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BACKGROUND: Pancreatic cancer is characterized by exten-
sive metastasis. Epithelial-mesenchymal transition (EMT)
plasticity plays a critical role in tumor progression and
metastasis by maintaining the transition between EMT and
mesenchymal-epithelial transition states. Our aim is to un-
derstand the molecular events regulating metastasis and EMT
plasticity in pancreatic cancer. METHODS: The interactions
between a cancer-promoting zinc transporter ZIP4, a zinc-
dependent EMT transcriptional factor ZEB1, a coactivator
YAP1, and integrin a3 (ITGA3) were examined in human
pancreatic cancer cells, clinical specimens, spontaneous mouse
models (KPC and KPCZ) and orthotopic xenografts, and 3-
dimensional spheroid and organoid models. Correlations be-
tween ZIP4, miR-373, and its downstream targets were
assessed by RNA in situ hybridization and immunohistochem-
ical staining. The transcriptional regulation of ZEB1, YAP1, and
ITGA3 by ZIP4 was determined by chromatin immunoprecipi-
tation, co-immunoprecipitation, and luciferase reporter assays.
RESULTS: The Hippo pathway effector YAP1 is a potent

transcriptional coactivator and forms a complex with ZEB1 to
activate ITGA3 transcription through the YAP1/transcriptional
enhanced associate domain (TEAD) binding sites in human
pancreatic cancer cells and KPC-derived mouse cells. ZIP4
upregulated YAP1 expression via activation of miR-373 and
inhibition of the YAP1 repressor large tumor suppressor 2 ki-
nase (LATS2). Furthermore, upregulation of ZIP4 promoted
EMT plasticity, cell adhesion, spheroid formation, and organo-
genesis both in human pancreatic cancer cells, 3-dimensional
spheroid model, xenograft model, and spontaneous mouse
models (KPC and KPCZ) through ZEB1/YAP1-ITGA3 signaling
axis. CONCLUSION: We demonstrated that ZIP4 activates ZEB1
and YAP1 through distinct mechanisms. The ZIP4-miR-373-
LATS2-ZEB1/YAP1-ITGA3 signaling axis has a significant
impact on pancreatic cancer metastasis and EMT plasticity.
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P ancreatic cancer is the third leading cause of cancer-
related death in the United States, and has an
overall survival rate of only 9%." More than 60% of pa-
tients with pancreatic cancer had distant metastasis
within the first 24 months after surgery.” Pancreatic
cancer metastasis requires cell detachment, migration,
invasion, and adhesion. Epithelial-mesenchymal transition
(EMT) is an essential process for tumor metastasis, and is
activated by pathogenic stimuli and promotes the whole
course of early- to late-stage metastasis. EMT plasticity is
a dynamic program that transits between EMT and
mesenchymal-epithelial transition (MET) phenotypes to
facilitate tumor metastasis.> At the same time, adhesion is
required for endothelial cells to form stronger bonds,
attach at the new location, and proliferate to produce the
secondary tumor.” Integrins are transmembrane receptors
that are upregulated on the cell surface and correlate with
increased metastatic capacity of tumor cells.” Control of
EMT and cell adhesion are essential for regulation of
pancreatic cancer metastasis.

EMT is mediated by a set of EMT-activating transcription
factors (EMT-TFs) including Snail, Slug, Twistl, ZEB1, and
ZEB2. Most EMT-TFs except Twistl are zinc finger pro-
teins.” These factors are overexpressed in many cancers,
including bladder, breast, colon, and pancreatic cancer.
EMT-TFs act as transcription repressors by reducing
epithelial markers during embryonic development and tu-
mor progression.7'q ZEB1 is the most important EMT-TF in
pancreatic cancer, which promotes stemness, invasion, and
metastasis in pancreatic cancer, as shown in the KPC and
KPC ZEB1 knockout mouse models.'” ZEB1 normally acts as
a transcription repressor to inhibit downstream target
transcription including E-cadherin and miR-200 family
members'’ through binding to E-box motif at their pro-
moter regions. However, ZEB1 also can switch from a
transcription repressor to transcription activator on inter-
acting with coactivators such as Lefl, YAP1, P300, and
Smad, which belong to other regulatory and cancer-
promoting pathways such as Hippo and Wnt pathway.'***
Hippo pathway controls cell shape, organ size, tissue
regeneration, tumorigenesis, EMT, and cell adhesion. YAP1
is a major downstream effector of Hippo pathway and
activation of YAP1 leads to lung, colon, and pancreatic
cancer carcinogenesis and tumor progress.'”"'” However,
how these 2 pathways interact and what functional impact
this interaction has remains unknown in pancreatic cancer.
The large tumor suppressor 2 kinase (LATS2) is one of the
Hippo pathway kinases that directly phosphorylates YAP1
and inhibits YAP1 activity by protein degradation, thereby
inhibiting transcription of downstream targets of YAPI.
Moreover, inhibition of LATS2 increases the YAP1/tran-
scriptional enhanced associate domain (TEAD) interaction,
leading to YAP1/TEAD transcriptional activation.'® YAP1/
TEAD complex activates their oncogenic downstream genes
such as CTGF and c-Myc, leading to gastric cancer carcino-
genesis.'? Several studies show that microRNAs (miRNAs),
including let-7, miR-10b, and miR-183, are involved in the
regulation of the Hippo pathway.””*' LATS2 is a direct
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Pancreatic cancer is characterized by extensive
metastasis. EMT plasticity plays a critical role in tumor
progression and metastasis by maintaining the transition
between EMT and MET states. Our aim is to understand
the molecular events regulating metastasis and EMT
plasticity in pancreatic cancer.

NEW FINDINGS

The Hippo pathway effector YAP1 is a potent
transcriptional co-activator and forms a complex with
ZEB1 to activate ITGAS transcription through the YAP1/
TEAD binding sites in human pancreatic cancer cells
and KPC derived mouse cells. ZIP4 upregulated YAP1
expression via activation of miR-373 and inhibition of
the YAP1 repressor LATS2. Furthermore, upregulation of
ZIP4 promoted EMT plasticity, cell adhesion, spheroid
formation and organogenesis both in human pancreatic
cancer cells, 3D spheroid model, xenograft model, and
spontaneous mouse models (KPC and KPCZ) through
ZEB1/YAP1-ITGA3 signaling axis.

LIMITATIONS

The role of other EMT transcription factors were not
included in this study.

IMPACT

We demonstrated that ZIP4 activates ZEB1 and YAP1
through distinct mechanisms. The ZIP4-miR-373-
LATS2-ZEB1/YAP1-ITGA3 signaling axis has a
significant impact on pancreatic cancer metastasis and
EMT plasticity.

target of miR-373 in pancreatic cancer and inhibition of
LATS2 promoted tumor growth.”> The specific mechanism
of miRNA-LATS2 regulation in pancreatic cancer also re-
mains to be elucidated.

