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Abstract

Purpose: ZIP4 is overexpressed in human pancreatic cancer and promotes tumor growth.
However, little is known about the role of ZIP4 in advanced stages of this dismal neoplasm. Our
goal is to study the underlying mechanism and define a novel signaling pathway controlled by
Z1P4 modulating pancreatic tumor metastasis.
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Experimental Design: The expression of ZIP4, ZO-1, claudin-1, and ZEB1 in human
pancreatic cancer tissues, genetically engineered mouse model, xenograft tumor model and
pancreatic cancer cell lines were examined, and the correlations between ZIP4 and those markers
were also analyzed. Functional analysis of ZO-1, claudin-1, and ZEB1 was investigated in
pancreatic cancer cell lines and orthotopic xenografts.

Results: Genetic inactivation of ZIP4 inhibited migration and invasion in pancreatic cancer and
increased the expression of ZO-1 and claudin-1. Conversely, overexpression of ZIP4 promoted
migration and invasion, and increased the expression of ZEB1 and downregulation of the
aforementioned epithelial genes. ZIP4 downregulation of ZO-1 and claudin-1 requires the
transcriptional repressor ZEB1. Further analysis demonstrated that ZIP4-mediated repression of
Z0-1 and claudin-1 lead to upregulation of their targets FAK and Paxillin. Silencing of ZIP4
caused reduced phosphorylation of FAK and Paxillin, which was rescued by simultaneous
blocking of ZO-1 or claudin-1. Clinically, we demonstrated that ZIP4 positively correlates with the
levels of ZEB1 and inversely associates with the expression of ZO-1 and claudin-1.

Conclusions: These findings suggest a novel pathway activated by ZIP4 controlling pancreatic
cancer invasiveness and metastasis, which could serve as a new therapeutic target for this
devastating disease.
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Introduction

Pancreatic cancer is the third leading cause of cancer death in the United States (1). Over
90% of patients with pancreatic cancer are diagnosed at a late stage (2) and the five-year
survival rate for patients with distant metastasis is only 7% (3). Pancreatic cancer is a highly
invasive and metastatic disease, 60% of patients have distant metastasis within the first 24
months after surgery (4-6), and it is considered one of the primary cause of mortality in
these patients (7). Disassembly and perturbation of the tight junction structure with loss of
cell-to-cell associations is an essential event in the invasion process. The basement
membrane degrades, leading to tumor cell migration and invasion (8). Peripheral or plaque

anchoring protein (ZO-1) and integral transmembrane protein (claudin-1) are important tight

junction proteins that prevent cell migration in pancreatic cancer (9,10). Previous studies
suggest that zinc might regulate the integrity of ZO-1 and claudin-1. Zinc deficiency is

known to result in epithelial barrier leak in the pancreas (11) and correlates to reduced levels

of the tight junction proteins ZO-1 and claudin-1 through damaging the integrity of the cell
connection structure (12). Both molecules are downregulated in pancreatic cancer,

understanding the molecular events controlling the aberrant expression of ZO-1 and
claudin-1 is of paramount importance, as it could lead to the development of new treatments
for this dismal disease.

In the present study, we define a novel mechanism regulating the expression of ZO-1 and
claudin-1 in pancreatic cancer cells mediated by ZIP4, a membrane zinc importer encoded
by SLC39A4 playing an important role in maintaining cellular zinc concentration by taking
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up dietary zinc into cells and releasing zinc from cytosol vesicular compartments (13-18).
Interestingly, zinc availability is important for tumor invasiveness and metastasis because it
modifies tight junction proteins and selectively enhances the epithelial barrier (19).
Previously we found that ZIP4 is overexpressed in human pancreatic cancer and promotes
tumor growth and metastasis (15-17). Aberrant ZIP4 expression in pancreatic cancer at
diagnosis correlates with the expression level of ZIP4 in the corresponding surgical samples,
suggesting that ZIP4 may serve as a novel prognostic and predictive marker for pancreatic
cancer. Although the biological effects of intracellular zinc and zinc transporters are
demonstrated in pancreatic cancer, the molecular mechanisms controlling this phenomenon
and the translational significance of this oncogenic axis remain elusive. Here we defined a
role for the zinc-dependent transcription factor ZEB1 in the repression of ZO-1 and
claudin-1 induced by ZIP4 and in regulating pancreatic cancer migration and metastasis.
Decreased levels of ZO-1 and claudin-1 enhance tumor migration and invasion both /n vitro
and /n vivo through targeting their downstream markers FAK and Paxillin. These findings
indicate a novel molecular link between ZI1P4 and pancreatic cancer invasiveness and
metastasis and could serve as foundation for new treatment options for this devastating
disease.

Materials and Methods

Chemicals, cell culture, and clinical sample collection.

