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Knockdown of Zinc Transporter ZIP5 by RNA Interference Inhibits 
Esophageal Cancer Growth In Vivo

Qian Li, Jing Jin, Jianghui Liu, Liqun Wang, and Yutong He

Cancer Institute, Fourth Hospital of Hebei Medical University, Shijiazhuang, Hebei, China

We recently found that SLC39A5 (ZIP5), a zinc transporter, is overexpressed in esophageal cancer. Down-
regulation of ZIP5 inhibited the proliferation, migration, and invasion of the esophageal cancer cell line 
KYSE170 in vitro. In this study, we found that downregulation of SLC39A5 (ZIP5) by interference resulted 
in a significant reduction in esophageal cancer tumor volume and weight in vivo. COX2 (cyclooxygenase 2) 
expression was decreased and E-cadherin expression was increased in the KYSE170K xenografts, which was 
caused by the downregulation of ZIP5. However, we did not find that the downregulation of ZIP5 caused a 
change in the relative expressions of cyclin D1, VEGF (vascular endothelial growth factor), MMP9 (matrix 
metalloprotein 9), and Bcl-2 (B-cell lymphoma/leukmia-2) mRNA or an alteration in the average level of 
zinc in the peripheral blood and xenografts in vivo. Collectively, these findings indicate that knocking down 
ZIP5 by small interfering RNA (siRNA) might be a novel treatment strategy for esophageal cancer with 
ZIP5 overexpression.
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INTRODUCTION

Cancer of the esophagus is the eighth most common 
cancer in the world and the sixth most common cause 
of death from cancer. In 2012, there were an estimated 
456,000 new cases (3.2% of the total) with an estimated 
400,000 deaths (4.9% of the total). Approximately 80% 
of the cases worldwide occur in less developed areas (1). 
China is a region of high incidence of esophageal carci-
noma. Esophageal cancer is the fifth most common cancer 
in China, with 287,000 new cases, and the fourth leading 
cause of death from cancer, with 211,000 deaths accord-
ing to the China National Cancer Center (2). The 5-year 
relative survival rate for esophageal cancer patients is 
20.9% in China, primarily attributed to the fact that most 
patients are diagnosed initially with terminal-stage can-
cer (3). As a region of high incidence, the residents of 
Cixian have the highest incidence of, and mortality from, 
esophageal cancer in China (4). Some studies in regions 
of high incidence suggest that zinc (Zn) was a risk fac-
tor for esophageal cancer. In Linxian, some studies 
found that Zn levels in cases with esophageal squamous 
cell carcinoma (ESCC) are lower than those in control 
cases, in both serum (81 vs. 91 μg/dl) and esophageal 
tissue (81 vs. 97 μg/g) (5,6). Moreover, much evidence 

indicates that Zn deficiency promotes the effects of 
N-nitrosomethylbenzylamine (NMBA)/4-NQO, which 
acts as an esophageal carcinogen in rodents (7,8).

The ZIP transporter is one Zn transporter, and many 
studies have confirmed that the ZIP transporter is associ-
ated with cancer. The ZIP family includes four subfami-
lies that contain 14 members. A study found that ZIP1 
deficiency was related to prostate cancer, and ZIP1 sup-
plementation was used as a treatment for prostate can-
cer (9). Some studies found that the expression of ZIP2 
and ZIP3 was higher in normal prostate tissue than that 
in prostate cancer tissue (10). Li et al. (11) thought ZIP4 
was overexpressed in pancreatic cancer and silencing 
ZIP4 in pancreatic cancer cell lines could inhibit metas-
tasis, tumor size in nude mice, and increase survival of 
mice with cancer. ZIP6 was highly expressed in breast 
cancer, related to the epithelial–mesenchymal transition 
(EMT), and ZIP6 overexpression was associated with 
the invasion and metastasis of breast cancer (12,13). 
Taylor et al. (14) found the abnormal expression of ZIP7 
could promote the invasive growth of breast cancer by 
increasing the activation of growth factor receptor. As an 
androgen cell membrane receptor, ZIP9 contributed to 
the apoptosis of testosterone-induced prostate cancer and 
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breast cancer by Zn transporter function (15,16). Kang et 
al. (17) found that ZIP11 deficiency was associated with 
high-grade glioma and IDH1 mutation.

