
miRNA species. Many of those miRNAs (10-15% of the
total miRNAs reported on) showed a statistical trend in the
data regarding a difference in miRNA expression between
the zinc group and the placebo group (P <0.15). However,
only 10 of those miRNAs exhibited a difference between the
zinc and placebo groups that rose to the level of statistical
significance (P <0.05). Seven of those miRNAs are shown
in Fig. 2. These seven are of particular interest in the con-
text of a study focusing on preneoplastic tissue because they
are classed in the published literature as tumor suppressor
miRNAs, and all seven are significantly upregulated in the
zinc treatment group. miR-34a-5P was elevated only 80% in
the zinc treatment group—the smallest increase in our set
of seven—but has perhaps the most extensive tumor sup-
pressor profile in the published literature. This microRNA
is known to inhibit colorectal cancer cell growth, migration,
and invasion [73]. It likewise inhibits tumorigenesis in non-
small cell lung cancer cells [74]. miR-125b-5P increased
approximately twofold in the zinc group and is known to
be downregulated in triple negative breast cancer cells [75,
76]. It is also downregulated in esophageal adenocarcinoma
and bladder cancer [77, 78]. Most significantly here, miR-
125b-5P has been reported to inhibit various signaling ele-
ments of EMT in Barrett’s metaplasia [57]. miR-132-3P,
also doubled in the zinc group, and is known to exert an
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inhibitory role on growth of gastric cancer cells through
inhibition of CD80, which itself aids dysplastic progression
in colorectal cancer [79, 80]. miR-504 showed a tenfold
elevation in the zinc group. Its downregulation correlates
with a poor prognosis in hepatocellular carcinoma [81]. It
is also downregulated in pharyngeal squamous cell carcino-
mas [82]. Its inhibition in pancreatic cancer cells increased
their migration and invasiveness [83]. Higher levels of miR-
504 in neuroendocrine tumors correlated with lower tumor
grades [84]. However, miR-504 is also a known repressor of
pS53 expression [85]. p53 activation correlated with down-
regulation of miR-504 [86]. miR-518Db levels were elevated
twofold in the zinc group. This miRNA is downregulated in
esophageal squamous cell carcinoma and is known to sup-
press cancer growth by inducing apoptosis of cancer cells
[87]. It likewise inhibits cancer cell motility [88]. It also
downregulates FOXNT1 and suppresses EMT [89]. miR-548z
increased over tenfold in the zinc group and is regarded as
a general tumor suppressor with known involvement in cell
replication [9, 90]. miR-551a—elevated fivefold with zinc
treatment—is downregulated in gastric adenocarcinomas
and inhibits cancer cell migration invasiveness [91]. It has
been reported to suppress metastases of colorectal cancers to
the liver [92]. Its decrease in cancer cells may be important
in their bioenergetics and metabolism [93].

Although the decreases of miR-21-5P and miR-31-5P in
our study as a result of zinc treatment were not statistically
significant (P <0.15), it is noteworthy that the trend for these
two miRNA species is down in the zinc treatment group (for
miR-21-5P, a 38% decrease; for miR-31-5P, a 33% decrease
(2694 +770 [placebo] vs 1678 +£412 [zinc-treated]; 46 + 12
[placebo] vs 31 £ 8 [zinc-treated]). In esophageal chemical
carcinogenesis studies in rodents, these two miRNA species
have increased in both states of zinc deficiency and in neo-
plasia [29]. Moreover, these two miRNAs have been shown
to play potential mechanistic roles in development of oral,
urinary bladder, lung, colorectal, and hepatocellular cancers
[94-98].

Zinc-Induced Protein Changes

Western blots were performed on whole-cell lysates of
esophageal biopsy tissue samples from a group of 4 zinc-
treated and 4 placebo-treated patients as described in Meth-
ods sections. Densitometry of immunoblot bands, however,
did not generally evidence a statistically significant differ-
ence between the two groups, with significant variability
in the data. Lack of either a trend or statistical difference
was seen for the proteins: cyclin-D1, COX-2, HIF-1a, occlu-
din, and claudins 2, 3, 5, and 18. The pro-apoptotic protein,
BAX, however, evidenced a trend in its data, which rose
close to statistical significance (P <0.1) (Fig. 3). A trend in
band intensity data was observed indicating increased BAX
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expression in the tissue of the zinc-treated group, which
could indicate increased apoptotic activity in the zinc-
treated Barrett’s tissue. A correspondingly inverse trend was
observed for BCL-2 expression which decreased in the zinc
treatment group (data not shown). Failure to achieve true
statistical significance in both cases (P <0.1) could reflect
our small sample size as well as the inherent variability of
patient-based samples compared, for example, to animal
studies (variability in gender, age, ethnicity, diet, current
medications, etc.), as discussed below. A greater n value
would be needed here to offset this inherent variability (see
the demographic tables). Heightened apoptotic surveillance
could prove protective against neoplastic development and
warrants attention in any future similar studies.