Human pancreatic cancer cells AsPC-1, Panc-1 and MIA PaCa-2 were recently purchased
from the American Type Culture Collection (ATCC, Rockville, MD) in 2016, and were
cultured in RPMI 1640 medium or DMEM medium with 10% fetal bovine serum (FBS).
The pancreatic cancer tissue microarray contains 72 cases of ductal pancreatic cancer from
patients who underwent primary tumor resection at the University of Oklahoma Health
Sciences Center (OUHSC) and Peking Union Medical College (PUMC) Hospital (The
clinic-pathology data of the pancreatic cancer patients was shown in supplemental table 1).
No patients in this study received chemotherapy or radiotherapy before surgery. All patients
were given informed consent according to an IRB-approved human protocol and in
accordance with NIH guidelines.

Stable cell line construction.

Stable cells with ZO-1 and claudin-1 silenced were selected in AsPC-shZIP4 cells with
vector of psi-LVRH1GH (Genecopoeia). ZO-1 and claudin-1 shRNA were cloned into psi-
LVRH1GH vector and recombinant plasmid was transfected into 293T cells. Viral
supernatants were collected and transduced to the target cells. Stable cells expressing
shZ0-1 and shcldn-1 (AsPC-shZO-1, AsPC-shcldn-1 or empty vector (AsPC-shV) were
selected by adding 400 pg/ml hygromycin into the medium.

RNA extraction and real-time PCR.

ZIP4, Z0O-1, claudin-1, and ZEB1 mRNA were analyzed by real-time (RT)-PCR. Briefly,
RT-PCR was performed using the SYBR supermix kit (Roche). The PCR reaction included
the following components: 100 nM each primer, diluted cDNA templates, and iQ SYBR
Green supermix, running for 40 cycles at 95°C for 20 s and at 60°C for 1 m. PCR efficiency
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was examined by serially diluting the template cDNA. The melting curve data were
collected to check PCR specificity. Each cDNA sample was run in triplicate and the
corresponding no-reverse transcriptase (RT) mRNA sample was included as a negative
control. The p-actin primer was included in every plate to avoid sample variations. The
relative mRNA level was presented as unit values of 2 [Ct(B-actin) — Ct (gene of interest)].
The primer sequences for human ZI1P4 and EMT genes are:

Gene Sequence
ZIP4 F ATGTCAGGAGCGGGTCTTGC
R GCTGCTGTGCTGCTGGAAC
Z0-1 F CAACATACAGTGACGCTTCACA
R CACTATTGACGTTTCCCCACTC
claudin-1 | F GCTGCGAACTGGAAACCATC
R | CCTCCTTCTGACCACACATTTGAA
ZEB1 F GATGATGAATGCGAGTCAGATGC
R ACAGCAGTGTCTTGTTGTTGT

Western blot analysis.

Cells were lysed with lysis buffer (Roche), with 10% phosphor STOP and 10% protease
inhibitor cocktail. Cell lysates were then collected after centrifugation at 12,000 rpm for 10
m at 4°C. 30ug of lysate protein was loaded and total cellular protein was separated with 8%
SDS-polyacrylamide gel electrophoresis, then transblotted onto NC membrane (Life
Technology). The membrane was probed with anti-ZIP4 (Proteintech, 1:2000), ZO-1,
claudin-1, ZEB1(Cell signaling Technology 1:500), pFAK, FAK (Abcam, 1:1000), pPaxillin,
Paxillin (Life tech, 1:1000), and anti-B-actin (Abcam, 1:10000) antibody at 4 °C overnight,
and then washed three times with 0.1% Tween 20-TBS and incubated with horseradish
peroxidase-linked or NIR-coupled secondary antibody (1:5000) for 2 h at room temperature.
The membrane was washed three times with 0.1% Tween 20-TBS. The immunoreacted
bands were detected using an enhanced chemiluminescent (ECL) plus reagent kit. We are
using the Li-COR Odyssey Fc machine to detect both ECL and the NIR-labeled 2nd
antibodies.

In vitro migration and invasion assays.

The wound healing assay was performed as described below. The cells were pretreated with
10 pg/ml mitomycin C(Sigma, M0503) for 2h, wounds were made in confluent monolayer
cells, and wound healing was detected at 0, 24h within the scraped lines, and representative
fields at different time points were photographed. The cell migration/invasion was
determined using a modified Boyden chamber assay. Uncoated polycarbonate inserts
(Costar) with 8-um pores, either uncoated or coated with 100 pg/mL of Matrigel (Corning)
were used. Cells were pretreated with 10 pg/ml mitomycin C for 2 h, then were trypsinized
and re-suspended in growth medium or medium without FBS (5%10% cells/100 pl) added
into the upper compartment of an invasion (Matrigel-coated insert) or migration (uncoated
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insert) chamber, with 600 pl of the growth medium added into the lower chamber. After 24
h, cells were fixed with 4% PFA at room temperature for 15 m. Cells that had migrated or
invaded onto the lower surface of the membrane were counted.

Immunofluorescence.