ZIP5 is one LIV-1 subfamily member and is similar 
to the ZIP4 protein in sequence. ZIP5 plays an impor-
tant role in dietary Zn element absorption and in regulat-
ing organismal Zn status (18). A study found that mouse 
ZIP5 mRNA abundance did not change in response to 
Zn, but the translation of this mRNA was found to be 
Zn responsive (18). In addition, mouse ZIP5 played a 
novel role in polarized cells by carrying out serosal-to-
mucosal Zn transport (19). Geiser et al. (20) found that 
mouse ZIP5 functioned in acinar cells to protect against 
Zn-leading acute pancreatitis and decreased the process 
of zymophagy.

We previously reported that ZIP5 was overexpressed 
in human esophageal cancer tissue, and downregula-
tion of ZIP5 inhibited the proliferation, migration, and 
invasion of an esophageal cancer cell line KYSE170 in 
vitro. Furthermore, the percentage of cells in the G0/G1 
phase in the KYSE170K cell line was higher than that 
in the KYSE170S cell line. ZIP5 knockdown decreased 
the expression of COX2 and increased the expression 
of E-cadherin in vitro (21). To study the effect of ZIP5 
downregulation on esophageal cancer in vivo, we estab-
lished an esophageal cancer nude mouse model.

MATERIALS AND METHODS

Cell Culture

The human esophageal cancer cell lines KYSE70, 
KYSE150, KYSE170, KYSE180, KYSE510, Eca109, 
Eca9706, and CaES17 were donated by the MD Anderson 
Cancer Center, USA. They were cultured in RPMI-1640 
medium (Hyclone, Logan, UT, USA) with 10% heat-
inactivated fetal bovine serum (FBS; PAN, Adenbach, 
Germany) at 37°C in a 5% CO2 humidified incubator. 
HEK293T cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, USA) with sodium 
pyruvate and 10% FBS.

Construction of Recombinant Lentivirus

Small interfering RNA (siRNA) of three potential 
target sequences were obtained from Ambion. siRNA 
sequences (sense: CCUGCUGAGCAGGAGCAGAAC- 
CAUUACCU and antisense: AGGUAAUGGUUCUGC 
UCCUGCUCA-GCAGG) were confirmed after screen-
ing. For lentivirus construction, a 29-bp fragment (5¢-CC 
UGCUGAGCAGGAGCAGAACCAUUACCU-3 ¢) 
within the ZIP5 cDNA was chosen as the target for 
shZIP5. A scramble fragment (5¢-TGGATCCAAGGT
CGGGCAGGAAGAG-3¢) was used as a negative con-
trol. Hu6-shRNA with primers Hu6-for (BamHI) and 
short hairpin RNA-rev (shRNA-rev) was hybridized and 

cloned into a TA vector. Correct insertion of Hu6-shRNA 
was confirmed using restriction mapping and direct DNA 
sequencing. For lentivirus plasmid PSD31-Hu6 construc-
tion, TA-shRNA and the plasmid PSD31 were digested 
using BamHI and the generated cDNA was purified. The 
purified PSD31 was dephosphorylated. The plasmids 
PSD31-ZIP5-shRNA were obtained from Escherichia 
coli and transformed with the recombinant-containing, 
purified TA-shRNA and dephosphorylated PSD31.

The lentivirus packaging system containing the PSD31 
plasmid and the specific shRNA were cotransfected into 
293T cells using MegaTran1.0 (OriGene, Rockville, MD, 
USA) according to the manufacturer’s instructions. After 
48 h, the supernatant was harvested and filtered through 
a 0.45-mm filter.

Lentivirus Infection and Stable Transduction

For stable transduction, KYSE170 cells were cultured 
in six-well plates (4 × 105/well) and transfected with len-
tivirus with PSD31-ZIP5-shRNA or PSD31-scramble-
shRNA. After 24 h, the medium with 0.6 μg/ml puromycin 
was replaced by the original medium until all cells died 
from parallel experiments. The living cells became the 
stable cell line, and the generated cell lines were named 
KYSE170K and KYSE170S.

