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Abstract

Background & Aims: Pancreatic tumors undergo rapid growth and progression, become
resistant to chemotherapy, and recur after surgery. We studied the functions of the solute carrier
family 39 member 4 (SLC39A4, also called ZIP4), which regulates concentrations of intracellular
zinc and is increased in pancreatic cancer cells, in cell lines and mice.

Methods: We obtained 93 pancreatic cancer specimens (tumor and adjacent non-tumor tissues)
from patients who underwent surgery and gemcitabine chemotherapy and analyzed them by
immunohistochemistry. ZIP4 and/or ITGA3 or ITGB1 were overexpressed or knocked down with
small hairpin RNAs in AsPC-1 and MIA PaCa-2 pancreatic cancer cells lines, and in pancreatic
cells from KPC and KPC-ZEB1 knockout mice, and pancreatic spheroids were established; cells
and spheroids were analyzed by immunoblots, reverse transcription PCR, and liquid
chromatography tandem mass spectrometry. We studied transcriptional regulation of ZEBI,
ITGAS3, ITGB1, JNK, and ENT1 by ZIP4 using chromatin precipitation and luciferase reporter
assays. Nude mice were given injections of genetically manipulated AsPC-1 and MIA PaCa-2
cells and growth of xenograft tumors and metastases was measured.

Results: In pancreatic cancer specimens from patients, increased levels of ZIP4 associated with
shorter survival times. MIA PaCa-2 cells that overexpressed ZIP4 had increased resistance to
gemcitabine, 5-FU, and cisplatin, whereas AsPC-1 cells with ZIP4 knockdown had increased
sensitivity to these drugs. In mice, xenograft tumors grown from AsPC-1 cells with ZIP4
knockdown were smaller and more sensitive to gemcitabine. ZIP4 overexpression significantly
reduced accumulation of gemcitabine in pancreatic cancer cells, increased growth of xenograft
tumors in mice, and increased expression of the integrin subunits ITGA3 and ITGB1; expression
of ITGA3 and ITGB1 was reduced in cells with ZIP4 knockdown. Pancreatic cancer cells with
ITGA3 or ITGB1 knockdown had reduced proliferation and formed smaller tumors in mice,
despite overexpression of ZIP4; spheroids established from these cells had increased sensitivity to
gemcitabine. We found Z1P4 to activate STAT3 to induce expression of ZEB1, which induced
expression of ITGA3 and ITGB1 in KPC cells. Increased ITGA3 and ITGB1 expression and
subsequent integrin a3p1 signaling, via JNK, inhibited expression of the gemcitabine transporter
ENTZ, which reduced gemcitabine uptake by pancreatic cancer cells. ZEB1-knockdown cells had
increased sensitivity to gemcitabine.

Conclusions: In studies of pancreatic cancer cell lines and mice, we found that ZIP4 increases
expression of the transcription factor ZEB1, which activates expression of ITGA3 and ITGB1. The
subsequent increase in integrin a3p1 signaling, via JNK, inhibits expression of the gemcitabine
transporter ENT1, so that cells take up smaller amounts of the drug. Activation of this pathway
might help mediate resistance of pancreatic tumors to chemotherapeutic agents.

Graphical Abstract
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Lay summary

We identified a signaling pathway that is activated in pancreatic cancer cells that mediates their
resistance to chemotherapeutic agents such as gemcitabine.

Keywords
Pancreas; EMT; signal transduction; oncogene

Introduction

Pancreatic cancer is the third leading cause of cancer deaths in the United States. Only 15—
20% of patients are eligible for resection at the time of diagnosis, and most patients develop
disease recurrence within a yearl: 2. Due to the absence of effective screening and
biomarkers for pancreatic cancer, the overall survival rate of patients remains poor3.
Furthermore, current therapeutic options have had limited impact on the course of the
disease, and pancreatic cancer patients frequently progress to metastasis and eventually
succumb to this devastating disease®. Thus, it is paramount that new therapeutic options for
pancreatic cancer be identified based on better understanding of the pathobiology of
pancreatic cancer and its primary resistance to current treatment.

Gemcitabine, a pyrimidine nucleoside analogue, remains the first line treatment for
pancreatic cancer, and often slows disease progression®. However, most patients demonstrate
either primary resistance or will develop gemcitabine resistance over time and, ultimately,
experience cancer recurrence®. Integrins are transmembrane receptors that regulate cell
attachment to extracellular matrix (ECM)’ and promote tumor proliferation, adhesion,
migration and invasion8. Most notably, integrin signaling plays a critical role in
chemoresistance of multiple cancers including breast, colon, lung, and prostate cancer’. In
pancreatic cancer, integrins have been shown to correlate with ECM-induced FAK,
PI3K/AKT pathway activation, and promotes chemoresistance®: 1°. Numerous reports have
shown that a major event controlling gemcitabine resistance is the regulation of its cellular
uptake through equilibrative or nucleoside transporters (ENTs or CNTs). ENT1 is highly
expressed in pancreatic cancer comparing with other transporters'2. Loss of ENT1
contributes to chemical drug resistance and high level of ENT1 predicts good response of
pancreatic cancer to gemcitabine treatment!3. Recent studies linked gemcitabine resistance
to epithelial-to-mesenchymal transition (EMT)3: 14, 1t’s indicated that pancreatic cancer cells
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underwent gemcitabine resistance acquired a more motile and invasive phenotype suggesting
a mechanistic relationship between chemoresistance and metastatic potential in pancreatic
carcinoma. However, little is known about the mechanism of gemcitabine resistance and
ENTL regulation in pancreatic cancer. Thus, elucidation of the molecular pathway involved
in ENT1 regulation and gemcitabine resistance will help improve responses to
chemotherapeutic agents. New emerging technologies which detect the trace level of chemo-
drugs in cancer cells on a single cell base also facilitated the development of new treatment
in pancreatic cancer targeting resistance pathways. A rapid and sensitive liquid
chromatography-mass spectrometry (LC-MS/MS) method was recently developed that
accurately measures gemcitabine levels in human and rat plasma as well as in mouse tumor
tissuel®.

