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Abstract. As a highly malignant gastrointestinal tumor, 
pancreatic carcinoma (PC) has poor prognosis due to its low 
early diagnosis rate, advanced tumor resection and chemo‑
therapy resistance. Magnesium transporter 1 (MAGT1) is 
a magnesium ion transporter located on the cell membrane, 
which shows promotive effects on biological behaviors of 
multiple tumor cells. The aim of the present study was to 
investigate the role of MAGT1 in the progression of PC and its 
potential molecular mechanism. Based on the Gene Expression 
Profiling Interactive Analysis website, MAGT1 was highly 
expressed in tissues from patients with PC and was associated 
with poor prognosis. In functional experiments, MAGT1 was 
highly expressed in PC cell lines. The Cell Counting Kit‑8, 
gap closure and Transwell assays, and western blot analysis, 
were used to investigate the effects of MAGT1 overexpression 
or knockdown on the biological behaviors of PC cells. It was 
found that MAGT1 promoted the proliferation, migration and 
invasion of PC cells in vitro. According to the Encyclopedia 
of RNA Interactomes website, transcription factor 12 (TCF12) 
mRNA expression level was positively correlated with 
MAGT1 expression level in the tissues from patients with PC. 
Positive targeting regulation of MAGT1 by TCF12 was also 
confirmed using a dual‑luciferase gene reporter assay and 
chromatin immunoprecipitation. In addition, knockdown of 
TCF12 expression inhibited the proliferation and migration 
of PC cells, but overexpression of MAGT1 expression partly 
reversed this. These results suggested that TCF12 could 
promote the proliferation, migration and invasion of PC cells 
by activating MAGT1 expression, which was associated with 

poor prognosis. These findings suggest that MAGT1 could be 
a promising biomarker for the occurrence, progression and 
prognosis of PC.

Introduction

Pancreatic cancer (PC) is one of the most lethal types of 
cancer and the mortality rate ranks second following gastro‑
intestinal tumors worldwide according to cancer statistics in 
2018 (1). Pancreatic ductal adenocarcinoma, originating from 
ductal epithelium, accounts for ~90% of all cases of PCs, 
with a 5‑year survival rate of <8% (2). Despite more advanced 
diagnostic and treatment methods, the survival rate for PC 
has not significantly improved. Currently, surgical resec‑
tion remains the most effective method for the treatment of 
PC. Unfortunately, most patients are diagnosed with locally 
advanced or distant metastases from PC and only 15‑20% are 
eligible for surgical resection (3,4). These results are caused 
by numerous factors, including its latent nature, rapid progres‑
sion, low immunogenicity and complex microenvironmental 
components (5,6). To improve the survival time of the patients 
and quality of life, the molecular mechanism of PC requires 
further investigation, and new therapeutic targets.

Magnesium transporter 1 (MAGT1) is a plasma membrane 
transporter that regulates the basic basal intracellular free 
magnesium (Mg2+) and is selective for the transport of 
Mg2+ (7,8). MAGT1 has been associated with the development 
of various malignancies, such as glioma, colorectal cancer 
and hepatocellular carcinoma  (9‑13). In colorectal cancer, 
increased transcription level of MAGT1 was associated with 
advanced tumor stage, and patients undergoing chemotherapy 
and with low expression levels of MAGT1 showed longer 
overall survival time compared with that in patients receiving 
chemotherapy and with high MAGT1 expression levels (13). 
Cazzaniga et al (9) revealed that the overexpression of MAGT1 
was associated with the drug‑resistant phenotype of colorectal 
cancer. This may be attributed to the abnormal activation 
of natural killer and CD8+T cells caused by MAGT1, which 
reduces the tumor immune response of PC (5,8,14). In addition, 
it has also been found that the effect of Sevoflurane in inhibiting 
glioma metastasis was achieved by inhibiting cell viability and 
migration, and promoting apoptosis in glioma cells via the 
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circular RNA_0002755/microRNA‑628‑5p/MAGT1 axis (10). 
However, there has been little analysis into the role of MAGT1 
in the occurrence and progression of PC.

Similar to MAGT1, transcription factor 12 (TCF12) has 
also been reported to be an oncogene in a variety of cancers, 
including prostate cancer, gastrointestinal stromal tumors and 
ovarian cancer (15‑18). A study on 120 patients with colorectal 
cancer showed that patients with high TCF12 expression 
levels had a higher incidence rate of tumor metastasis and 
poor survival outcome (19). Chen et al (20) found that TCF12 
overexpression in colorectal cancer was regulated by the 
CD91/IKK/NF‑κB signaling cascade and downregulation of 
E‑cadherin increased the incidence rate of metastasis. TCF12 
has also been associated with the progression of liver cancer 
and gastric cancer via the PI3K/AKT, and MAPK/ERK 
signaling pathways (21,22). In addition, upregulation of TCF12 
expression mediated by epigenetic modifications has also been 
found in melanoma and gallbladder cancer (23,24). However, 
no reports are available on whether MAGT1 is a downstream 
target of TCF12.