Tumor Cell Inoculation

To research the effect of ZIP5 on the tumorigenesis of 
esophageal cancer cells, an esophageal cancer xenograft 
nude mouse model was successfully established. Sixteen 
nude mice 6 weeks old were divided into two groups, 
170K and 170S, for cell inoculation (eight mice in each 
group). A total of 5 × 106 170K and 170S cells in 0.2 ml of 
phosphate-buffered saline (PBS) (Corning, Manassas, VA, 
USA) were subcutaneously injected into the right flank of 
the nude mice. The xenograft size in each group was mea-
sured at 5, 7, 9, 11, and 35 days after inoculation using a 
microcaliper, and the tumor volume was calculated accord-
ing to the following formula: volume = 1/2 length × width2.

Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted with TRIquick reagent 
(Solarbio, Beijing, China) according to the operation man-
ual. After the concentration and purity of the total RNA were 
determined by ultraviolet absorbance spectroscopy, RNA 
was reverse transcribed into cDNA using RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific, Lith uania). 
qRT-PCRs using SuperReal PreMix Plus (SYBR Green) 
(TianGen, Beijing, China) were performed on ABI7500 
Real-Time System (Life Technologies Corp., Foster City, 
CA, USA). The primers for ZIP5, COX2, E-cadherin, 
cyclin D1, VEGF (vascular endothelial growth factor), 
Bcl-2 (B-cell lymphoma/leukmia-2), MMP9 (matrix met-
alloprotein 9), and GAPDH (glyceraldehyde-3- phosphate 
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dehydrogenase) were designed and synthesized by Invi-
trogen (Carlsbad, CA, USA) (Table 1). The relative quantifi-
cation was presented by the 2−DDCt method with normalization 
to GAPDH.

Western Blot Analysis

KYSE170K and KYSE170S were washed twice with 
ice-cold PBS and lysed with ice-cold lysis buffer (RIPA; 
BestBio, Shanghai, China), and xenografts (30 mg) were 
ground using an automatic muller with ice-cold lysis buf-
fer in ice for 30 min at 4°C. Cell and tissue lysates were 
collected and centrifuged (14,000 rpm, 15 min, 4°C). The 
supernatants were collected, and the protein concentration 
was determined by BCA Protein Assay Kit (MultiSciences, 
Hanzhou, China). Total protein (50 μg) was separated with 
10% SDS-polyacrylamide gel electrophoresis and then 
transferred to a polyvinylidene difluoride (PVDF) mem-
brane. After the membranes were blocked with 5% nonfat 
milk for 1.5 h at room temperature, they were incubated 
with rabbit anti-ZIP5 polyclonal antibody (1:500) (Sigma-
Aldrich, St. Louis, MO, USA) or anti-COX2 monoclonal 
antibody (1:800) (Cell Signaling, Danvers, MA, USA) 
or rabbit anti-E-cadherin polyclonal antibody (1:1,000) 
(Cell Signaling) or rabbit anti-GAPDH polyclonal anti-
body (Huabio, Hangzhou, China), which was used as a 
control (1:1,000) overnight at 4°C. The membranes were 
incubated with a secondary antibody for 1 h at room tem-
perature in a dark room. The signals of objective proteins 
were detected on Odyssey infrared laser imaging system 
(LI-COR, Lincoln, NE, USA).

Immunohistochemical Staining

Xenografts were collected and cut into 5-μm paraffin 
slices. The slices were dewaxed and rehydrated, and then 

treated with 0.02 M EDTA buffer (pH 9.0; Gene Tech, 
Shanghai, China) in a super-pressure kettle for 7 min. To 
eliminate endogenous hydrogen peroxide enzyme activity, 
the slides were soaked in 3% H2O2 and blocked with nor-
mal goat serum (ZSGB-BIO, Beijing, China) for  45 min 
at 37°C, followed by incubation with rabbit anti-ZIP5 
polyclonal antibody (1:200) (Sigma-Aldrich) or rabbit 
anti-COX2 monoclonal antibody (1:200) (Cell Signaling) 
or rabbit anti-E-cadherin polyclonal antibody (1:800) (Cell 
Signaling) overnight at 4°C. Then slices were incubated 
with the appropriate biotinylated secondary antibodies and 
streptavidin horseradish peroxidase (ZSGB-BIO) step by 
step for 30 min at 37°C. The sections were colored with 
3,3¢-diaminobenzidine tetrahydrochloride (DAB; ZSGB-
BIO) and observed under a phase-contrast microscope.

