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Introduction

Pancreatic cancer (adenocarcinoma) is among the most lethal of 
cancers; with ~42,000 new cases annually in the USA, of which 
~35,000 will result in death.1 The factors and conditions associ-
ated with the early development and progression of pancreatic 
cancer remain largely unknown. This contributes to the lack of 
significant progress in the identification of biomarkers for early 
detection; and contributes to the absence of effective chemother-
apeutic agents for successful treatment once pancreatic cancer has 
been identified. A better understanding of the etiology and events 
of pancreatic carcinogenesis is urgently needed to increase the 
chances for timely and effective diagnosis, prevention and treat-
ment of malignancy.

Substantial evidence exists that zinc is implicated as a tumor 
suppressor in the development and progression of some can-
cers.2-4 In such cancers, the zinc levels of malignant tissue are 
markedly decreased as compared with the normal tissue. At this 
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time, no direct studies have been reported regarding the zinc lev-
els in pancreatic adenocarcinoma vs. normal pancreatic exocrine 
tissues. One exception is a preliminary study with only one tissue 
sample,5 which suggested that a decrease in zinc level might be 
associated with pancreatic adenocarcinoma. Li et al.6 suggested 
that increased zinc accumulation is associated with ductal adeno-
carcinoma; however no measurements of zinc levels in human 
normal and adenocarcinoma pancreatic tissues were presented; 
and their supposition was not supported by any measurements of 
zinc in human pancreatic tissues. The absence of essential infor-
mation concerning the zinc levels in normal pancreatic tissue and 
in adenocarcinoma prompted us to conduct in situ zinc measure-
ments in pancreatic tissues in order to establish the zinc relation-
ship in human pancreatic adenocarcinoma.

This report establishes for the first time with direct in situ 
measurements of relative zinc levels that zinc levels are mark-
edly decreased in pancreatic adenocarcinoma as compared with 
normal pancreatic ductal/acinar epithelium; with concurrent 
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Figure 1 provides representative DTZ staining 
of TMA slides that contained adenocarcinoma and 
normal pancreas cores. Normal cores exhibited pro-
nounced ZnDTZ staining in the ductal and acinar 
epithelium; whereas Grades 1, 2 and 3 cancer cases 
exhibited a marked depletion of ZnDTZ. As a posi-
tive control, we performed the same DTZ procedure 
on prostate and esophageal tissues. Figure 1D shows 
the high ZnDTZ content in normal prostate glands 
and the loss of ZnDTZ in malignancy, which is con-
sistent with the loss of zinc that characterizes prostate 
cancer.2 In contrast, no difference in ZnDTZ exists 
between normal esophageal epithelium and esopha-
geal squamous cell carcinoma, which is consistent 
with the absence of zinc changes in esophageal adeno-
carcinoma.7 These results re-enforce the identification 
with DTZ of the major decrease in zinc in pancre-
atic adenocarcinoma. Zinquin staining (Fig. 1C) 
shows the high Zn fluorescence in normal pancreatic 
ductal/acinar epithelium, and the markedly reduced 
fluorescence in adenocarcinoma; which confirms the 
DTZ results. The ZnDTZ formation constant log 
Kf~15 (Zn-binding affinity) identifies the cellular lev-
els of exchangeable reactive zinc and tightly bound 
unreactive zinc; i.e., a relative estimate of total zinc. 
ZnZinquin with a log Kf~10 detects essentially the 
mobile pool of zinc; so that a major loss of the reactive 
zinc pool occurs in adenocarcinoma.

The results shown in Figure 1 are representative 
of a composite of duplicate pancreatic cores involv-
ing Grade 1 (17 cases); Grade 2 (18 cases); Grade 
3 (12 cases); and 10 normal cases. No quantitative 
differences were associated with Grades, and no 
normal cores showed low Zn staining as seen in 
adenocarcinoma.