In the present study, it was hypothesized that MAGT1 may 
serve as a downstream target of TCF12 to serve a role in PC 
progression. The present study aimed to investigate whether 
the TCF12/MAGT1 axis could regulate the proliferation, 
migration and invasion of PC cells.

Materials and methods

Bioinformatics analysis. The Gene Expression Profiling 
Interactive Analysis (GEPIA) website (http://gepia.cancer‑pku.
cn/) was used to analyze the mRNA expression levels of 
MAGT1 and TCF2 in patients with PC, and to analyze the 
overall survival and disease‑free survival times in patients 
with PC according to the expression level of MAGT1. The 
Encyclopedia of RNA Interactomes (ENCORI) website 
(http://starbase.sysu.edu.cn/) was used to analyze the asso‑
ciation between the mRNA expression levels of TCF12 and 
MAGT1 in PC, and the overall survival time of patients with 
PC according to the expression level of TCF12.

Cell culture. The human normal HPDE6c7 pancreatic ductal 
epithelial cell line and 5  human PC  cell lines (SW1990, 
BxPC‑3, PANC‑1, CFPAC‑1 and AsPC‑1) were purchased from 
American Type Culture Collection. DMEM (Gibco; Thermo 
Fisher Scientific, Inc.), containing 10% FBS (Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin/streptomycin solution 
(Beyotime Institute of Biotechnology) was used to culture the 
cells at 37˚C in a humidified incubator with 5% CO2. The cell 
lines used in the experiment did not pass >10 generations.

Cell transfection. The recombinant plasmids, pcDNA3.1-
MAGT1, pcDNA3.1‑TCF12 and the negative control (NC), 
pcDNA3.1‑NC were purchased from Shanghai GeneChem Co., 
Ltd. MAGT1‑specific short hairpin (sh)RNAs (sh‑MAGT1‑1 
and sh‑MAGT1‑2), non‑targeting shRNA, TCF12‑specific 
small interfering (si)RNAs (si‑TCF12‑1 and si‑TCF12‑2) 
and non‑targeting siRNA were synthesized, and purified by 
Guangzhou RiboBio Co., Ltd. Subsequently, 2 µg/ml plas‑
mids, shRNAs and siRNAs were transfected or co‑transfected 
(si‑TCF12‑2 + pcDNA3.1‑MAGT1 or pcDNA3.1‑NC) into 

the BxPC‑3 cell line using Lipofectamine® 3000 Reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 6 h 
according to manufacturer's recommendations. Untransfected 
cells served as an additional control. At 48 h after transfec‑
tion, cells were selected for subsequent experiments. The 
sequences are as follows: sh‑MAGT1‑1 sense, 5'‑GGT​CAA​
ATG​TGG​AAC​CAT​A‑3' and antisense 5'‑TAT​GGT​TCC​ACA​
TTT​GAC​C‑3'; sh‑MAGT1‑2 sense, 5'‑GGA​GAT​GGT​GTT​
ATC​TGA​A‑3' and antisense, 5'‑TTC​AGA​TAA​CAC​CAT​CTC​
C‑3'; sh‑NC sense, 5'‑GAT​CCC​CCT​TCT​CCG​AAC​G‑3' and 
antisense, 5'‑AGC​TAA​AAA​TTC​TCC​GAA​C‑3'; si‑TCF12‑1 
sense, 5'‑CAG​CAG​AGA​UAC​UGG​AUU​A‑3' and antisense, 
5'‑UAA​UCC​AGU​AUC​UCU​GCU​G‑3'; si‑TCF12‑2 sense, 
5'‑GGA​ACA​AGU​GGU​CAA​CCA​A‑3' and antisense, 5'‑UUG​
GUU​GAC​CAC​UUG​UUC​C‑3'; and si‑NC sense, 5'‑GGC​UCU​
AGA​AAA​GCC​UAU​GC‑3' and antisense, 5'‑CCG​AGA​UCU​
UUU​CGG​AUA​CG‑3'.

RNA preparation, cDNA synthesis, reverse transcription-
quantitative PCR (RT‑qPCR). RNA was isolated from cells 
using MolPure® Cell RNA kit (Shanghai Yeasen Biotechnology 
Co. Ltd.) in line with the manufacturer's instructions and valu‑
ated using a NanoDrop spectrophotometer. RT was performed 
using a PrimeScript™ RT reagent kit (Takara Bio, Inc.) at 42˚C 
for 15 min followed by 85˚C for 5 sec. qPCR was performed 
three times for each sample using a One Step TB Green® 
PrimeScript™ PLUS RT‑PCR kit (Takara Bio, Inc.) and 
the StepOnePlus™ Real‑Time PCR System (Thermo Fisher 
Scientific Inc.). The thermocycling conditions were as follows: 
Initial denaturation at 94˚C for 5 min, denaturation at 94˚C 
for 30 sec, annealing at 55˚C for 30 sec and 72˚C for 30 sec 
(22 cycles). The mRNA expression level of the target genes 
was calculated using the 2‑ΔΔCq method (25) and GAPDH was 
used for normalization. The primer sequences used are as 
follows: MAGT1 forward, 5'‑GGC​TTT​TGC​AGC​TTT​GTG​
TT‑3' and reverse 5'‑AAC​TGG​GCT​TGA​CTG​CTT​CC‑3'; 
TCF12 forward, 5'‑CGT​GAC​CTA​CTC​GGG​AAT​GG‑3' and 
reverse, 5'‑CAC​TTC​TAG​CAG​GTC​CGT​GG‑3' and GAPDH 
forward, 5'‑AAT​GGG​CAG​CCG​TTA​GGA​AA‑3' and reverse 
5'‑GCG​CCC​AAT​ACG​ACC​AAA​TC‑3'.