In the current study, we identify a novel function for ZIP4 in mediating pancreatic cancer
tumorigenesis, EMT, metastasis and chemoresistance. ZIP4 plays a critical role in
maintaining physiologic concentrations of intracellular zinc, an essential trace element and a
co-factor in many proteins involved in diverse biological processes!® 17-19, |n pancreatic
cancer ZIP4 regulates cell proliferation, resistance to apoptosis, and promotes

cachexialb: 20. 21 Here, we found that knock down of ZIP4 increased sensitivity of
pancreatic cancer cells to gemcitabine. We further elucidate the regulatory cascade from
Z1P4 overexpression to reduction of gemcitabine uptake and thus increased resistance: ZIP4
activates STAT3 which upregulates the zinc dependent EMT like transcription factor ZEB1.
ZEB1-induced integrin a3p1 downregulates the gemcitabine uptake protein ENT1 to limit
internalization of the drug through activating MAP kinase JNK. These findings not only
provide evidence for a previously uncharacterized pathway controlling metastasis and
chemoresistance but may have a significant impact on future treatment of pancreatic cancer.

Materials and methods

Cell lines, plasmids and chemical reagents.

Human pancreatic cancer cells AsPC-1 and MIA PaCa-2 were 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). KPC and KPC-ZEB1
knockout (KPCZ) cells were kindly provided by Dr. Thomas Brabletz from University of
Erlangen-Nirnberg, Germany. All cell lines were verified to be mycoplasma free using
MycoAlert™ kit (Lonza). The plasmids containing ZEB1, ITGA3 and ITGB1 (ORF vector)
were purchased from Genecopoeia. Gemcitabine, Hygromycin B, WP1066 and SP600125
were purchased from Sigma.

Human tissue samples.

93 human pancreatic cancer specimens were obtained from The University of Oklahoma
Health Sciences Center (OUHSC). All patients underwent surgery and gemcitabine
chemotherapy. This study was approved by the Institutional Review Board (IRB) at
OUHSC. Written consent from all subjects was obtained before they entered the study.
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Stable cell line construction.

The stable cell lines MIA-V, MIA-ZIP4, AsPC-shV and AsPC-shZIP4 were constructed as
previously described8: 17, Integrin a3 (ITGA3), B1 (ITGB1) knock down cells were
selected in MIA-ZIP4 cells using a lentivirus vector (Genecopoeia), following the
manufacturer’s instructions. Briefly, human ITGA3 (NM 002204.3) and ITGB1 (NM
002211.3) shRNAs were cloned into the LVRH1GH vector. Viral supernatants were
collected and transduced to the target cells. Stable cell lines expressing ITGA3 and ITGB1
ShRNAs (MIA-ZIP4-shITGA3 and MIA-ZIP4-shITGB1) or negative control vector (MIA-
ZIP4 shV) were selected using 400ug/ml Hygromycin B.

Spheroid growth assay.

The spheroid growth assay was performed as previously described?!. Cells were suspended
in the culture medium containing 0.24% methylcellulose (Sigma, M0512), and then seeded
onto 10 cm? dishes’ inner lid with 20 pl/drop, and the lids were inverted over dishes
containing 10 ml PBS. The solidified drops were kept on the dish lid for 2 to 24 h. Spheroids
were imaged using a light microscope and the size of the spheroid was calculated by
measuring the diameters using the line morphometry function. 10 spheroids were included
and analyzed in each group.

Western blot analysis.

Cell lysate protein were collected and loaded on SDS polyacrylamide gels as previously
described!®. Membranes were incubated with appropriate antibodies against Z1P4
(Proteintech, 1:2000), ITGA3, ITGB1 (Millipore, 1: 1000), ENT1 (Proteintech, 1:1000),
pSTAT3, STAT3 (Cell Signaling, 1:1000), pJNK, JNK (Cell signaling, 1:1000) or B-actin
(Sigma, 1:10000) at 4 °C overnight. Following washes with 0.1% Tween 20-TBS
membranes were incubated with a horseradish peroxidase-linked secondary antibody (1:
5000) for 2 h at room temperature. Immunoreactive bands were detected using an enhanced
chemiluminescent (ECL) plus reagent kit.

Liguid Chromatography Tandem Mass Spectrometry (LC-MS/MS).

MIA PaCa-2 and AsPC-1 cells were harvested after the treatment with gemcitabine (200 uM
for 18 h and 400 uM for 18 h), respectively. Cell supernatant was removed after
centrifugation and 200 puL methanol was used to re-dissolve the dried cell lysate, and the
internal standard (N1°-gemcitabine) was added with 200 nM final concentration. A Dionex
3000 HPLC system (Thermo Scientific) was used in combination with an LTQ Orbitrap XL
mass spectrometer (Thermo Scientific) for cell lysate analysis. The total quantity (mole) of
gemcitabine in the lysate was obtained based on the relative peak areas of gemcitabine and
N15-gemcitabine, and the average quantity of gemcitabine in each cell (i.e., mole/cell) was
calculated using the total drug quantity in the lysate divided by the cell number used for
lysate preparation.

Single cell Mass Spectrometry.

After treatment using 400 pM gemcitabine for 24 h, cells were washed with PBS to
eliminate the drug residues prior to single cell mass spectrometry (SCMS) analysis. The
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SCMS analysis was achieved using the single-probe, a multifunctional ionization and
sample device, coupled to a LTQ Orbitrap XL mass spectrometer as previously described.
The mass spectra of gemcitabine treated cells were collected from 15 individual cells in each
cell line. The normalized (total ion current (TIC) normalization)?2 ion intensities of
gemcitabine from individual cells were then utilized for the comparison of the relative
intracellular drug abundances at the single-cell level.