In the current study, we identified a novel function of a
cancer-promoting zinc transporter ZIP4 in EMT plasticity
and cell-extracellular matrix (ECM) adhesion induced by
ZEBl-integrin in both 2-dimensional (2D) and 3-
dimensional (3D) culture conditions. We found that ZIP4
promoted EMT plasticity and pancreatic cancer cell-laminin
adhesion and enhanced spheroid and organoid formation
through activating integrins. We also found that knock down
of ZEB1 significantly inhibited organogenesis and apical to

* Authors provided equal contributions.

Abbreviations used in this paper: ChiP, chromatin immunoprecipitation;
ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; EMT-
TF, EMT-activating transcription factor; ITGAS, integrin a3; LATS2, large
tumor suppressor 2 kinase; MET, mesenchymal-epithelial transition;
miRNA, microRNA; mYAP1, mouse YAP1; PBS, phosphate-buffered sa-
line; siRNA, small interfering RNA; OUHSC, University of Oklahoma Health
Sciences Center; TCGA, The Cancer Genome Atlas; TEAD, transcriptional
enhanced associate domain; WT, wild type; 2D, 2-dimensional; 3D,
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basal polarity in a 3D organoid model derived from KPC
ZEB1 knockout cell lines. We further elucidated the mech-
anism showing that ZEB1 activated ITGA3 through binding
to the YAP1/TEAD binding sites at ITGA3 promoter region
and ZIP4 upregulated YAP1 expression via miR-373-LATS2
axis. These findings show a novel molecular link between
ZIP4 and EMT, cell-ECM adhesion, and pancreatic cancer
organogenesis, this essential link may serve as the founda-
tion for the development of new therapeutic strategies for
this devastating disease.

Materials and Methods
Cell Lines, Small Interfering RNAs, and Plasmids

Human pancreatic cancer cell lines AsPC-1 and MIA PaCa-2
were purchased from American Type Culture Collection (ATCC,
Rockville, MD), and were cultured in RPMI 1640 medium or
Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum. KPC and KPC-ZEB1 knockout (KPCZ) cells were kindly
provided by Dr Thomas Brabletz, University of Erlangen-
Niirnberg, Germany. All cell lines were authenticated and
verified to be mycoplasma free using MycoAlert kit (Lonza,
Basel, Switzerland). ITGA3, YAP1, and LATS2 small interfering
RNAs (siRNAs) were purchased from Santa Cruz Biotechnology
(Dallas, TX). Mimic and inhibitor of miR-373-3p were pur-
chased from Ambion (Austin, TX). hZEB1 and mouse YAP1
(mYAP1) ORF plasmids were purchased from Genecopoeia
(Rockville, MD), while the hYAP1 ORF plasmid was obtained
from Addgene (Cambridge, MA; catalog number 42555).

Human Tissue Samples

Human pancreatic cancer tissue specimens were obtained
from the University of Oklahoma Health Sciences Center
(OUHSC). This study was approved by the institutional review
board at OUHSC. Banked de-identified tissues were used.
Written consent from all subjects was obtained.

Stable Cell Line Construction

Stable pancreatic cancer cell lines MIA-V, MIA-ZIP4, AsPC-
shV, AsPC-shZIP4, MIA-ZIP4-Pre-C, MIA-ZIP4-Pre-miR-373,
AsPC-shZIP4-Anti-C, and AsPC-shZIP4-Anti-miR-373 cells were
generated as previously described.”>** The MIA-ZEB1/YAP1
overexpression stable cell line was selected using the lenti-
virus vector from Genecopoeia and Addgene following the
manufacturer’s instructions. Briefly, human ZEB1 ORF was
cloned into the pEZ-Lv207 vector and human YAP1 ORF was
cloned into pLX304 vector. Viral supernatants were collected
and transduced to the target cells. Stable cell lines expressing
ZEB1 were selected using 200 ug/mL Hygromycin B and stable
cell lines expressing YAP1 were selected with 10 ug/mL
Blasticidin.

Spheroid Formation Assay

Cells were resuspended in culture medium containing
0.24% methylcellulose (Sigma, M0512). And then were seeded
onto inside of the lid of 10 cm? dishes with 20 uL per drop. Lids
were inverted over dishes containing 10 mL phosphate-
buffered saline (PBS). Spheroids were cultured at 37 °C and
then imaged using a light microscope at 2, 4, and 24 hours post
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seeding. Ten spheroids were included and analyzed in each
group.

Three-Dimensional Organoid Culture

Matrigel-embedded organoid: The chamber slides were
precoated with growth factor reduced Matrigel (Corning,
Corning, NY) at 37°C for 2 hours. After rinsing with PBS, the
single cell suspension mixed with 10 ng/mL epidermal growth
factor, 10 ug/mL insulin, and 2% Matrigel was seeded onto the
chamber slide at 8 x 10 cells per well. The slides were incu-
bated at 37 °C overnight. The cells were cultured with fresh
medium containing 10 ng/mL epidermal growth factor and 10
ug/mL insulin and replenished every 3 days. The cells formed
clusters by day 6 to day 8.

Matrigel-suspended organoid: The organoids were also
generated by seeding the cell suspension with 50% Matrigel
onto the 24-well plate with 5x10° cells/mL; the 24-well plate
was incubated at 37 °C overnight. The cells were refed as
previously and cells formed clusters at multiple layers by day 6
to day 8.

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed in AsPC-1 cells by using the anti-ZEB1, YAP1, and TEAD
antibody (Cell Signaling Technology, Danvers, MA) with the
MAGnif Chromatin Immunoprecipitation System (Life Tech-
nologies, Carlsbad, CA) following the standard protocol. After
the antibody pulling down, the target DNA fragment was
amplified and determined by polymerase chain reaction.
Primers were designed within YAP1/TEAD binding sites at the
ITGA3 promoter region.

Promoter Activity Assay

ITGA3 promoter sequence was generated from USCS
genomic browser. The 930-base pair promoter regions of
ITGA3 were cloned into pGL4.10-basic reporter vector as
previously described.”” Promoter sequence of ITGA3 was
uploaded to the JASPAR database. The threshold was set to
70%. YAP1/TEAD binding sites were predicted through the
JASPAR database.”® The mutant ITGA3 promoter vector was
constructed with YAP1/TEAD binding sites mutated at ITGA3
promoter region. The wild-type (WT) and mutant ITGA3
promoter vector were co-transfected with control plasmid
pRL-TK into AsPC-1 and MIA PaCa-2 cells. The promoter
activity was determined by a Dual-Luciferase Reporter Assay
(Promega, Madison, WI).

