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Abstract
We have recently found that a zinc transporter, ZIP4, is overexpressed in human pancreatic cancer
and contributes to pancreatic cancer pathogenesis and progression. However, the detailed
mechanism that how ZIP4 regulates pancreatic cancer growth is not clear. In this study, we further
investigated the key molecules regulated by ZIP4 in pancreatic cancer angiogenesis and
metastasis. We found that overexpression of ZIP4 caused significantly increased expression of
NRP-1, VEGF, MMP-2, and MMP-9 in both pancreatic cancer cell lines and xenografts.
Conversely, silencing of ZIP4 by short hairpin RNA (shRNA) was associated with decreased
expression of NRP-1 and VEGF in pancreatic cancer xenografts. The ZIP4 expression and NRP-1
level are also correlated in established human pancreatic cancer cell lines. These results indicate
that ZIP4-mediated pancreatic cancer growth might involve angiogenesis, invasion, and metastasis
pathways, and NRP-1, VEGF and MMPs are important intermediate molecules in transducing the
ZIP4 initiated signal cascades in pancreatic cancer.
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Introduction
ZIP4 is a zinc transporter that plays an important role in maintaining the cellular zinc level
1-4. Our recent study has indicated that ZIP4 is overexpressed in human pancreatic cancer,
and aberrant expression of ZIP4 contributes to pancreatic cancer pathogenesis and
progression 5. Conversely, silencing of ZIP4 by shRNA significantly inhibits pancreatic
cancer growth and increases survival rate of nude mice with pancreatic cancer xenografts 6,
suggesting that ZIP4 might be a novel therapeutic target for pancreatic cancer treatment.
Altered expression of zinc transporters is associated with many other cancers. ZIP6 (also
known as LIV-1), a breast cancer-associated protein, has been indicated to play a critical
role in estrogen-positive breast cancer and metastasis to lymph nodes 7. Similarly, Kagara et
al found that zinc transporter ZIP10 were involved in invasive behavior of breast cancer
cells 8. Those reports suggest a positive correlation between zinc importers and cancer
progression. The overexpression of ZIP transporters in cancers might regulate the expression
of many other genes or transcription factors by providing sufficient zinc ions to the fast
growing tumor cells.
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Neuropilins (NRPs) are type I transmembrane glycoproteins, originally identified in
neuronal cells as receptors for class-3 semaphorin subfamily 9, 10. Recently they have also
been characterized as receptors or co-receptors for specific isoforms of vascular endothelia
growth factors (VEGFs) 11, 12. VEGF is a primary activator of angiogenesis, and also
functions as a potent permeability-inducing agent and an endothelial cell-surviving factor.
Several studies suggest that NRPs play an important role in tumor growth and angiogenesis,
and might serve as markers for the progression of prostate cancer, breast cancer and
pancreatic cancer 13, 14. Clinically, over expression of NRP-1 appears to be correlated with
the metastatic potential of prostate carcinoma cells 15. Our previous study also found that
pancreatic cancer cells overexpress NRP-1 and VEGF, but not VEGF receptors (VEGFRs)
16, indicating the importance of angiogenesis pathway in pancreatic cancer growth.

Currently, very limited data are available for the functions of NRP-1 in pancreatic cancer
and other cancers. Whether there is any correlation and interaction between NRP-1 and
ZIP4, two important molecules in pancreatic cancer, is not clear. In this study, we have
examined the expression of NRP-1, VEGF, and other related molecules in tumor invasion
and metastasis such as matrix metalloprotease 2 (MMP-2), and MMP-9 in ZIP4
overexpressing and silenced cells lines and xenografts by quantitative real time RT PCR.
Comparison of the gene expression profiles in these cells and xenografts may provide
additional important information in understanding the molecular mechanisms of ZIP4-
mediated pancreatic cancer growth.