ZIP transporter abundance and expression in 
normal pancreas and adenocarcinoma. To gain ini-
tial insight into the possible cause of the loss of zinc 
in adenocarcinoma, the relative abundance of three 

cellular zinc uptake transporters; ZIP1, ZIP2 and ZIP3 was 
determined. Figure 2 shows representative results obtained with 
ZIP3 IHC staining of cores in the same TMAs employed for 
ZnDTZ analysis. ZIP3 transporter is abundant in normal pan-
creatic acini and ductal epithelium; and, most importantly, is 
localized predominantly with the basal plasma membrane. This 
is strong evidence that ZIP3 is a functional transporter for the 
normal ductal and acinar epithelial uptake and accumulation 
of zinc from interstitial fluid. In adenocarcinoma, ZIP3 trans-
porter abundance is depleted and no plasma membrane ZIP3 
transporter is evident. Consequently, the loss of ZIP3 is likely 
to be involved in the decrease in zinc in adenocarcinoma. Dr. 
Desouki (Medical University of South Carolina) independently 
performed ZIP3 IHC on archived pancreatic tissue sections  
(Fig. 2C). He confirmed the ZIP3 abundance and association 
with the basilar membrane of normal ductal/acinar epithelium; 
as well as the loss of ZIP3 in adenocarcinoma.

downregulation of ZIP3 zinc uptake transporter and RREB-1 
transcription factor. These changes occur in early stage malig-
nancy and persist in the progression of malignancy. In addi-
tion, zinc treatment of malignant Panc1 cells exhibits cytotoxic 
effects. These results suggest the possibility that zinc might be 
a tumor suppressor of pancreatic adenocarcinoma; and provide 
new insight into important factors and events in pancreatic carci-
nogenesis, which can lead to the development of early biomarkers 
and new efficacious therapeutic agents.

Results

Comparative zinc levels in normal pancreas vs. adenocarci-
noma. In the following description we employ the “grading sys-
tem” of malignancy according to the TMA description of US 
Biomax: Grade 1 (well-differentiated); Grade 2 (moderately-dif-
ferentiated); Grade 3 (poorly differentiated).

Figure 1. Dithizone and Zinquin staining of zinc levels in tissue array slides contain-
ing normal vs. adenocarcinoma pancreatic cores. (A) Representative examples of 
normal and malignant pancreas cores. Black pigments in normal pancreas are due 
to ZnDTZ, which is absent in malignant cores. (B) Enlargement to show that ZnDTZ 
staining is dominant throughout the field of normal acini and ducts; and is absent 
in malignant acini and ducts. (C) Confocal microscopy of Zinquin fluorescence 
of zinc levels, which confirms the loss of zinc in adenocarcinoma compared with 
normal pancreas. It also shows that the Zn-Zinquin flourecence is associated with 
the normal ductal and acini epithelium. (D) DTZ staining of normal and malignant 
prostate, which shows the loss of ZnDTZ staining that characterizes prostate cancer 
depletion of zinc. (E) DTZ staining of normal esophagus and esophageal squamous 
cell carcinoma; which shows no difference in DTZ staining; and is consistent with the 
absence of zinc changes in esophageal cancer.
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to a physiological concentration of 2.5 μM zinc increased the 
cellular level of zinc, which resulted in ~65% inhibition of cell 
proliferation. At 5 and 10 μM zinc, the inhibition increased to 
~75 and 80%. This cytotoxic effect indicates that incorporation 
of zinc into malignant pancreatic cells could exhibit antitumor 
effects; and this would explain why zinc levels are decreased in 
the development and progression of pancreatic adenocarcinoma.

Discussion

Prior to this report, there had been no reported studies that pro-
vided pancreatic tissue measurements of zinc to establish the 
relative zinc levels in normal pancreas as compared with adeno-
carcinoma. We elected to employ in situ tissue methods in order 
to visualize major changes in cellular zinc in relation to the spe-
cific cell components of the pancreas. This is especially advisable 
since the pancreas is a “double organ” that consists of an exocrine 
component and an endocrine component. These are ontogenic, 
histological, physiological and pathological separate components. 
The exocrine component is comprised of the ductal and acinar 

We determined if the downregulation of ZIP3 gene 
expression was responsible for loss of transporter in ade-
nocarcinoma. This study was independently conducted 
by Dr. Bagasra at Claflin U with the same TMA as used 
for the ZIP3 IHC analysis. Figure 3 clearly shows the 
expression of ZIP3 in normal ductal and acinar epithe-
lium; and the loss of expression in adenocarcinoma; 
which correlates with the change in ZIP3 transporter 
abundance.