Co-Immunoprecipitation

MIA-ZEB1/YAP1 cells were lysed, and anti-ZEB1, YAP1, and
TEAD (Cell Signaling Technology) antibodies (1-10 ug) were
diluted in 200 uL of Ab binding and washing buffer and incu-
bated with rotation for 10 minutes at room temperature and
the magnetic bead-Ab complex was washed with washing
buffer. The magnetic bead-Ab-Ag complex was incubated with
rotation for 20 minutes at room temperature to allow the an-
tigen to bind to the magnetic bead-Ab complex; 20 uL elution
buffer and 10 uL of pre-mixed NuPAGE LDS sample buffer and
NuPAGE sample reducing agent were added to the complex and
heated for 10 minutes at 70°C. The supernatant containing
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eluted Ab and Ag was transferred to a clean tube and loaded
onto the sodium dodecyl sulfate gel for Western Blotting.

RNA Basescope In Situ Staining

Pancreatic cancer tissues were freshly sectioned at 4 to 5
um. miR-373 BaseScope LS Reagents (Advanced Cell Di-
agnostics Inc, Newark, CA) were loaded onto the Staining
System. Tissue sections were deparaffinized on the instrument,
followed by epitope retrieval, miR-373 probe hybridization,
signal amplification, colorimetric detection, and counter-
staining. Dihydrodipicolinate reductase and peptidyl-prolyl cis-
trans isomerase B were used as the negative and positive
control probes, respectively.

Pancreatic Cancer Xenograft Mouse Model

MIA-ZIP4-Anti-C, MIA-ZIP4-Anti-miR-373, AsPC-shZIP4-Pre-C,
AsPC-shZIP4-Pre-miR-373 MIA-ZIP4 shV, MIA-ZIP4 sh-ITGA3
stable cell lines were used to generate the orthotopic xenograft
tumor model as previously described.”#** Briefly stable pancre-
atic cancer cells were harvested and resuspended in Dulbecco’s
modified Eagle’s medium or RPMI medium; 3x10° cells in 50 uL
culture medium were injected into the pancreases of 5- to 6-
week-old nude mice. The peritoneum and skin were closed
with 4.0 surgical sutures. All mice were cared for in accordance
with the Office for Protection from Research Risks and Animal
Welfare Act Guidelines under an animal protocol approved by
the Animal Welfare Committee at OUHSC. After 5 to 6 weeks,
all surviving mice were euthanized by CO, asphyxiation
and tumor tissues were collected and fixed in formalin.

Statistical Analysis

Quantitative results are shown as means + standard devi-
ation (SD). Overall differences among groups were assessed by
analysis of variance and post hoc Dunnett’s multiple compari-
son tests were used to compare data from control and each
treated group. Two-group comparisons were analyzed by Stu-
dent ¢ tests. A P value of < .05 was considered statistically
significant. All tests were 2-sided. Further details of the Mate-
rials and Methods are found in the Supplementary Materials
and Methods.

Results

YAP1 Is a Potent Coactivator of ZEB1 to Enhance
ITGAS Transcription in Pancreatic Cancer Cells
Previously we have shown that a zinc-dependent acti-
vation of ZEB1 promotes pancreatic cancer growth and
chemoresistance.”” We thus sought to determine how
ZEB1 activates the integrin pathway and promotes
pancreatic cancer progression, metastasis, and EMT plas-
ticity. ZEB1 switches from a transcription repressor to a
transcription activator when coactivators are recruited to
the same locus in the promoter region, therefore we
examined the potential coactivators of ZEB1 in human
pancreatic cancer cells. YAP1, Lefl, CAF, and P300 have
been reported to serve as transcriptional coactivators in
several cancers,'”'* and were upregulated in pancreatic
cancer compared with normal pancreas as shown in The
Cancer Genome Atlas (TCGA) and GTEx database
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(Supplementary Figure 1A4). We knocked down all 4
coactivators; only YAP1 knockdown significantly inhibited
the promoter activity and reduced the messenger RNA
level of ITGA3 in MIA PaCa-2 and AsPC-1 cells (Figure 14
and B, Supplementary Figure 1B and C). The TCGA data-
base also showed that YAP1 positively correlates with
ZIP4, ZEB1, and ITGA3 (Supplementary Figure 1D-F). ZIP4
also upregulated YAP1 both in human pancreatic cancer
cell lines and xenograft tumor tissues (Supplementary
Figure 1G-J). We thus concluded that YAP1 is the poten-
tial coactivator of ZEB1, and can be upregulated by ZIP4 in
pancreatic cancer. We then performed gene set enrichment
analysis of ZEB1 and YAP1 expression profiles in the TCGA
database and found that gene sets of YAP1 are significantly
enriched in ZEB1 highly expressed group (Supplementary
Figure 1K). We analyzed the promoter region of ITGA3
and found YAP1 was enriched and shared the transcrip-
tional peak call with ZEB1 at the same locus of ITGA3
promoter according to the ChIP sequencing data
(Supplementary Figure 1L). These data show that ZEB1-
mediated upregulation of ITGA3 is dependent on the
YAP1 status in pancreatic cancer.