Pancreatic cancer xenograft mouse model.

Stable pancreatic cancer cell lines (AsPC-shV, AsPC-shZIP4, MIA-V shV, MIA-ZIP4 shV,
MIA-ZIP4 sh-ITGA3, MIA-ZIP4-sh-ITGB1) were used to establish the orthotopic xenograft
tumor model as previously described6: 17, Cells were harvested by trypsinization and
resuspended in RPMI or DMEM medium. 3 x10% tumor cells in 50 pL were injected into the
pancreases of 5-to-6-week-old male nude mice. All mice were cared for in accordance with
the Office for Protection from Research Risks (OPRR) and Animal Welfare Act Guidelines
under an animal protocol approved by the Animal Welfare Committee at OUHSC.
Gemcitabine (25 mg/mL) was administered to mice by intraperitoneal injection twice a
week, starting at 5 days after tumor implantation. The gemcitabine dosages were determined
by mouse body weight: 80 pl for body weights <23.0 g, 100 ul for body weights of 23.0-
27.0 g, and 120 pl for body weights >27.0 g. For AsPC-shV, AsPC-shZIP4 groups, survival
rate of the mice was examined everyday up to 75 days. For MIA-V shV, MIA-ZIP4 shV,
MIA-ZIP4 sh-ITGA3, MIA-ZIP4-sh-ITGB1 groups, after 6 weeks, all surviving mice were
euthanized by CO, asphyxiation.

Statistical analysis.

Results

Quantitative results are shown as means + SD. Overall difference among groups were
assessed by ANOVA and subsequent Student’s #tests were used to compare data from
control and treated groups with multiple testing adjusted by Dunnett’s method. Two-group
comparisons were analyzed by Student’s #tests. Kaplan-Meier curves and the log-rank tests
were used for the analyses of censored survival data. A P value of < .05 was considered
statistically significant. All tests were two-sided.

ZIP4 predicts poor survival, promotes tumor growth and confers gemcitabine resistance in
pancreatic cancer cells.

To assess the impact of ZIP4 on pancreatic cancer growth and survival, we initially
determined the expression of ZIP4 in human pancreatic cancer patients who had underwent
gemcitabine treatment. In this cohort of 93 patients, 72 patients had low or negative ZIP4
expression and 21 had high ZIP4 expression, as determined by immunohistochemical
staining (Fig. S1A). Kaplan-Meier analysis showed that patient survival was significantly
reduced in the group with high ZIP4 (Fig. 1A). We further examined additional 117 patients
from The Cancer Genome Atlas (TCGA) database; these analyses also showed that high
ZIP4 levels predict poor overall survival for pancreatic cancer patients undergone
gemcitabine treatment (Fig. S1B). To determine the biological impact of these clinical
findings, next we examined the cell growth and gemcitabine sensitivity of pancreatic cancer
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cells with various levels of ZIP4. MIA PaCa-2 cells overexpressing ZIP4 showed increased
resistance to gemcitabine, however, knock down of ZIP4 in AsPC-1 cells increased their
sensitivity to this drug (Fig. 1B-1C, Supplementary table 1). We also examined the
resistance of pancreatic cancer cells to 5-FU and cisplatin, and found that ZIP4 also
contributed to 5-FU and cisplatin resistance both in MIA PaCa-2 and AsPC-1 cells (Fig.
S1C-S1D, Supplementary table 2). To further investigate the effect of ZIP4 on pancreatic
cancer growth and chemoresistance, we established a spheroid-based 3D tumor-culture
model. Spheroids of the MIA-ZIP4 cells were less responsive to gemcitabine treatment than
the vector control cells, i.e. Spheroids of MIA-ZIP4 cells were less responsive to
gemcitabine treatment than control cells, while AsPC-shZIP4 cells with ZIP4 knocking
down were more sensitive to gemcitabine (Fig. 1D). TUNEL staining showed significantly
less apoptotic signal in MIA-ZIP4 spheroids comparing with MIA-V group under
gemcitabine treatment (Fig. S1E), while in AsPC-shZIP4 spheroids there were more
apoptotic cells (Fig. S1F). To further validate the function of ZIP4 in pancreatic cancer
survival, metastasis, and chemoresistance, we examined the gemcitabine sensitivity of
AsPC-1 cells with different levels of ZIP4, in an orthotopic xenograft mouse model.
Compared to PBS control mice, the gemcitabine-treated mice had smaller tumors (Fig. S1G)
and knockdown of ZIP4 further increased overall survival of gemcitabine treated mice (Fig.
S1H). These results indicate that ZIP4 predicts poor survival, promotes tumor growth, and
confers pancreatic cancer chemoresistance to gemcitabine both /in7 vitro and in vivo.

ZIP4 inhibits gemcitabine accumulation in pancreatic cancer cells.

To further determine the impact of ZIP4 on gemcitabine accumulation in pancreatic cancer
cell, we used a highly sensitive LC-MS/MS methodology®: 1° to measure gemcitabine
concentration in pancreatic cancer cells after exposure to the drug for 18 h. Gemcitabine
levels in MIA-V cells were 3 times higher than that in MIA-ZIP4 cells (Fig. 1E), and
gemcitabine in AsPC-shZIP4 cells was 1.5 times higher than that in AsPC-shV cells (Fig.
1F). In order to alleviate the limitation of cancer cell heterogeneity for gemcitabine delivery,
we used single cell mass spectrometry to quantify the drug concentration at the single cell
level. We found the amount of gemcitabine in MIA-ZIP4 cells was significantly decreased
comparing with that in MIA-V cells (Fig. 1G). These data demonstrated that ZIP4
overexpression significantly reduced the gemcitabine accumulation in pancreatic cancer
cells. Combined with data from our /n vitro and mouse model studies reported above, this
finding strongly indicates that knock down of ZIP4 sensitizes pancreatic cancer cells to
gemcitabine treatment while high ZIP4 levels endow pancreatic cancer with resistance to
gemcitabine. Thus, ZIP4 may serve as a predictor for pancreatic cancer chemotherapy
resistance.