IHC analysis of ZIP1 and ZIP2 (Fig. 4) shows that 
both transporters exist in normal ductal/acinar epithe-
lium; and both are markedly decreased in adenocarci-
noma. However, unlike ZIP3, there is no demonstrable 
association of either transporter with the ductal/acinar 
epithelial plasma membrane. This indicates that they 
are not functional transporters for the cellular zinc 
uptake by the normal ductal/acinar epithelium; and are 
not associated with the loss of zinc in adenocarcinoma.

For planning future mechanistic studies with malig-
nant pancreatic cell lines, we determined if wild-type 
Panc1 malignant cells (cell line derived from ductal 
adenocarcinoma) exhibited the loss of ZIP3 as is the 
case with the in situ malignant cells. Figure 5 shows 
that Panc1 cells contain constituitive ZIP3 transporter 
with localization at the plasma membrane. This is the 
condition that exists in the normal ductal/acinar epi-
thelium in situ; and not the condition exhibited by the 
malignant cells in situ. This has important implications 
regarding the mechanism of ZIP3 gene silencing that 
occurs in vivo in human pancreatic adenocarcinoma as 
discussed below.

RREB-1 transcription factor in normal pancreas 
and adenocarcinoma. The reappearance of ZIP3 in 
Panc-1 cells reveals that the loss of ZIP3 expression in 
situ in adenocarcinoma is not due to gene deletion or 
permanent mutation; but likely the result of epigenetic 
silencing of ZIP3 gene expression. This prompted us to determine 
if there might be evidence of an association of RREB-1 with loss 
of ZIP3 expression. RREB-1 is a zinc finger transcription factor 
that has been described both as an activator of gene transcrip-
tion;8-11 and as a repressor of gene expression;12,13 the action of 
which is dependent upon the gene and the cell type.14 Figure 6 
shows that RREB-1 protein is highly abundant in the normal 
ductal and acinar epithelium; and is virtually absent in adenocar-
cinoma. Since the loss of RREB-1 occurs concurrently with the 
loss of ZIP3, it is possible that RREB-1 might be involved in the 
silencing of ZIP3 expression. In support of this, we have identi-
fied four potential RREB-1 binding sites in the promoter region 
of the ZIP3 gene (unpublished information). Studies to establish 
this relationship are in progress.

Effect of zinc treatment on growth of Panc1 cells. The 
loss of zinc that occurs in the development and progression of 
malignancy suggests that retention of the normal levels of cel-
lular zinc might exhibit cytotoxic effects on the malignant cells. 
To obtain initial information, we determined the effects of zinc 
treatment on Panc1 cells (Fig. 7). Exposure of the Panc1 cells 

Figure 2. ZIP3 immunohistochemistry of tissue array slides and tissue sections 
containing normal pancreas vs. adenocarcinoma cores. The same tissue array 
series as employed in Figure 1. (A) Panels show ZIP3 IHC for normal and adenocar-
cinoma cores. (B) High magnification shows basal membrane localization (arrows) 
of ZIP3 in normal epithelium and absence of ZIP3 transporter in adenocarcinoma. 
(C) ZIP3 IHC of tissue sections of normal pancreas tissue vs. adenocarcinoma pro-
vided and performed by Dr. Desouki. Confirms the localization of ZIP3 with basal 
membrane of epithelium and the absence of ZIP3 in adenocarcinoma.
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tracking of changes in relation to the stage of malignancy and 
correlations with epithelial changes of other parameters such as 
ZIP transporter and RREB-1.