ZEBT1 Activates ITGA3 Transcription Through
YAP1/TEAD Binding Sites

To further investigate whether YAP1 directly activates
ITGA3 in pancreatic cancer, we performed ChIP-polymerase
chain reaction assay; ZEB1 and YAP1 bound to the same
region of the ITGA3 promoter (Figure 1C). Based on the
luciferase reporter assay results, we found that knockdown
of YAP1 inhibited the promoter activity of ITGA3 even when
ZIP4 was overexpressed (Figure 1D), indicating that the
transcriptional activation of ITGA3 may require the pres-
ence of YAP1. We also found blocking of YAP1 through
siRNA decreased ITGA3 expression and overexpression of
YAP1 rescued the inhibition of ZIP4 on ITGA3 expression
(Figure 1E, Supplementary Figure 24 and B). We also
overexpressed mYAP1 in WT KPC and ZEB1 knockout KPCZ
mouse cell lines; overexpression of mYAP1 increased ITGA3
level in KPC cells but not in KPCZ cells (Figure 1F,
Supplementary Figure 2C and D), suggesting that the YAP1
activated ITGA3 requires ZEB1. Although YAP1 is a tran-
scriptional coactivator, it does not have DNA-binding do-
mains but regulates gene expression through TEAD1-4.%’
The JASPAR database®® predicts there are 10 TEAD1-4
binding sites in the ITGA3 promoter. We generated double
mutations at the binding sites that are with the highest
scores at the JASPAR database (Supplementary Figure 2E),
and found that sequential mutation of the TEAD binding
sites inhibited co-stimulation of the ITGA3 promoter by
ZEB1 and YAP1 (Figure 1G and H, Supplementary Figure 2F
and G). This indicates that the YAP1/TEAD binding sites are
essential for ZEB1 stimulation of ITGA3 transcription. We
further investigated whether ZEB1 and YAP1 directly
interact to coactivate ITGA3. We performed co-
immunoprecipitation assays and as expected YAP1 and
TEAD directly interacted with each other; ZEB1 and TEAD
also interacted in the pancreatic cancer cells (Figure 11). It is
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Figure 1. ZEB1 activates ITGAS3 transcription through YAP1’s binding sites at ITGA3 promoter. (A) Promoter activity of
ITGA3 in MIA PaCa-2 siYAP1, siLef1, siCAF, and siP300 cells. (B) Promoter activity of ITGA3 in AsPC-1 siYAP1, silLef1,
siCAF, and siP300 cells. (C) ChlP-polymerase chain reaction. ChIP binding assay with anti-ZEB1 and anti-YAP1 in MIA
PaCa-2 and AsPC-1 cells confirms the binding of ZEB1and YAP1 to the ITGA3 promoter region. (D) Promoter activity of
ITGA3 in MIA-V siNC, MIA-ZIP4 siNC, and MIA-ZIP4 siYAP1 cells. **P < .01. (E) Expression of YAP1 and ITGAS3 in PC
cells with YAP1 high or low. (F) Expression of YAP1 and ITGA3 in KPC and KPCZ cells with mYAP1 overexpressed.
Empty vector and mYAP1 ORF vector were transiently transfected into KPC and KPCZ cells. (G) Promoter activity of
ITGAS3 in MIA PaCa-2 cell transfected with WT or mutation vector (YAP1 binding sites). siRNA of ZEB1 was co-transfected
with ITGA3 promoter vector. **P < .01. (H) Promoter activity of ITGA3 in MIA PaCa-2 cell transfected with WT or mutation
vector (YAP1 binding sites). ORF vectors of ZEB1/YAP1 was co-transfected with ITGA3 promoter vector. **P < .01. (/) Co-
immunoprecipitation in MIA PaCa-2-ZEB1/YAP1 cells.

established that the protein structure of YAP1 contains
several domains including a WW domain, a TEAD tran-
scription factor-interacting domain, a transcription activa-
tion domain, and a PDZ domain-binding motif.”® We sought
to investigate which domain contributes to ITGA3 tran-
scriptional activation. We transfected MIA PaCa-2 cells with
the empty vector, WT YAP1 vector, YAP1-TEAD TID mutated
vector, YAP1-PDZ deletion vector, YAP1-WW mutated vec-
tor, and YAP1-phosphorylation mutated vector respectively
(Supplementary Figure 34); only mutation of TID domain
decreased ITGA3 expression but did not affect YAP1 level
(Supplementary Figure 3B) compared with the WT YAP1
vector. Mutation of the TID domain significantly reduced
ITGA3 transcription (Supplementary Figure 3C), whereas
mutation of the other 3 domains had no significant impact

on the transcription of ITGA3 in pancreatic cancer cells
(Supplementary Figure 3D-F). In addition, the YAP1 inhib-
itor verteporfin, which is known to reduce YAP1/TEAD ac-
tivity and deactivate YAP1 targets,”” was used to treat MIA-
ZIP4 cells and inhibited expression of ITGA3
(Supplementary Figure 3G). In total, these data demon-
strated that the transcription coactivator YAP1 is required
for ITGA3 transcriptional activation and that ZEB1 activates
ITGA3 through YAP1/TEAD binding sites.

ZIP4 Upregulates YAP1 Through miR-373-
LATS2 in Pancreatic Cancer Cells

The preceding results showed that ZEB1 and YAP1
cooperatively stimulate ITGA3 transcription. ZEB1 can be
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Figure 2. ZIP4 upregulates YAP1 through miR-373-LATS2 in pancreatic cancer cells. (A) Expression of YAP1 and LATS2 in
MIA-V, MIA-ZIP4, AsPC-shV, and AsPC-shZIP4 cells. (B) Expression of YAP1 and LATS2 in AsPC-shZIP4 cells with LATS2

knockdown. (C) Protein levels of LATS2, YAP1, and ITGA3 in A
MIA-V Anti-C, MIA-ZIP4 Anti-C, and MIA-ZIP4 Anti-miR-373 ce

sPC-shV miR-C, AsPC-shZIP4 miR-C, AsPC-shZIP4 miR-373,
Ils. (D-F) Messenger RNA levels of LATS2, YAP1, and ITGAS in

AsPC-shV miR-C, AsPC-shZIP4 miR-C, AsPC-shZIP4 miR-373, MIA-V Anti-C, MIA-ZIP4 Anti-C, and MIA-ZIP4 Anti-miR-373

cells. *P < .05, *P < .01.

activated by ZIP4 in a zinc-dependent manner’’; however,
whether YAP1 is also regulated by ZIP4 in pancreatic
cancer is unknown. In this study, we found that ZIP4
significantly upregulated YAP1 expression in pancreatic
cancer cells, whereas knock down of ZIP4 decreased YAP1
(Figure 2A4). Having shown an impact of ZIP4 on YAP1
levels, we sought to elucidate how ZIP4 upregulates YAP1
in pancreatic cancer. YAP1 is known to be inhibited by
large tumor suppressor 1/2 (LATS2) via its effects on
YAP1 phosphorylation and cytoplasmic localization, ubig-
uitination, and degradation.30 We found that YAP1
inversely correlated with LATS2 in human pancreatic
cancer cells (Figure 24, Supplementary Figure 4A4), and
that knock down of ZIP4 inhibited YAP1 expression but
further blocking of LATS2 with siRNA rescued YAP1 level
(Figure 2B, Supplementary Figure 4B). Knockdown of ZIP4
also decreased YAP1 nuclear translocation (Supplementary
Figure 4C). We have previously shown that ZIP4 down-
regulated LATS2 via activating a CREB-miR-373 signaling
axis,’* we sought to determine whether ZIP4 upregulates
YAP1 through an miR-373-LATS2 signaling pathway.
Overexpression of miR-373 inhibited LATS2 but increased
YAP1 and ITGA3 expression, whereas blocking miR-373
increased LATS2 level but inhibited YAP1 and ITGA3