Materials and Methods
Chemicals and Reagents

The real time PCR reagents SYBR Green supermix and iScript cDNA synthesis kits were
purchased from Bio-Rad (Hercules, CA). The Ambion “RNAqueous-4PCR” kit and DNA
removing kits were obtained from Ambion (Austin, Texas). Other chemicals were obtained
from Sigma (St. Louis, MO).

Cell culture and stable cell line selection
Human pancreatic cancer cell lines MIA PaCa-2 and ASPC-1 were purchased from the
American Type Culture Collection (ATCC, Rockville, MD), and were cultured in DMEM
and RPMI 1640 medium with 10% fetal bovine serum (FBS), respectively as previously
described 16, 17. Stable ZIP4 overexpressing and shRNA silenced cells (MIA-ZIP4 and
ASPC-shZIP4) were selected in MIA PaCa-2 and ASPC-1 cells with retrovirus vectors
(Origene, Rockville, MD), as we described previously 5. The sequence of the ZIP4 shRNAs
used in this study is as follows: 5’ ACGTAGCACTCTGCGACATGGTCAGGATG 3’.
Other established human pancreatic cancer cell lines Panc-1, BxPC-3, Hs766T, Capan-1,
and HPAF-II were purchased from ATCC. The human pancreatic ductal epithelium (HPDE)
cells were provided as a generous gift from Dr. Ming-Sound Tsao 18, 19. All cells were
cultured as previously described 16, 17.

Pancreatic cancer mouse model and xenograft tissue collection
Subconfluent MIA-V and MIA-ZIP4, or ASPC-shV and ASPC-shZIP4 cells (3×106) were
inoculated either into the right flank (subcutaneous tumor model) or in the body of the
pancreas (orthotopic tumor model) of 5- to 6-week-old male nude mice (NCI-Charles River)
as described previously 5. All mice were cared for in accordance with the OPRR and Animal
Welfare Act guidelines under an animal protocol approved by Baylor College of Medicine
Institutional Animal Care and Use Committee (IACUC). After 4 weeks of tumor
implantation, all surviving mice were euthanized by an overdose of CO2 exposure and
evaluated macroscopically for the presence of primary tumors and the metastases in the
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abdominal cavity. For both subcutaneous and orthotopic experiments, the animals were
euthanized when their tumor size reached 2 cm in diameter or the animals became moribund
during the observation period, and the time of euthanization was recorded as the time of
mortality. The subcutaneous tumors and primary orthotopic tumors were collected, and
stored in RNAlater solution (Ambion, Austin, TX) for further analysis.

RNA Extraction and real time RT PCR
Total RNA was extracted from the pancreatic cancer cell lines and homogenized xenograft
tissues using an Ambion “RNAqueous-4PCR” kit following the manufacture's instructions.
Briefly, cells or tissue samples were lysed by Ambion lysis buffer for 20 min and the cell
lysates were mixed with equal volume of 64% ethanol. The lysates were transferred to an
Ambion mini-column in a 2 ml collection tube, and centrifuged at 10,000 ×g for 1 min. The
column was washed once with 700 μl of wash buffer 1, and twice with 500 μl of wash buffer
2/3. After incubation with 50 μl of pre-warmed elution buffer, the eluted fluid was collected
using a new tube, and another 50 μl of elution buffer was added followed by a second
centrifugation. The RNA solution was treated with DNase I to remove the trace amount of
genomic DNA contamination by using an Ambion DNA removing kit (Austin, Texas). The
mRNA levels for NRP-1, VEGF, MMP-2 and MMP-9 in pancreatic cancer cells and
xenografts were analyzed by real time RT PCR using iCycler system (Bio-Rad, Hercules,
CA) as described previously 16. PCR reaction included the following components: 100 nM
each primer, diluted cDNA templates and iQ SYBR Green supermix, and running for 40
cycles at 95°C for 20 sec and 60°C for 1 min. PCR efficiency was examined by serially
diluting the template cDNA and the melting curve data were collected to check PCR
specificity. Each cDNA sample was run as triplicates and the corresponding no-reverse
transcriptase (RT) mRNA sample was included as a negative control. The primer sequences
for NRP-1, VEGF, MMP-2 and MMP-9 are listed as follows: NRP-1, forward: 5’
AAGGTTTCTCAGCAAACTACAGTG 3’, reverse: 5’
GGGAAGAAGCTGTGATCTGGTC 3’. VEGF, forward: 5’
AGATCGAGTACATCTTCAAGCCATC 3’, reverse: 5’ CGTCATTGCAGCAGCCC 3’.
MMP-2, forward: 5’ CCCAGACAGGTGATCTTGACC 3’, reverse: 5’
CTTGCGAGGGAAGAAGTTGTAG 3’. MMP-9, forward: 5’
TGGCATCCGGCACCTCTATG 3’, reverse: 5’ CTCTGAGGGGTGGACAGTGG 3’. The
β-actin primer was included in every plate to avoid sample variations. The mRNA level of
each sample for each gene was normalized to that of the β-actin mRNA. The relative mRNA
level was presented as 2^[(Ct/β-actin - Ct/gene of interest)].

