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Introduction

Pancreatic cancer (ductal adenocarcinoma) is among the 
deadliest of cancers, and is expected to result in ~44 000 new 
cases/year with ~38 000 deaths in the USA.1 Despite intense 
research in recent decades, the 5-y survival rate has remained at 
~6% or less for the past 35 y. Contributing to this unfortunate 
absence of significant progress is the poor understanding and 
resolution of the factors and events involved in the development 
and progression of pancreatic malignancy. As a consequence, 
the discovery and availability of effective biomarkers for 
identification of premalignant and early stage cancer is impeded, 
as has been the development of effective chemotherapeutic 
agents for treatment—and perhaps prevention—of pancreatic 
cancer.

The status of zinc and zinc transporters have been implicated 
in several cancers, although the specific relationships are largely 
undefined in most cancers.2-5 For most of the cancers in which 
zinc levels have been determined (such as prostate cancer, 
hepatocellular cancer, ovarian cancer, among others), decreased 
zinc levels are associated with the cancer compared with the 
corresponding normal/benign zinc status. An exception to this 
relationship is breast cancer, in which malignant tissue zinc levels 
are increased compared with normal breast tissue levels.

In view of the widespread reported studies of the implications 
of zinc in various cancers, it is surprising that aside from our 
reported studies in 2011 and 2012,6,7 no other reports currently 
exist that provide the determination of the zinc levels in human 
pancreatic adenocarcinoma tissue compared with normal/benign 
pancreas. Our studies of in situ zinc levels in human pancreatic 
tissue sections have identified a consistent major decrease in 
zinc in the malignant cells compared with the normal/benign 
ductal and acini epithelium. The marked decrease in zinc is 
evident in highly-differentiated early malignancy and in the 
putative premalignant PanIN lesions, and it persists in advanced 
malignancy. The studies also identified ZIP3 as an important 
zinc uptake transporter in the normal ductal/acinar epithelium, 
which is consistently downregulated concurrently with the 
decrease in zinc. In addition, RREB1 (ras responsive element 
binding protein) downregulation was also identified concurrently 
with the silencing of ZIP3 in PanIN lesions and malignancy.

These observations lead to the new evolving concept that 
RREB1/ZIP3 downregulation results in the decrease in zinc as 
an early event in the development of pancreatic cancer. Since 
increased cellular accumulation of zinc exhibits cytotoxic 
effects in malignant cells,2-5 the decrease in zinc is essential 
during oncogenesis to permit the development and progression 
of malignancy. We propose that this relationship applies to 
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Pancreatic cancer (ductal adenocarcinoma) remains a deadly cancer with ~85% mortality, and a 5-year survival rate of 
~6% or less for the past 30 years. The factors and events associated with the development of pancreatic cancer are poorly 
identified. As such, effective biomarkers for early detection of malignancy are lacking. Efficacious chemotherapy once the 
cancer is identified does not exist. Recent clinical studies have revealed that the zinc levels are consistently and markedly 
decreased in adenocarcinoma as compared with normal/benign pancreatic tissue. The decreased zinc is exhibited in 
well-differentiated malignancy and in progressing malignancy, and also exists throughout the development of PanIN. 
Concurrent with the decrease in zinc, RREB1 transcription factor and ZIP3 zinc uptake transporter are downregulated. 
Thus, a RREB1/ZIP3/Zinc transformation appears to be an early event in the development of pancreatic cancer. We 
propose that this transformation is necessary to prevent the accumulation of high cellular zinc levels, which result in 
cytotoxic effects on the developing malignant cells. This report now demonstrates that exposure of Panc1 cells to 
physiological concentrations of zinc that result in increased zinc uptake and accumulation also inhibits cell proliferation. 
The study further shows that ZIP3 is the important transporter required for the accumulation of zinc and its inhibition 
of proliferation. RREB1 is identified as the positive regulator of ZIP3 expression. Therefore, the pathway of RREB1/ZIP3/
Zinc and its downregulation during oncogenesis exist to prevent the accumulation of cytotoxic levels of zinc during the 
development and progression of the malignant cells in pancreatic adenocarcinoma.
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pancreatic cancer. In support of this concept, we show in this 
report that treatment with zinc that results in its cellular 
accumulation inhibits malignant cell proliferation, and that the 
RREB1/ZIP3/zinc pathway is implicated in this effect.