expression (Figure 2C-F, Supplementary Figure 4D-H). To
assess the impact of miR-373 on YAP1 and ITGA3 in vivo,
we used orthotopic xenograft tumor models; either AsPC-
shZIP4-pre-miR-373 or MIA-ZIP4-Anti-373 stable cell lines
were injected into the pancreas of the nude mouse
(Supplementary Figure 41). To validate this apparent cor-
relation between ZIP4 and miR-373, we assessed miR-373
and ZIP4 levels using RNA Basescope in situ and immu-
nohistochemical staining in 35 human pancreatic cancer
tissues. miR-373 colocalized with ZIP4 in the tumor tissue,
and when expression of ZIP4 was high, miR-373 levels
were also high (Figure 34). We determined protein levels
of LATS2, YAP1, and ITGA3 in the xenograft tumor tissues
from both models. In the miR-373 overexpressed tumor
model, LATS2 levels were lower and YAP1 and ITGA3
expression was higher, whereas in the miR-373-inhibited
animals, LATS2 levels increased but YAP1 and ITGA3 levels
decreased (Figure 3B). We also assessed correlations be-
tween LATS2, YAP1, and ITGA3 in the human pancreatic
cancer tissues and adjacent normal pancreatic tissues; we
found correlations in levels of these proteins, when YAP1
and ITGA3 were high, the expression of LATS2 was low
(Figure 3C and Supplementary Figure 54 and B). In addi-
tion, we found that YAP1 and ZEB1 colocalized in these
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Figure 3. miR-373 upregulates ITGAS3 through LATS2-YAP1 in pancreatic cancer in vivo. (A) RNA Basescope in situ staining
with miR-373 and ZIP4 immunohistochemical staining in human pancreatic cancer tissues indicated the colocalization of miR-
373 and ZIP4. Scale bar = 50 um. (B) Immunohistochemical staining of Ki67, LATS2, YAP1, and ITGA3 in the xenograft tumor
tissues. Scale bar = 50 um. (C) immunohistochemical staining of ZIP4, LATS2, YAP1, and ITGAS3 in human pancreatic cancer

tissues. Scale bar = 50 um.

human  pancreatic cancer tissues (Figure  3C,
Supplementary Figure 5B). These findings indicate that
ZIP4 upregulates YAP1 by activating an miR-373-LATS2
signaling pathway in pancreatic cancer.

ZIP4 Promotes Cell Adhesion, Spheroid
Formation, and Organogenesis Through Its
Downstream Target ITGAS3

Organogenesis is important for tumor initiation and cell
adhesion and it supports metastatic colonization in the late
stage of metastasis. To further understand the underlying
mechanism of tumor progression and metastasis, we inter-
rogated the effect of ZIP4 on organogenesis and cell adhe-
sion. We have shown that ZIP4 is vital for pancreatic cancer
cell proliferation, metastasis, and chemoresistance.?? 23132
In addition, our GO analysis of the TCGA database showed
that ZIP4 also contributes to pancreatic cancer cell motility
and cell-matrix adhesion. To determine the function of ZIP4

in modulating cell adhesion, we first performed adhesion
assays and found that ZIP4 increased laminin-induced cell
adhesion in pancreatic cancer cell lines (Figure 4A4); how-
ever, the lack of structural architecture in a 2D model makes
it difficult to assess the specific role of ZIP4 in cell adhesion.
The recent development of 3D tumor spheroid and organoid
cultures allows for this type of study because they better
simulate and recapitulate the biology of tumors than 2D cell
monolayers.”* We analyzed the morphology of spheroids
following 2, 4, and 24 hours of spheroid culture. Spheroids
aggregated more rapidly when ZIP4 was overexpressed, but
blocking of ZIP4 inhibited the spheroid formation
(Figure 4B). We additionally investigated the effect of ZIP4
on organogenesis using 3D organoid culture following 8
days of organoid culture. ZIP4 overexpressing cells showed
more organoid clusters of larger size, and with increased
density and a more integrated structure (Figure 4C-E);
however, when ZIP4 was knocked down in AsPC-1 cells, the
organoid size was decreased in both Matrigel-embedded
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Figure 4.ZIP4 enhances cell-ECM adhesion and spheroid/organoid formation. (A) Adhesion assay: 96-well plates were
precoated with 500 ug/mL Laminin for 2 hours. MIA-V, MIA-ZIP4, AsPC-shV, and AsPC-shZIP4 cells were seeded in a 96-well
plate for 30 minutes at 37°C, then cells were gently washed with phosphate-buffered saline 2 times. Absorbance was recorded
at 490 nm to determine the percentage of cells attached to the bottom of the 96-well plate. Scale bar = 500 um.
**P < .01. (B) Spheroid formation assay. The solidified spheroid drops (generated from MIA-V, MIA-ZIP4, AsPC-shV, and
AsPC-shZIP4 cells) were kept on the dish lid for 2, 4, and 24 hours at 37°C and then were imaged using a light microscope.
Ten spheroids were included and analyzed in each group. Scale bar = 200 um. (C) Matrigel-embedded organoids. The
chamber slide was precoated with Matrigel at 37°C for 2 hours. Human and mouse pancreatic cancer cells were resuspended
in the culture medium containing 2% Matrigel and cultured on the chamber slide for 8 days. Scale bar = 50 um. (D) Matrigel-
suspended organoids. Cells were resuspended in the culture medium containing 50% Matrigel in the 24-well plate for 8 days.
Scale bar = 200 um. (E) Hematoxylin-eosin staining of 3D organoids established from MIA-V, MIA-ZIP4, AsPC-shV, and
AsPC-shZIP4 cells. Scale bar = 50 um.

ZIP4 Promoted EMT in Pancreatic Cancer 3D
Spheroid and Organoid Model

Having shown that ZIP4 is important for organogenesis,
we sought to determine the mechanism underlying ZIP4-
mediated promotion of organogenesis in pancreatic cancer
using our organoid model. Integrins have a profound role on
pancreatic organogenesis and tissue maintenance and pro-
mote pancreas development. Thus, we first examined the

and suspended models (Figure 4C-E). Similar results were
also observed in KPC and KPCZ models, in which knockout
of ZEB1 decreased the size of organoids (Figure 4C and D).
Integrins play an essential role on cell-to-cell and cell-to-
ECM adhesion, and we found ITGA3 knockdown inhibited
cell-to-ECM adhesion and spheroid formation in pancreatic
cancer cells (Supplementary Figure 5C and D). Inhibition of
ITGA3 also suppressed tumor growth in the xenograft tu-

mor model (Supplementary Figure 64) and increased cell-
to-cell connections through upregulating F-actin level
(Supplementary Figure 6B). Overall, these findings identify
ZIP4-promoted organogenesis and cell-to-ECM adhesion via
upregulation of ITGA3 in pancreatic cancer.

