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ARTICLE INFO ABSTRACT

Keywords: Non-small cell lung cancer (NSCLC) is one of the most critical health problems worldwide, with high incidence
ZIp4 and poor survival rate. A zinc importer ZIP4 has been implicated in the process of tumor growth and metastasis

Non-small cell lung cancer of many cancers. However, its exact role and the underlying mechanism in NSCLC remains to be elucidated. In

Sm.nl . .. the present study, we found that human ZIP4 was substantially overexpressed in NSCLC tissues and was
Epithelial-mesenchymal transition . . N ) X
Metastasis correlated with poor overall survival (OS) and progression-free survival (PFS). Overexpression of ZIP4 promoted

cell migration, invasion and metastasis both in vitro and in a mouse lung metastasis model. Silencing of ZIP4
attenuated migration, invasion and metastasis. Mechanistically, overexpression of ZIP4 increased the expression
of Snail, Slug and N-cadherin while genetic inactivation of ZIP4 downregulated the expression of above-
mentioned genes. Further analysis showed that transcriptional factor Snail which modulates N-cadherin was
involved in the process of ZIP4-mediated NSCLC migration and invasion. We also demonstrated that ZIP4
positively correlates with the levels of Snail, Slug and N-cadherin in mice lung metastasis tumors. Together, these
results suggest that ZIP4 acts as an important regulator of Snail-N-cadherin signaling axis in promoting NSCLC
progression and may serve as a novel predictive marker and therapeutic target in NSCLC.

there is a pressing need to identify new markers and therapeutic targets
to develop an effective treatment for NSCLC.

1. Introduction

Lung cancer is the leading cause of death from all cancer types
worldwide (18.4% of all cancer deaths) [1]. It can be divided into small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). NSCLC
is the most common subtype whose five-year survival rate is only 15%,
with approximately 70% of NSCLC patients diagnosed with metastases
[2]. Histologically NSCLC has different subtypes exhibiting distinct
disease patterns and cellular heterogeneity [3,4]. Even though great
progress has been made in the diagnosis and treatment of NSCLC, the
morbidity and mortality still remain high. And little is known about the
pathogenesis and molecular mechanism of NSCLC [4,5]. Therefore,

Zinc is an essential trace element and nutrient functioning as a cat-
alytic cofactor for multiple enzymes; and it is required for many enzymes
and transcriptional regulators involved in cancer growth and metastasis
[6]. Zinc concentrations are maintained by two zinc carrier families:
intracellular zinc concentration is increased by ZIP family through
promoting extracellular uptake, while reduced by ZnT transporters
through efflux [6-8]. Aberrant expression of ZIP family leading to
altered intracellular zinc levels are involved in the pathogenesis of
multiple cancers such as pancreatic cancer [6,9,10], glioblastoma [11,
12], breast cancer [13], and prostate cancer [14]. ZIP4 is overexpressed
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in human pancreatic cancer and promoted tumor growth and progres-
sion [9]. ZIP4-ZEB1l-Integrin a3f1 pathway mediated gemcitabine
resistance of pancreatic tumors by inhibiting ENT1 expression [15]. Our
previous study described a complete gene expression profiling of zinc
transporters (14 ZIPs and 10 ZnTs proteins) in human lung cancer tissues
and cell lines and found there were differential expression patterns of
zinc transporters which showed high tissue specificity [16]. However,
the molecular mechanisms underlying the zinc transporter mediated
NSCLC metastasis require further investigation.

In this study, we found that ZIP4 was overexpressed in NSCLC tumor
tissue, and its expression level negatively correlated with overall sur-
vival (OS) and progression-free survival (PFS) in patients with NSCLC.
Both in vitro and in vivo studies revealed that ZIP4 can promote NSCLC
tumor invasion, migration and metastasis. Mechanistically, ZIP4 can
facilitate epithelial-mesenchymal transition (EMT) process and increase
NSCLC cancer cell metastasis via activating Snail-N-cadherin signaling
pathway. In summary, our study uncovers a novel mechanism of the
progression and metastasis of NSCLC mediated by the ZIP4-Snail-N-
cadherin axis, and also suggests that ZIP4 may serve as a novel prog-
nostic biomarker and a potential therapeutic target for NSCLC.

2. Materials and methods

2.1. Tissue microarray (TMA) based immunohistochemical (IHC)
staining

A TMA containing 98 pairs of lung adenocarcinoma and adjacent
tissue samples (2 mm tissue core per replicate) and another TMA con-
taining 90 pairs of lung squamous carcinoma and adjacent tissue sam-
ples were constructed by Outdo Biotech Co., Ltd. (Shanghai, China). And
the clinicopathological and survival data were also provided by Outdo
Biotech Co., Ltd. None of the patients received neoadjuvant chemo-
therapy or radiotherapy prior to surgery, and all patients have
completed 5 years follow-up process. A rabbit polyclonal antibody
against human ZIP4 (Proteintech, dilution: 1:100) and a two-step
immunohistochemical staining kit (EnVisionTM + kit, Dako,
Denmark) were used. The staining intensity and the proportion of
immunostained tumor were assessed and the staining intensity was
defined as the follows: 0, negative; 1, weak; 2, moderate; or 3, strong
according to a previous study [17]. The staining index was obtained by
these two scores multiplied. A high ZIP4 expression was defined as a
staining index >1.8, whereas a low ZIP4 expression <1.8.