ZIP4 is positively correlated with ITGA3 and ITGB1 in pancreatic cancer.

We next examined how ZIP4 affects pancreatic cancer survival, metastasis, and
chemoresistance. Dysregulation of integrins has been shown to contribute to both disruption
of tumor proliferation and chemoresistance’: 23. Among the various integrin subunits (18 a
and 8 B subunits) we found only ITGA3 and ITGB1 were significantly upregulated by ZIP4
in MIA PaCa-2 and AsPC-1 cells. Overexpression of ZIP4 increased both ITGA3 and
ITGBL1 levels in MIA PaCa-2 cells whereas knockdown of ZIP4 significantly reduced
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ITGA3 and ITGBL1 expression in AsPC-1 cells (Fig. 2A, Fig. S2A-S2F). In pancreatic
cancer tissues, we found that ITGA3 and ITGB1 were highly expressed in tumor tissues
compared to adjacent benign tissues (Fig. 2B), and ITGA3 and ITGB1 were closely
correlated with ZIP4 level (Fig. S2G-S2H).

ITGA3 and ITGB1 contribute to pancreatic cancer growth, metastasis, and
chemoresistance both in vitro and in vivo.

Having shown that ZIP4 enhances metastasis and chemoresistance and upregulates
expression of ITGA3 and ITGB1 in multiple pancreatic cancer cells, we hypothesized that
ZIP4 regulates the metastasis and chemoresistance phenotype via targeting the heterodimer
integrin a3p1. We found that knockdown of integrin a3p1 using siRNA or shRNA inhibited
pancreatic cancer cell proliferation by in vitro and IHC staining (Fig. S2I — S2M), and
reduced mouse tumor weight compared to the vector control (Fig. 2C). These results
demonstrate that integrin a3p1 plays a critical role in pancreatic cancer growth and
metastasis.

Since ZIP4 contributes to pancreatic cancer resistance to gemcitabine, we also investigated
whether integrin a3pB1 was involved in chemoresistance. We found reduced cell viability
from integrin a3p1 knockdown cell lines upon treatment with gemcitabine compared with
the control cells (Fig. 2D). In the 3D tumor spheroid model, knock down of integrin a3p1
significantly increased the sensitivity of tumor spheroids to gemcitabine treatment (Fig. 2E).
To confirm the role of integrin a3p1 in gemcitabine resistance /n vivo, we orthotopically
implanted the integrin a3p1 knock-down MIA-ZIP4 cells into the nude mice, and treated the
mice with gemcitabine. The tumor weight in the MIA-ZIP4 shV group was significantly
higher than that in the MIA-V shV group, however, when integrin a3p1 was knocked down,
the tumor weight was significantly reduced (Fig. 2F). Ki67 staining confirmed that the tumor
cell proliferation was increased with ZIP4 overexpression but decreased when integrin a3p1
was knocked down (Fig. S2N). These data indicate that knock down of integrin a3p1
attenuated the chemoresistance induced by ZI1P4 overexpression in the orthotopic xenograft
tumor model.

EMT like transcription factor ZEB1 regulates integrin a3B1 expression in pancreatic cancer

cells.

We next investigated the underlying mechanism(s) by which ZIP4 regulates integrin a.3p1
expression. A promoter analysis of integrin a3p1 indicates there are multiple binding sites
of ZEB1, a zinc dependent EMT like transcription factor, at the promoter region of ITGA3
and ITGBL. Previously we have shown that ZEBL1 is upregulated by ZIP4 in pancreatic
cancerl®, we hypothesized that ZIP4 may mediate ITGA3 and ITGB1 expression via ZEB1.
We confirmed the binding of ZEB1 to the ITGA3 and ITGB1 promoter regions using ChIP
assay in both MIA PaCa-2 and AsPC-1 cells (Fig. 3A). Luciferase reporter assay also
confirmed that knock down of ZEB1 reduced ZIP4-mediated induction of the ITGA3 and
ITGB1 promoter activity (Fig. 3B-3C). In a rescue experiment, when ZEB1 was
overexpressed in the presence of shZIP4, the ITGA3 and ITGB1 promoter activity was
increased (Fig. 3D-3E). Furthermore, we found that the ITGA3 and ITGB1 were increased
when ZIP4 was overexpressed but were decreased when ZEB1 was knocked down in MIA
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PaCa-2 cells (Fig. 3F, Fig. S3A-S3C). On the contrary, ITGA3 and ITGB1 were decreased
when ZIP4 was knocked down but were rescued when ZEB1 was overexpressed in AsPC-1
cells (Fig. 3G, Fig. S3D-S3F), indicating a close correlation between ZIP4, ZEB1 and
ITGA3 and ITGB1 in pancreatic cancer cells.

ZEB1 is indispensable for ITGA3 and ITGB1 upregulation in KPC mouse derived cell lines.