AsPC-1 and Panc-1 cells were fixed with 4% PFA, blocked with PBS containing 4% BSA
for 30 m at room temperature, and then incubated overnight at 4°C with the primary
antibodies for ZIP4 (Proteintech), ZO-1, and claudin-1 (Cell Signaling Technology) diluted
in the same buffer. After three washes, slides were incubated at room temperature for 1 h
with secondary antibodies (1:200) and Hoechst (1 pg/ml) and were mounted with Prolong
diamond antifade mounting (Life Technology). Sections were photographed using EVOS
FLC (Life Technology).

Immunohistochemical (IHC) staining.

Human pancreatic adenocarcinoma and surrounding benign tissues were collected and
processed into 5-pum slides. Fixed tissue slides were incubated in 3% hydrogen peroxide
solution to quench endogenous peroxidase activity for 15 m and were subsequently washed
with PBS. The slides were then incubated in blocking buffer for 30 m at room temperature
and stained with anti-hZIP4 antibody (Proteintech, 1:500), ZO-1 (NOVUS,1:100), claudin-1
(1:100, Cell Signaling Technology), ZEB1 (1:250, Sigma) and incubated overnight at 4°C.
After washing with PBS, the section was incubated with polymer secondary antibody for 30
m (\Vector Laboratories). Immune complexes were detected with diaminobenzidine (DAB)
under a phase-contrast microscope. The sections were then mounted and observed under a
phase-contrast microscope. The slides were scanned using Aperio scanning software and the
positivity was analyzed automatically. The KPC mouse sections were obtained from Dr.
Courtney Houchen. ZIP4, ZO-1 (Proteintech), claudin-1 (Proteintech), ZEB1 (Sigma),
pFAK (Abcam) and pPaxillin (Lifetech) were stained in pancreatic cancer tissue of KPC
mouse sections as above.

Pancreatic cancer xenograft mouse model.

AsPC-shV, AsPC-shZ0-1, AsPC-shcldn-1 cells were harvested by trypsinization and were
resuspended in RPMI 1640. In a volume of 50 L, 3 x10° tumor cells were injected into the
pancreases of 5-to-6-week-old male nude mice. The peritoneum and skin were closed with a
4.0 surgical sutures. After 4 weeks, all surviving mice were euthanized with an overdose of
CO», exposure. Mice were evaluated macroscopically for the presence of orthotopic tumors
and metastases in the abdominal cavity. All mice were cared for in accordance with the
IACUC and Animal Welfare Act guidelines.

Statistical analysis.

Quantitative results are shown as means + SD. Paired ftest was used to analyze paired data
(ZIP4 and EMT markers in tumor and adjacent normal pancreas tissues). Student’s f-test/
ANOVA test was used for data from control and treated groups. Multiple testing was
adjusted using Bonferroni’s method. Analysis based on the Pearson correlation was
employed to investigate the correlation between the expression of ZIP4 and EMT markers in
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human pancreatic cancer tissue pairs and xenograft tumor tissue. A Pvalue of <0.05 was
considered statistically significant. All tests were two-sided.

ZIP4 represses Z0O-1 and claudin-1 in a ZEB1-dependent manner in pancreatic cancer

cells.

Previously we demonstrated that ZIP4 promotes pancreatic cancer migration and invasion
(16,17). We next investigated whether ZIP4 promotes those cellular functions through the
modulation of known regulators of cell migration and invasion. IHC analysis of the ZIP4
expression revealed an association with several important invasion markers, including ZO-1,
claudin-1, and ZEB1 in 72 paired human TMA sections. ZIP4 and ZEB1 were
overexpressed in the majority of the human pancreatic cancer tumor tissues, compared with
their matched benign tissues, while ZO-1 and claudin-1 showed lower levels in tumor tissues
than the benign ones (Figure 1A and 1B). ZIP4 expression was positively correlated with
mesenchymal marker ZEB1 (P<0.0001, =0.5641) but was negatively associated with
epithelial markers ZO-1 (P=0.003, r=-0.4148) and claudin-1 (~P=0.0062, /=—0.3197) (Figure
1C) in human specimens. Further analysis in the orthotopic xenograft tissues revealed that
Z1P4 was also negatively associated with ZO-1 (£=0.0071, /=—0.5824) and claudin-1
(P=0.0095, r=—-0.5648; Figure 1D-1F). Similarly to the human tumors, in a genetically
engineered mouse model of pancreatic cancer (KPC) (20), we found that ZIP4 was
negatively correlated with ZO-1 and claudin-1 but positively associated with ZEB1, FAK
and Paxillin, targets of ZO-1 and claudin-1, in the tumor tissues of these mice (Figure S1).