2.2. Database analysis

Gene expression profiling data of NSCLC patients was obtained from
the GEO Datasets (GSE30219 GSE10072) (https://www.ncbi.nlm.nih.
gov/geo/). For the survival analysis, we included multiple data sets,
including TCGA, CAARRAY, GSE14814, GSE19188, GSE29013,
GSE30219, GSE10072, GSE31210, GSE3141, GSE31908, GSE37745,
GSE43580, GSE4573, GSE50081 and GSE8894, which were incorpo-
rated in the Kaplan-Meier Plotter platform (https://kmplot.com/
analysis/). Median value of ZIP4 expression was set as the cut-off
value. To elucidate the function of ZIP4 in NSCLC, we screened gene
ontology term differences by DAVID analysis using positively associated
genes of ZIP4 (R > 0.3). Data were obtained from the public databases
and all the patients’ information were de-identified, ethical approval
was waived by institutional ethics committee.

2.3. Cell culture

A549 and H358 lung cancer cell lines were kindly provided by Dr.
Rajagopal Ramesh from the University of Oklahoma Health Sciences
Center (OUHSC). All the cells were cultured in RPMI-1640 medium
(HyClone) containing with 10%FBS (fetal bovine serum) (Gibco by life
technologies), 1% penicillin/streptomycin (Sigma) and 1% Sodium
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Pyruvate (Gibco) at 37 °C with 5% COa.

2.4. Stable cell line construction

Our previous study detected the expression level of ZIP4 in 8
different lung cancer cell lines, and found low expression of ZIP4 in
A549 cell and high expression in H358 cell line [16], so we chose these
two cell lines in the present study. ZIP4 overexpression cells were
selected in A549 cells with retrovirus vector pBabe (Clontech), following
manufacturer’s instructions. Briefly, full-length human ZIP4 ¢cDNA was
cloned into pBabe vector, and the recombinant plasmid was transfected
into phoenix ampho cells to prepare the viral particles used for A549
stable cell line selection. ZIP4 knockdown cells were selected in H358
cells with ZIP4 shRNA vector as described previously [6]. Recombinant
plasmid was transfected into 293Ta cells together with packaging vec-
tors. The viral supernatants were collected and transduced into A549
and H358 cells. Stable cells A549-V, A549-ZIP4 and H358-shV,
H358-shZIP4 were selected with 0.5 pg/ml puromycin. The cells used
in mouse lung metastasis model were transduced with viral vector
expressing luciferase and GFP, so that the pulmonary metastatic nodules
can be counted with a luminometer and under a UV filter. ZIP4 knockout
cells were selected in H358 cells. Briefly, H358 cells were transfected
with Cas9 expression vector (Addgene, MA) and selected with 2.5 pg/ml
blasticidin, and then guide RNAs (gRNA) targeting ZIP4 were introduced
into the H358-Cas9 cells by transfection using lipofectamine 3000.
Finally, the monoclonal H358-ZIP4-knockout cells were selected by
limiting dilution method.

2.5. RNA extraction and real-time PCR

ZIP4, Snail, Slug, N-cadherin, E-cadherin and Vimentin mRNAs
expression levels were analyzed by real-time PCR using the SYBR
supermix kit (Life Technologies). Briefly, the PCR reaction which
including 100 nmol/L primer, diluted cDNA templates, and SYBR Green
supermix running for 40 cycles at 95 °C for 20 s and then 60 °C for 1 min.
Each cDNA sample was run in triplicate andf-actin primer was included
in every plate in order to avoid sample variations. The primer sequences
are as follows:

Gene Sequence (5'-3')
Z1P4 F ATGTCAGGAGCGGGTCTTGC
R GCTGCTGTGCTGCTGGAAC
Snail F TCGGAAGCCTAACTACAGCGA
R AGATGAGCATTGGCAGCGAG
Slug F CGAACTGGACACACATACAGTG
R CTGAGGATCTCTGGTTGTGGT
N-cadherin F TTTGATGGAGGTCTCCTAACACC
R ACGTTTAACACGTTGGAAATGTG
E-cadherin F CGAGAGCTACACGTTCACGG
R GGGTGTCGAGGGAAAAATAGG
Vimentin F AGTCCACTGAGTACCGGAGAC
R CATTTCACGCATCTGGCGTTC