Results

The normal range of plasma zinc is ~15 uM, from which 
the transportable zinc in the interstitial fluid derived from 
blood plasma is ~3–10 uM. We earlier reported,6 as shown 
in Figure  1A, that exposure of Panc1 cells to physiological 
concentrations of zinc in the presence of pyrithione (a zinc 
ionophore) results in increased cellular zinc, which markedly 
inhibits cell proliferation. At concentrations of 2.5 and 5.0 uM 

zinc, the cellular accumulation of zinc resulted in ~65% and 
~80% inhibition of cell proliferation. We now show (Fig.  1B) 
that exposure of Panc1 cells to zinc in the presence of clioquinol 
ionophore (5-chloro-7-iodo-8-quinolinol) results in ~55% and 
~80% inhibition of cell proliferation. The nearly identical results 
with both zinc ionophores demonstrates that conditions that will 
increase cellular zinc uptake and accumulation at physiological 
zinc levels will inhibit cell proliferation. A reason for our election 
of clioquinol in this present study is its potential as a treatment 
approach for pancreatic cancer (discussed below). Clioquinol has 
been employed for the treatment of some conditions in humans, 
and exhibits therapeutic effects at concentrations that are of 
minimal or no toxicity,8,9 which makes it a potential candidate 
for a zinc-treatment approach in PanCa (discussed below). As 
shown in Figure  2A, our earlier studies6,7 demonstrated that 

Figure 1. The effect of zinc treatment on the cellular accumulation of zinc and proliferation of Panc1 cells. The cells were treated with zinc for 24 h. (A) 
Pyrithione (1 uM) was included in the medium. (B) Clioquinol (10 uM) was included in the medium.

Figure 2. ZIP3 transporter and zinc treatment effects on cell proliferation. (A) Immunohistochemical identification of ZIP3 transporter in adenocarci-
noma and normal human pancreatic tissue sections. Blue arrows show basal membrane localization of transporter in normal ductal and acinar epithe-
lium. Black arrows show the absence of plasma membrane transporter in ductal adenocarcinoma and in PanIN epithelium. (B) Blue arrows show the 
presence of plasma membrane ZIP3 transporter in Panc1 cells. (C) Shows the effect of zinc treatment on proliferation of wildtype Panc1 cells that exhibit 
ZIP3 transporter and on Panc1 cells with downregulated ZIP3 (i.e., Panc1/ZIP3 cells vs. Panc1/-ZIP3 cells).
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ZIP3 is the plasma membrane zinc uptake 
transporter in normal ductal/acinar epithelial 
cells, which is downregulated concurrently 
with the decrease in zinc in adenocarcinoma. 
Most importantly, the membrane localization 
occurs specifically at the basilar membrane, 
which is necessary for the capability of cellular 
uptake of zinc from plasma. This indicated 
the likelihood that ZIP3 is the important 
functional zinc uptake transporter in the 
normal ductal and acinar epithelium, and the 
loss of basilar membrane ZIP3 transporter is 
a major factor associated with the decreased 
cellular zinc in pancreatic adenocarcinoma. 
This prevents the inhibition of malignant 
cell proliferation during the development 
of adenocarcinoma. To test this concept, we 
determined the effects of zinc treatment on 
wild-type Panc1 cells that exhibit plasma 
membrane localized ZIP3 (Panc1/ZIP3 cells) 
compared with Panc1 cells with downregulated 
ZIP3 (Panc1/-ZIP3). Figure  2C shows that 
the zinc treatment (ZnTX) resulted in 53% 
inhibition of proliferation of the Panc1/ZIP3 
cells, when compared with the proliferation of 
the Panc1/-ZIP3 cells in the presence of zinc. 
Thus, the downregulation of ZIP3, as occurs 
in the malignant cells in situ in PancCa, 
prevents the cytotoxic effects of physiological 
concentration of zinc.