Western Blot Analysis
ASPC-shV and ASPC-shZIP4 cells were lysed with ice-cold lysis buffer (20 mM Tris-HCl ,
pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin and protease
inhibitor cocktail) for 30 min in ice. Cell lysates were then collected and 100 μg of lysate
protein was loaded and total cellular protein was separated with 15% SDS-polyacrylamide
gel electrophoresis and then transblotted overnight at 4°C onto Hybond-P PVDF membrane
(Amersham biosciences). The membrane was probed with anti-NRP-1 (1:200, Santa Cruz)
or anti-β-actin (1:3000) antibody at 4°C over night and then washed three times with 0.1%
Tween 20-TBS and incubated in a horseradish peroxidase-linked secondary antibody
(1:2000) for 1 h at room temperature. The membrane was washed three times with 0.1%
Tween 20-TBS and the immunoreactive bands were detected by using enhanced
chemiluminescent (ECL) plus reagent kit.
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Statistical analysis
Quantitative results are shown as means ± standard deviations. The statistical analysis was
performed by the Student's t test between control and treatment groups. A p-value of < 0.05
was considered statistically significant.

Results
ZIP4 increases the expression of NRP-1 in pancreatic cancer cell lines

We have previously shown that ZIP4 is a malignant factor in human pancreatic cancer 5, 6.
However, very little is known about whether ZIP4 affects the gene expression of other key
molecules involved in the regulation of pancreatic cancer proliferation, invasion, and
angiogenesis such as VEGF, VEGFRs, NRPs, and MMPs. We examined the expression of
NRP-1 in stable ZIP4 overexpressing (MIA-ZIP4) and silenced (ASPC-shZIP4) cells, and
also included the corresponding cells containing the empty vectors as controls. As shown in
Fig. 1A, NRP-1 expression was significantly increased in MIA-ZIP4 cells (15.1-fold
increase in mRNA level, P < 0.05) compared with that in MIA-V control cells. Conversely,
NRP-1 expression was substantially decreased in ASPC-shZIP4 cells (83% decrease in
mRNA level, P < 0.05) compared with that in ASPC-shV control cells (Fig. 1B). Similarly,
NRP-1 protein level was also decreased in ASPC-shZIP4 cells compared with that in ASPC-
shV cells (Fig. 1C), which is consistent with the mRNA data. Because the NRP-1 protein in
MIA PaCa-2 cells is undetectable, we are unable to show the protein data in MIA PaCa-2
cells. These results suggest that ZIP4 is tightly associated with NRP-1 expression in
pancreatic cancer.

To extend our findings, we compared the ZIP4 and NRP-1 levels in more established human
pancreatic cancer cell lines. As shown in Fig. 1D, ZIP4 expression correlates with the
NRP-1 level in human pancreatic cancer cells. In ZIP4-high cells, such as Panc-1 and
ASPC-1, the NRP-1 level is also high. In ZIP4-intermediate cells, such as Capan-1 and
HPAF-II, the NRP-1 level is lower than that in the above two cells. The ZIP4-low cells,
MIA PaCa-2, express the lowest NRP-1. Those results indicate that ZIP4 might be involved
in the regulation of NRP-1 expression in human pancreatic cancer cells, but the detailed
mechanism is not clear.