The in situ tissue zinc staining reveals that loss of zinc is prev-
alent in the ductal and acinar epithelium in adenocarcinoma; and 
is evident in early stage and progressing stages of malignancy. A 
major factor that determines the cellular level of zinc in most 
mammalian cells is the role of plasma membrane zinc transport-
ers. Members of the ZIP-family (SLC39A) are major cellular zinc 
uptake transporters; and in some cases members of the ZnT-
family (SLC30A) are involved as cellular zinc export transporters. 
The dominant localization in situ of ZIP3 transporter specifically 
at the basilar membrane of normal ductal and acinar epithelium 
of the human pancreas is compelling evidence that it functions 
as a zinc transporter for the uptake of zinc from ISF in these 
cells. Therefore, this loss of ZIP3 transporter in adenocarcinoma 
is likely involved in the decrease in zinc in the malignant cells. 
The concurrent loss of ZIP3 with the decrease in zinc in early 
stage malignancy and in advanced stages is further suggestive 
of its role in the development of pancreatic cancer. The absence 
of ZIP1 and ZIP 2 plasma membrane localization indicates that 
they do not function as cell zinc uptake transporters in the duc-
tal/acinar epithelium of the pancreas in situ. It is not unusual 
for ZIP transporters to exhibit different cell-specific characteris-
tics and function. For example, ZIP1 is a basolateral zinc uptake 
transporter in prostate glandular epithelial cells; whereas ZIP2 
and ZIP3 are apical membrane transporters.2,3,15 Such differences 
reveal that cellular transporter relationships must be established 
in the cell type and in the human in vivo conditions. While this 
report focused on ZIP1, ZIP2 and ZIP3 transporters, the pos-
sibility remains that other ZIP and/or ZnT transporters might be 
involved and needs to be explored.

In the only other report relating to zinc and zinc transporter 
in normal exocrine pancreas and adenocarcinoma, Li et al.6 sug-
gested that zinc is increased in human ductal adenocarcinoma 
and promotes the development of malignancy. However, they 
provided no data and/or information of zinc levels or measure-
ments in human normal pancreas and in adenocarcinoma in 

structures, which is the focus of the normal and adenocarcinoma 
studies presented in this report. The endocrine component is 
comprised of the islets of Langerhans and their specialized cells, 
which accumulate high levels of zinc that must be separated 
from zinc relationships of the exocrine parenchyma. Also, total 
Zn levels and changes of the pancreatic exocrine tissue include 
the contributions of the ductal epithelium, acinar epithelium, 
pancreatic fluid and other tissue components. Assay procedures 
that involve measurements with pancreatic tissue/organ extracts 
or “whole tissue/organ” preparations cannot differentiate the 
contributions and changes of these different components within 
the pancreas. Moreover, the in situ Zn staining allows for the 

Figure 3. RT-IN SITU-PCR for ZIP3 gene expression in normal pancreas vs. adenocarcinoma. Representative results show high ZIP3 expression in 
normal ductal and acinar epithelium; and absence of ZIP3 expression in adenocarcinoma. Yellowish-green = expression; bright yellow-reddish = no 
expression.

Figure 4. ZIP1 and ZIP2 immunohistochemistry of normal pancreas vs. 
adenocarcinoma. Results show decrease in ZIP1 and ZIP2 transporters 
in adenocarcinoma. The inserts are enlargements to show that ZIP1 
and ZIP2 transporters exhibit no localization with the epithelial plasma 
membrane; as contrasted with the strong abundant membrane local-
ization of ZIP3 as shown in Figure 2.
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cell growth. However, Donadelli et al.28 reported that zinc also 
induced apoptosis in pancreatic cell lines. Our study shows 
that zinc treatment and cellular accumulation inhibited the cell 
growth of Panc1 cells. The differences in these results are likely 

support of their conclusion; and there existed no 
reported studies of zinc levels in exocrine pancreas 
to support their conclusion. Instead, they relied on 
their identification of an increase in ZIP4 in ductal 
adenocarcinoma, and on experimental studies with 
cell lines, genetically manipulated cells, and with an 
animal model.6,16 However, the increase in ZIP4 in 
situ in the ductal adenocarcinoma tissue section does 
not exhibit transporter association with the basilar 
membrane, which should be expected for a func-
tional cellular zinc uptake transporter. No informa-
tion regarding the stages of malignancy is provided 
in their study. The absence of measurements of zinc 
levels in human pancreatic tissues, and the absence 
of prominent basilar membrane-associated ZIP4 
transporter (see Fig. 2 for comparison), are not sup-
portive of their conclusions for an increase in zinc in 
pancreatic cancer. Instead the relied on experimental 
cell and animal models; which cannot be employed 
to establish the conditions and the status of zinc in 
vivo in human normal pancreas and in adenocarcinoma in the 
absence of direct in situ evidence with human pancreatic tissue 
analyses. Consequently, the purported role of ZIP4 and increased 
zinc in pancreatic adenocarcinoma is questionable. Experimental 
cell studies and animal models must be shown to exhibit the sta-
tus and natural events that characterize the human in vivo condi-
tion. If this does not exist, the relevance of any model to events 
of human pancreas becomes highly questionable. The status of 
transporters in vivo in the human pancreas cannot be established 
or determined by the status that exists in experimental cells and 
animal models. Our study of the changes in zinc levels in situ 
in human normal and adenocarcinoma pancreatic tissue sections 
directly shows that zinc is consistently decreased in pancreatic 
adenocarcinoma as compared with normal pancreas, and the 
decrease is evident in early and later stages of malignancy.