Flow Cytometry (FCM) Assays

Xenografts were fixed in 70% cold ethanol (YongDa 
Chemical reagent, Tianjin, China) for 1 day at 4°C, and 
the cells were collected by rubbing. Propidium iodide 
(PI) fluorochrome solution was added into the cells, and 
the mixed samples were incubated in the dark at room 
temperature for 30 min. Cell cycle distribution and apop-
tosis were measured using FCM (Beckman Coulter, Brea, 
CA, USA).

Zn Measurement

Peripheral blood was collected from the retro-orbital 
venous plexus of each mouse after anesthesia when the 
mice were sacrificed. The Zn levels in the peripheral 
blood and xenografts were measured by DRC-e induc-
tively coupled plasma mass spectrometer according to 
the manufacturer’s instruction (PerkinElmer, Waltham, 
MA, USA).

Table 1. Sequences of Real-Time PCR Primers

Primer Sequence Annealing Tm Size

GAPDH F: CGCTGAGTACGTCGTGGAGTC 172 bp
R: GCTGATGATCTTGAGGCTGTTGTC

E-cadherin F: TGCCCAGAAAATGAAAAAGG 57ºC 200 bp
R: GTGTATGTGGCAATGCGTTC

SLC39A5 F: CTCATGCTTGCCATAACC 60ºC 151 bp
R: AATCCTATTGCTCCTACTGG

Cyclin D1 F: CTGTGCTGCGAAGTGGAAACCAT 57ºC 233 bp
R: TTCATGGCCAGCGGGAAGACCTC

COX2 F: GGCGCTCAGCCATACAG 62ºC 103bp
R: CCGGGTACAATCGCACTTAT

Bcl-2 F: TGCGGCCTCTGTTTGATTTC 60ºC 426 bp
R: CGGTGCTTGGCAATTAGTGG

VEGF F: GCTCGGTGCTGGAATTTGAT 60ºC 543 bp
R: AAAAGTTTCAGTGCGACGCC

MMP9 F: TTTGAGTCCGGTGGACGATG 62ºC 197 bp
R: GCTCCTCAAAGACCGAGTCC
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Statistical Analysis

All statistical data were performed using GraphPad 
Prism 5.01 (GraphPad Software, San Diego, CA, USA). 
The data were analyzed by the Student’s t-test between 
the control group and the treatment group and shown as 
mean ± standard deviation (SD). A value of two-sided 
p < 0.05 was considered statistically significant.

RESULTS

Specific and Effective Knockdown of ZIP5 in 
Esophageal Cancer by Lentivirus-Mediated RNAi

To successfully obtain the lentiviral vector PSD31-
ZIP5-shRNA containing the target gene of ZIP5 knock-
down, shRNA that could transcribe the effective siRNA 
was synthesized (Fig. 1A) and was successfully linked 
into the lentiviral vector PSD31. The synthetic plasmids 
PSD31-ZIP5-shRNA were confirmed to be correct using 
enzyme cleavage (Fig. 1B).

To successfully obtain the ZIP5 knockdown esopha-
geal cancer cell lines from KYSE170, KYSE170K, and 

the control group KYSE170S, the esophageal cancer cell 
line KYSE170 was infected with virus packaged with 
lentivirus plasmids PSD31-ZIP5-shRNA and PSD31-
scramble-shRNA. To determine the knockdown potency, 
RT-PCR and Western blots were performed to examine the 
transcription and translation levels of ZIP5. The mRNA 
and the protein levels of ZIP5 in the KYSE170K cell line 
were significantly reduced by 79.01% and 77.84% com-
pared to the control group (Fig. 2A and B).