2.6. Western Blot analysis

Cell lysates were collected and loaded on 8% SDS polyacrylamide
gels then transferred to a nitrocellulose membrane (Life Technologies).
The membranes were incubated with antibodies against ZIP4 (Pro-
teintech, 1:2000), Snail (Cell signaling, 1:1000), Slug (Cell signaling,
1:1000), N-cadherin (Cell signaling, 1:1000), E-cadherin (Cell signaling,
1:1000), Vimentin (Cell signaling, 1:1000) or f-actin (Sigma, 1:10000)
at 4 °C overnight. Following washes with TBST, membranes were
incubated with the secondary antibody diluted into milk (1: 20,000) for
1 h at room temperature. After washing by TBST for 3 times, the
membranes were detected using an enhanced chemiluminescent (ECL)
plus reagent kit.
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Fig. 1. ZIP4 is overexpressed in non-small cell lung cancer and is negatively correlated with patients’ overall survival (OS). (A) Representative images of H&E and
IHC staining of ZIP4 in human lung squamous carcinoma and adjacent tissues. Scale bar, 100 pm. (B) Representative images of H&E and IHC staining of ZIP4 in
human lung adenocarcinoma and adjacent tissues. Scale bar, 100 pm. (C) IHC score of ZIP4 staining in human lung squamous carcinoma and adjacent tissues. ***P <
0.0001 vs. adjacent tissues, using paired t-test. (D) IHC score of ZIP4 staining in human lung adenocarcinoma and adjacent tissues. ***P < 0.0001, using paired t-test.
(E) The association between ZIP4 expression and patients’ overall survival (OS) in human lung NSCLC patients. P = 0.0063. The cut-off value of ZIP4 IHC score is 1.8.

2.7. In vitro wound healing assay

Cells were seeded in 6-well plates and treated with mitomycin C (10
pg/ml, Sigma) for 2 h after they grew to about 90%-100% confluent.
100 pl pipette tips were used to make the scraped lines and the wound
healing was detected and images were recorded at 0 and 48 h under a
microscope. The images acquired for each sample were further analyzed
quantitatively. For each image, distances between one side of scratch
and the other were measured at certain intervals (pm) using Image Pro-
Plus software (Media Cybernetics) and calculated as percentage of
migration distance normalized to the scratch distance at 0 h.

2.8. In vitro migration and invasion assay

Modified Boyden chamber with uncoated or coated matrigel were
used to detect the cell migration or invasion (Corning). Cells were
trypsinized and resuspended in medium without FBS (5 x 10* cells/100
ul for migration and 5 x 10* cells/500 pl for invasion) and seeded into
the upper chamber, with 600 pl of the growth medium added to the
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lower chamber (750 pl in lower chamber for invasion assay). 48 h later,
cells were fixed with 20% methanol and stained with Crystal Violet for
imaging and cell counting.

2.9. Invitro cell proliferation assay

Cell proliferation was tested by MTT assay. Stable cell lines A549-V,
A549-ZIP4, H358-shV, H358-shZIP4 were seeded in 96-well plates
(2000 cells/well), and serum-starved for 24 h. Cell growth was assessed
on 0, 1, 2, 3, 4, 5 days. 20 pl per well of 50 mg/ml 3-(4, 5-dimethylth-
iazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) solution (Appli-
chem, Darmstadt, Germany) was added to cells. Cells were incubated for
4 h until a purple precipitate was visible. Precipitates were dissolved
with DMSO by gentle shaking. And absorbance was measured at 490 nm
with an EL-800 universal microplate reader (Bio-Tek Instruments,
Winooski, VT).
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2.10. In vivo subcutaneous (SC) tumor growth assay

Stable lung cancer cell lines (A549-V, A549-ZIP4, H358-shV, H358-
shZIP4) were harvested by trypsinization and resuspended in RPMI-
1640 medium. 5 x 10° A549 cells and 7.5 x 10° H358 cells in 100 pl
medium were subcutaneously injected into the right flank of 6-week-old
nude mice. Tumor growth was examined every week by a digital caliper,
and the tumor volume was determined with the formula: tumor volume
[mm3] = (length [mm]) x (width [mm])? x 0.52. Five weeks later, all
mice were euthanized by an overdose of CO, exposure and tumor weight
was measured.

2.11. In vivo metastasis mouse model

The metastasis lung cancer mouse model was established by using
tail vein injection of NSCLC cells as previously described [18,19]. In our
study, stable lung cancer cell lines (A549-V, A549-7ZIP4, H358-shV,
H358-shZIP4) labelled with GFP and luciferase were used to establish
lung metastasis mouse model in order to investigate the effect of ZIP4 on
cell migration and invasion in vivo. Cells were harvested by trypsiniza-
tion and then resuspended in RPMI-1640 medium. 2 x 10% A549 cells
and 7 x 10% H358 cells in 100 pl medium were injected into the tail vein
of 6-week-old nude mice with eleven nude mice in A549 groups and five
nude mice in H358 groups (Envigo, Indianapolis). Luminescence in lung
tumors was monitored with in vivo imaging system (IVIS) at 1, 2, 3 weeks
after tail vein injection. Mice were intraperitoneal injected with 150
mg/kg luciferin (Gold Biotechnology) 20 min before imaging. Tumor
burden was determined by averaging photon flux of mice. Three weeks
after tail vein injection, all mice were euthanized and perfused using
formalin. The pulmonary metastatic nodules with GFP signals were
counted with a filter under UV. The lungs were fixed in formalin,
paraffin-embedded sections of each lung tissue were stained with H&E
and immunohistochemistry staining. All studies were approved by
Institutional Animal Care and Use Committee (IACUC) at OUHSC.