Many in vitro and in vivo studies have demonstrated that 
zinc exhibits several actions that constitute tumor suppressor 
effects in prostate and other cells.2-4 These include: altered bio-
energetic/metabolic effects;2 growth-inhibitory/apoptogenic 
effects;17-23 and cell motility/invasive inhibitory effects.24-26 The 
depletion of zinc is an essential event to protect the malignant 
cells from the tumor suppressor effects of zinc. In contrast, zinc 
treatment of pancreatic cell lines has been reported by Li et al.16 
and by Donadelli et al.27 to inhibit apoptosis and to promote 

Figure 6. RREB-1 IHC of tissue array slide containing normal pancreas and adenocar-
cinoma cores. Results that show the high abundance of RREB-1 transcription factor 
in normal ductal and acinar epithelium; and loss of RREB-1 in Grade 1, Grade 2 and 
Grade 3 adenocarcinoma.

Figure 7. Effect of zinc treatment on growth and cellular zinc level of 
Panc1 cells. Panc1 cells were treated with 0, 2.5, 5.0 or 10 μM ZnCl2 for 
24 h. After treatment, cell proliferation and zinc levels were determined 
using the CyQUANT Cell Proliferation Assay kit and the Zinquin assay.

Figure 5. ZIP3 IHC of Panc1 cells. Arrows point to localization of ZIP3 transporter at the plasma membrane.
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RREB-1/ZIP3/zinc relationship exists in suspected premalignant 
lesions and could be potential early biomarkers for pancreatic 
cancer; and to explore the potential for development of effec-
tive chemotherapeutic agents based on tumor suppresser effects 
of zinc on pancreatic malignancy. Such potential advancements 
would serve to deal more effectively with the current morbidity 
and lethal outcome of pancreatic cancer.

Materials and Methods

Culture media, antibiotic mixture and phosphate buffered saline 
(PBS) were purchased from Invitrogen. Fetal bovine serum 
(FBS) was purchased from Atlanta Biologicals. Panc-1 cells were 
purchased from ATCC. All other chemicals and reagents were 
purchased from Sigma-Aldrich USA unless otherwise indicated.

Human tissue analyses were conducted with tissue micro-
array (TMA) slides containing normal and adenocarcinoma 
cores (obtained from US Biomax, Inc.); and with archived tissue 
sections. For zinc determinations, the slides were stained with 
dithizone (DTZ) or Zinquin ester. DTZ staining was performed 
as described by Sternberg and Philips.35 The stained slides were 
examined by light microscopy using a seven headed Reichert 
Omega Model #4000 microscopy system equipped with a high 
definition, two megapixel cameras and a desktop computer for 
capturing and storing digital images. After obtaining required 
pictures, the slide was prepared for H&E staining for histopatho-
logical verification. Zinquin ester was prepared as a 25 μM solu-
tion in DMSO/PBS and applied to the slides for 15 min at room 
temperature. The slides were washed with PBS to remove excess 
Zinquin, dried and mounted with anti-fade medium. Zinquin 
fluorescence was visualized by confocal microscopy at excitation 
351–358 nm and emission at 460 nm.

The relative abundance of ZIP1, ZIP2 and ZIP3 transport-
ers was determined by IHC with antibodies that we devel-
oped and described in previous studies in reference 15 and 34. 
IHC for RREB1 was performed with antibody from Rockland 
Immunochemicals. In Situ RT-PCR was performed as previously 
described in references 32, 34 and 36.