Effect of ZIP5 Knockdown on Tumor Growth 
in Nude Mice

To determine the effect of ZIP5 knockdown on esopha-
geal cancer growth in vivo, a xenograft nude mouse 
model was established. The KYSE170K and KYSE170S 
cells (5 × 106 cells, respectively) were implanted subcuta-
neously in the right shoulder of nude mice. After 5 days, 
tumors successfully formed subcutaneously in all mice 
(Fig. 3A). The average xenograft weight of the test group 
(0.44 ± 0.11 g) was significantly reduced compared to that 
of the control group (0.70 ± 0.08 g) at the time of sacrifice 

Figure 1. Lentivirus plasmid PSD31-ZIP5-shRNA. (A) The shRNA was confirmed by real-time polymerase chain reaction (RT-PCR). 
The shRNA transcribing the effective siRNA is located at 250 bp. (B) The synthetic plasmids PSD31-ZIP5-shRNA were confirmed 
correctly using enzyme cleavage. Lanes 1–6 are the DNA extracted from monoclonal Escherichia coli transformed with the recombi-
nant-containing purified TA-shRNA and dephosphorylated PSD31. Lanes 4 and 6 are the plasmids synthesized successfully.
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(p = 0.007) (Fig. 3B). The mean volume of tumors in the 
test group (614.50 ± 87.12 mm3) was significantly smaller 
than that in the control group (1,095.43 ± 266.64 mm3) at 
the time of sacrifice (p = 0.012) (Fig. 3C).

Molecular Expression Changes in the Esophageal 
Cancer Mouse Xenograft Model

To further probe molecular expression changes for 
ZIP5 knockdown in vivo, COX2, E-cadherin, cyclin D1, 
VEGF, MMP9, and Bcl-2 mRNA expression levels of the 
xenografts were detected using qRT-PCR. The relative 
level of ZIP5 mRNA in the test group was 0.46 ± 0.33, 
and 1.06 ± 0.43 in the control group. The relative level 
of ZIP5 mRNA in the test group was decreased by 57% 
in vivo (Fig. 4A). The relative level of COX2 mRNA 
in the test group was 0.64 ± 0.12, and 1.03 ± 0.25 in the 
control group. The relative level of COX2 mRNA in 
the test group was decreased by 38% in vivo, while the 
relative level of E-cadherin mRNA in the test group was 
1.68 ± 0.31, and 1.00 ± 0.09 in the control group. The 
relative level of E-cadherin mRNA in the test group was 
increased by 68% in vivo. The relative levels of cyclin 
D1, VEGF, MMP9, and Bcl-2 mRNA in the test group 
were similar to the levels in the control group in vivo (all 
p > 0.05).

The expression of the ZIP5 protein in the test group 
was 0.38 ± 0.02 and was 0.81 ± 0.13 in the control group. 
The expression of the ZIP5 protein in the test group was 
reduced by 53% in vivo (Fig. 4B). The expression of the 
COX2 protein in the test group was 0.13 ± 0.06 and was 
0.33 ± 0.11 in the control group in vivo. The expression 
of the COX2 protein in test group was reduced by 61%. 
While the expression of the E-cadherin protein in the test 
group was 0.85 ± 0.05, it was 0.45 ± 0.04 in the control 
group. The expression of the E-cadherin protein in the 
test group was increased by 47% in vivo.

The ZIP5 protein score was 2.55 ± 0.34 in the test 
group and was 5.15 ± 1.74 in the control group. The 
COX2 protein score in the test group was 1.43 ± 0.69 
and was 3.23 ± 1.29 in the control group. The E-cadherin 
protein score was 10.60 ± 1.33 and was 6.70 ± 1.64 in the 
control group in vivo by immunohistochemical staining 
(Fig. 4C).

The Effect of ZIP5 Knockdown on Zn Levels in 
the Peripheral Blood and Xenografts

To explore the effect of ZIP5 knockdown on the levels 
of Zn in the peripheral blood and xenografts, Zn concentra-
tions were tested using a DRC-e inductively coupled plasma 
mass spectrometer. The average level of Zn in the periph-
eral blood of the test group was 2.47 ± 0.27 mg/kg, com-
pared to 2.48 ± 0.28 mg/kg in the control group (p > 0.05). 
The mean concentration of Zn in the xenograft test group 
was 20.30 ± 3.28 mg/kg, compared to 19.60 ± 3.85 mg/kg 
in the control group (p > 0.05) (Table 2).

