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Overexpression of MAGT1 is associated with
aggressiveness and poor prognosis of colorectal cancer
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Abstract. Tumor metastasis and anticancer drug resistance are
the major causes of mortality in patients with colorectal cancer
(CRC). Due to the limitations of conventional biomarkers, it
is urgent to identify novel and valid biomarkers to predict the
progression and prognosis of CRC. Reverse transcription-quan-
titative polymerase chain reaction and western blotting were
used to detect MAGT1 expression in CRC clinical samples or
cell lines. Bioinformatics analysis was used to investigate the
association between MAGT1 alteration and clinicopathological
features of patients with CRC. The present study revealed that
the transcription levels of magnesium transporter 1 (MAGT1)
were significantly increased in CRC tissues compared with
matched adjacent normal tissues. Overexpression of MAGT1
was associated with advanced tumor stage, N and M classifica-
tion. In addition, for patients who underwent chemotherapy,
patients in the MAGT 1-low expression group exhibited a longer
overall survival (OS) time than patients in the high-expression
group. Patients with CRC treated with chemotherapy had a
longer OS time than those treated without chemotherapy in
the MAGT1-low expression group but not in the MAGT1-high
expression group. Furthermore, MAGT1 was a valid but not
an independent prognostic factor for CRC. Therefore, the
present study highlighted that MAGT1 may serve as a valid
biomarker for predicting the development, progression and
poor prognosis of CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common types of
cancer worldwide, and accounted for >1 million new cases in
2014 (1). However, the mechanisms underlying the develop-
ment and progression of CRC remain unclear as CRC results
from co-occurrence and interaction of multiple risk factors in
the majority of cases (2). In addition, previous studies reported
that CRC is the fourth most common cause of cancer-associated
mortality worldwide, although the mortality rate of patients
with CRC has progressively declined in the last decades (1,3).
Tumor metastasis and anticancer drug resistance are the major
causes of the poor prognosis of CRC, which mainly result from
the dysregulation of cancer-associated genes (4,5). Overall,
the identification of CRC-associated genes may provide
novel therapeutic targets and biomarkers for predicting the
development, progression and prognosis of CRC.

In our previous study, 13 potential genes associated
with the metastasis of CRC were identified via microarray
screening (6). However, the effects of eight of these genes,
including magnesium transporter 1 (MAGT1), on the devel-
opment and progression of CRC remain unknown. MAGT1
protein is a critical regulator of the intracellular free Mg?*
levels, which serves an important role in temporally coor-
dinating natural killer (NK) and CD8* T cell activation (7).
Notably, previous studies reported aberrant expression of
MAGT1, which is associated with therapeutic effect and prog-
nosis of cancer (8-10). However, the underlying mechanism of
action of MAGT1 remains elusive.

The present study aimed to investigate the association
between MAGT1 and the progression of CRC by detecting
the expression levels of MAGT]1 in clinical CRC samples
and Gene Expression Omnibus (GEO) datasets. The results
suggested that MAGT1 may be a novel predictive biomarker
and feasible therapeutic target for CRC.

Materials and methods

Cell culture. CRC cell lines HT-15, HT-8, HCT116, LS174T,
CACO2, SW480, SW620, LOVO and the normal epithe-
lial cell line FHC were obtained from American Type
Culture Collection. All cells were maintained as previously
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described (6), authenticated by short tandem repeat profiling
prior to receipt and were propagated for <6 months following
resuscitation. The cells were grown in RPMI-1640 medium
(Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.),
streptomycin (100 pg/ml; Sigma-Aldrich; Merck KGaA) and
penicillin (100 U/ml; Sigma-Aldrich; Merck KGaA), and
placed at 37°C in a humidified incubator containing 5% CO,.

Clinical population and public dataset analysis. Clinical data
were obtained for 51 patients (18 women and 33 men, aged
between 50 and 60 years) who were diagnosed with primary
CRC between January 2015 and December 2017 at the
Department of Pathology of Zhuajiang Hospital of Southern
Medical University in Guangdong, China. The 51 pairs of CRC
tissues with matched normal mucosa (isolated 10 cm from the
edge of the tumor), which were obtained following surgical
resection, were diagnosed by the Department of Pathology of
Zhuajiang Hospital, using the Tumor-Node-Metastasis (TNM)
pathological staging system (11). The analysis was restricted
to population-based cases, not selected on the basis of
family history. The present study was approved by the Ethics
Committees of Southern Medical University, and all aspects of
the present study complied with the criteria of the Declaration
of Helsinki (12). MAGT1 expression profiling studies in CRC
samples including relevant clinical information were identi-
fied by searching in GEO datasets GSE39852 (n=585) (13) and
GSEg87211 (n=363) (14).