ZIP4 upregulates the expression of NRP-1 in pancreatic cancer xenografts
To further investigate the effect of ZIP4 on NRP-1 expression in a more physiologically
related environment, we examined the NRP-1 mRNA levels in pancreatic cancer xenografts.
MIA-ZIP4, ASPC-shZIP4, and corresponding vector control cells (MIA-V and ASPC-shV)
were implanted into the immunodeficient nude mice through subcutaneous or orthotopic
routes. After four weeks, the mice were euthanized, and the xenografts were collected for
further analysis. As shown in Fig. 2A and 2B, NRP-1 expression was significantly increased
in MIA-ZIP4 subcutaneous xenografts (15.4-fold increase in mRNA level), and orthotopic
xenografts (1.3-fold increase in mRNA level), respectively, compared with that in the MIA-
V control groups. Conversely, NRP-1 expression was decreased in ASPC-shZIP4 orthotopic
xenografts (22% decrease in mRNA level) compared with that in ASPC-shV control group
(Fig. 2C). Those results indicate that ZIP4 regulates the expression of NRP-1 not only in
human pancreatic cancer cell lines, but also in the xenografts.

ZIP4 upregulates the expression of VEGF
Our previous study has shown that VEGF and NRP-1 are overexpressed in pancreatic
cancer, but not VEGF receptors. NRP-1 may serve as the major receptor for VEGF in
pancreatic cancer 16. Therefore, we also examined the expression of VEGF in ZIP4
overexpressing and silenced pancreatic cancer xenografts, to see if the ligand of NRP-1 is
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also regulated by ZIP4. As shown in Fig. 3A and 3B, VEGF expression was significantly
increased in MIA-ZIP4 subcutaneous xenografts (1.68-fold increase in mRNA level), and
orthotopic xenografts (2.69-fold increase in mRNA level), respectively, compared with that
in MIA-V control groups. On the contrary, VEGF expression was decreased in ASPC-
shZIP4 orthotopic xenografts (26% decrease in mRNA level) compared with that in ASPC-
shV control group (Fig. 3C). Those results indicate that ZIP4 also correlates with the
expression of VEGF in pancreatic cancer xenografts.

ZIP4 increases the expression of MMP-2 and MMP-9
We have shown that ZIP4 is involved in pancreatic cancer cell invasion, and the conditioned
medium of MIA-ZIP4 cells stimulates the cell proliferation of human umbilical vein
endothelial cells (HUVEC), suggesting that ZIP4 plays an important role in cell invasion,
angiogenesis, and tumor metastasis. We examined the expression of MMPs, the key
molecules in invasion and tumor metastasis, in ZIP4 overexpressing pancreatic cancer
xenografts, to see if the MMP levels correlate with ZIP4 expression. As shown in Fig. 4A
and 4B, MMP-2 expression was increased in MIA-ZIP4 subcutaneous xenografts (1.25-fold
increase in mRNA level), and orthotopic xenografts (1.21-fold increase in mRNA level),
respectively, compared with that in the MIA-V control groups. MMP-9 expression was also
significantly increased in MIA-ZIP4 subcutaneous xenografts (8.46-fold increase in mRNA
level), and orthotopic xenografts (3.51-fold increase in mRNA level), respectively,
compared with that in the MIA-V control groups (Fig. 4C, and 4D). Those results indicate
that ZIP4 might be also involved in the regulation of MMP expression in pancreatic cancer.