Western blot analysis. The cells were washed three times with 
PBS (Corning, Inc.), then they were lysed with pre‑chilled lysis 
buffer (Nanjing SenBeiJia Biological Technology Co., Ltd.) 
containing protease inhibitor cocktail (Beyotime Institute of 
Biotechnology) on ice for 10 min, followed by centrifugation 
at 12,000 x g for 20 min at 4˚C. The supernatant was collected 
and heated (95˚C for 10 min) together with SDS sample loading 
buffer (Beyotime Institute of Biotechnology). The proteins were 
separated using SDS‑PAGE, transferred to PVDF membranes 
(MilliporeSigma), then blocked with TBS (pH 7.6) containing 
5% skimmed milk and 1% Tween‑20 for 1 h at room tempera‑
ture. After incubation with the primary antibody overnight at 
4˚C, the blots were washed three times with TBS containing 
1% Tween‑20 (TBST) and incubated with the corresponding 
secondary antibody for 1  h at room temperature. Protein 
bands were visualized with Chemiluminescent Western Blot 
Reagents (Thermo Fisher Scientific Inc.) and analyzed using 
the PDQuest  7.2.0 software (Bio‑Rad Laboratories, Inc.). 
The following antibodies were used: Rabbit anti‑MAGT1 
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(1:1,000; cat. no. NBP1‑69683; Novus Biologicals, LLC); rabbit 
anti‑TCF12 (1:5,000; cat. no. A300‑754A; Bethyl Laboratories, 
Inc.); mouse anti‑Ki67 (1:1,000; cat. no. 350502; BioLegend, 
Inc.); rabbit anti‑PCNA (1:1,500; cat. no.  LS‑B402‑50; 
LifeSpan BioSciences, Inc.); rabbit anti‑MMP2 (1:4,000; 
cat. no. ab92536; Abcam); rabbit anti‑MMP9 (1:15,000; cat. 
no.  ab76003; Abcam); rabbit anti‑GAPDH (1:2,500; cat. 
no. ab9485; Abcam), HRP‑conjugated goat anti‑rabbit IgG 
H&L (1:20,000; cat. no. ab6721; Abcam) and HRP‑conjugated 
goat anti‑mouse IgG H&L (1:10,000; cat. no. ab6789; Abcam).

Cell Counting Kit (CCK)‑8 assay. Cell proliferation was 
measured using a CCK‑8 assay (Beyotime Institute of 
Biotechnology). The BxPC‑3 cell line was seeded into 96‑well 
plates at a density of 1x104 cells per well. After 24, 48 and 
72  h of transfection with different plasmids, the medium 
was discarded. Then, 100 µl DMEM containing 10% FBS 
and 10 µl CCK‑8 solution were added to each well, and the 
samples were incubated at 37˚C for 1 h. The absorbance was 
measured at 450 nm using a Multiskan SkyHigh Microplate 
Spectrophotometer (Thermo Fisher Scientific, Inc.).

Cell migration detection using a gap closure assay. A gap 
closure assay was performed using culture inserts (Ibidi 
GmbH). Briefly, control or transfected BxPC‑3 cells were 
cultured in serum‑free DMEM in 6‑well plates and allowed 
to reach 70% confluence. Subsequently, a gap was made using 
the culture inserts on the surface of the cells and this time was 
recorded as 0 h. The migration ability of the BxPC‑3 cells was 
measured by determining the ratio of the gap area (48 h) to 
the initial gap area (0 h) using ImageJ software (version 1.8.0; 
National Institutes of Health). Images were captured under a 
light microscope (Olympus Corporation).

Matrigel assay. Transwell chambers (8‑µm pore size; Corning, 
Inc.) were used to determine the invasive ability of the cells. 
Transfected cells (2x104 cells/well) were seeded into the upper 
chamber pre‑coated with 5 µl Matrigel™ (BD Biosciences) 
and incubated with FBS‑free DMEM at 37˚C for 1 h. A total of 
500 µl DMEM, containing 10% FBS, was added to the lower 
chamber. After incubation at 37˚C for 24 h, the remaining 
cells in the upper chamber were removed. Then, the cells that 
had invaded through the membrane were fixed with 4% para‑
formaldehyde (Beyotime Institute of Biotechnology) at room 
temperature for 10 min. After staining with crystal violet 
solution at room temperature for 30 min (Shanghaiyuanye 
Bio‑Technology Co., Ltd), the number of cells passing through 
the membrane was randomly counted in five fields of view 
using a light microscope (Olympus Corporation).