2.12. IHC staining

Mouse lung paraffin embedded tissues were collected and prepared
into 5-pm slides. Fixed tissue slides were incubated in 3% H30,/meth-
anol to quench endogenous peroxidase activity for 15 min and then
washed with PBS. The slides were transferred into the container with
antigen unmasking solution in the steamer and cooked for 20 min and
then incubated in blocking buffer for 30 min at room temperature. Slides
were stained with antibodies against ZIP4 (Proteintech, 1:500), Snail
(Cell signaling, 1:200), Slug (Novus, 1:250), N-cadherin (Cell signaling,
1:200) and incubated overnight at 4 °C. After washing with PBS for 3
times, the slides were incubated with secondary antibody for 30 min at
room temperature. Immune complexes were detected with dia-
minobenzidine (DAB) under a phase-contrast microscope. The staining
intensity and the proportion of immunostained tumor were assessed.
Positive control and controls without primary antibody were also
included in all our experiments to make sure the staining quality. The
slides were observed under a phase-contrast microscope and the staining
intensity and proportion of immunostained tumor was scored by two
pathologists without knowledge of the mice information.

2.13. Statistical analysis

Statistics analysis was performed in R (https://www.bioconductor.
org/) and Graphpad Prism 6.0 software (https://www.graphpad.com).
All values are expressed as mean + standard deviation (SD). The sta-
tistical significance between experimental group and control was
determined by Student’s t-test or Wilcoxon’s test. Chi-square, McNemar
test or Kaplan-Meier analysis and Cox Proportional Hazard model were
employed to assess the survival rate of patients. P-value less than 0.05
was considered to be a statistically significant difference.
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Table 1
Differential expression of ZIP4 in NSCLC and adjacent tissues.
n ZIP4 expression Chi-square P value
I
High Low Value
Adenocarcinoma 81 49 32 70.248 <0.0001
adjacent tissues 81 0 81
Squamous carcinoma 88 32 56 39.111 <0.0001
adjacent tissues 88 0 88

Table 2
Correlation between ZIP4 expression and clinicopathological characteristics in
NSCLC.

High Low
variables ZIP4 expression total X2 P value
low high

Age (year) 0.093 0.76
<58 36 33 69
>58 58 59 117

Sex 0.845 0.358
Female 21 27 48
male 71 67 138

TNM stage 4.946 0.026
/1 67 55 122
1I/1v 22 37 59

T stage 0.268 0.605
T1/T2 65 68 133
T3/T4 24 21 45

N stage 1.199 0.655
NO 47 45 92
N1/N2/N3 43 47 90

M stage 1.979 0.16
MO 92 92 184
M1 0 2 2

Grade 7.411 0.006
/1 71 55 126
11 21 39 60

3. Results

3.1. ZIP4 is overexpressed in NSCLC and its expression predicts patient
survival

We examined the expression levels of ZIP4 in NSCLC tumor and
adjacent tissues with TMA array by IHC staining. As shown in Fig. 1A
and B, ZIP4 was predominantly expressed in the cytoplasm and cyto-
membrane in both lung squamous and adenocarcinoma cancer. High
expression of ZIP4 was detected in 36.4% (32/88) of squamous carci-
noma and 60.5% (49/81) of lung adenocarcinoma cancer tissues,
respectively, while none of the adjacent tissues showed high ZIP4
expression (P < 0.0001, Table 1, Fig. 1C and 1D). We also investigated
the correlation between ZIP4 expression and clinicopathological char-
acteristics both in squamous carcinoma and adenocarcinoma patients.
As shown in Table 2, high ZIP4 expression was associated with advanced
stage and higher grade in NSCLC. The value of ZIP4 in predicting
prognosis in patients with NSCLC was evaluated by univariate and
multivariate Cox regression analysis. Univariate analysis revealed that
patients with high ZIP4 expression, high tumor grade and advanced
TNM stage had significantly worse overall survival (P = 0.007, 0.005
and P < 0.0001, respectively, Table 3). Multivariate Cox regression
analysis identified ZIP4 expression (HR = 1.591, P = 0.033), tumor
grade (HR = 1.631, P = 0.027) and TNM stage (HR = 2.687, P = 0.002)
as independent prognostic factors in patients with NSCLC (Table 3).
Kaplan-Meier survival analysis revealed that NSCLC patients with high
expression of ZIP4 had much worse survival than those patients with low
expression (P = 0.0062) (Fig. 1E). Meanwhile, in order to validate our
finding, we also examined other data sets. We included multiple data
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Univariate and multivariate analyses of the factors correlated with overall survival of NSCLC patients.