Discussion
This study represents a detailed analysis of the expression profiles of NRP-1, VEGF and
MMPs in ZIP4 overexpressing and silenced pancreatic cancer cell lines and xenografts. We
found that overexpression of ZIP4 caused increase of the NRP-1 level in pancreatic cancer
cells and xenograft, and silencing of ZIP4 decreased the NRP-1 level. Similarly, ZIP4 also
upregulates the expression of VEGF, MMP-2 and MMP-9 in pancreatic cancer xenografts.
The ZIP4 expression and NRP-1 level are also correlated in established human pancreatic
cancer cell lines. These results indicate that ZIP4 mediated pancreatic cancer growth might
involve angiogenesis, invasion, and metastasis pathways.

Pancreatic cancer cell growth is regulated by many factors and whether there are interactions
between these factors and pathways has not been elucidated 5, 16, 20. Our previous studies
have indicated the importance of ZIP4 in pancreatic cancer cell proliferation and tumor
progression 5. We have also shown that NRP-1 and VEGF, but not VEGFRs, are
overexpressed in pancreatic cancer cells, and VEGF promotes Panc-1 cell proliferation by
interacting with NRP-1 16. To further investigate whether ZIP4-mediated pancreatic cancer
cell growth involve other factors and pathways, in this current study, we examined the effect
of ZIP4 overexpression or silencing on the gene expression of several key molecules in
pancreatic cancer cell growth including NRP-1 and VEGF. In ZIP4 overexpressing cells
(MIA-ZIP4) and xenografts, the expression of NRP-1 was upregulated compared with that
in the vector control cells and xenografts. Conversely, in ZIP4 silenced cells (ASPC-shZIP4)
and xenografts, the expression of NRP-1 was downregulated compared with that in the
vector control cells and xenografts. In other established human pancreatic cancer cell lines,
we also found a correlation of the expression of ZIP4 and NRP-1, which suggest that NRP-1
might be a mediator of ZIP4-induced pancreatic cancer growth.

Similarly, in ZIP4 overexpressing xenografts (MIA-ZIP4), the expression of VEGF was
upregulated compared with that in the vector control group. While in ZIP4 silenced
xenografts (ASPC-shZIP4), the VEGF level was downregulated. The VEGF family and
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VEGFRs have been involved in the formation of new blood vessels in both malignant and
nonmalignant conditions 21-23. VEGF is a multifunctional cytokine that is secreted by a
wide variety of tissues including premalignant lesions, invasive tumors and cell lines in
breast cancer, colon cancer, melanoma, lung cancer and pancreatic carcinoma 24-29. VEGF
overexpression is thought to be associated with increased vascularization, poor prognosis,
and high grade tumor metastasis in several cancer types including lung cancer and
pancreatic cancer 24, 30. Our previous study have shown that VEGF stimulates pancreatic
cancer cell proliferation through NRP-1, but not VEGFRs 16. Pancreatic cancer cells
expressed higher levels of VEGF and NRP-1, however, many of the pancreatic cancer cells
do not express VEGFRs. Our study provides evidence supporting the existence of an
autocrine pathway in pancreatic cancer cells through ZIP4-VEGF-NRP-1 interaction.

MMPs play critical roles in cancer cell invasion and metastasis. Upregulated MMPs are
often observed in many cancers including pancreatic cancer 31-34. In this study, we found
that in ZIP4 overexpressing xenografts (MIA-ZIP4), the expression of MMP-2 and MMP-9,
the two predominant MMPs, were significantly increased compared with that in the vector
control xenografts. Those results indicate that ZIP4-mediated pancreatic cancer cell growth
may involve MMP pathway. Recent studies also indicate that MMP consist of a family of
zinc-containing enzymes, and their activities can be activated by zinc. MMP expression has
been linked with an increased risk of metastasis. There was no significant difference of
MMP-2 and MMP-9 expression observed between ZIP4 silenced (ASPC-shZIP4) and
control (ASPC-shV) xenografts (data not shown), suggesting that different pancreatic cancer
cells respond to the alteration of ZIP4 level in different mechanisms. Whether ZIP4 affects
the gene expression of other signal intermediates in pancreatic cancer cells warrants further
investigations.