Dual‑luciferase gene reporter assay. The promoter regions from 
the TCF12 gene were determined using the JASPAR CORE 
database (http://jaspar.genereg.net/). The wild‑type (WT) or 
mutant (MUT) promoter region of MAGT1 was cloned into 
the pmir‑GLO plasmid (Hunan Keai Medical Equipment Co., 
Ltd.). MUT MAGT1 was established based on WT MAGT1 
using QuikChange Site‑Direct Mutagenesis Kit (Agilent 
Technologies). The mutation sites were located upstream of 
the MAGT1 transcription start site at ‑1932 to ‑1922 (S1) and 
‑162 to ‑152 (S2). A total of 5x104 cells per well were seeded into 

24‑well plates and transfected with WT (S1, 5'‑CAC​AAC​TGC​
GC‑3' and S2, 5'‑CCC​ACC​AGC​AA‑3') or MUT (S1, 5'‑ACA​
CCA​GTA​TA‑3' and S2, 5'‑AAA​CAA​CTA​CC‑3') MAGT1 and 
regulatory factors using Lipofectamine® 3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). At 48 h post‑transfection, 
luciferase activities were analyzed using a Dual‑Luciferase 
Reporter Gene Assay kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions by comparison 
with Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP). Formaldehyde 
solution was added to the cell culture medium to a final 
concentration of 1% at room temperature. After fixation for 
10 min at room temperature, glycine was added to terminate 
the reaction. The cells were washed with pre‑cooled PBS and 
collected in a centrifuge tube for centrifugation (2,000 x g 
for 5 min for 4˚C). The cells were incubated with micro‑
coccal nuclease at 37˚C for 20 min, then EDTA was added 
and the samples were centrifuged (16,000 x g for 1 min at 
4˚C). After discarding the supernatant, the nuclear pellet was 
resuspended in ChIP buffer containing protease inhibitor 
cocktail (Beyotime Institute of Biotechnology), and sonicated 
(200 Hz; 2 min) at 4˚C to ~500 bp. Subsequently, the sheared 
chromatin was incubated with 10 µl TCF12 antibody (dilu‑
tion, 1:200; cat. no. A300‑754A; Bethyl Laboratories, Inc.) 
overnight at 4˚C. ChIP was performed using a SimpleChIP® 
Plus Enzymatic Chromatin IP kit (Cell Signaling Technology, 
Inc.). The 2‑∆∆Cq method (25) was used to determine the relative 
fold enrichments and the input chromatin was utilized for the 
normalization of the samples.

Statistical analysis. All experiments were performed in tripli‑
cate. All data were normally distributed after being analyzed 
with a Shapiro‑Wilk normality test. All data are shown as the 
mean ± SD. A paired Student's t‑test was used for comparisons 
between tumor and adjacent normal tissues while an unpaired 
Student's t‑test was used for comparison between two groups. 
Comparisons between more than two groups were evaluated 
using one‑way ANOVA followed by Tukey's post hoc test 
using GraphPad Prism 8 (GraphPad Software, Inc.).

Results

MAGT1 mRNA expression level is upregulated in pancreatic 
carcinoma. To investigate the mRNA expression level of 
MAGT1 in patients with PC, the mRNA expression level 
of MAGT1 in patients with PC was analyzed using the 
GEPIA website. As indicated in Fig. 1A, MAGT1 was highly 
expressed in tumor tissues from patients with PC. In addition, 
patients with high MAGT1 expression level also had lower 
overall survival and disease‑free survival times (Fig. 1B and 
C, respectively). To further determine the protein and mRNA 
expression level of MAGT1 in PC, western blot analysis and 
RT‑qPCR was performed to analyze the protein and mRNA 
expression level of MAGT1 in PC cell lines (SW1990, BxPC‑3, 
PANC‑1, CFPAC‑1 and AsPC‑1), and human normal HPDE6c7 
pancreatic ductal epithelial cell line, respectively. The PC cells 
had higher MAGT1 protein and mRNA expression level 
compared with that in the HPDE6c7 cell line, while the most 
significant increase in MAGT1 protein and mRNA expression 
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level was observed in the BxPC‑3 cell line (Fig. 1D and E). 
This suggests that the increase in MAGT1 mRNA and protein 
expression level was associated with a poor prognosis. In 
addition, the BxPC‑3 cell line was selected for subsequent 
experiments as it exhibited the highest mRNA and protein 
expression level of MAGT1.