We further examined the regulation of ITGA3 and ITGB1 by ZEB1 in mouse pancreatic
cancer cell lines, derived from a genetically engineered KPC mouse, and its ZEB1 knockout
derivative KPCZ mouse?4. Knockout of ZEB1 in KPCZ cells significantly decreased ITGA3
and ITGBL1 expression (Fig. 4A); while exogenously overexpressed ZEB1 rescued ITGA3
and ITGB1 in KPCZ cells (Fig. 4B). Next, we examined whether ZIP4-regulated ITGA3 and
ITGB1 is dependent on ZEB1 in KPC mouse cell lines. We overexpressed mouse ZIP4
(mZIP4) in both KPC and KPCZ cells, and found that overexpression of mZIP4 significantly
increased ITGA3 and ITGBL1 in KPC cells, but not in KPCZ cells where ZEB1 was totally
abolished (Fig. S4A and S4B). Therefore, these results indicate that ZIP4-activated integrin
upregulation is dependent on ZEB1 in KPC mouse derived cells. Considering this result in
its entirety we have shown that ZIP4-dependent regulation of ITGA3 and ITGB1 promoter
activity is mediated via direct binding of ZEBL1 to the integrin promoter regions.

We further investigated whether ZEB1 also contributed to chemoresistance in pancreatic
cancer. When ZEB1 was knocked down in ZIP4 overexpressing cells, they became more
sensitive to gemcitabine treatment (Fig. 4C). We also found that KPCZ vector control cells
showed increased sensitivity to gemcitabine, while reintroducing ZEB1 back to the same cell
line (KPCZ-ZEBL1) rescued the gemcitabine resistance phenotype (Fig. 4D). We then used
the tumor spheroid model to confirm the impact of ZEB1 on resistance to gemcitabine, and
found that decreased ZEB1 expression resulted in increased sensitivity to gemcitabine in
both human MIA-ZIP4 (Fig. 4E) and mouse KPC cells (Fig. 4F) derived spheroids.

ZIP4 upregulates ZEB1 through activating STAT3 in pancreatic cancer cells.

We previously identified ZIP4-mediated upregulation of ZEB1 expression both at the mRNA
and protein levels, here we further investigated the mechanism of how ZIP4 regulates ZEB1
expression. Firstly, DNA sequence analysis of the ZEB1 promoter region analysis indicated
putative STAT3 binding sites. Having previously shown that ZIP4 activates phosphorylation
of STAT3 but does not affect total STAT3 levels in pancreatic cancer cells2>, we
hypothesized that ZIP4 upregulates ZEB1 via activating pSTAT3. ChIP assay confirmed the
binding of STAT3 to the ZEB1 promoter region (Fig. 5A). We found that knockdown of
STAT3 reduced ZEB1 promoter activity in both MIA PaCa-2 and AsPC-1 cells (Fig. 5B).
Next, we knocked down STAT3 using siRNA in MIA PaCa-2 and AsPC-1 cells and found
that ZEB1 expression was significantly decreased in both cells (Fig. 5C). Knock down of
STAT3 also attenuated the upregulation of ZEB1 expression by ZIP4 (Fig. 5D). These
results suggested that STAT3 was involved in ZEB1 regulation in pancreatic cancer cells. In
order to further investigate whether phosphorylation of STAT3 contributes to upregulation of
ZEB1, we treated pancreatic cancer cells with WP1066 which specifically inhibits
phosphorylation of STAT326. This compound reduced pSTAT3 level and also decreased
ZEB1 expression in parental MIA PaCa-2 and AsPC-1 cell lines (Fig. S5A). Inhibition of
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pSTAT3 with WP1066 also significantly suppressed promoter activity of ZEB1 in MIA
PaCa-2 cells (Fig. S5B-S5C). Furthermore, WP1066 decreased both the expression and
promoter activity of ZEB1 in MIA-ZIP4 cells (Fig. 5E-5F). All together these results reveal
that STAT3 phosphorylation contributes to ZEB1 upregulation in pancreatic cancer cells.

ZIP4, ZEB1 and integrins regulate pancreatic cancer metastasis and chemoresistance
through gemcitabine transporter ENTL1.

ENT1 is one of the major routes for gemcitabine uptake by pancreatic cancer cells?’: 28, We
sought to determine whether ZIP4 impacted ENT1 expression in cells treated with
gemcitabine /n vitro. ENT1 levels were reduced in cells overexpressing ZIP4 exposed to
gemcitabine, but was increased when ZI1P4 was knocked down (Fig. 6A). Having
demonstrated that ZIP4 upregulates the transcription factor ZEB1, we hypothesized that
ZIP4 might regulate ENT1 via its effect on ZEB1. Our data showed that ZEB1 mediated
Z1P4-caused downregulation of ENT1 expression; knock down of ZEB1 restored the
expression of ENT1 in MIA-ZIP4 cells, and overexpression of ZEB1 downregulated ENT1
in AsPC-shZIP4 cells (Fig. 6B and 6C). Furthermore, ENT1 expression was rescued by
knockdown of integrin a3p1 in MIA-ZIP4 cells (Fig. 6D), and overexpression of integrin
a3p1 decreased the ENT1 expression in ASPC-shZIP4 cells treated with gemcitabine (Fig.
6E). Those results suggest that ZIP4, ZEB1 and integrins regulate pancreatic cancer
metastasis and chemoresistance through gemcitabine transporter ENT1.

Integrin a3Bl inhibits ENT1 expression through activation of INK.

Next, we examined how integrin a3p1 regulates ENT1 expression. It has been shown that
gemcitabine treatment induced MAP kinase activation such as JNK, which led to ENT1
inhibition and contributed to gemcitabine resistance2®. We found that when integrin a3p1
was knocked down, pJNK was inhibited in MIA PaCa-2 and AsPC-1 cells under
gemcitabine treatment (Fig. 7A-7B). Knocking down of integrin a3p1 led to upregulation
of ENT1 both at mRNA and protein level (Fig. 7A-7B, Fig. S6A-S6B), and increased ENT1
promoter activity (Fig. 7C—7D). In order to investigate whether phosphorylation of INK
contribute to ENT1 downregulation, we did the luciferase reporter assay and transfected the
cells with ENT1 promoter and treated the cells with JNK inhibitor SP600125 which
specifically inhibits INK phosphorylation3? and we found inhibition of pJNK increased
ENT1 promoter activity (Fig. 7E-7F). We also found inhibition of JNK with the inhibitor
SP600125 could increase ENT1 expression both in MIA PaCa-2 and AsPC-1 cells (Fig. 7G).
These data indicate that ZIP4 inhibits ENT1 expression through the ZEB1-integrin-JNK
signaling pathway.