Furthermore, we investigated the effect of ZIP4 on the expression of those invasion markers
in pancreatic cancer cell lines and found that knocking down ZIP4 in Panc-1 and AsPC-1
cells decreased the expression of mesenchymal markers ZEB1 and increased the expression
of epithelial markers ZO-1 and claudin-1 (Figure 2A and 2B). Similar results showing that
downregulation of ZIP4 elevated the expression of ZO-1 and claudin-1 were confirmed with
immunofluorescence staining in AsPC-1 and Panc-1 cells (Figure S2). RT-PCR was used to
validate the altered expression of the invasion markers in those two pancreatic cancer cells
(Figure S3). Finally, we examined the effect of ZIP4 overexpression on the aforementioned
markers. As shown in Figure 2C and 2D, overexpression of ZIP4 upregulated mesenchymal
markers ZEB1 and lowered the levels of epithelial markers ZO-1 and claudin-1 in both MIA
PaCa-2 and Panc-1 cells. Next we sought to mechanistically investigate the interplay
between ZIP4, ZEB1 and epithelial genes ZO-1 and claudin-1. Knowing that ZEBL1 is a zinc
finger protein and homeodomain transcription factor and it is upregulated by ZIP4 (Figure
2A-2D), we aimed to determine whether ZEBL1 is an effector of ZIP4 that regulates the
expression of ZO-1 and claudin-1. ZIP4 overexpression downregulates ZO-1 and claudin-1
while knocking down ZEB1 enhances ZO-1 and claudin-1 expression in AsPC-1 and Panc-1
cells. Moreover, we found knocking down ZEB1 attenuates the downregulation role of ZIP4
on Z0O-1 and claudin-1 (Figure 2E, 2F). To elucidate whether ZO-1 and claudin-1 are direct
transcriptional targets of ZEB1, we performed ChIP assay in AsPC-1 cells, which confirmed
the binding of ZEB1 to the promoter regions of ZO-1 and claudin-1 genes (Figure 2G). To
determine the biological significance of these findings we investigated whether ZEB1 could
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regulate tumor migration and invasion induced by ZIP4. We performed a wound healing
assay, transwell migration and invasion assay in Panc-V and Panc-ZIP4 cells in which ZEB1
was silenced using RNAI. We found that ZIP4 increased tumor migration and invasion was
impaired by ZEBL1 inactivation (Figure 3A-3C). Interestingly this effect of the ZIP4-ZEB1
axis was independent of CREB. Previously we reported that ZIP4 induces changes in gene
expression through the activation of this transcription factor (17,21); expression studies in
multiple pancreatic cancer cells showed no effect on ZO-1 nor claudin-1 levels in cells with
CREB knockdown (Figure. S4). Taken together our results identified a novel transcriptional
effector of ZIP4 controlling gene expression and migration of pancreatic cancer cells.

Downregulation of ZO-1 and claudin-1 is required for ZIP4-dependent pancreatic cancer
cell migration and invasion.

Z0-1 and claudin-1 play vital roles in tumor migration and invasion (9,10), we sought to
determine whether ZIP4 could regulate these cellular events using the wound-healing assay
in AsSPC-shZIP4 and Panc-1 siZIP4 cells. As shown Fig. 3D-3lI, knocking down ZI1P4
decreased pancreatic cancer migration and invasion in AsPC-1 and Panc-1 cells. Similarly,
blocking ZO-1 or claudin-1 by RNAI increased the migration distances in AsPC-shZI1P4 and
Panc-1 siZIP4 cells compared to cells transfected with siNC (Figure 3D and 3G). Similarly,
transwell migration and Matrigel invasion assays also showed that knockdown of ZO-1 and
claudin-1 rescued the invasive and migratory capacities of AsPC-shZIP4 and Panc-1 siZIP4
cells, in which ZI1P4 was silenced (Figure 3E-3I). To further investigate whether ZO-1 and
claudin-1 contribute to tumor metastasis /7 vivo, we constructed stable cells lines with ZO-1
and claudin-1 silenced by shRNA in AsPC-shZIP4 cells and implanted these cells in an
orthotopic xenograft tumor model. The knocking down efficiency of ZO-1 and claudin-1 in
AsPC-shZIP4 cells was confirmed by RT-PCR and Western blot (Figure S5). Four weeks
after the tumor implantation all the mice were sacrificed. AsSPC-shZ0O-1 and AsPC-
shclaudin-1 groups showed increased tumor weight (P<0.05, n=6, Figure 4A), liver
metastasis, colon/intestine obstruction and peritoneal dissemination (Figure 4B—4C),
compared to the mice injected with AsPC-shV cells. There were also higher blue-stained
bands of collagen in AsPC-shZ0O-1 and AsPC-shcldn-1 groups compared to AsPC-shV
group (Figure. 4D-4E). Repressed ZO-1 and claudin-1 was found to increase tumor
migration and invasion in pancreatic cancer both /n vitroand in vivo.