The Panc1 cell line was derived from ductal adenocarcinoma, 
in which the malignant cells in situ do not express ZIP3. The 
constitutive re-expression of ZIP3 in the Panc1 cells (Fig.  2B) 
reveals that the in situ downregulation of ZIP3 is not due to 
deletion or fatal mutation of the ZIP3 gene. More likely, it reveals 
the epigenetic silencing of ZIP3 expression under the in situ 
conditions of the pancreas, whereas those conditions or factors 
are not represented under in vitro culture conditions.

Based on this expectation, our previous reports6,7 
demonstrated that RREB1 transcription factor is expressed 
in the normal ductal/acinar epithelium and is concurrently 
downregulated with ZIP3 in PanIN epithelium and in early 
and progressing malignancy (Fig. 3A), and the downregulation 
of RREB1 results in decreased expression of ZIP3 in Panc1 
cells. This caused us to determine the effects of altered RREB1 
expression on ZIP3 transporter abundance and proliferation 
of Panc1 cells. Figure  3B shows that the pcDNA Panc1 cells 
exhibit constituitive RREB1 and ZIP3, and that overexpression 
of RREB1 markedly increased the abundance of ZIP3. This 
confirms that RREB1 is a positive regulator of ZIP3 expression. 
When exposed to physiological concentration of zinc (Fig. 3C), 
the Panc1/+RREB1 cells, which exhibited increased abundance 
of ZIP3 exhibited inhibition of proliferation, compared with the 
proliferation of the Panc1/pcDNA control cells that exhibit lower 
abundance of ZIP3 transporter. Collectively, these results are 
consistent with an important role of RREB1 regulation of ZIP3 

gene expression and cellular zinc levels during the development 
of pancreatic cancer.

Discussion

Presently, our studies6,7 are the only reports that provide direct 
measurements of the relative zinc levels in human pancreatic 
tissue (Fig.  4). The combined studies involved ~45 cases of 
adenocarcinoma and ~15 normal/benign tissues. The relative 
zinc levels were determined by in situ histochemical staining 
with dithizone and confirmed with Zinquin. This is preferable 
over zinc measurements of tissue extracts since the pancreas is 
comprised of exocrine and endocrine components, and the latter 
includes islets, which contain extremely high zinc levels. The 
in situ determination permits the identification of the specific 
cells and their relative zinc levels, which cannot be identified 
by measurements with pancreatic tissue extracts. As represented 
in Figure  4, our studies6,7 demonstrated a consistent marked 
decrease in zinc in adenocarcinoma cells vs. normal/benign 
ductal/acinar epithelium. The decrease in zinc is evident in the 
premalignant PanIN lesions, in early Grade1 malignancy, and in 
progressing malignancy. This compelling clinical evidence leads 
to the conclusion that pancreatic adenocarcinoma is characterized 
by a consistent marked decrease in zinc, which occurs early in the 
development of malignancy. This calls attention to the question, 

Figure 3. RREB1 in normal vs. adenocarcinoma pancreas and its regulation of ZIP3 and zinc 
effects on proliferation of Panc1 cells. (A) Immunohistochemistry showing abundant RREB1 in 
normal ductal and acinar epithelium; and marked decrease of RREB1 (especially nuclear RREB1) 
in well differentiated malignancy and in the PanIN epithelium. (B) Western blot of effects of 
overexpression of RREB1 on ZIP3 expression. Lanes are duplicates for pcDNA and for RREB1. (C) 
The effects of RREB1 expression of the Panc1 cells on cell proliferation in the presence of zinc.
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“Why and how is zinc decreased in situ in the malignant cells in 
pancreatic cancer?”

The data presented in this report demonstrate that, at 
physiological concentrations of zinc, conditions that result in 
increased cellular uptake and accumulation of zinc by Panc1 
cells consistently result in the inhibition of cell proliferation. 
Others10,11 have similarly reported cytotoxic effects of increased 
zinc accumulation in malignant pancreatic cells. Donadelli 
et  al.12 additionally showed that non-malignant cells were 
less sensitive to zinc exposure than the malignant pancreatic 
cells. Consequently, the decreased zinc that occurs early in the 
development of pancreatic cancer is an essential malignant event 
to prevent the cytotoxic effects that would result from the higher 
zinc levels that exist in the normal cells. Some other cancers (such 
as prostate cancer or hepatocellular cancer) also exhibit decreased 
tissue zinc levels compared with their normal/benign tissue, and 
numerous reports identified similar cytotoxic effects of increased 
zinc with the corresponding malignant cells.2-4