DISCUSSION

Esophageal cancer ranks as the eighth most common 
cancer and as the sixth most common cause of death from 
cancer in the world according to GLOBCAN 2012 (1). 
The Hebei province is a high-risk area for esophageal 
cancer in China. In particular, the incidence and mortality 
of esophageal cancer in Cixian are among the highest in 
the world (22). As a common malignancy, the esophageal 
cancer survival rate is very poor, and the 5-year relative 
survival rate for esophageal cancer patients is 20.9% in 
China (3). It is very important to study the mechanisms 
of the development of esophageal cancer.

Zn plays a crucial role in metabolism as an essential 
trace element with antioxidant properties (23). Zn acts as 
an intracellular signaling molecule, plays a role in commu-
nicating between cells by converting extracellular stimuli 
to intracellular signals, and controls intracellular events. 
Abnormal Zn homeostasis can lead to a variety of health 
problems including growth retardation, hypogonadism, 
immunodeficiency, and neuronal and sensory dysfunc-
tions (24). Some studies suggested that Zn was a risk fac-
tor for ESCC. In these studies, Abnet et al. (25) indicated 
that dietary Zn deficiency had a strong association with 

Figure 2. Lentivirus-mediated knockdown of ZIP5 in KYSE170 
cells. (A) Expression of the ZIP5 mRNA was downregulated by 
lentivirus siRNA in KYSE170 cells by RT-PCR. (B) Expression 
of the ZIP5 protein was downregulated by lentivirus siRNA in 
KYSE170 cells by Western blot.
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ESCC in the high-incidence region by finding an inverse 
relationship between Zn levels in biopsy samples and the 
subsequent risk of advancing to ESCC. Taccioli et al. (26) 
provided that long-term Zn deficiency alone caused the 
overexpression of many inflammation genes and pro-
longed Zn deficiency and low doses of NMBA triggered 
ESCC. A meta-analysis of the relationship between Zn 
intake and risk of digestive tract cancers suggested that 
Zn intake was not significantly related to esophageal 
cancer [pooled relative risk (RR) = 0.72, 95% confidence 
interval (CI) = 0.44–1.17], but subgroup analysis showed 
that Zn intake was markedly associated with esophageal 
cancer and gastric cancer risk in Asia (highest vs. lowest 
categories; pooled RR = 0.43, 95% CI = 0.21–0.86), but 
not in the US or Europe (27).

Zn homeostasis is regulated by the Zn transporter and 
permeable channels. Replenishing cytosolic Zn from 
the extracellular space and the lumens of intracellular 
compartments is the main function of ZIP transporters. 
ZIP transporters are localized to the plasma membrane, 

Golgi apparatus, endoplasmic reticulum, and endosomes/ 
lysosomes (28). ZIP transporters have eight predicted 
transmembrane helices with extracellular/luminal NH2 
and COOH termini facing the extracytoplasmic space 
(29). It was reported that the ZIP family was associated 
with a variety of tumors, such as prostate cancer, pancre-
atic cancer, breast cancer, and esophageal cancer (30–33). 
ZIP1, ZIP2, and ZIP3 deficiencies were associated with 
prostate cancer (9,10). Makhov et al. (34) indicated that 
the core promoter region responsible for the expression 
of hZIP1 was SP1 and CREB in prostate cancer cells. Li 
et al. (11) indicated that the silencing of ZIP4 in ASPC-1 
and BxPC-3 would decrease cell proliferation, migration, 
and invasion and inhibit tumor volume and weight in the 
nude mouse subcutaneous model. In another study, Zhang 
et al. (35) found that a novel mechanism of increased Zn 
mediated by ZIP4 transcriptionally induced miR-373 
(ZIP4-CREB-miR-373 signaling channel) in pancreatic 
cancer promoted tumor growth. For prostate cancer, the 
expression of ZIP4 mRNA and protein was markedly 