When we were able to work only with biopsy samples
where matched histology showed true secretory intestinal
epithelia—and not rely on the previous diagnosis of these
patients nor on the gross appearance of the esophageal
mucosa at the time of endoscopy—two other proteins that
were examined exhibited a noteworthy pattern. As shown
in Fig. 4, the principal vascular endothelial growth factor
receptor, VEGF-R2, exhibited a 30% decrease in Barrett’s
tissue in zinc-treated patients. As VEGF-R2 is pivotal in
processes favoring neoplastic progression—such as angio-
genesis—it is noteworthy that zinc is inducing decreased
VEGF-R2 levels in this preneoplastic tissue. Zhang et al.
[99] highlight the role of VEGF-R2 in neoplastic progres-
sion in BE and recommend strategies to reduce autocrine
VEGF signaling. Figure 4 also shows a statistically signifi-
cant, 40% increase in the tight junctional protein, CLAU-
DIN-7, in zinc-treated Barrett’s tissue. Montgomery et al.
[100] reported a decreased abundance of CLAUDIN-7
expression in BE tissue transitioning from low-grade dys-
plasia to high-grade dysplasia and adenocarcinoma. Li et al.
[101] have recently observed claudin-7-mediated inhibition
of colon cancer cell invasiveness and proliferation.

The Chemopreventive Designation

In this publication, it should be noted that we have employed
a loose definition of “chemopreventive” as it relates to the
observed, zinc-induced molecular changes in signaling pro-
teins, transcription factors, regulator micro RNAs, etc. The
published literature might suggest that these various upreg-
ulations and downregulations may mitigate against cancer
development in a tissue (‘“chemopreventive”) based upon
the known phenotypic functionality that these genes/pro-
teins manifest. For example, genes/proteins known to have
an inhibitory effect on epithelial-to-mesenchymal transition
(EMT) within cells might reasonably be expected to oppose
neoplastic development in cells/tissues. However, if one
defines chemopreventive more strictly, as signifying changes
in cells/tissues that actually result in decreased mortality in
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a specific type of cancer as seen in, e.g., a Kaplan—-Meier
curve, then it is true that our present study comes up short
of that definition. We clearly state in this paper that this
study would need to be followed up by a true clinical trial
regarding zinc’s ability to decrease EAC appearance and/or
EAC-related deaths coming out of zinc-treated patients with
Barrett’s. For this reason among others, we specifically term
our study, a pilot study.

The Inherent Problems in a Clinical Study with Low n
Values (Patient and Biopsy Heterogeneity)

Due to the difficulties in finding—and recruiting—suit-
able and compliant patients in this study, recruitment of
the individual patient groups in our study made no attempt
to exclude on the bases of age (35-80), gender, ethnicity,
or medications (except for those medications that could
be inhibited by zinc). Our only dietary exclusion was to
eliminate vegans due to their potentially low zinc intake.
Along with the variability that the above differences could
introduce into the data sets, there was an added element of
variability in the biopsy collections themselves. For any
individual patient, a total of four biopsies of Barrett’s tissue
were pooled together to provide enough biological material
for analyses (mMRNA, miRNA, or protein). The endoscopist
needed therefore to obtain 4 individual biopsy samples that
were truly Barrett’s tissue, i.e., above the Z-line and yet
below where the Barrett’s region ended and normal esopha-
geal mucosa began. For long-segment BE, this was not a
major issue, but for short-segment BE cases less than 2 cm,
and more particularly cases of discontinuous BE, obtaining
accurate BE tissue samples could be problematic. This is
even more true when tissue bleeding begins after obtaining
the initial biopsy sample. In summary, it is very possible that
in certain individual cases, a non-Barrett’s biopsy (gastric
cardia or stratified squamous esophageal mucosa) may have
been included in with the four-biopsy-set. Given the possi-
bility of this eventuality in certain cases, plus the variability
that accrues with a human population sample (variability
of age, gender, ethnicity, genetics, medications), it is not
surprising that data variation was large, especially in the
Western blot data. One would in fact expect more variability
in the protein (Western) data compared to the RNA data due
to the greater number of synthesis steps involved (translation
and post-translational modification), along with the regula-
tion of such steps. Indeed, this was the case when one com-
pares the results of Figs. 1 and 2 versus Figs. 3 and 4.

In the short patient history that was taken as part of the
study, we noted whether test patients took multivitamins
containing zinc, oral zinc supplements (pills or capsules),
used a zinc-containing anti-dandruff shampoo, or used den-
ture adhesive (occasionally high in zinc). Such occurrences
were rare but were noted in each patient’s file. An obvious

effect of any of these usages on data sets was however not
observed, although the small sample size of the data sets
makes certainty difficult.