Despite the published availability of this clinical evidence, 
Li et al. have maintained a conclusion that zinc is increased in 
pancreatic adenocarcinoma.13-17 However, they have not provided 
any zinc measurements in human pancreatic tissues in support 
of their conclusion. Nor have they acknowledged in any of 
their reports the existence of the clinical evidence that presently 
contradicts their clinically unfounded conclusion. Instead, they 
draw their conclusion from experimental studies with engineered 
cell lines, which purport to show that increased zinc facilitates 
pancreatic malignant cell proliferation and tumor growth. In the 
absence of clinical evidence of increased zinc levels in human 
adenocarcinoma tissue, the substitution of their experimental 
evidence to support their conclusion is inappropriate.

Moreover, the experimental studies of Li et al. (such as refs. 
13, 14, 16, and 17) largely employed malignant pancreatic cell 
lines in which the cells were transfected with ZIP4, and were 
depleted of zinc by pretreatment with TPEN (N,N,N′,N-
tetrakis[2-pyridylmethyl ethylenediamine]). TPEN is a cell 
permeable zinc chelator with a formation constant logKf~15. 
Mammalian cells contain ~100–500 uM zinc, of which ~95% 
is strongly bound (mainly as metalloprotein) as immobile zinc, 
and ~5% exists as mobile exchangeable zinc (ZnLigands with 
logKf ~10 or lower).18 The latter comprises the essential reactive 
pool of zinc. Consequently, treatment with TPEN strongly 
binds and eliminates virtually all of the cellular mobile reactive 
zinc.2,4,5 Such abnormal zinc-depleted cells do not exist in 
natural living systems, and such cells do not exhibit their normal 
growth, proliferation, and functional activities. Consequently, 
the survival effect of zinc treatment under such conditions 
involves the restoration of the cellular zinc that is essential for 
the recovery of the dying zinc-depleted cell. It is notable that 
Donadelli et al.12 reported that pancreatic cells depleted of zinc 
by TPEN treatment exhibit cytotoxicity including increased 
apoptosis, decreased proliferation, and decreased viability, and 
that zinc treatment restored the zinc-depleted cells to their 
“normal” condition. Therefore, such conditions do not represent 
the effects of exposure to zinc on cells that exist with their 
normal physiological composition and status of zinc, and in 
which exposure to physiological concentration of zinc results in 
inhibition and cytotoxicity of the malignant cells.

Moreover, Jansen et  al.,19 in a recent Mayo Clinic/NIH 
collaborative study, reported that the incidence of pancreatic 
cancer is inversely associated with the level of dietary zinc 
consumption. The study revealed that the increased daily 

Figure 4. In situ staining of zinc levels in human pancreatic normal and adenocarcinoma tissues. (A) Low power tissue arrays showing marked decreased 
dithizone zinc staining in adenocarcinoma. (B) Enlargement to show the high zinc in the normal ductal and acini epithelium vs. zinc depletion in adeno-
carcinoma. (C) Shows the marked loss of zinc in PanIN and in the surrounding ductal adenocarcinoma. (D) Zinquin staining showing decreased zinc (loss 
of fluorescence) in adenocarcinoma.
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consumption of zinc from 5.19 to 9.13 (mg/1000 kcal) was 
associated with a 52% decrease in the incidence of pancreatic 
cancer, with a statistical significance of P = 0.0001. Also, 
plasma zinc levels are reportedly decreased in pancreatic 
cancer,20,21 which could contribute to decreased zinc uptake and 
accumulation in the developing ZIP3-deficient malignant cells. 
These relationships are consistent with our evidence of decreased 
zinc in pancreatic cancer and the effect of zinc as a cytotoxic/
tumor suppressor agent, and that a zinc supplement regimen 
that restores increased zinc levels in malignancy, might provide a 
treatment approach for pancreatic cancer. Conversely, the results 
are inconsistent with the supposition of Li et al.17-21 that increased 
zinc will promote the development of pancreatic cancer, and with 
their proposal that decreased availability and depletion of zinc 
will prevent pancreatic cancer.