Discussion

Our previous studies have shown that ZIP4 contributes to pancreatic cancer pathogenesis
and progression7-19. 21 This finding raised the question of whether ZIP4 may play an
additional and previously uncharacterized role in pancreatic cancer tumorigenesis, EMT,
metastasis, and resistance to therapy. In the present study, we have identified the underlying
mechanism contributing to pancreatic cancer metastasis and chemoresistance: the ZIP4-
ZEB1-integrin signaling pathway (Fig. 7H). Low ZIP4 levels statistically correlated with
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better survival in a large cohort of pancreatic adenocarcinoma patients who had undergone
gemcitabine treatment. Following this discovery, we investigated the association of ZIP4 and
metastasis and gemcitabine resistance using gain- and loss-of-function approaches both /n
vitroand in vivo. We found that ZIP4 overexpression enhanced cell growth and
chemoresistance in pancreatic cancer cells, while knock down of ZIP4 reduced metastasis
and sensitized pancreatic cancer cells to chemotherapy, in cultured cell lines, tumor 3D
spheroid model, xenograft and transgenic mouse models. ZIP4 rendered chemo-resistance is
largely due to a zinc dependent EMT like transcription factor ZEB1, which was activated by
phosphorylated STAT3 in pancreatic cancer cells. When taken together, these results suggest
that targeted ZIP4 knock down in combination with gemcitabine may be a new and effective
strategy for pancreatic cancer therapy. Additionally, we showed that knockdown of integrin
a3p1, downstream target of ZIP4 and ZEB1, increased the sensitivity of pancreatic cancer
cells to gemcitabine treatment through JNK mediated upregulation of ENT1.

In this study, we found ZIP4 promoted pancreatic cancer metastasis and chemoresistance to
gemcitabine through activation of ZEB1, an important EMT like transcription factor which
contributes to pancreatic cancer growth, metastasis and chemoresistance. Krebs et al found
that ZEB1 acts as an EMT activator, which promotes pancreatic cancer progression from
early precursor lesions formation to late stage metastasis in a ZEB1 knock out KPC mouse
model?4. They also found that ZEB1 conferred pancreatic cancer drug resistance through
suppressing miR-20331, Wang et al showed that ZEB1 knockdown sensitized pancreatic
cancer cells to chemotherapy32. However, previous studies have largely focused on the
downstream target of ZEB1, little is known about how ZEB1 was activated and the role of
ZEBL in gemcitabine resistance of pancreatic cancer still remains unknown. Here we
identified the mechanism underlying gemcitabine resistance in pancreatic cancer. This is the
first time showing ZEB1 can be upregulated by a zinc transporter ZIP4 through
phosphorylated STAT3 which directly binds to the promoter region of ZEB1 and activated
its transcription. Activation of ZIP4-STAT3-ZEB1 signaling pathway leads to pancreatic
cancer metastasis and chemoresistance.

Integrins have been shown to contribute to metastasis and resistance to chemotherapy. a2p1
integrin protects pancreatic cancer to 5-FU treatment by upregulating Bcl-27. Yang et al
found ITGB1 promoted pancreatic cancer gemcitabine resistance through activating Cdc42°.
Collagen/ITGAL signaling is required for gemcitabine resistance in pancreatic cancer33.
However, little is known about how integrins are upregulated in pancreatic cancer. Although
we found upregulation of integrin activated pJNK in pancreatic cancer, the mechanism that
how integrin activates JNK and whether activation of JNK contributes to gemcitabine
resistance still needs further investigation. It’s indicated that integrin mediated activation of
JNK through FAK, Src or Rac. Tanaka et al found the complex of FAK/Src/p130CAS
activates JNK by recruiting Crk to the plasma membrane34. Zhang at al indicated Rac is an
important positive regulator of JNK activation dependent on integrin3®. Upon activation,
JNK phosphorylates and activates transcription factors c-Jun and AP-1 and contributes to
tumor progress3®. ENT1 is the most widely distributed nucleoside transporter that mediates
cellular delivery of antineoplastic drugs such as gemcitabine. It was previously shown that
HIFla or inflammatory cytokines can downregulate ENT1 expression. Importantly JNK is a
common response to chemotherapy which can be activated by gemcitabine and Leisewitz et
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al found chemical stress-induced JNK activation decreases ENT1 expression in a ¢c-Jun-
dependent manner?®. In the current study we demonstrated that ZEB1 can regulate integrin
a3p1 through binding to their promoter regions. Integrin a3p1 promoted gemcitabine
resistance through activation of JINK which downregulated gemcitabine transporter ENTL1.
Together we identified the mechanism that activation of ZEB1-integrin-JNK-ENTL1 led to
metastasis and gemcitabine resistance in pancreatic cancer.