Overexpression of MAGT1 promotes the proliferation, 
migration and invasion of pancreatic carcinoma cells in 
vitro. The BxPC‑3 cell line was transfected with MAGT1 
overexpression vector, pcDNA3.1‑MAGT1 and the NC, 
pcDNA3.1‑NC to investigate the effect of MAGT1 overexpres‑
sion on cell proliferation, migration, and invasion. Western 
blot analysis (Fig. 2A) and RT‑qPCR (Fig. 2B) confirmed the 
transfection efficiency of the MAGT1 overexpression vector. 
In addition, the cells transfected with pcDNA3.1‑MAGT1 had 
a higher level of cell proliferation compared with that in cells 
transfected with pcDNA3.1‑NC (Fig. 2C). The protein expres‑
sion level of Ki67 and PCNA was also significantly higher 
in the cells transfected with MAGT1 overexpression vector, 
which revealed the promotive effect of MAGT1 overexpres‑
sion on cell proliferation (Fig. 2D). Furthermore, a gap closure 
assay revealed that after migration for 24 h, the gap area ratio 
to the initial area in cells transfected with pcDNA3.1‑MAGT1 

was significantly lower compared with that in cells trans‑
fected with pcDNA3.1‑NC (Fig. 2E). In addition, a Matrigel 
assay was also performed and after incubation for 24 h, the 
cells transfected with pcDNA3.1‑MAGT1 had a significantly 
higher number of invasive cells per visual field compared 
with that in the cells transfected with pcDNA3.1‑NC group 
(Fig. 2E). The protein expression levels of cell migration 
markers MMP2 and MMP9 (26,27) were also found to be 
increased in the cells transfected with pcDNA3.1‑MAGT1 
compared with that in cells transfected with pcDNA3.1‑NC 
(Fig. 2F). Taken together, these data suggested that overex‑
pression of MAGT1 increased BxPC‑3 cell proliferation, 
migration and invasion in vitro.

Knockdown of MAGT1 expression inhibits the proliferation, 
migration and invasion of pancreatic carcinoma cells in vitro. 
Subsequently, the cells were transfected with MAGT1‑ shRNA 
(sh‑MAGT1‑1 and sh‑MAGT1‑2) or non‑targeting shRNA, and 
untransfected cells served as an additional control. Western 
blot analysis (Fig. 3A) and RT‑qPCR (Fig. 3B) confirmed 
the knockdown of MAGT1 protein, and mRNA expression 
level, respectively. In addition, sh‑MAGT1‑2 was selected for 
subsequent experiments as it significantly knocked down the 
expression level of MAGT1‑2. As shown in Fig. 3C, there was 

Figure 1. MAGT1 mRNA expression level is increased in PC and is associated with poor prognosis. (A) Gene Expression Profiling Interactive Analysis found 
that the mRNA expression level of MAGT1 in PC tumor tissues was higher compared with that in normal tissues. Patients with PC and high MAGT1 expres‑
sion level had shorter (B) overall survival, and (C) disease free survival times. (D) Protein and (E) mRNA expression level of MAGT1 were higher in PC cells 
(SW1990, BxPC‑3, PANC‑1, CFPAC‑1 and AsPC‑1) compared with that in human normal HPDE6c7 pancreatic ductal epithelial cell line. *P<0.05 vs. normal 
tissues. **P<0.01 and ***P<0.001 vs. HPDE6c7 group. T, tumor tissue; N, normal tissue; MAGT1, magnesium transporter 1; PC, pancreatic carcinoma; FC, fold 
change. PAAD, pancreatic adenocarcinoma.
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a decrease in cell proliferation in the BxPC‑3 cells transfected 
with sh‑MAGT1‑2 at 24, 48 and 72 h. In addition, the protein 
expression levels of Ki67 and PCNA are significantly decreased 

in cells transfected with sh‑MAGT1‑2 compared with that in 
cells transfected with sh‑NC (Fig. 3D. Furthermore, there was 
a significant decrease in cell migration and invasion in cells 

Figure 2. Overexpression of MAGT1 promotes the proliferation, migration and invasion of pancreatic carcinoma cells. (A) Protein and (B) mRNA expres‑
sion levels of MAGT1 in the BxPC‑3 cell line transfected with pcDNA3.1‑MAGT1, and pcDNA3.1‑NC plasmids using western blot analysis and reverse 
transcription‑quantitative PCR, respectively. Untransfected cells were used as a control. (C) Cell Counting Kit‑8 assay was used to analyze cell viability in 
cells transfected with pcDNA3.1‑NC and pcDNA3.1‑MAGT1 at different time points (24, 48 and 72 h). (D) Representative western blots and quantification 
showing the protein expression levels of Ki67, and PCNA in the BxPC‑3 cells were increased in cells transfected with pcDNA3.1‑MAGT1 compared with that 
in cells transfected with pcDNA3.1‑NC. (E) The BxPC‑3 cells transfected with pcDNA3.1‑MAGT1 had increased cell migration and invasion compared with 
that in cells transfected with pcDNA3.1‑NC. (F) Representative western blots and quantification showing the protein expression level of MMP2, and MMP9 
was significantly increased in the BxPC‑3 cells transfected with pcDNA3.1‑MAGT1 compared with that in cells transfected with pcDNA3.1‑NC. *P<0.05, 
**P<0.01, ***P<0.001 vs. pcDNA3.1‑NC group. MAGT1, magnesium transporter 1; NC, negative control.