variables Univariate analysis Multivariate analysis
HR 95%CIL p value HR 95%CIL P value

ZIP4 expression 1.737 1.161-2.598 0.007 1.591 1.016-2.438 0.033
Age 1.555 1.01-2.393 0.045 1.45 0.911-2.306 0.117
sex 0.823 0.53-1.276 0.383 0.795 0.161-3.941 0.779
TNM stage 4.025 2.666-6.075 <0.0001 2.687 1.445-4.995 0.002
T stage 1.857 1.201-2.872 0.005 1.206 0.727-2.000 0.469
N stage 2.576 1.697-3.91 <0.0001 1.396 0.780-2.499 0.261
M stage 2.419 0.595-9.839 0.217 2.158 0.238-19.550 0.494
Grade 1.785 1.191-2.674 0.005 1.631 1.057-2.517 0.027
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Fig. 2. ZIP4 promotes migration and invasion of NSCLC in vitro. (A) Wound healing assay. The view of wound healing was captured at 0 and 48 h in A549-V and
A549-ZIP4 cells. (P < 0.01, t-test, n = 10). The migration distance was quantified and plotted. (B) Wound healing assay. The view of wound healing was captured at
0 and 48 h in H358-shV and H358-shZIP4 cells. (P < 0.01, t-test, n = 10). The migration distance was quantified and plotted. (C) Wound healing assay. The view of
wound healing was captured at 0 and 48 h in H358-Cas9 and H358-ZIP4-KO cells. (P < 0.01, t-test, n = 10). The migration distance was quantified and plotted. (D)
Transwell migration and invasion assay. Relative cell migration and invasion capacity was detected in A549-V and A549-ZIP4 cells at 48 h. (P < 0.01, t-test, n = 10).
(E) Transwell migration and invasion assay. Relative cell migration and invasion was detected in H358-shV and H358-shZIP4 cells at 48 h. (P < 0.01, t-test, n = 10).
(F) Transwell migration and invasion assay. Relative cell migration and invasion was detected in H358-Cas9 and H358-ZIP4-KO cells at 48 h. (P < 0.01, t-test, n =

10). All data are mean =+ SD. Scale bar, 100 pm. ** P < 0.01.

sets which were incorporated in the Kaplan-Meier Plotter platform
(https://kmplot.com/analysis/). We found that high ZIP4 expression in
tumor tissue was associated with worse overall survival in NSCLC
(Fig. S1A). In addition, we also assessed the association between ZIP4
expression levels and NSCLC patients’ overall survival and progression-
free survival with the data of GSE30219. The NSCLC patient overall
survival and progression-free survival were significantly reduced in the
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group with high ZIP4 expression (Fig. S1B). To identify the function of
ZIP4 involved in NSCLC, we screened gene ontology term differences by
DAVID analysis using positively associated genes of ZIP4 (R > 0.3). Gene
ontology term data showed that ZIP4 was associated with cell-cell
adhesion, which was EMT related phenotype, in cell component (CC),
molecular function (MF) and biological process (BP) (Fig. S1C). Further,
gene set enrichment analysis (GSEA) revealing that ZIP4 was highly


https://kmplot.com/analysis/

Y. Jiang et al.

A AT

T

A549-ZIP4

TINITITNRRINIRITIT

o “ W ;

JIRTIRTANIRTARARUARIRL} g
H358-shZIP4 ‘ . W

Cancer Letters 521 (2021) 71-81

" —
2 40 .
ﬂ_g n
2830
o —
5 S 20
S
5310 nln
Zg 0 i L]

' ZIP4
A549
D
815 .
c3
273 .
g_;w
o8
Ew S
20 o
E 0 ; ——
shV  shzIP4
H358

Fig. 3. ZIP4 promotes NSCLC metastasis in vivo. (A) Representative images of mouse lungs, GFP-expressing lung metastatic nodules under a UV filter and the H&E
staining of lung tissues in A549-V and A549-ZIP4 xenograft mouse groups (the arrows refer to tumor lesions). (B) Representative images of mouse lungs, GFP-
expressing lung metastatic nodules under a UV filter and the H&E staining of lung tissues in H358-shV and H358-shZIP4 xenograft mouse groups (the arrows
refer to tumor lesions). (C) Plot of the numbers of lung metastatic nodules in A549-V and A549-ZIP4 xenograft mouse groups. (D) Plot of the numbers of lung
metastatic nodules in H358-shV and H358-shZIP4 xenograft mouse groups. Scale bar, 100 pm. *P < 0.05.

involved in epithelial mesenchymal transition both in GSE30219 and
GSE10072 datasets (Figs. SID-S1E).