The clinical evidence now shows that RREB1 is expressed in 
normal ductal and acinar epithelial cells, and its downregulation 
in malignancy occurs concurrently with the silencing of ZIP3 
expression. Computer analysis shows the presence of potential 
RREB1 binding sites in the promoter region of the ZIP3 gene. 
We cloned a 5′ fragment and identified potential RREB1 
binding sites around the transcription start site (data not shown). 
The experimental evidence with Panc1 cells demonstrated 
that alteration of REBB1 expression correspondingly alters 
the expression of ZIP3. Initial evidence shows the presence of 
potential RREB1 binding sites in the promoter region of the ZIP3 
gene. Thus, it is very likely that the downregulation of RREB1, 
which occurs in PanIN and in early stage malignancy, initiates 
the silencing of ZIP3 leading to decreased zinc in the malignant 
cells. RREB1 is a transcription factor that has been reported to 
be either an activator,22-24 or a repressor25-28 of gene expression, 
the action of which is dependent upon the gene and cell type.29 
Our results reveal that REEB-1 is a positive regulator of ZIP3 
gene expression. Consequently, the existence of downregulated 
RREB1 in PanIN and early malignancy must be accompanied 
by preceding upstream events that promote the downregulation 
of RREB1. One would expect that an activated (mutated) 
KRAS pathway might be involved in this regulation of RREB1 

in pancreatic malignancy. However, very little information 
regarding RREB1 regulation exists, and much of the information 
is speculative. KRAS mutations are reportedly minimal in early 
PanIN development (e.g., PanIN-1A), and are progressively 
increased in PanIN-2 and PanIN-3, and their oncogenetic effects 
are manifested in ductal adenocarcinoma.30-32 This pattern of 
activated KRAS oncogenesis is not represented by the RREB1 
downregulation, which is fully manifested in PanIN-1A and 
precedes the presence of activating KRAS mutations. It will be 
important to elucidate the oncogenic regulation of RREB1 by 
KRAS or possibly other oncogenetic factors.

Another relevant issue regards the origin of the PanIN lesions. 
A prevailing view proposes that pancreatic conditions associated 
with the development of ductal adenocarcinoma causes 
de-differentiation and re-programming of acinar epithelium 
(reviewed in refs. 31–36). These cells then transdifferentiate 
into PanIN epithelium leading to ductal adenocarcinoma. It 
is notable from our studies that the acinar epithelium exhibit 
downregulated RREB1/ZIP3/zinc in well-differentiated ductal 
adenocarcinoma, which is also evident in PanIN 1 epithelium. 
Therefore, as represented in Figure  5, dedifferentiated acinar 
epithelium as the origin of PanIN in the development of 
ductal adenocarcinoma is supported by the identification 
of downregulated RREB1/ZIP3/zinc during pancreatic 
oncogenesis. Moreover, these changes were consistently evident 
in the pancreatic adenocarcinoma cases that were included in 
our studies, which indicates that downregulated RREB1/ZIP3/
decreased zinc is required to permit the development of pancreatic 
adenocarcinoma, presumably to prevent the cytotoxic effects of 
increased zinc on the premalignant and malignant cells.

Conclusions

Clinical and experimental evidence reveals that zinc is 
consistently and markedly decreased in human pancreatic 
adenocarcinoma as compare with normal/benign pancreas. 
The decrease in zinc results from the downregulation of 