Finally we examined whether ZIP4 promotes migration and invasion by regulating the
downstream genes FAK and Paxillin which are targeted by ZO-1 and claudin-1. Blocking
Z1P4 decreased FAK and Paxillin phosphorylation in AsPC-1 and Panc-1 cells (Figure 5A
and 5C), while ZIP4 upregulation increased FAK and Paxillin phosphorylation in MIA
PaCa-2 and Panc-1 cells (Figure 5B and 5D). Next, we examined whether blocking ZO-1
and claudin-1 could activate FAK and Paxillin phosphorylation in AsPC-1 and Panc-1 cells.
We found that FAK and Paxillin phosphorylation increased with knock down of ZO-1 and
claudin-1 (Figure 6A, and 6B). We also found knocking down ZO-1 and claudin-1 led to
enhanced pFAK and pPaxillin in xenograft tumor tissue (Figure 4F) which was consistent
with the /n vitro data. We have shown that knocking down ZIP4 decreased FAK and Paxillin
phosphorylation, while blocking ZO-1 and claudin-1 increased FAK and Paxillin
phosphorylation. Next, we investigated whether ZIP4 regulates FAK and Paxillin by directly
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targeting ZO-1 and claudin-1. We performed a rescue experiment by blocking ZI1P4, ZO-1,
and claudin-1, individually or in combination. We found that silencing of ZIP4 caused
reduced phosphorylation of FAK and Paxillin, which was rescued by simultaneous blocking
of ZO-1 or claudin-1 in both AsPC-1 and Panc-1 cells. When ZIP4 and ZO-1 or claudin-1
were blocked simultaneously, the phosphorylation levels of FAK and Paxillin were higher
than those observed in the ZIP4 knockdown group, but lower than those in the ZO-1 or
claudin-1 blocked groups (Figure 6C and 6D). Together, our results showed that knocking
down ZIP4 decreased FAK and Paxillin phosphorylation by activating ZO-1 and claudin-1 in
pancreatic cancer cells.

Discussion

This study provided a novel ZIP4-ZEB1 dependent mechanism controlling expression of
Z0-1, claudin-1 pathway that activates pancreatic cancer migration and invasion through
targeting downstream genes FAK and Paxillin (Figure. 6E). Knocking down ZIP4 inhibited
pancreatic cancer invasion and migration in pancreatic cancer cell lines and mouse models
through repressing invasion markers. Meanwhile, blocking ZIP4 upregulated epithelial
markers and reduced the levels of mesenchymal markers. We also demonstrated that ZIP4-
mediated transcription factor ZEB1 which could modulate ZO-1 and claudin-1 repression
further regulates downstream targets FAK and Paxillin. Silencing of ZIP4 caused reduced
phosphorylation of FAK and Paxillin, which was rescued by simultaneous blocking of ZO-1
or claudin-1 in pancreatic cancer cells. These findings support the existence of a novel
pathway downstream of zinc importer ZIP4 participating in pancreatic cancer invasiveness
and metastasis.

Pancreatic cancer has a high propensity to metastasize. Cell migration and invasion play a
critical role in facilitating the process of cancer metastasis (22). A remarkable connection
between tumor invasiveness and metastasis exists in many types of cancers including
pancreatic cancer (23). These cellular events are characterized by loss of E-cadherin, ZO-1,
claudin-1 (8,24) and increase of mesenchymal markers such as N-cadherin, Vimentin, and
transcription factors like ZEB1. Previous studies on tumor invasion have been largely
focused on the transcriptional regulation by core regulators such as ZEB1, Twist and snail,
which are induced to activate EMT by repressing the epithelial gatekeeper E-cadherin and
driving tumor migration and invasion and contribute to early pathogenesis and metastatic
potential in pancreatic cancer and lung cancer (25-27). Many of those transcription factors
are zinc-dependent, and contain four to six zinc finger domains corresponding to the CoH»
type, which coordinate the zinc ion (28). Zinc plays a central role on the activation of the
transcription factors, and zinc transporters such as ZIP4 may regulate the expression or
activity of zinc dependent transcription factors through the intracellular zinc. But little is
known about the underlying mechanism. Recent studies indicated that zinc and zinc
transporters promote tumor migration, invasion, and EMT processes. ZIP6 (LIV-1) was
linked with the transcription factors STAT3 and Snail in zebrafish embryogenesis (29). ZIP5
is involved in esophageal cancer progression through COX2 and E-cadherin (30). ZIP4 has
been shown to enhance migration, invasion, and suppress apoptosis in hepatocellular
carcinoma (31). However, how zinc and zinc transport are involved in the transcriptional
regulation of invasion in pancreatic cancer remains unclear. In the present study, we
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investigated how a key zinc transporter, ZIP4, regulates core invasion markers in pancreatic
cancer and therefore promotes cell migration, invasion, and metastasis. Our group has
recently demonstrated an important role of ZIP4 in pancreatic cancer proliferation,
invasiveness and tumor growth (16). We have shown that ZIP4 is the major zinc importer
upregulated in pancreatic cancer, and overexpression of ZIP4 caused activation of the IL-6/
STAT3 (21) pathway and led to increased VEGF and MMP2 expression (32). However, the
detailed mechanism how ZIP4 activates the downstream signaling pathways to promote
pancreatic cancer migration and invasion is still unclear.