Figure 3. Lentivirus-mediated knockdown of ZIP5 inhibits tumor growth in nude mice. KYSE170K and KYSE170S cells were sub-
cutaneously injected into the right shoulder of nude mice. (A) Five days after injection, the xenografts were formed, and then all mice 
were sacrificed and the xenografts were dissociated. (B) The images of xenografts are shown. (C) Tumor volume was calculated at 5, 
7, 9, and 35 days after tumors formed using a microcaliper. The average xenograft volume of the test group was significantly inhibited 
compared to the control group (*p < 0.05).
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Figure 4. (A) Changes of molecular expression in esophageal cancer xenografts. Downregulation of ZIP5 could inhibit the mRNA 
expression level of COX2 and elevate the mRNA expression level of E-cadherin using qRT-PCR (*p < 0.05). (B, C) Downregulation 
of ZIP5 could inhibit the protein expression of COX2 and elevate the protein expression level of E-cadherin using Western blot and 
immunohistochemistry (40×) (*p < 0.05).
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downregulated in tumor tissues compared with benign 
prostate hyperplasia tissues (36). Lin et al. (37) suggested 
that ZIP4 overexpression was significantly associated 
with a higher grade of gliomas and shorter overall sur-
vival in two independent cohorts. Many studies indicated 
that the dysregulated expression of ZIP6 was associated 
with cell invasion and metastasis in breast cancer. ZIP6 
was transcriptionally induced by STAT3 and activated by 
N-terminal cleavage, which attracted ZIP6 to the plasma 
membrane; Zn influx inactivates GSK-3b (glycogen syn-
thase kinase 3b), either indirectly or directly via Akt or 
GSK-3b, respectively. This results in the activation of 
Snail, which remains in the nucleus and acts as a transcrip-
tional repressor of E-cadherin (epithelial cadherin), and 
CDH1, causing cell rounding and detachment in breast 
cancer (30). Wu et al. (31) showed that higher expression 
of the ZIP6 protein was correlated with a shorter length 
of survival in patients with advanced ESCC by immuno-
histochemical staining (p = 0.013). Taylor et al. (38) found 
that the removal of ZIP7 destroyed the activation of epi-
thelial growth factor receptor/IGF receptor/Src signaling 
by reducing intracellular Zn levels, and increased tumor 
killing, preventing further development of resistance in 
breast cancer.

Wang et al. (19) found that except for ZIP5, ZIP trans-
porters’ cell surface location increases under Zn-deficient 
conditions. The biological function of ZIP5 is not well 
known. It was reported that mouse ZIP5 localized to the 
basolateral surfaces of enterocytes, acinar cells, and vis-
ceral endoderm cells when Zn was adequate. Interestingly, 
it was removed from those cell surfaces and internal-
ized during Zn deficiency (39). Wang et al. (19) deemed 
that ZIP5 played a novel role in polarized cells by car-
rying out serosal-to-mucosal Zn transport. Weaver et al. 
(18) suggested that ZIP5 mRNA associated with poly-
somes, while the protein was internalized and degraded 
in enterocytes, acinar cells, and endoderm cells dur-
ing Zn deficiency. ZIP5 was quickly resynthesized and 
targeted to the basolateral plasma membranes. Kumar 
et al. (40) found the upregulation of the Zn transporter 
ZIP5 and downregulation of the Zn metabolizing protein 
metallothionein MT1G in ESCC using a cDNA micro-
array and suggested deregulation of Zn homeostasis in 
esophageal tumorigenesis.

We previously reported that ZIP5 was overexpressed 
in human esophageal cancer tissue in regions of high 
incidence, and downregulation of ZIP5 inhibited the pro-
liferation, migration, and invasion of esophageal cancer 
in vitro (21). To explore the effect of ZIP5 knockdown 
on esophageal cancer progression in vivo, a stably trans-
ducted esophageal cancer cell line of ZIP5 knockdown 
was successfully established in this study. Our results 
showed that the downregulation of ZIP5 remarkably 
inhibited the growth of tumor in vivo. We found the rate 
of tumor growth in the test group was significantly lower 
than that in the control group. The tumor in the test group 
remained slow growing. The role of ZIP5 knockdown in 
inhibiting tumor growth was that growth of xenografts 
was slowed to a certain extent. Further study showed that 
the level of Zn in the test group was similar to the con-
trol group. We suggested that ZIP5 knockdown did not 
alter the level of Zn in the peripheral blood of mice with 
xenografts. Maintaining intracellular Zn homeostasis is 
a long-term cumulative effect by ZIP5, and the factors 
affecting the level of Zn in blood included the content of 
Zn in feed and the capacity of intestinal absorption. In 
this study, all mice were normal and given normal SPF 
maintenance growth feed. Moreover, mouse daily activi-
ties were not affected after esophageal cancer cells were 
inoculated, which may be factors that contributed to the 
maintenance of Zn levels in peripheral blood. The level 
of Zn in xenografts of the test group was similar to that in 
the control group, and ZIP5 knockdown did not change 
the level of Zn in the xenografts. The reasons remain to 
be studied further. To study the impact of Zn, we will use 
different Zn content fodder to feed the mice with tumors.