https://www.spandidos-publications.com/10.3892/ol.2021.13180
https://www.spandidos-publications.com/10.3892/ol.2021.13180
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transfected with sh‑MAGT1‑2 compared with that in cells 
transfected with sh‑NC (Fig. 3E). Lastly, the protein expres‑
sion levels of MMP2 and MMP9 in cells transfected with 

sh‑MAGT1‑2 were also significantly lower compared with 
that in cells transfected with sh‑NC (Fig. 3F). Taken together, 
these results indicated that knockdown of MAGT1 expression 

Figure 3. Knockdown of MAGT1 expression inhibits the proliferation, migration and invasion of pancreatic carcinoma cells. (A) Protein and (B) mRNA 
expression level of MAGT1 in BxPC‑3 cells transfected with shMAGT1‑1, sh‑MAGT1‑2 or sh‑NC was analyzed using western blot analysis and reverse 
transcription‑quantitative PCR, respectively. Untransfected cells were used as the control. (C) Cell Counting kit‑8 assay was used to analyze cell viability 
in cells transfected with sh‑NC and sh‑MAGT1‑2 at different time points (24, 48 and 72 h). (D) Representative western blots and quantification showing the 
protein expression levels of Ki67. and PCNA in BxPC‑3 cells were decreased in cells transfected with sh‑MAGT1‑2 compared with that in cells transfected 
with sh‑NC. (E) The BxPC‑3 cells transfected with sh‑MAGT1‑2 had decreased cell migration and invasion compared with that in cells transfected with 
sh‑NC. (F) Representative western blots and quantification showing the protein expression level of MMP2, and MMP9 was significantly increased in the 
BxPC‑3 cells transfected with sh‑MAGT1‑2 compared with that in cells transfected with sh‑NC. *P<0.05, **P<0.01, ***P<0.001 vs. sh‑NC group. MAGT1, 
magnesium transporter 1; NC, negative control; sh, short hairpin.
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inhibited proliferation, migration and invasion in the BxPC‑3 
cell line.

TCF12 is positively correlated with MAGT1 expression in 
pancreatic carcinoma. To investigate the mRNA expression 
level of TCF12 in patients with PC, the GEPIA and ENCORI 
databases were used. The GEPIA database showed that 
mRNA TCF12 expression level was high in tumor tissues from 
patients with PC (Fig. 4A). In addition, the ENCORI database 
revealed that patients with high TCF12 expression level had a 
lower overall survival time (Fig. 4B). There was also a positive 
correlation between the mRNA expression levels of TCF12 and 
MAGT1 in the tumor tissues from patients with PC using the 
ENCORI website (Fig. 4C). Higher TCF12 protein and mRNA 
expression level was found in the PC cell lines, SW1990, 
BxPC‑3, PANC‑1, CFPAC‑1 and AsPC‑1 compared with that 
in the HPDE6c7 cell line, in which the BxPC‑3 cell line had 
the most significant increase (Fig. 4D and E). These results 
suggested that the expression level of TCF12 is increased in 
PC, was associated with low overall survival time and was 
positively correlated with MAGT1 expression level.

TCF12 activates MAGT1 expression in the BxPC‑3 cell line. The 
binding sites between TCF12 and the MAGT1 promoter is shown 
in Fig. 5A. The overexpression and knockdown of TCF12 protein 

expression was confirmed using western blot analysis, following 
transfection with pcDNA3.1‑TCF12 overexpression vector, 
and si‑TCF12‑1 and si‑TCF12‑2, respectively (Fig. 5B and C). 
In addition, si‑TCF12‑2 significantly reduced the protein and 
mRNA expression level compared with that in cells transfected 
with si‑NC; therefore, it was selected for follow‑up experiments. 
There was increased protein and decreased mRNA expression 
levels of MAGT1 following overexpression and knockdown of 
TCF12 expression, respectively (Fig. 5D and E). There was also 
a significant decrease in luciferase activity following transfec‑
tion with the plasmids containing the two MUT sequences in 
MAGT1, S1 and S2 compared with that in cells transfected 
with the two WT sequences in MAGT1 (Fig. 5F). The afore‑
mentioned results indicated that binding of TCF12 to S1 showed 
stronger activation. Furthermore, the results from a ChIP assay 
revealed an enriched amplification of fragments from the 
MAGT1 promoter compared with that in the control using IgG 
antibodies (Fig. 5G). Taken together, these results suggested that 
TCF12 could bind to the MAGT1 promoter region and induce 
MAGT1 expression.