Z0-1 and claudin-1 are important tight junction proteins that are downregulated in
pancreatic cancer. In normal cells, ZO-1 and Caudin-1 form specialized structures in order to
maintain the tight associations with each other in epithelial cells (9). They are expressed at
low levels and suppress cell invasion and metastasis in pancreatic cancer (9,10). Studies
suggest that zinc might regulate the integrity of ZO-1 and claudin-1. Zinc deficiency is
known to result in epithelial barrier leak in the pancreas (11,33) and is closely related to
reduced levels of the tight junction proteins ZO-1 and claudin-1 through damaging the
integrity of the cell connection structure (12). Caco-2 cells grown in zinc-deficient media
showed altered expression of ZO-1 and occludin integrity (34). How zinc levels affect those
tight junction proteins, such as ZO-1 and claudin-1 in pancreatic cancer cells remains
unclear. We hypothesize that ZIP4 regulates the expression of ZO-1 and claudin-1 through a
zinc-dependent signaling cascade in pancreatic cancer cells. We found that knocking down
ZIP4 led to upregulation of ZO-1 and claudin-1 but over-expression of ZIP4 led to decreased
cell-to-cell connections via reduced ZO-1 and claudin-1. Our previous studies indicated that
Z1P4 activates oncogenic miR-373 (17) and IL-6-STAT3 (21) pathways through a zinc-
dependent transcriptional factor CREB. To further investigate whether ZIP4 also regulates
Z0-1 and claudin-1 through CREB, we knocked down CREB with siRNA in ZIP4 high
pancreatic cancer cells MIA-ZIP4, Panc-ZIP4 and AsPC-1 cells, and did not find
upregulated expression of ZO-1 and claudin-1, suggesting that ZIP4 repressed ZO-1 and
claudin-1 is independent of CREB. We also found that ZIP4 regulates ZEB1, key players in
EMT. ZEBL1 is a zinc-dependent transcriptional factor that is highly involved in tumor cell
migration, invasion, and EMT through TGF-f, BMP, NF-kB and Notch signaling pathway
(35,36). ZEB1 downregulates ZO-1 during the EMT process (37,38). Our results indicate
that ZEB1 suppressed the expression of ZO-1 and claudin-1 in pancreatic cancer cells, and
knocking down ZEB1 upregulated ZO-1 and claudin-1 in both AsPC-1 and Panc-1 cells,
suggesting a novel zinc dependent regulatory pathway through which ZI1P4 repressed ZO-1
and claudin-1 in human pancreatic cancer cells (Figure. 6E).

In this study we found ZIP4 promotes pancreatic cancer migration and invasion through
targeting ZO-1 and claudin-1. Next, we further investigated the downstream genes of ZO-1
and claudin-1 directly involved in tumor cell migration and invasion. ZO-1 controls cell
proliferation through regulating cyclinD1, erbB2, PCNA in many types of cancers (39,40).
However, limited information exists about the activities of downstream targets of ZO-1 and
claudin-1 involved in tumor migration and invasion. FAK and Paxillin have recently been
shown to be the downstream targets of ZO-1 and claudin-1 and are highly involved in tumor
migration and invasion (41). FAK is an intracellular non-receptor tyrosine kinase that is
associated with adhesion, migration, and invasion. Multiple cancers including pancreatic
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cancer demonstrate FAK overexpression (41,42). Coll IV adhesion and integrin stimulation
enhance phosphorylation of FAK (43). RTK mediated activation of c-Src and related kinases
Fyn and Lck results in the phosphorylation of FAK (41). FAK knockout studies elucidated
an early embryonic lethal phenotype that exhibited the defects in migration, providing the
direct evidence for FAK’s involvement in migration (44). Paxillin is a major component of
focal adhesions which can be regulated through Src and FAK mediated phosphorylation
(44). Targeting FAK-Paxillin interactions can reduce FAK signaling which then reduces
adhesion, migration and invasion processes (44). Increased Paxillin expression or activation
of Paxillin leads to enhanced tumor invasion (42,45). FAK co-localizes with ZO-1 at the cell
interface (46). ZO-1 depletion leads to pronounced activation of FAK and pPaxillin which
were concentrated in ZO-1 knock down cells (47). Claudin-7 indirectly regulates the
integrin/FAK signaling pathway in human colon cancer tissue (48). In this study, we found
that ZIP4 activated phosphorylation of FAK and Paxillin in pancreatic cancer cells. This
positive activation by ZIP4 may be mediated by reduced expression of ZO-1 and claudin-1,
and these results were validated in both ZIP4 overexpression and knockdown pancreatic
cancer cells, which are derived from different origins and with different phenotypes.