Figure 5. The concept of the “RREB1/ZIP3/Decreased Zinc” transformation and acini de-differentiation as the origin of PanlN leading to the develop-
ment of ductal adenocarcinoma. De-diff, de-differentiation; Trans-diff, trans-differentiation; DAC, ductal adenocarcinoma. (The figure is a modified 
version from Morris et al.31)
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RREB1 resulting in silencing of expression of ZIP3 zinc uptake 
transporter. These coupled changes are evident in early PanIN, in 
well-differentiated malignancy, and in progressing malignancy, 
which leads to the conclusion that this transformation is an 
essential event initiated early in the pancreatic oncogenetic 
process, and which is consistent for all, or most, adenocarcinoma 
cases. This presents a new understanding of the development and 
progression of pancreatic adenocarcinoma, providing potential 
biomarkers for early detection of pancreatic cancer. Moreover, it 
reveals that human pancreatic malignancy can be characterized 
as being “ZIP3-deficient”. As such the potential of zinc treatment 
for cytotoxic/tumor suppressor effects against pancreatic cancer 
must recognize the necessity for a mechanism and/or agent 
that will facilitate the uptake and accumulation of zinc in the 
ZIP3-deficient malignant cells.4,5 An effective approach might 
employ a zinc ionophore such as Clioquinol, which, as shown in 
Figure 1B, effectively results in inhibition of cell proliferation. 
At this time, more clinical and experimental research is required 
to take advantage of the implications of zinc in dealing with this 
deadly cancer.

Materials and Methods

Reagents
Culture media, antibiotic mixture, and phosphate buffered 

saline (PBS) were purchased from Invitrogen. Fetal bovine 
serum (FBS) was purchased from Atlantic Biologicals. All other 
chemicals, reagents and antibodies (unless otherwise indicated) 
were purchased from Sigma-Aldrich.

Zinc treatment and proliferation assay
Panc1 cells obtained from ATCC were cultured under 

standard conditions in DMEM medium supplemented with 
10% FBS and 1% penicillin–streptomycin mixture at 37  °C 
in a humidified atmosphere of 5% CO

2
 and air with the 

medium changed twice a week. For studies on the effect of Zn 
treatment, cells were generally plated in multi-well plates (3 × 
104 cells/well) and cultured overnight. The next day the medium 
was removed, cells washed, and the medium replaced with 
DMEM supplemented with 2% FBS and containing various 
concentrations of ZnCl

2
 and other supplements as described 

in the results. Following treatment for 24 h, the medium was 
removed and the wells washed with PBS and the plates placed 
at –80 °C overnight. Cell proliferation was measured using the 
CyQUANT Cell Proliferation Assay Kit (Invitrogen) according 

to the manufacturer’s protocol. Cellular zinc was measured using 
Zinquin fluorescent indicator as previously described.6

Transfections
Panc1 cells were maintained in DMEM medium with 

l-glutamine and Hepes (Gibco) supplemented with 10% FBS 
and 1% penicillin–streptomycin mixture. Cells were plated in 
12-well plates (500 000 cells/well) 24 h before the transfection. 
After attachment for 24 h, the cells were transfected with 0.5 µg/
well of pcDNA3.1-Finb/RREB1,37 or with empty pcDNA3.1 
vector using Fugene HD transfection reagent from Roche Applied 
Science. Cells were cultured in the presence of pcDNA3.1 or 
pcDNA3.1-Finb/RREB1 for 72 h, washed and the medium 
replaced with medium for the appropriate experiments.

siRNA ZIP3 knockdown
Panc1 cells were plated in DMEM medium supplemented 

with 10% FBS and 1% Penicillin-Streptomycin mixture and 
allowed to attach for 24 h. After 24 h the cells were transfected 
with 50 nM Non-target siRNA or ZIP3 siRNA from Dharmacon 
RNAi Technologies using DharmaFECT 2 Transfection Reagent 
following the manufacturer’s instructions. Twenty-four hours 
after transfection the cells were treated with 10 µM ZnCl

2
 or 

an equal volume of PBS and cultured overnight. After ZnCl
2
 

treatment, cells were washed and the cell number determined 
using the CyQUANT Cell Proliferation assay Kit.

Immunoblot (western blot)
Whole cell lysates were prepared by collecting cells using RIPA 

buffer (Upstate Biotech). The concentration of the protein in the 
lysates was determined using the BioRad protein assay based 
on the Bradford procedure.38 Proteins were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blocked with 
PBS containing 5% non-fat dry milk and 0.1% Tween 20 for 
2 h at room temperature. The membranes were then incubated 
overnight with hZIP3 chicken polyclonal antibody previously 
described.39 Protein-bound antibody was detected using goat anti-
chicken secondary antibody and enhanced chemiluminescence 
detection reagents. The membranes were stripped of antibody 
and re-probed with antiRREB1 and anti β-actin.28

Statistical analysis was performed by a paired t test.
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