Overexpression of MAGT1 partly reverses the inhibitory 
effects of TCF12 knockdown expression on the biological 
behavior of pancreatic carcinoma cells. Cell proliferation in 
cells transfected with si‑TCF12‑2 was significantly decreased 

Figure 4. TCF12 mRNA expression level is increased in PC and associated with poor prognosis. (A) Gene Expression Profiling Interactive Analysis revealed 
that the mRNA expression of TCF12 in PC tumor tissues was higher compared with that in normal tissues. (B) Patients with PC and high TCF12 expression 
had shorter overall survival time. (C) The results from the Encyclopedia of RNA Interactomes website showed that TCF12 expression level was positively 
correlated with the expression of MAGT1 in tumor tissues from patients with PC. (D) Protein and (E) mRNA expression levels of TCF12 in PC cells, and 
human normal HPDE6c7 pancreatic ductal epithelial cell line were analyzed using western blot analysis and reverse transcription‑quantitative PCR. *P<0.05 
vs. normal tissue. **P<0.01, ***P<0.001 vs. HPDE6c7 group. TCF12, transcription factor 12; PC, pancreatic carcinoma; FC, fold change; T, tumor tissue; 
N, normal tissue; PAAD, pancreatic adenocarcinoma.
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at 24, 48 and 72 h post‑transfection compared with that in cells 
transfected with si‑NC (Fig. 6A). In addition, in the BxPC‑3 
cells transfected with si‑TCF12‑2 and MAGT1 overexpres‑
sion plasmid there was increased cell viability. Western blot 
analysis also showed reduced protein expression levels of Ki67 
and PCNA in cells transfected with si‑TCF12‑2 compared with 
that in cells transfected with si‑NC. There was also increased 
protein expression level in cells transfected with si‑TCF12‑2 
and pcDNA3.1‑MAGT1 compared with that in cells trans‑
fected with si‑TCF12‑2, and pcDNA3.1‑NC. This suggests that 
overexpression of MAGT1 reversed the decreased viability 
of the BxPC‑3 cells induced by knockdown of TCF12 gene 
expression (Fig. 6B). As shown in Fig. 6C, 24 h following 
transfection with si‑TCF12‑2, the gap closure was significantly 
higher in cells transfected with si‑TCF12‑2 compared with that 
in cells transfected with si‑NC. However, after co‑transfection 
with pcDNA3.1‑MAGT1 and si‑TCF12‑2, the gap closure was 

partially reversed. Similarly, the protein expression levels of 
MMP2 and MMP9 were significantly lower in cells transfected 
with si‑TCF12‑2 compared with that in cells transfected with 
si‑NC. The protein expression levels increased in cells trans‑
fected with si‑TCF12‑2 and pcDNA3.1‑MAGT1 compared with 
that in cells transfected with si‑TCF12‑2, and pcDNA3.1‑NC 
(Fig. 6D). Taken together, these results suggested that MAGT1 
could be a functional gene of TCF12. Knockdown of TCF12 
expression could inhibit the proliferation, migration and inva‑
sion of PC cells, while these effects could be partly reversed by 
upregulating the expression level of MAGT1.

Discussion

PC is one of the most aggressive types of cancer affecting 
human health worldwide (2). An essential regulator of PC is 
the MAGT1. MAGT1, as a major mechanism of Mg2+ influx, 

Figure 5. TCF12 binds to the MAGT1 promoter region and induces the expression level of MAGT1 in pancreatic carcinoma cells. (A) The two binding 
sites of TCF12 on the MAGT1 promoter were predicted using JASPAR. (B) Protein and (C) mRNA expression levels of TCF12 in BXPC‑3 cells trans‑
fected with pcDNA3.1‑TCF12 overexpression vector and pcDNA3.1‑NC, and with sh‑TCF12‑1, sh‑TCF12‑2 and si‑NC were analyzed using western blot 
analysis and reverse transcription‑quantitative PCR, respectively. (D) Protein and (E) mRNA expression levels of MAGT1 in BXPC‑3 cells transfected with 
pcDNA3.1‑TCF12 overexpression vector and pcDNA3.1‑NC, and with sh‑TCF12‑1, sh‑TCF12‑2 and si‑NC were analyzed using western blot analysis and reverse 
transcription‑quantitative PCR, respectively. *P<0.05, **P<0.01, ***P<0.001 vs. pcDNA3.1‑NC group; ##P<0.01, ###P<0.001 vs. si‑NC group. (F) Luciferase assay 
revealed an increase in the activity of the MAGT1 promoter in BxPC‑3 cells after co‑transfection with the TCF12 expression plasmid. The activity of the 
MAGT1 promoter is higher after S1 is combined. The activity of the lysate from cells co‑transfected with the plasmid containing the TCF12 promoter fragment 
and pcDNA3.1‑NC was considered 100%. ***P<0.001 vs. pcDNA3.1‑NC + MAGT1 S1‑WT group; ###P<0.001 vs. pcDNA3.1‑TCF12 + MAGT1 S1‑WT group. 
(G) Chromatin immunoprecipitation revealed an enrichment of amplified fragments from the MAGT1 promoter in the anti‑TCF12 group using IgG antibodies 
as the control. ***P<0.001 vs. IgG group. TSS, transcription start site; TCF12, transcription factor 12; MAGT1, magnesium transporter 1; NC, negative control; 
WT, wild‑type; MUT, mutant; si, small interfering.
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is necessary for vertebrate embryo development (28). The role 
of MAGT1 in tumorigenesis seems to be two‑sided and its 
absence has been associated with impaired T cell activation, 
and increased risk of hematological malignancies  (29,30). 
In addition, the low mRNA expression level of MAGT1 in 
ovarian serous carcinomas has been associated with poor 
prognosis (31). It has also been shown that overexpression of 
MAGT1 in other types of cancer, such as colorectal cancer and 
glioma, promotes the occurrence of cancer (9‑13). Based on 
the data downloaded from GEPIA, it was found that MAGT1 
mRNA expression level was significantly higher in the tumor 