Presently, we describe a novel signaling pathway in which ZIP4 inhibits ZEB1 and then
suppresses Z0O-1 and claudin-1, leading to phosphorylation of FAK and Paxillin, which
further causes increased cell migration, invasion and tumor metastasis. In ZIP4-high cells
such as AsPC-1 and Panc-1, knock down of ZIP4 upregulated ZO-1 and claudin-1 and
reduced FAK and Paxillin phosphorylation. In ZIP4-low cells such as MIA PaCa-2 cells,
overexpression of ZIP4 led to reduced ZO-1 and claudin-1 and activation of FAK and
Paxillin. Furthermore, the reduced phosphorylation of FAK and Paxillin by silencing of
ZIP4 can be rescued by simultaneous blocking of ZO-1 or claudin-1 in both AsPC-1 and
Panc-1 cells, suggesting a direct link of ZIP4, ZO-1, claudin-1, FAK, and Paxillin in
pancreatic cancer. The interruption of this ZIP4-ZEB1-Z0-1-claudin-1-FAK-Paxillin
pathway in pancreatic cancer may serve as a novel therapeutic strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Changes in zinc levels have been correlated with cancer risk, however, the biological role
of zinc and zinc transporters in cancer carcinogenesis is still largely unknown. Here we
report a novel role for ZIP4, a zinc importer commonly overexpressed in human cancer,
in pancreatic tumor progression. ZIP4 modulates pancreatic cancer cells migration and
invasion. Analysis of the mechanism shows that ZIP4 promotes invasion and metastasis
by transcriptionally repressing ZO-1 and claudin-1 in a ZEB1-dependent manner. These
findings identify a previously uncharacterized role of ZIP4 in pancreatic cancer
progression, and define a new pathway controlling pancreatic cancer metastasis.
Targeting ZIP4 might be a novel treatment strategy for pancreatic cancers with elevated
expression of this transporter.
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Figure 1. Correlation between ZIP4 and EMT markersin human and mouse pancreatic cancer
tissues.

(A) Representative pictures of IHC staining for ZIP4 and EMT markers ZO-1, claudin-1,
ZEBL in 72 pairs of human pancreatic cancer and adjacent normal pancreas tissues. The
scale bar is 100 um. (B) Positivity of ZIP4, ZO-1, claudin-1, ZEB1 IHC staining results in
72 pairs of human pancreatic cancer and adjacent normal pancreas tissues. (C) Correlations
of ZIP4 with ZO-1, claudin-1, ZEB1 in 72 human pancreatic cancer tissues. Pearson
correlation coefficient was employed to quantify the correlation between the expression of
ZIP4 and EMT markers in human pancreatic cancer tissue pairs. * means Pvalue <0.05, **
means Pvalue <0.01 which were considered statistically significant. (D) H&E staining, IHC
staining of ZIP4, EMT markers ZO-1, claudin-1 in orthotopic pancreatic cancer xenografts.
n=10. The scale bar is 50um. (E) Positivity of ZIP4, ZO-1, claudin-1 in 20 xenograft tumor
tissues. (F) Correlations of ZIP4 and EMT markers ZO-1, claudin-1 in orthotopic pancreatic
cancer xenografts. 77=10. Pearson correlation coefficient was employed to quantify the
correlation between the expression of ZIP4 and EMT markers in xenograft tumor tissue. *
means Pvalue <0.05, ** means Pvalue <0.01 which were considered statistically
significant.
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Figure 2. ZI P4 regulated expression of EMT markersin multiple pancreatic cancer cell lines.
(A) Western blot. Protein levels of ZIP4 and EMT markers detected in Panc-1 siNC and

Panc-1 siZIP4 cells. (B) Western blot. Protein levels of ZIP4 and EMT markers detected in
AsPC-shV and AsPC-shZIP4 cells. (C) Western blot. Protein levels of ZIP4 and EMT
markers detected in Panc-1 vector and Panc-1 ZIP4 cells. (D) Western blot. Protein levels of
ZIP4 and EMT markers detected in MIA-V and MIA-ZIP4 cells. All the immunoblotting
was repeated at least three times, and the average values were presented. (E) Western blot.
Protein levels of ZO-1 and claudin-1 detected in AsPC-1 or Panc-1 cells with ZEB1 blocked.
(F) Western blot. Protein levels of ZO-1 and claudin-1 detected in Panc-V and Panc-ZIP4
cells with ZEB1 blocked. (G) CHIP PCR. CHIP binding assay with anti-ZEB1 in AsPC-1
and Panc-1 cells confirmed the binding of ZEB1 to the ZO-1 and claudin-1 promoter

regions.
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Figure 3. Knocking down ZO-1 and claudin-1 restored ZI P4 function in migration and invasion.
(A). Wound healing assay. The view of wound healing was captured at 0 and 24 h with