For the study of zinc treatment effect on cell growth, Panc1 
cells were cultured under standard conditions in DMEM medium 
supplemented with 2% FBS and 1% Penicillin-Streptomycin 
mixture. Cells were plated in 12-well plates (3 x 104 cells/well) 
and cultured overnight. The next day the medium was replaced 
with DMEM containing 1 μM sodium pyrithione and various 
concentrations of ZnCl

2
 (indicated in results). After 24 h treat-

ment, cell proliferation was measured using the CyQUANT Cell 
Proliferation Assay Kit (Invitrogen) according to the manufac-
turer’s protocol. Cellular zinc was measured by adding Zinquin 
to cell lysates and the fluorescence was read in a Floroskan micro-
plate reader.
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due to the in vitro conditions and cell lines that were employed. 
However, the fact that zinc levels are markedly decreased in the 
malignant cells in situ in human adenocarcinoma would seem 
to be consistent with the apoptogenic and other tumor suppres-
sor effects of zinc.

This raises another consideration. Within the same in situ 
tissue environment, the cellular levels of zinc in the normal 
cells do not exhibit the adverse effects of zinc, whereas these 
zinc levels are cytotoxic to the malignant cells. Zinc is essential 
for cellular function, growth, reproduction and metabolism, so 
normal cells evolved with homeostatic mechanisms to main-
tain their normal required level of zinc and prevent potential 
adverse effects of zinc. Malignant cells have lost these normal 
protective conditions; so they adapted other mechanisms to 
avoid the adverse effects of zinc. One adaptation is to prevent 
their accumulation of cytotoxic levels of cellular zinc; which is 
achieved by the downregulation of the functional zinc uptake 
transporter(s). We propose that this relationship will apply to 
pancreatic cancer.

Although the origin of the Panc1 cell line is ductal adenocar-
cinoma, the cells exhibit constituitive expression of ZIP3 with 
localization of transporter at the plasma membrane. This is the 
relationship that exists in the normal ductal epithelium in situ, 
and is unlike the absence of expression of ZIP3 in ductal adeno-
carcinoma. The reappearance of ZIP3 in Panc1 cells indicates 
that the ZIP3 gene is neither deleted nor permanently mutated 
in adenocarcinoma; and makes it likely that epigenetic silenc-
ing of ZIP3 gene expression occurs under the human pancreatic 
in situ conditions. Similarly, ZIP1 is silenced in the malignant 
cells in situ in prostate cancer; yet all the prostate malignant 
cell lines (e.g., PC-3, LNCaP, Du-145) exhibit re-expression of 
ZIP1.2 The consistent downregulation of RREB-1 concurrent 
with the silencing of ZIP3 gene expression in pancreatic cancer, 
and the existence of RREB-1 binding sites in the ZIP3 promo-
tor region suggest a possible association with the silencing of 
ZIP3. RREB-1 has been shown to activate specific gene tran-
scription in various cells.8-11 Such a relationship could provide 
new and important insight into important early events in pan-
creatic oncogenesis. In addition, the decrease in zinc, ZIP3 and 
RREB-1 in the acinar epithelium and in the ductal epithelium 
in early malignancy supports the view that ductal adenocar-
cinoma might involve the transdifferentiation of acini cells to 
a duct cell phenotype.29-31 This might be represented in pan-
creatic intraepithelial neoplasia (the possible precursor lesion 
to ductal adenocarcinoma). Such a relationship exists for zinc 
and ZIP1 in prostate cancer.32-34 These are potential biomark-
ers for the early developing premalignant stages of pancreatic 
carcinogenesis.

In conclusion, the identification of the loss of zinc in pan-
creatic adenocarcinoma presents evidence for an important role 
of zinc and ZIP3 in the process of pancreatic carcinogenesis. 
This is a new relationship that should impact the direction of 
future clinical studies and biomedical research regarding pan-
creatic cancer. It is now important to establish the mechanism 
of silencing of ZIP3 gene expression; to establish a tumor-sup-
pressor role of zinc in pancreatic cancer; to determine if the  
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