3.2. ZIP4 promotes NSCLC cell migration and invasion

Since ZIP4 has been indicated to play important roles in EMT and
metastasis, we sought to investigate the ZIP4 function in cell migration
and invasion in NSCLC. Firstly, the overexpression and blocking effi-
ciency in the ZIP4 overexpression and knockdown stable cell lines were
confirmed at mRNA and protein levels by RT-PCR and Western Blot
analysis (Figs. S2A-S2C). The effect of ZIP4 on cell migration was
examined by wound healing assay. A549-ZIP4 cells showed significantly
faster closure of the wound area than A549-V cells (Fig. 2A; P < 0.01).
Conversely, the migratory capability of H358-shZIP4 cells and H358-
ZIP4-KO cells were dramatically reduced compared with the vector
control cells (Fig. 2B and 2C; P < 0.01). In accordance with the wound
healing assay results, transwell assays also showed that NSCLC cell
migration and invasion were increased in ZIP4 overexpressed cells
(Fig. 2D) and reduced in ZIP4 knockdown (Fig. 2E) and knockout cells
(Fig. 2F) compared with the control cells. However, MTT results showed
that ZIP4 overexpression or knockdown did not affect the cell prolifer-
ation rates of A549 and H358 cells (Figs. S3A-S3B). Thus, these results
indicated that ZIP4 promotes the migration and invasion of NSCLC cells.

3.3. ZIP4 promotes NSCLC metastasis in vivo

To evaluate the functional impact of ZIP4 on tumor metastasis,
A549-V, A549-Z1P4, H358-shV, H358-shZIP4 cells labelled with GFP
and luciferase were injected into nude mice via tail vein. The images in
Fig. S4A showed there were no difference of GFP signal between the
paired stable cell lines of A549-V and A549-ZIP4, as well as in H358-shV
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and H358-shZIP4 cells. The signal of NSCLC cell metastasis to lung was
monitored by luminescence using in vivo imaging system (IVIS), the
results showed that the luminescent signals were stronger in A549-Z1P4
mice than that in A549-V mice and weaker in H358-shZIP4 mice than
H358-ShV mice at 2 weeks and 3 weeks after tail vein injection
(Fig. S4B). After 3 weeks of tumor growth and metastasis, mice in A549-
ZIP4 group exhibited worse condition with faster respiratory rate and
more weight loss compared to that in the A549-V group (Fig. S4C). The
reversed effects were observed in H358-shV and H358-shZIP4 mice.
H358-shZIP4 mice have less weight loss compared with control group
(Fig. S4D). Three weeks after tumor implantation, mice were eutha-
nized, and the pulmonary metastatic nodules were counted under the
GFP filter. The number of metastatic nodules in the lung were signifi-
cantly higher in A549-Z1P4 group than that in the A549-V mice (Fig. 3A
and C). In contrast, H358-shZIP4 group mice showed reduced number of
lung metastatic nodules than H358-shV group mice (Fig. 3B and D). The
H&E staining results showed lung metastasis in all the mice. Therefore,
these in vivo results further demonstrated that ZIP4 played an important
role in NSCLC metastasis which is consistent with the in vitro data. In the
subcutaneous mouse model, there were no significant difference of
tumor weight in A549-V and A549-ZIP4, H358-shV and H358-shZIP4
groups (Fig. S3C - S3D, S3F - S3G). However, we found that the tu-
mors in A549-ZIP4 mice group were prone to develop ulcer compared
with A549-V group (Fig. S3E). These results further indicated that the
effect we see in Fig. 3 is due to migration and invasion, but not
proliferation.

3.4. ZIP4 is correlated with EMT markers in NSCLC cells and the mouse
lung metastatic tumors

To gain further insight into possible downstream signaling pathways
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underlying the regulation of ZIP4 during NSCLC progression and
metastasis, we performed the mechanistic study using both in vitro and in
vivo assays. Since ZIP4 is correlated with EMT gene signatures in
GSE30219 and GSE10072 datasets (Figs. SID-S1E), we validated the
gene expression correlations in the NSCLC cell lines with ZIP4 over-
expression, knockdown and knockout. As shown in Fig. 4A and C and
Fig. S5A, the expression of Snail, Slug and N-cadherin in A549- ZIP4 cells
was upregulated at both mRNA and protein levels compared to A549-V
cells. In contrast, H358 cells showed decreased Snail, Slug and N-cad-
herin expression following ZIP4 knockdown or knockout (Fig. 4B-C,
Figs. S5B-S5C). The IHC staining results showed increased expression of
Snail, Slug and N-cadherin in the xenograft mice lung metastatic tumors
of A549-ZIP4 group comparing with A549-V group (Fig. SAandB). ZIP4
expression was positively correlated with Snail (P < 0.0001, r = 0.8077),
Slug (P < 0.0001, r = 0.5622) and N-cadherin (P = 0.0067, r = 0.3278)
in the mice lung metastatic tumor tissues (Fig. 5C). Conversely,
expression of Snail, Slug and N-cadherin in the mice lung metastatic
tumors was decreased in H358-shZIP4 group compared with H358-shV
(Fig. 5D and 5E) and ZIP4 expression was positively correlated with
Snail (P = 0.0021, r = 0.7144), Slug (P = 0.0392, r = 0.4311) and N-
cadherin (P = 0.0038, r = 0.6695) (Fig. 5F).