expression profile of ITGA3 in the 3D organoid model.
ITGA3 signal was significantly higher in the organoid
derived from cells overexpressing ZIP4 (Figure 5A4). Simi-
larly ITGA3 level was higher in the 3D spheroid model
generated from ZIP4 overexpressing cells (Figure 5C). In
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Figure 5. Expression of ITGAS in the 3D spheroid/organoid model. (A) Images were taken using 3D confocal microscopy.
ITGAS3 was stained and F-actin was labeled in 3D organoid Matrigel-embedded model derived from AsPC-shV, AsPC-shZIP4,
MIA-V, and MIA-ZIP4 cells. Scale bar = 50 um. (B) Images were taken using 3D confocal microscopy. ITGA3 was stained and
F-actin was labeled with 2D AsPC-shV, AsPC-shZIP4, MIA-V, and MIA-ZIP4 cells. Scale bar = 10 um. (C) Images were taken
using 3D confocal microscopy. ITGA3 was stained and F-actin was labeled in the 3D spheroid sectional slides. Scale bar = 50
um. (D) Images were taken using 3D confocal microscopy. ITGA3 was stained and F-actin was labeled with 3D organoid
Matrigel-embedded model derived from KPC and KPCZ cells. Scale bar = 50 um.

contrast, ITGA3 signal was decreased in the organoids and
spheroids derived from cell lines with ZIP4 knockdown
(Figure 54, 5C, Supplementary Figure 6C and D). We also
determined the level of cytoskeletal protein F-actin in the
3D organoids and spheroids and found it to be highly
expressed between cell-to-cell junctions and connection
edges in the organoids and spheroids with lower levels of
ZIP4 (Figure 54 and C). We also assessed the ITGA3
expression in 2D cell cultures, the differences were not as
significant as that in the 3D organoid model (Figure 5B). We
also noted that knockout of ZEB1 resulted in decreased
ITGA3 in organoids derived from KPC cells, while leading to
increased F-actin expression (Figure 5D).

Several studies indicated that EMT contributes to
normal organogenesis during the development of epithe-
lial cell.>* In 2D culture, planar attachment inhibits cell
geometry resulting in limited cell motility. In contrast, 3D
systems are more appropriate for EMT studies because
cancer cells acquire morphological and cellular

characteristics reminiscent of in vivo tumors.>> Thus, we
assessed the morphology of spheroid sections using
hematoxylin-eosin staining; when ZIP4 was overexpressed,
cell-to-cell connections in the spheroid appeared less tight
(Figure 6A) but blocking of ZIP4 increased cell-to-cell
connections (Supplementary Figure 6E). We additionally
assessed expression of EMT markers in both the 2D cell
lines and the 3D spheroid model. Blocking ZIP4 in the 3D
spheroid model significantly decreased vimentin and N-
cadherin level but increased E-cadherin level (Figure 6B).
When ZIP4 was overexpressed, EMT was enhanced via
upregulation of vimentin and N-cadherin paired with
downregulation of claudin-1 (Figure 6C); however, there
were no significant changes in EMT marker expression in
the 2D system when ZIP4 was knocked down (Figure 6B
and C, Supplementary Figure 74 and B). We additionally
determined levels of the ZIP4 downstream markers
LATS2, YAP1, and ITGA3 in the 3D spheroid model and
found significant positive correlations of YAP1 and ITGA3
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Figure 6. ZIP4 promotes EMT in pancreatic cancer. (A) Hematoxylin-eosin staining of 3D tumor spheroid generated from MIA-
V and MIA-ZIP4 cells. Spheroids were collected after 3 days of spheroid culture and processed tissue embedding and

sectioning. Scale bar = 100 um. (B) Expression of EMT markers

Vimentin, N-cadherin, E-cadherin, or claudin-1 was examined

in AsPC-shV and AsPC-shZIP4 cells cultured under 2D and 3D conditions. (C) Expression of EMT markers in MIA-V and MIA-
ZIP4 cells. (D) Protein levels of LATS2, YAP1, and ITGA3 in AsPC-shV and AsPC-shZIP4 cells cultured under 2D and 3D

conditions. (E) Protein levels of LATS2, YAP1, and ITGA3 in MIA
axis of ZIP4-miR-373-LATS2-ZEB1/YAP1/TEAD-ITGAS.

levels with ZIP4, and reverse correlation of LATS2 level
with ZIP4 (Figure 6D and E, Supplementary Figure 7C and
D), and in the 3D organoid model, it is also shown that
knocking down ZIP4 decreased YAP1, vimentin, and N-
cadherin expression (Supplementary Figure 7E). Our re-
sults indicate that ZIP4 promotes EMT and organogenesis
in the 3D organoid system via activation of ITGA3.

Discussion

In this study we demonstrated a novel ZIP4-miR-373-
LATS2-ZEB1/YAP1-ITGA3 signaling pathway in pancreatic
cancer EMT plasticity, cell-ECM adhesion, organogenesis,
and metastasis (Figure 6F). ZEB1 and YAP1 interacted with
each other to coactivate ITGA3 transcription and ZIP4
upregulated ZEB1/YAP1 and contributes to ITGA3 expres-
sion and EMT plasticity. At the same time, we found in the
KPC mouse cells, knocking out ZEB1 inhibited organogen-
esis and apical to basal polarity.

The role of EMT in cancer metastasis is well appreciated,
and EMT-induced cellular phenotype change enables cancer

-V and MIA-ZIP4 cells. (F) Schematic diagram of the signaling

cells to experience dissociation, intravasation, extravasation,
and macrometastasis formation.” EMT plasticity prompts
cells to transit between EMT and MET states allowing the
cells migrate from the primary tumor and colonize at the
secondary tumor.® Nihan Kilinc et al®*® reported that trans-
forming growth factor-@ induced EMT in murine epithelial
mammary carcinoma cells, but this reverted to the epithelial
phenotype when transforming growth factor-8 was
depleted. Therefore, EMT plasticity is a dynamic transiting
between EMT and MET phenotypes reversibly. Stemmler
et al has recently proposed an exciting concept of partial
EMT,%'° in which EMT program can be transient and
reversible between epithelial and mesenchymal states.
Partial EMT may have been activated even though no sig-
nificant EMT morphologies are identified in cells. In our
study, we found that there were significant differences of
EMT markers between cells with ZIP4 high or low, but no
morphology changes were identified between the cells. The
partial EMT may help to explain this finding that EMT is still
active and is not needed to experience the full EMT pro-
gram. Previously we have shown ZIP4 promoted pancreatic
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cancer migration and invasion through downregulation of
tight junction protein Z0O-1 and claudin-1, important inter-
mediate molecules in the EMT program®*; however, little is
known about the effect of ZIP4 on EMT program in
pancreatic cancer. In this study, our data indicated that ZIP4
promoted EMT plasticity in pancreatic cancer cells through
a zinc-dependent regulation of EMT-TFs and coactivation.
That also explained why the structure of spheroids derived
from ZIP4 highly expressed cells was looser because ZIP4
promoted EMT and disrupted cell-to-cell connections in the
spheroid model.