Until now, gemcitabine-based single or combination therapy has been the standard of care
for advanced pancreatic cancer. However, no combined regimen has been shown to be
significantly more effective than gemcitabine alone as first-line therapy. Membrane
transporters and enzymes involved in the metabolism of gemcitabine have been reported to
contribute to the drug resistance in pancreatic cancer. Several candidate genes and/or
pathways that may serve as therapeutic targets to counter gemcitabine resistance in
pancreatic cancer have been identified to date. For example, apoptosis-related genes Bcl-xL
and Bcl-237 and an activated Notch signaling pathway38 have been linked to gemcitabine
resistance. Pancreatic cancer cells became sensitized to gemcitabine following decreased
HMGAZ1 gene expression, which itself has been reported to promote gemcitabine
chemoresistance through an Akt-dependent mechanism3?. In addition, several participants in
pyrimidine nucleoside metabolism, such as DCK and RRM1 have been shown to be
involved in gemcitabine resistance®: 41, However, the underlying mechanism of drug
resistance in pancreatic cancer is still not clear. The current study described an important
signaling cascade for pancreatic cancer chemoresistance, involving ZIP4 acting through a
series of intermediate steps to modulate ENT1 (Fig. 6 and 7). ENT1 expression significantly
correlates with the median survival of pancreatic cancer after gemcitabine treatment.
Pancreatic cancer cells lacking ENT1 are highly resistant to gemcitabine. Following uptake
gemcitabine is activated by deoxycytidine kinase (DCK)*2, and the activated gemcitabine
exerts its cytotoxicity by inhibiting ribonucleotide reductase (RRM1/RRM2), which drives
DNA damage repair in the cells#3. RRM1 gene upregulation is associated with gemcitabine
resistance in non-small cell lung cancer?4, and downregulation of DCK is reported in
gemcitabine-resistant pancreatic cancer cell lines*0. Our data indicate that ENT1 is the
major downstream target in ZIP4-mediated chemoresistance in pancreatic cancer. Nanhan et
al found that in multiple myeloma gemcitabine activity requires caspase activation>.
Similarly, we previously reported that ZIP4 confers resistance against low zinc-induced
apoptosis in pancreatic cancer cells by inhibiting caspases20. This suggests that ZIP4 may
sensitize pancreatic cancer cells to gemcitabine by regulating caspase activity and via the
apoptosis pathway. Next, we will determine the expression of DCK, RRML1 in regulation of
pancreatic cancer gemcitabine resistance and investigate the correlations between ZIP4 and
those markers. Further studies are warranted to understand the cross talk between the
gemcitabine uptake and apoptosis in pancreatic cancer. New technologies allowing for
detecting trace levels of chemotherapy drugs in cancer cells facilitated the development of
new treatment in PC targeting resistance pathways. Recently, liquid chromatography-mass
spectrometry (LC-MS) method was used to accurately measure gemcitabine levels in human
pancreatic cancer tissue®® 47. In other studies, gemcitabine, dFdU, and their phosphorylated
metabolites (e.g., dFACTP) were measured in human and mouse plasma and tumor tissue.
Importantly, LC-MS can simultaneously quantify gemcitabine, the active metabolite
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dFdCTP, and the inactive metabolite dFdU in both tumor tissue and plasma in pancreatic
cancer studies8: 15,

Despite considerable efforts, little progress has been made towards improving the efficacy of
gemcitabine-based chemotherapy in pancreatic cancer. Many other chemotherapeutic drugs
also showed limited survival advantage in pancreatic cancer, and more specific targets with
clinical importance in pancreatic cancer have not been identified. Thus, there is a great need
to identify specific and potent targeted therapies to overcome drug resistance and prolong
survival in pancreatic cancer. Our previous studies showed that ZIP4 downregulation can
significantly increase the survival of mice with pancreatic cancer xenograftsl’. ZIP4 knock
down and gemcitabine treatment significantly extended survival compared with gemcitabine
alone in pancreatic cancer mouse models. Follow-up data from studies using human
pancreatic cancer tissues further confirmed these findings. Our data support the hypothesis
that ZIP4 plays a critical role in regulating gemcitabine resistance in pancreatic cancer,
potentially through an ENT1-dependent mechanism. A combination of ZIP4 knockdown and
gemcitabine could be a promising new therapy to conquer metastasis and drug resistance in
pancreatic cancer.

In conclusion, we have shown that ZIP4 promotes pancreatic cancer tumorigenesis,
metastasis, and resistance to therapy by upregulating its downstream target integrin a.3p1,
and that is mediated directly by an EMT like transcription factor ZEB1. Furthermore, ZIP4
inhibits gemcitabine uptake and accumulation into pancreatic cancer cells by
downregulating ENT1. We have delineated a signaling pathway by which ZIP4 increases
gemcitabine resistance by ultimately inhibiting ENT1-mediated gemcitabine uptake. ZIP4
acts on ENT1 through a newly identified ZEB1-integrin pathway. Our data suggest that ZIP4
is the crucial regulator of this ZEB1-integrin pathway and ultimately of metastasis and
gemcitabine resistance and as a result may be an effective therapeutic strategy of pancreatic
cancer.
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What you need to know

BACKGROUND AND CONTEXT: The solute carrier family 39 member 4 (SLC39A4,
also called ZIP4) regulates concentrations of intracellular zinc and is increased in
pancreatic cancer cells.

NEW FINDINGS: In studies of pancreatic cancer cell lines and mice, we found that
ZIP4 increases expression of the transcription factor ZEB1, which activates integrin
a3p1 signaling. This signaling inhibits expression of the gemcitabine transporter ENT1,
so that the cells no longer take up this drug.

LIMITATIONS: This study was performed in cell lines and mice; further studies in
humans are needed.

IMPACT: Activation of this pathway might help mediate resistance of pancreatic tumors
to chemotherapeutic agents. Strategies to block this pathway might be developed to
increase the sensitivity of pancreatic tumors to chemotherapy.
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Figure 1. ZIP4 predicts survival and promotes pancreatic cancer cell growth and
chemoresistance to gemcitabine.