3.5. ZIP4 promotes NSCLC cells migration and invasion in a snail-
dependent manner

Next, we further examined the mechanism that how ZIP4 enhances
tumor metastasis through regulating these EMT gene expression. Snail is
a crucial transcription factor that provokes EMT through converting
epithelial cells into mesenchymal cells with migratory properties
[20-22]. Our data showed that Snail is positively correlated with ZIP4
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expression. Therefore, we hypothesized that Snail is involved in the
process of tumor migration and invasion mediated by ZIP4. We per-
formed the wound healing assay, transwell migration and invasion assay
in A549-V and A549-ZIP4 cells with or without Snail silencing using
RNAI technique. First, we used three siRNAs for Snail knockdown in
A549-71P4 cells and the RNA interference efficiency was confirmed by
RT-PCR and Western blot (Fig. 6A and 6B). The wound healing assay
showed that A549-ZIP4 cells had significantly faster closure of the
wound area than A549-V cells, but with Snail knockdown, the migration
distance decreased in the A549-ZIP4 cells at 48 h (Fig. 6C). And the
transwell assay results also showed that tumor migration and invasion
induced by ZIP4 was impaired by Snail knockdown (Fig. 6D). The
expression of N-cadherin decreased when knocking down Snail in
A549-Z1P4 cells which indicates N-cadherin may act as the downstream
of Snail in promoting NSCLC metastasis (Fig. 6E). As a result, Snail
pathway may partially mediate ZIP4-induced migration and invasion in
NSCLC cells (Fig. 7).

4. Discussion

Recent studies have indicated that ZIP4 plays important roles in
tumor progression in many cancer types. However, its role in NSCLC
pathogenesis and the underlying molecular mechanism remains un-
known. In this study, we elucidated that ZIP4 was overexpressed in
NSCLC and negatively correlated with patients’ OS and PFS. ZIP4 pro-
moted migration, invasion and metastasis of NSCLC in vitro and in vivo.
We also demonstrated that Snail, a key transcriptional factor, is a
mediator of ZIP4 pathway. And N-cadherin is the downstream of Snail
involved in the process of NSCLC progression. These results help us to
further understand the molecular functions of ZIP4 in NSCLC
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pathogenesis and inhibition of ZIP4 might be a novel treatment strategy
for ZIP4-overexpressed NSCLC.

Previous studies have shown that zinc plays important roles in tumor
progression and intracellular zinc level should be maintained at a fine
balance by zinc transporters [7]. Zinc plays pivotal role in structural,
catalytic, and normal regulatory functions, making it essential for the
physiologic functioning of the human body [23]. Zinc deficiency was
reported to be associated with different solid malignancies, including
NSCLC [23,24]. Meanwhile, zinc is also involved in the immune
response and anti-tumor effect, which suggested the importance of zinc
homeostasis in cancer carcinogenesis and development [23,25]. As an
essential zinc transporter, the impact of ZIP4 has been clearly estab-
lished in pancreatic cancer (PC) [6,9,15,26], nasopharyngeal carcinoma
(NPC) [27] and glioblastoma (GBM) [12] progression. Our group firstly
identified that ZIP4 was overexpressed both in pancreatic cancer cell
lines and surgical specimens of patients with PC [9]. Molecular mech-
anism studies found that ZIP4 can promote tumor growth, metastasis
and chemoresistance in PC via a complex regulation network, which
includes CREB-miR-373 axis [6], IL-6/STAT3 pathway [28] and ZEB1
dependent transcriptional mechanisms [26,29]. Overexpression of ZIP4
was also observed in ovarian cancer as an important cancer stem cell
regulator [30,31]. Zeng et al. reported that ZIP4 expression level was
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associated with higher TNM staging and poor prognosis in patients with
NPC, inhibition of ZIP4 reversed the EMT and enhanced radiosensitivity
via the PI3K/Akt signaling pathway in NPC [27]. In NSCLC, our previous
study identified that ZIP4 was overexpressed in six lung cancer cell lines
[16]. However, the expression profile in lung cancer tissues and the
exact molecular mechanisms have not been well explored. In this study,
the expression analysis data from NSCLC TMA showed that ZIP4
expression was higher in NSCLC tissues than adjacent benign tissues and
was negatively associated with patients’ OS and PFS. Overexpression of
ZIP4 promoted tumor migration and invasion in vitro while silencing of
ZIP4 inhibited these processes. Our in vivo data showed that the number
of lung metastatic nodules was significantly higher in ZIP4 over-
expression mice and in contrast it was reduced in ZIP4 knockdown
group. The in vivo xenograft model of lung cancer metastasis was
established by injecting tumor cells via tail vein. Other than this tail vein
model, current lung cancer metastasis mouse models also include
intrathoracic implantation via puncture [32], or introducing the tumor
cells into the trachea to the bronchus [33]. But due to the risk of
pneumothorax, intrathoracic hemorrhage, hemoptysis and death in
those models, the tail vein model has a unique advantage and has been
used in several previous studies [18,19,34]. We recognize the limitation
of the tail vein model as well, which does not fully recapitulate the
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metastasis process of human lung cancer, more xenograft models or reported to be involved in the formation of mesoderm in Drosophila
spontaneous lung cancer metastasis mouse models are warranted in melanogaster [37]. Three Snail family proteins were identified in human,
future studies. including Snail 1 (Snail), Snail2 (Slug) and Snail 3 (Smuc) [38]. All Snail