ZEB1 is a key EMT-TF in pancreatic cancer. Krebs et a
identified genetic depletion of ZEB1 in KC mouse model
reduced ADM and PanIN-precursor lesions formation,
tumorigenesis, and in the KPC mouse model, they found
depletion of ZEB1 inhibited cell plasticity, invasion, and
metastasis.'’ However, genetic depletion of other EMT-
activators such as Snail or Twistl had no effect on tumor
invasion or metastasis in the KPC model.""*” Liu et al*®
elucidated effects of ZEB1 on tumor initiation and EMT/
metastasis can be separated based on different levels of
ZEBL1. It is indicated that lower level of ZEB1 contributes to
tumor initiation; however, further induction of ZEB1 is
required for tumor metastasis, which explained why genetic
depletion of Snaill in the KPC mice had no effect on tumor
invasiveness and metastasis."” Even though Snaill was
knocked out, ZEB1 was only partial depleted, which is not
sufficient to abolish tumor metastasis. Krebs et al and
Lehmann et al demonstrated that depletion of ZEB1
inhibited tumorigenic, metastasis, and cell plasticity in the
KPC mouse model ZEB1.''? ZEB1 is an important EMT
activator in several different cancers, but less is known on
how ZEB1 is activated and upregulated in pancreatic cancer.
Our findings showed that as a zinc-dependent transcription
factor, ZEB1 can be activated by a cancer-promoting zinc
transporter ZIP4 through phosphorylation of STAT3. ZEB1
was found to directly repress miR-200 family and promoted
breast cancer EMT and progress."’ Other than transcrip-
tional repression, ZEB1 also acts as a transcriptional acti-
vator. The dual function of ZEB1 depends on which co-
transcription factor that ZEB1 interacts with. Lehmann
et al'” showed ZEB1 activated CTGF and AXL through
interaction with YAP1/TEAD in breast cancer. ZEB1 can also
interact with factor Lef/Tcf to activate downstream targets
Nrp2 and Prex1 transcription in glioblastoma.'® However,
little is known about how ZEB1 transcriptionally activates
ITGA3 in pancreatic cancer. We found in pancreatic cancer
cells, among many coactivators such as Lef1, CAF, and P300,
YAP1 is the only potent coactivator of ZEB1, which signifi-
cantly activates ITGA3 transcription. ZEB1 usually binds to
the promoter of candidate target genes through E-box
known as the ZEB1 binding motif.>* We found after the
mutation of E-box binding sites at ITGA3 promoter, when
ZEB1 was blocked, the promoter activity of ITGA3 was
increased. Therefore, it seemed that ZEB1 did not activate
ITGA3 transcription through E-box binding sites. Later we
found ZEB1 interacted with YAP1/TEAD and formed a

1]0
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complex to coactivate ITGA3 through YAP1/TEAD binding
sites at ITGA3 promoter. Our data explained how ZEB1 ac-
tivates ITGA3 through its coactivator YAP1 in pancreatic
cancer. ZEB1 is a zinc-dependent transcription factor and
previously we have shown ZIP4 upregulates ZEB1 through
phosphorylation of STAT3; however, it is unclear how ZIP4
regulates YAP1 in pancreatic cancer. Aberrant activated
signaling by the Hippo pathway has been reported in lung,
breast, colon, and pancreatic cancer.”® YAP1 is the down-
stream effector of Hippo pathway and Meng at al** indicated
Hippo pathway regulator LATSZ inhibits YAP1 activity
through phosphorylation, cytoplasmic retention, and pro-
tein degradation. Previously we have identified LATS2 is the
downstream target of miR-373, which can be down-
regulated by ZIP4 in pancreatic cancer.”” Based on gene
ontology analysis from TCGA pancreatic cancer database, it
is shown that ZIP4 is linked to the Hippo pathway. For the
first time, we demonstrated that ZIP4 is positively corre-
lated with YAP1 in pancreatic cancer and ZIP4 upregulated
YAP1 through the miR-373-LATS2 signaling axis. We further
identified upregulation of ZEB1 and YAP1 through separate
signaling pathways by ZIP4 contributes to ITGA3 expression
in pancreatic cancer.

Cell adhesion plays a critical role in the late stage of
metastasis and the secondary tumor production. It helps
establish tight connections between cells to cells and cells
to the matrix when the circulating cancer cells reach the
distal organ sites," and cell adhesion not only links cells to
ECM but also activates cell proliferation and modulates
tumor microenvironment to facilitate EMT plasticity and
the secondary tumor formation. However, the mechanism
of how ZIP4 promotes cell adhesion in pancreatic cancer
was not clear. Increasing evidence shows that activated
integrin signaling contributes to cell-cell adhesion, cell
proliferation, and EMT. Activated a561 integrin increased
cell adhesion to fibronectin during EMT.** Recently Li
et al summarized some clinical trials targeting integrins in
cancer, and indicated integrin antagonists such as avf3
and av(@5 integrins are applied more frequently in lung,
liver, and prostate cancer.”> In our study, we showed
among the integrin families, integrin «381 can be acti-
vated by ZIP4 and both high level of ZIP4 and integrin
«3B81 predicted poor overall survival of patients with
pancreatic cancer. Also, blocking of integrin «381 attenu-
ated the effect of ZIP4 on pancreatic cancer progression
and metastasis both in vitro and in vivo. It suggested
ITGA3 may serve as a good candidate for pancreatic
cancer therapy.

In summary, we have shown that ZIP4 upregulated YAP1
through the Hippo pathway and that ZIP4 promotes
pancreatic cancer cell-to-ECM adhesion, organogenesis, and
EMT plasticity by upregulating ITGA3, which is directly
activated by ZEB1/YAP1 complex. Furthermore, we eluci-
dated a novel signaling axis ZIP4-miR-373-LATS2-ZEB1/
YAP1-ITGA3 in pancreatic cancer. Our data suggested that
ZIP4 is a critical regulator of this signaling pathway and the
phenotypes of EMT and tumor metastasis; thus, ZIP4
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represents a novel and potentially effective therapeutic
target in pancreatic cancer.
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Supplementary Materials and Methods

Cell Viability Assay

The 96-well plate was precoated with 500 ug/mL lam-
inin at 37°C for 2 hours. Pancreatic cancer cells were seeded
onto the plate. After 30 minutes, cells were gently washed
with phosphate-buffered saline 3 times and fixed with 4%
paraformaldehyde (PFA) and stained with crystal violet for
1 minute. Images were taken under a light microscope. At
the same time, cell viability was detected with 2 uL ala-
marblue (Bio-Rad, Hercules, CA) reagent mixed with 98 uL
10% fetal bovine serum medium. Absorbance was recorded
at 560 and 590 nm with microplate reader (Bio-Tek In-
struments, Vinooski, VT).