(A). Overall survival. All 93 patients were categorized into two groups based on ZIP4 level:
negative/low and strong ZIP4 staining. The low ZI1P4 group has significantly greater survival
than the high ZIP4 group (P=.04). (B). Cell viability of MIA-V and MIA-ZIP4 cells, and
(C). AsPC-shV and AsPC-shZIP4 cells following gemcitabine treatment. Data were
collected on day 2. Cell viability under chemotherapeutic treatment normalized to regular
media was calculated. (D). Spheroid growth assay. Spheroid growth was assessed at 48 h
post gemcitabine treatment. The scale bar is 200 pm. (E). LC-MS/MS. The gemcitabine
level in MIA-V and MIA-ZIP4 cells treated with 200 pM gemcitabine for 18 h was detected
using LC-MS/MS. (F). LC-MS/MS. Gemcitabine level in AsPC-shV and AsPC-shZIP4 cells
treated with 400 uM gemcitabine for 18 h was detected using LC-MS/MS. (G). Single cell
MS. Gemcitabine level in MIA-V and MIA-ZIP4 cells treated with 400 uM gemcitabine for
24 h was detected using single cell MS.
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Figure 2. ZIP4 enhances pancreatic cancer growth and gemcitabine resistance through integrin
a3pl.

(A). Expression of ITGA3 and ITGB1 in MIA PaCa-2 and AsPC-1 cells. (B). IHC staining
of ITGA3 and ITGBL in pancreatic cancer specimens and adjacent benign tissues.
Quantified data are plotted on right. (C). Tumor weight. Representative xenograft pictures
were shown (n=5). (D). Cell viability following gemcitabine treatment for 2 days. (E).
Spheroid growth assay. Spheroid growth was assessed in MIA-ZIP4 silITGA3, MIA-ZIP4
silTGB1 cells at 48 h post gemcitabine treatment. The scale bar is 200 um. (F). Stable cells
were orthotopically implanted (n=5/group). All the mice were administrated with
gemcitabine. Representative tumors were shown. Tumors in MIA-V shV group were circled
in dotted white since the tumors were too small.
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Figure 3. ZIP4 upregulated integrin a3p1 expression is dependent on the EMT like transcription
factor ZEB1 in pancreatic cancer cells.

(A). ChIP-PCR. ChIP binding assay with anti-ZEB1 confirms the binding of ZEB1 to the
ITGA3 and ITGB1 promoter regions. (B-C). Relative reporter activity of ITGA3 and ITGB1
promoters in MIA-ZIP4 cells with ZEB1 blocked. (D-E). Relative reporter activity of
ITGA3 and ITGB1 promoters in AsPC-shZIP4 cells with ZEB1 overexpressed. (F). The
protein level of integrin a3p1 in MIA-ZIP4 with ZEB1 blocked and (G). AsPC-shZIP4 cells

with ZEB1 overexpressed.
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Figure 4. ZEBL1 is indispensable for integrin a3p1 upregulation in KPC mouse derived cell lines.
(A). The expression of integrin a3p1 in two KPC and two KPCZ cells, and in (B). KPCZ-

ZEBL1 cells. (C). Cell viability of MIA-ZIP4 siZEBL1 cells, and (D). KPCZ-V and KPCZ-
ZEBL1 cells following gemcitabine treatment. (E). Spheroid growth assay in MIA-Z1P4 cells
with ZEB1 knockdown. The scale bar is 200 um. (F). Spheroid growth assay in KPC-V,
KPCZ-V and KPCZ-ZEB1 cells at 48 h post gemcitabine treatment. The scale bar is 100

um.
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Figure 5. ZIP4 upregulates ZEBL1 through activating STAT3 in pancreatic cancer cells.
(A). ChIP binding assay with anti-STAT3 antibody confirms the binding of STAT3 to the

ZEB1 promoter region. (B). Relative promoter activity of ZEB1 with STAT3 knocked down.
(C). Protein level of ZEBL1 in MIA PaCa-2 and AsPC-1 cells with STAT3 blocked and in
(D). MIA-ZI1P4 cells with STAT3 blocked. (E). Protein level of ZEB1 in MIA-ZIP4 cells
treated with 10 uM WP1066 (STAT3 inhibitor) for 48 h. (F). Relative promoter activity of
ZEB1 in MIA-ZIP4 cells treated with 10 uM WP1066 for 48 h. Cells were treated with
DMSO as negative controls.
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Figure 6. ZIP4, ZEB1 and integrins regulate pancreatic cancer metastasis and chemoresistance

through gemcitabine transporter ENT1.

After 48 h treatment with gemcitabine, ENT1 expression was determined in (A). AsPC-1
and MIA PaCa-2 cells. (B). MIA-ZIP4 siZEBL cells. (C). AsPC-shZIP4-ZEBL1 cells
(transient transfection). (D). MIA-ZIP4 siITGA3 or silTGBL1 cells. (E). AsPC-shZIP4 cells
with ITGA3 or ITGB1 overexpressed (transient transfection).
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Figure 7. Integrin a3p1l inhibits ENT1 expression through activation of INK.
(A-B). Expression of ENT1 and JNK in MIA PaCa-2 and AsPC-1 cells with ITGA3 or

ITGB1 blocked under 200 pM gemcitabine for 24 h. (C-D). Promoter activity of ENT1 with
ITGA3 or ITGB1 blocked (siRNA). (E-F). Promoter activity of ENT1 with 20 uM JNK
inhibitor SP600125 for 24h. (G). Protein levels of ENT1 and JNK in MIA PaCa-2 and
AsPC-1 cells under 20 uM JNK inhibitor SP600125 treatment for 3 h and 200uM

1duosnuepy Joyiny
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gemcitabine treatment for 24 h. (H). Schematic diagram of the ZIP4-STAT3-ZEB1-integrin-
JNK-ENT1 signaling pathway.
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