The degree of malignant NSCLC is high and most of the patients had family members share a highly conserved C-terminal domain, this ter-
metastasis at the time of diagnosis. Cell migration and invasion play minal domain contains 4-6 zinc fingers and can bind to the E-box motif
critical roles in the process of tumor metastasis. A large number of in target gene promoters [39]. Snail has been confirmed to be regulated
previous studies have confirmed that EMT is activated in many malig- by various signal factors from the tumor microenvironment [38]. As a
nant tumor cells, resulting in loss of typical epithelial cell characteristics key regulator of EMT and cancer metastasis, the role of Snail in NSCLC
and meanwhile gaining mesenchymal cell features to promote cancer development and progression has been studied in recent years. Yana-
cells dislocation, migration and complete the invasion-metastasis gawa et al. reported that Snail was overexpressed in NSCLC tissue, and
cascade [35,36]. Recent studies also revealed that EMT is a dynamic high expression of Snail was correlated with poor prognosis [40]. It can
process with an intermediate status instead of binary phenotype. In this promote cancer angiogenesis and metastasis by CXCR2 ligands [40]. Li
study, the database analysis from GSE30219 also revealed that ZIP4 was et al. found that SIRT6 deacetylates Snail and prevents its proteasomal
correlated with the cell component, molecular function, and biological degradation to promote EMT and metastasis in NSCLC [41]. Knockdown

developments. Of note, the bioinformatic analysis found that ZIP4 was of Snail can also induce G2/M arrest and reverse EMT in NSCLC [42].
associated with key regulatory genes in cancer cell EMT. A recent study Deng et al. reported that G-protein-signaling modulator 2 (GPSM2) was
from our group confirmed that ZIP4 activated ZEB1 and YAP1 to pro- downregulated in NSCLC tissues, the in vitro and in vivo studies revealed
mote EMT plasticity and metastasis in pancreatic cancer [26]. These that knockdown of GPSM2 accelerated the EMT process through the
results suggested a pivotal role of ZIP4 in EMT plasticity in NSCLC. ERK/GSK-3p/Snail pathway [43]. Snail also regulated the expression of

However, the exact molecular mechanisms remain to be elucidated. Nanog, an important stem cell-like properties regulator, to mediate EMT
EMT transcriptional factors (EMT-TFs), including ZEB1, Snail and Twist plasticity in NSCLC [44]. In our study, we revealed that ZIP4 expression
etc., play a key role in EMT plasticity regulation. Snail was firstly was correlated with the EMT marker genes expression, such as Snail,
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Fig. 7. Schematic diagram of ZIP4-Snail-EMT signaling pathway in NSCLC
cells.

ZIP4 induced Snail expression and activity, and further activated N

-cadherin to promote EMT and metastasis in NSCLC. A zinc dependent tran-
scription factor Snail is a mediator of ZIP4 initiated signaling cascade, and N
-cadherin is the downstream effector of Snail involved in the process of NSCLC
progression and metastasis.

Slug and N-cadherin in NSCLC. Knockdown of ZIP4 prevented the
metastasis in xenograft mouse model, and also inhibited the expression
of Snail, Slug and N-cadherin. In contrast, overexpression of ZIP4
upregulates the expression of Snail, Slug and N-cadherin to promote
metastasis in NSCLC. We also found that knockdown of Snail reversed
the EMT process and inhibited the migration and invasion in ZIP4
overexpressed lung cancer cells. And the expression of N-cadherin was
also reduced along with the Snail knockdown. These results confirmed
that ZIP4 can promote EMT and metastasis in NSCLC by activating
Snail-N-cadherin pathway. Since Snail is a zinc finger protein and
homeodomain transcriptional factor, it may interact with ZIP4 directly
to facilitate tumor progression and metastasis. However, the detailed
underlying molecular mechanisms of how ZIP4 regulates Snail warrants
further investigation in future study.

In conclusion, our study deciphered a novel pathway that ZIP4
induced Snail and further activated N-cadherin to promote tumor
migration, invasion and metastasis in NSCLC. Our findings highlighted
the potential value of ZIP4 as a useful prognostic biomarker and thera-
peutic target for NSCLC in the future.
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