Western Blot Analysis

Cell lysate protein was isolated and loaded on sodium
dodecyl sulfate polyacrylamide gels as previously
described." Membranes were incubated with appropriate
antibodies against ZIP4 (Proteintech, Rosemont, IL;
1:2000), ITGA3 (Millipore, Billerica, MA; 1:1000), YAP1
(Cell Signaling Technology; 1:1000), ZEB1 (Cell Signaling
Technology; 1:500), LATS2 (Cell Signaling Technology;
1:400), or @-actin (Sigma; 1:10,000) at 4°C overnight. After
washing with 0.1% Tween 20-Tris-HCl-buffered saline
(TBS), the membranes were incubated with a horseradish
peroxidase-linked secondary antibody (1:5000) for
2 hours at room temperature. Immunoreactive bands were
detected using an enhanced chemiluminescent (ECL) plus
reagent Kit.

Immunohistochemical Staining

Three-dimensional spheroids and xenograft tumors
were collected and fixed with 4% PFA or formalin and
embedded with paraffin and were sectioned into 4-um
slides. Slides were deparaffinized and incubated with 3%
hydrogen peroxide solution to quench endogenous peroxi-
dase activity for 15 minutes and then steamed for 15 mi-
nutes for the antigen retrieval and incubated in blocking
buffer for 30 minutes at room temperature and incubated
with antibody against YAP1 (1:500; Cell Signaling Technol-
ogy), ITGA3 (1:1000; Millipore Sigma), LATS2 (1:50; Pro-
teintech), and incubated overnight at 4°C. After washing
with PBS, slides were incubated with polymer secondary
antibody for 30 minutes (Vector Laboratories). Immune
complexes were detected with diaminobenzidine under a
phase-contrast microscope. The sections were then dehy-
drated, mounted, and observed under the microscope.

Gastroenterology Vol. 160, No. 5

Immunofluorescence Staining

Human pancreatic cancer cell lines, KPC, and KPCZ
mouse cells were seeded onto chamber slides and fixed with
4% PFA at room temperature for 15 minutes. The slides
were treated with 0.2% Triton X-100 at room temperature
for 15 minutes for the permeabilization. Slides were blocked
in TBS with 0.1% bovine serum albumin for 30 minutes at
room temperature and incubated with primary antibody
anti-ITGA3 (1:200; Millipore Sigma), ZIP4 (1:500; Pro-
teintech) at 4°C overnight. After washing with TBS 3 times,
slides were incubated with Alexa Fluor Plus 488 secondary
antibody (1:200; Thermo Fisher Scientific, Waltham, MA) at
room temperature for 30 minutes. Slides were then incu-
bated with F-actin (Abcam, Cambridge, MA) at room tem-
perature for 1 hour, then labeled with Hoechst (1:10,000)
for 1 minute. The slides were then mounted and observed
under the confocal microscope.

Confocal Microscopy Imaging

Briefly, cells and spheroids were fixed with 2% PFA for
10 minutes at room temperature, permeabilized with TBS-
0.2% Triton X-100 for 10 minutes and then blocked with
0.2% bovine serum albumin in TBS. Samples were incu-
bated with primary antibodies overnight and incubated with
secondary antibodies (1:200 dilution) for 1 hour at room
temperature, and mounted in mounting medium (Vector
Laboratories, Burlingame, CA). Confocal images were ac-
quired using Leica (Wetzlar, Germany) SP8 with 405, 488,
and 647 laser lines. Images were analyzed using LASX
software (Leica).

Gene Set Enrichment Analysis

RNA-sequencing data were acquired from TCGA
pancreatic cancer database (https://portal.gdc.cancer.gov/).
We stratified samples into ZEB1-high and ZEB1-low groups.
Gene set of YAP1 conserved signature was obtained from
MSigDB database (https://www.gsea-msigdb.org/gsea/
index.jsp). Gene set enrichment analysis was performed in
gene set enrichment analysis software following the in-
structions of the software.

Supplementary Reference
1. Kandasamy S, Adhikary G, Rorke EA, et al. The YAP1
signaling inhibitors, verteporfin and CAS3, suppress the

mesothelioma cancer stem cell phenotype. Mol Cancer
Res 2020;18:343-351.

Author names in bold designate shared co-first authorship.


https://portal.gdc.cancer.gov/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
http://refhub.elsevier.com/S0016-5085(21)00025-1/sref44
http://refhub.elsevier.com/S0016-5085(21)00025-1/sref44
http://refhub.elsevier.com/S0016-5085(21)00025-1/sref44
http://refhub.elsevier.com/S0016-5085(21)00025-1/sref44
http://refhub.elsevier.com/S0016-5085(21)00025-1/sref44

	Zinc-Dependent Regulation of ZEB1 and YAP1 Coactivation Promotes Epithelial-Mesenchymal Transition Plasticity and Metastasi ...
	Materials and Methods
	Cell Lines, Small Interfering RNAs, and Plasmids
	Human Tissue Samples
	Stable Cell Line Construction
	Spheroid Formation Assay
	Three-Dimensional Organoid Culture
	Chromatin Immunoprecipitation Assay
	Promoter Activity Assay
	Co-Immunoprecipitation
	RNA Basescope In Situ Staining
	Pancreatic Cancer Xenograft Mouse Model
	Statistical Analysis

	Results
	YAP1 Is a Potent Coactivator of ZEB1 to Enhance ITGA3 Transcription in Pancreatic Cancer Cells
	ZEB1 Activates ITGA3 Transcription Through YAP1/TEAD Binding Sites
	ZIP4 Upregulates YAP1 Through miR-373-LATS2 in Pancreatic Cancer Cells
	ZIP4 Promotes Cell Adhesion, Spheroid Formation, and Organogenesis Through Its Downstream Target ITGA3
	ZIP4 Promoted EMT in Pancreatic Cancer 3D Spheroid and Organoid Model

	Discussion
	Supplementary Material
	References
	Acknowledgments
	CRediT Authorship Contributions
	Supplementary Materials and Methods
	Cell Viability Assay
	Western Blot Analysis
	Immunohistochemical Staining
	Immunofluorescence Staining
	Confocal Microscopy Imaging
	Gene Set Enrichment Analysis

	Supplementary Reference