We found that the mRNA and protein expression lev-
els of COX2 were reduced by 38% and 61%, respectively, 
in vivo. While the mRNA and protein expression levels 
of E-cadherin were elevated by 68% and 47%, respec-
tively, in vivo, the expression of cyclin D1 mRNA was 
not changed in vivo.

COX2 is a key enzyme in prostaglandin compound-
ing and is one target gene of NF-kB (nuclear factor kB). 
COX2 is an important molecular basis for cancer pro-
gression. COX2 overexpression can promote the prolif-
eration of tumors and the invasive ability of cancer and 
inhibit cancer cell apoptosis. Furthermore, it is associ-
ated with the prognosis of patients with tumors (41,42). 
Currently, the relationship between the expression of 
COX2 and the signaling pathway is not clear. Studies sug-
gest that COX2 was overexpressed in ESCC, especially 
in a well-differentiated carcinoma, and the expression 
of COX2 was regulated by NF-kB (43). Fong et al. (44) 
found that COX2 overexpression accompanied hyperpla-
sia in Zn deficiency, and Zn regulated COX2 expression 
in vivo. We previously reported that COX2 was over-
expressed in esophageal cancer (21). These findings are 

Table 2. The Zinc Levels of Peripheral Blood and Xenograft 

Group Mean ± SD (mg/kg) n t p

Peripheral blood 16 −0.01 0.99
Test group 2.47 ± 0.27 8
Control group 2.48 ± 0.28 8

Xenograft 16 0.36 0.72
Test group 20.30 ± 3.28 8
Control group 19.60 ± 3.85 8
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consistent with the idea that COX2 overexpression can 
facilitate tumor formation.

Chen et al. (45) suggested that COX2 activated NF-kB, 
thus regulating the transcription and expression of 
E-cadherin through the Snail signaling pathway in gastric 
cancer. E-cadherin located in epithelial cells is a calcium-
dependent transmembrane protein, regulates the EMT, 
and participates in cell-to-cell adhesion. E-cadherin can 
inhibit the dedifferentiation and malignant proliferation 
of cancer cells and can inhibit cancer cell invasion and 
metastasis. A previous study suggested that E-cadherin 
deficiency was associated with cancer invasion, metas-
tasis, and prognosis in a variety of tumors (46). In this 
study, we suggested that ZIP5 knockdown inhibited the 
growth of xenografts in vivo through decreased COX2 
expression and elevated E-cadherin expression.

The percentage of cells in the G0/G1 phase and apop-
tosis were detected by FCM. The average percentage of 
cells in the G0/G1 phase in the test group was 48.94 ± 4.46% 
compared to 46.30 ± 2.78% in the control group. The aver-
age numbers of apoptosis cells in the test group and control 
group were 32.50 ± 5.24% and 37.16 ± 4.40%, respectively. 
There were no differences in the percentage of cells in the 
G0/G1 phase or in the apoptosis cells between the test and 
control groups. Furthermore, there were no differences in 
the relative expression of cyclin D1 mRNA between the 
test and control groups. Further studies are needed to deter-
mine the reasons we did not observe any differences.

In summary, we found that downregulation of ZIP5 
by RNA interference inhibited esophageal cancer growth 
in vivo, reduced the expression of COX2, and promoted 
the expression of E-cadherin. These results suggest that 
the downregulation of ZIP5 will be a therapy for esoph-
ageal cancer.
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