Taken together, this study demonstrates that zinc transporter ZIP4 upregulates the
expression of NRP-1, VEGF, MMP-2, and MMP-9 in pancreatic cancer cells and
xenografts, and different pancreatic cancer cells respond to the alteration of ZIP4 level in
different mechanisms. Comparison of the gene expression profiles in pancreatic cancer cells
with ZIP4 overexpression or silencing may help us to elucidate the mechanism of ZIP4-
mediated cell growth, providing new insights for better understanding of pancreatic cancer
pathogenesis and for developing effective therapeutic strategies against pancreatic cancer.
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Fig. 1. ZIP4 upregulates the expression of NRP-1 in pancreatic cancer cell lines
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Total RNA was extracted from MIA-V, MIA-ZIP4, ASPC-shV, and ASPC-shZIP4 cells and
the mRNA level for NRP-1 was analyzed by real time PCR, and normalized to that of the
house keeping gene, β-actin. Relative mRNA level is presented as fold change compared
with the vector control cells. A. Relative NRP-1 mRNA level in MIA-V and MIA-ZIP4
cells. B. Relative NRP-1 mRNA level in ASPC-shV and ASPC-shZIP4 cells. C. NRP-1
protein level in ASPC-shV and ASPC-shZIP4 cells. D. Relative ZIP4 and NRP-1 mRNA
levels in human pancreatic cancer cell lines. All data shown are the mean±SD of three
separate experiments. *p < 0.05.
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Fig. 2. ZIP4 upregulates the expression of NRP-1 in pancreatic cancer xenografts
Subconfluent MIA-V and MIA-ZIP4, or ASPC-shV and ASPC-shZIP4 cells (3×106) were
inoculated either into the right flank (subcutaneous tumor model) or the body of the
pancreas (orthotopic tumor model) of nude mice. After 4 weeks of tumor implantation, all
surviving mice were euthanized and the subcutaneous tumors and primary orthotopic tumors
were collected, and the total RNA was extracted from the homogenized xenograft tissues.
The mRNA level for NRP-1 was analyzed by real time PCR, and normalized to that of the
house keeping gene, β-actin. Relative mRNA level is presented as fold change compared
with the vector control cells. A. Relative NRP-1 mRNA level in MIA-V and MIA-ZIP4
subcutaneous xenografts. B. Relative NRP-1 mRNA level in MIA-V and MIA-ZIP4
orthotopic xenografts. C. Relative NRP-1 mRNA level in ASPC-shV and ASPC-shZIP4
orthotopic xenografts. All data shown are the mean±SD of three separate experiments. *p <
0.05.
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Fig. 3. ZIP4 regulates the expression of VEGF
Total RNA was extracted from MIA-V, MIA-ZIP4, ASPC-shV, and ASPC-shZIP4
xenografts and the mRNA level for VEGF was analyzed by real time PCR, and normalized
to that of the house keeping gene, β-actin. Relative mRNA level is presented as fold change
compared with the vector control. A. Relative VEGF mRNA level in MIA-V and MIA-ZIP4
subcutaneous xenografts. B. Relative VEGF mRNA level in MIA-V and MIA-ZIP4
orthotopic xenografts. C. Relative VEGF mRNA level in ASPC-shV and ASPC-shZIP4
orthotopic xenografts. All data shown are the mean±SD of three separate experiments. *p <
0.05.
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Fig. 4. ZIP4 increases the expression of MMP-2 and MMP-9
The mRNA level for MMP-2 and MMP-9 were analyzed by real time PCR. Relative mRNA
level is presented as fold change compared with the vector control. A. Relative MMP-2
mRNA level in MIA-V and MIA-ZIP4 subcutaneous xenografts. B. Relative MMP-2
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mRNA level in MIA-V and MIA-ZIP4 orthotopic xenografts. C. Relative MMP-9 mRNA
level in MIA-V and MIA-ZIP4 subcutaneous xenografts. D. Relative MMP-9 mRNA level
in MIA-V and MIA-ZIP4 orthotopic xenografts. All data shown are the mean±SD of three
separate experiments. *p < 0.05.
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