tissues from patients with PC and its high expression level 
was associated with poor prognosis. Zheng et al (13) stated 
that the high mRNA expression level of MAGT1 in colorectal 
cancer also indicated a poor prognosis. Notably, magnesium 
transporters have been shown to play an important role in 
digestive cancer (32). In addition, the magnesium transporter 
protein solute carrier family 41 member 1 was reported to 
suppress human pancreatic ductal adenocarcinoma (33). In 
the present study, the high expression level of MAGT1 was 
also found in PC. Therefore, we hypothesized that MAGT1 
could be an oncogene in PC. Subsequently, it was found that 

Figure 6. TCF12 promotes the proliferation, migration and invasion of pancreatic carcinoma cells by regulating the expression of MAGT1. (A) Cell Counting Kit‑8 
assay was used to determine the cell viability in cells transfected with si‑NC, si‑TCF12‑2, si‑TCF12‑2+pcDNA3.1‑NC and si‑TCF12‑2+pcDNA3.1‑MAGT1‑2 
at different time points (24, 48 and 72 h. (B) Protein and mRNA expression levels of Ki67, and PCNA in BxPC‑3 cells were decreased in cells transfected 
with si‑TCF12‑2 compared with that in cells transfected with si‑NC group. Overexpression of MAGT1 reversed the protein expression level of Ki67 and 
PCNA. GAPDH served as the loading control. (C) The BxPC‑3 cells transfected with si‑TCF12‑2 had decreased migration and invasion compared with 
that in cells transfected with si‑NC. Overexpression of MAGT1 reversed the decreased migration and invasion. (D) Protein and mRNA expression level of 
MMP2, and MMP9 was significantly decreased in the BxPC‑3 cells transfected with si‑TCF12‑2 compared with that in cells transfected with si‑NC. The 
expression level of MMP2 and MMP9 were partly increased when co‑transfected with pcDNA3.1‑MAGT1, and si‑TCF12‑2. **P<0.01, ***P<0.001 vs. si‑NC 
group; #P<0.05, ###P<0.001 vs. si‑TCF12‑2 + pcDNA3.1‑NC group. NC, negative control; TCF12, transcription factor 12; MMP2, matrix metallopeptidase 2; 
si, small interfering.
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MAGT1 promoted the proliferation, migration and invasion of 
PC cells following overexpression or knockdown of MAGT1 
expression in vitro. This is consistent with the proliferation, 
migration and invasion effects found in glioma, and colorectal 
cancer (12,13).

The role of TCF12, as an upstream molecule of MAGT1, 
was also investigated in the development of PC. According 
to the results from the ENCORI website, the mRNA expres‑
sion levels of TCF12 and MAGT1 were positively correlated 
in tissues from patients with PC. To the best of our knowl‑
edge, the function of TCF12 has not been investigated in PC; 
however, studies in hepatocellular carcinoma, gallbladder 
cancer, gastric cancer, myeloid tumors and prostate cancer 
have showed that TCF12 plays an oncogenic role (15‑24). In 
the present study, the role of TCF12 was investigated PC. 
According to the data from GEPIA, the high expression level 
of TCF12 was also associated with poor overall survival in 
patients with PC, suggesting that MAGT1 and TCF12 could 
play oncogenic roles in PC. Then, following overexpression 
or knockdown of TCF12 expression, there were also signifi‑
cant changes in the protein and mRNA expression levels of 
MAGT1. This suggests that TCF12 may be upstream of 
MAGT1. Next, a dual‑luciferase gene reporter assay and ChIP 
experiments revealed that TCF12 could bind to the promoter 
regions (‑1,932 to ‑1,922 and ‑162 to ‑152) upstream of the 
MAGT1 transcription start site to activate MAGT1 expression. 
The following experiments verified that knockdown of TCF12 
expression could inhibit the proliferation, migration and inva‑
sion of PC cells in vitro, and these phenomena were reversed 
following overexpression of MAGT1.

In summary, the mRNA expression levels of MAGT1 and 
TCF12 were significantly increased in the tumor tissues of 
patients with PC, and several cell lines of PC. The upregula‑
tion of MAGT1 and TCF12 was also associated with poor 
prognosis. Furthermore, TCF12 activated the expression 
level of MAGT1 and promoted the proliferation, migra‑
tion, and invasion of PC cells in vitro. The results provide 
a possible and theoretical basis for the use of MAGT1 as a 
clinical prognostic indicator of PC. However, the signaling 
pathway involved in the TCF12/MAGT1 axis has not been 
analyzed, which will be investigated in future experiments. 
In addition, the effect of the TCF12/MAGT1 axis on the 
development of PC in tumor‑bearing mice will also be 
investigated. Furthermore, other PC cell lines will be used 
and additional PC malignant processes, such as cell cycle 
and apoptosis will be analyzed to further confirm the results 
from the present study.
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