Panc-V siNC, Panc-ZIP4 siNC, Panc-ZIP4 siZEB1 cells (P<0.05, #test, 7=10). (B).
Transwell migration assay. Relative cell migration was detected in Panc-V siNC, Panc-ZIP4
SiNC, Panc-ZIP4 siZEB1 cells (P<0.05, 7=5). (C). Transwell invasion assay. Relative cell
invasion was detected in Panc-V siNC, Panc-ZIP4 siNC, Panc-ZIP4 siZEBL1 cells (P<0.01,
=5). (D) Wound healing assay. The view of wound healing was captured at 0 and 24 h with
AsPC-shV siNC, AsPC-shZIP4 siNC, AsPC-shZIP4 siZO-1, and AsPC-shZIP4 siclaudin-1
cells (P<0.01, #test, 7=10). (E) Transwell migration assay. Relative cell migration was
detected in ASPC-shV siNC, AsPC-shZIP4 siNC, AsPC-shZIP4 sizO-1, and AsPC-shZIP4
siclaudin-1 cells (P<0.05, #test, 7=10). (F) Transwell invasion assay. Relative cell invasion
was detected in ASPC-shV siNC, AsPC-shZIP4 siNC, AsPC-shZIP4 siZO-1, and AsPC-
shZIP4 siclaudin-1 cells (P<0.05, #test, 7=10). (G) Wound healing assay. The view of
wound healing was captured at 0 and 24 h with Panc-1 siNC, Panc-1-siZIP4 siNC, Panc-1-
SiZIP4 siZ0-1, and Panc-1-siZIP4 siclaudin-1 cells (P<0.05, #test, 7=10). (H) Transwell
migration assay. Relative cell migration was detected in Panc-1 siNC, Panc-1-siZIP4 siNC,
Panc-1-siZIP4 siZO-1, and Panc-1-siZIP4 siclaudin-1 cells (P<0.01, #test, 7=10). (1)
Transwell invasion assay. Relative cell invasion was detected in Panc-1 siNC, Panc-1-siZIP4
SiNC, Panc-1-siZIP4 siZ0-1, and Panc-1-siZIP4 siclaudin-1 cells (P<0.01, #test, 7=10). All
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data are mean + SE. The scale bar is 100 um. * means P value <0.05, ** means P value
<0.01 which were considered statistically significant.
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Figure4. ZO-1 and claudin-1 contribute to tumor migration and invasion in xenogr aft tumor.
(A) Tumor weight. ASPC-shV, AsPC-shZO-1, AsPC-shcldn-1 were orthotopically

inoculated into the pancreas of nude mice (n = 6/group). A representative picture from each
group is shown in the inserts. (B) Primary tumor in the pancreas and metastatic tumors in
small intestine, colon, liver and peritoneal. GFP fluorescence indicated the tumor cells in
ASPC-shV, AsPC-shz0-1, AsPC-shcldn-1 groups. (C) Number and size of metastatic
tumors in small intestine, colon, liver and peritoneal was calculated as 0-5. (D-E) The
orthotopic tumors were collected 4 weeks post tumor implantation and processed for H&E
staining (D) or Masson-trichrome staining (E) The scale bar is 200um (10X) or 50um (40X),
IHC staining (F) of ZO-1, claudin-1, pFAK, pPaxillin in xenograft tumor tissues. /7=6. The
scale bar is 50um.
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Figure5. ZIP4 regulated downstream genes FAK and Paxillin in multiple pancreatic cancer cell

lines.

(A) Protein levels of ZIP4 and pFAK, total FAK, pPaxillin, and total Paxillin detected in
Panc-1 siNC, and Panc-1-siZIP4 cells. (B) Protein levels of ZIP4 and pFAK, total FAK,
pPaxillin, and total Paxillin detected in Panc-1 vector and Panc-1 ZIP4 cells. (C) Protein
levels of ZIP4 and pFAK, total FAK, pPaxillin, and total Paxillin detected in AsPC-shV and
AsPC-shZIP4 cells. (D) Protein levels of ZIP4 and pFAK, total FAK, pPaxillin, and total
Paxillin detected in MIA-V and MIA-ZIP4 cells. For Figure. 5A-5D group comparisons in
FAK and Paxillin was based on the ratio of pPFAK/total FAK and the ratio of pPaxillin/total

Paxillin.
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Figure 6. Knocking down ZIP4 and ZO-1 or claudin-1 simultaneously rescued FAK and Paxillin
phosphorylation levels.
(A) Protein levels of ZO-1, pFAK, total FAK, pPaxillin, and total Paxillin detected in

AsPC-1 and Panc-1 cells transfected with ZO-1 siRNAs. (B) Protein levels of claudin-1,
pFAK, total FAK, pPaxillin, and total Paxillin detected in AsPC-1 and Panc-1 cells
transfected with claudin-1 siRNAs. (C) Protein levels of pFAK, total FAK, pPaxillin, and
total Paxillin detected in AsPC-1 and Panc-1 cells transfected with ZIP4, ZO-1 siRNAs, or
ZIP4 plus ZO-1. (D) Protein levels of pFAK, total FAK, pPaxillin, and total Paxillin detected
in AsPC-1 and Panc-1 cells transfected with ZIP4, claudin-1 siRNAs, or ZIP4 plus
claudin-1. For Figure. 6A-6D group comparisons in FAK and Paxillin was based on the
ratio of pPFAK/total FAK and the ratio of pPaxillin/total Paxillin. (E) Schematic diagram of
Z1P4-ZEB1-70-1, cldn-1-FAK, Paxillin pathway in pancreatic cancer.
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