In discussing the inherent variability that accompanies
patient-based studies with the large variability in tissue sam-
ples from one patient to the next, it is worth asking why
not utilize an animal model of BE. We would point out that
in this study’s miRNA, mRNA, and especially its protein
(Western immunoblot) analyses, data variability was large.
However, the magnitude of zinc effects on specific mRNA or
miRNA species was sufficiently large to see an effect of zinc
despite the variability. This serendipitous fact plus the ready
availability of esophageal tissue biopsies from medically
driven, surveillance EGDs, makes it compelling to utilize
human study subjects for this project. In addition, there is the
issue to consider of the shortcomings in each and every ani-
mal model of BE, in terms of accurately mirroring the actual
tissue of interest, namely true Barrett’s metaplasia [29].

The relatively small sample size (n) in the various molec-
ular analyses (mMRNA, miRNA, protein) reported here is
inarguably a valid criticism of our work. However, there are
several worthwhile points that can be highlighted concerning
the sample size and justified conclusions that can be reached
from the data presented. With an n=35 in the mRNA arrays
(heatmaps), the odds for any given individual gene transcript
(e.g., MYB) being, e.g., lower for 4 of 5 patients in the zinc
treatment group (compared to the placebo group) are actu-
ally not very high (1 in 16) (i.e., Y2 x ¥2 x ¥2 x ¥2). However,
the more correct issue is that across the 27,000 gene tran-
scripts that were analyzed here, the odds are not that low that
1459 random transcripts might, for example, be significantly
decreased in the zinc treatment group (the actual results that
we reported above) given that we are considering an n equal
to only 5 in the treatment group. If the core finding of this
study was that zinc treatment significantly decreased 1459
random transcripts among 27,000 transcripts analyzed, one
could reasonably pronounce a judgment of underpowered
and thereby end all discussion of biomedical significance.
However, there are other issues at play in the data presented
here.

The first and most powerful is that with regard to cancer
risk, many of these zinc-induced gene expression changes
did not appear to be random upon analysis of the nature
of the changes induced. As shown in Fig. 1, there was a
pattern in many of the changes, namely upregulations of
transcripts that have been shown in the literature to have a
tumor suppressive quality, while also downregulations of
transcripts that have been shown to have a tumor promo-
tional quality. Thus, what is at issue here is not simply bio-
medical significance surrounding zinc-induced change per
se, but rather based on the nature of the specific change that
zinc produced.
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Secondly, the mRNA transcriptional changes in Fig. 1 do
not stand on their own in this study. They are supported by
the additional studies (Figs. 2, 3 and 4) showing changes in
specific micro-RNA species (miR-34a-5P, etc.) and specific
protein species (BAX, VEGF-R2, Claudin-7) determined
independently—and in independent patient groups—that
support the same overall pattern, namely that zinc may be
exerting a cancer-inhibitory effect here.

Thirdly, the observations reported here for mRNA,
miRNA, and protein do not stand on their own collectively.
This manuscript describes a very large published literature
reporting investigations in various animal models that make
a similar conclusion—that orally administered zinc can exert
a protective effect regarding esophageal cancer development.
It is the influence of this combined evidence that supports
the data presented here and is in the end persuasive here.

A final consideration, however, is that this work is a pilot
study. This work will—like most research—need to stand the
test of time. Other future zinc studies regarding esophageal
cancer in humans will need to be performed. This study can
only be validated in the end by an actual clinical prospec-
tive trial that manages to show lower rates of EAC in a large
cohort of Barrett’s patients treated with zinc (administered
as was done here) for considerable periods of time. Only
then can not only the chemopreventive label be justifiably
used, but the final validation of the molecular changes shown
here can then be made.

Summary

Western immunoblot results in this study suggest that oral
zinc administration as described herein can promote apop-
totic surveillance of Barrett’s epithelia, a beneficial effect in
a cell population with increased neoplastic potential. Zinc
treatment also resulted in two additional and compelling
effects in Barrett’s epithelia, revealed in RNA microarray
studies: (1) significant upregulations of microRNA spe-
cies that have well-documented tumor suppressor activity;
(2) significant upregulations and downregulations of spe-
cific messenger RNA species whose net effect would be a
decreased inflammatory state in the tissue and decreased
EMT signaling in the cells. Both effects would mitigate
against neoplastic progression. Overall, this study suggests
that daily zinc prophylaxis could be a significant proactive
step that a Barrett’s esophagus patient could take to reduce
their lifetime risk of EAC. This is particularly important
given studies such as [102] that indicate PPI medications
may not afford the esophageal cancer protection that was
once thought for the BE patient.
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