RNA isolation and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from tissues using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). To quan-
tify the transcription of MAGT], total RNA was subjected to
polyadenylation and RT using a ThermoScript RT-PCR system
(85°C for 15 min followed by 37°C for 5 sec) (Invitrogen;
Thermo Fisher Scientific, Inc.). JPCR analysis was carried out
using a SYBR Green PCR master mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.) on an ABI 7500HT system
(Thermo Fisher Scientific, Inc.). The thermocycling conditions
were as follows: Stagel, 95°C for 30 sec; stage2, 95°C for 5 sec
and 60°C for 34 sec for 40 cycles; and stage 3, 95°C for 15 sec,
60°C for 1 min and 95°C for 15 sec. GAPDH was used as an
endogenous control. All samples were normalized to internal
controls, and fold changes were calculated by relative quan-
tification (224°9) (15). qPCR for target genes was performed
as previously described (16). The primers used are shown in
Table SI.

Western blot analysis. Cells were washed twice with cold
PBS and lysed in RIPA buffer containing protease inhibitors
(Sigma-Aldrich; Merck KGaA). Protein quantification was
performed with bicinchoninic acid assay (Sigma-Aldrich;
Merck KGaA). Proteins (40 ug) were separated on 10%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (EMD Millipore). Membranes were blocked with
5% skimmed milk dissolved in TBS, incubated with primary
antibodies at 4°C overnight and with horseradish perox-
idase-conjugated secondary antibodies at 37°C for 1 h. The
rabbit primary antibody against MAGT1 (cat. no. ab90478;
1:1,000) and the mouse primary antibody against GAPDH
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Figure 1. MAGT]1 is significantly upregulated in human CRC. (A) Reverse
transcription-quantitative PCR assay for MAGT1 expression in CRC and
matched normal tissues. Data were normalized to GAPDH and expressed
as the mean + STANDARD DEVIATION. (B) Gene Expression Omnibus
GSES87211 dataset. (C) Western blot analysis of MAGT]1 protein expres-
sion in normal epithelial cell line FHC and CRC cell lines. CRC, colorectal
cancer; MAGT1, magnesium transporter 1.

(cat. no. ab8245; 1:1,000) were from Abcam. The secondary
antibodies goat anti-mouse (cat. no. ab205719; 1:10,000)
and goat anti-rabbit (cat. no. ab6721; 1:10,000) were from
Sigma-Aldrich Merck KGaA. Bands were detected using
enhanced chemiluminescence substrate (EMD Millipore).

Statistical analysis. Data were analyzed using SPSS version
19.0 software (SPSS, Inc.). Unpaired Student's t-test and
paired t-test were carried out to evaluate statistical differences
between groups. Pearson's ¥ test, Kaplan-Meier survival anal-
ysis, log-rank test and Cox regression analysis were performed
using SPSS software. All statistical tests were two-sided.
Data are presented as the means + standard deviation. Each
experiment was repeated three times. P<0.05 was considered
to indicate a statistically significant difference.

Results

MAGT1 is upregulated in human CRC tissues and cell lines.
To investigate the role of MAGT1 in the development of CRC,
the expression level of MAGT1 in 51 primary tumor and
matched adjacent normal tissues was investigated using qPCR
(Table SII). The present study revealed that the expression
levels of MAGT1 were significantly upregulated in primary
CRC tissues (Fig. 1A). Similar results were found in samples
from GSE87211 dataset (Fig. 1B). Additionally, increased
protein level of MAGT1 was observed in six out of eight
CRC cell lines, including HCT116, LS174T, CACO2, SW480,
SW620 and LOVO, compared with FHC cell line (Fig. 1C).

MAGTI is associated with the clinicopathological features
of CRC. To further explore the roles of MAGT]1 in CRC, the
association between the overexpression of MAGT1 and clini-
copathological features in 51 patients with CRC was analyzed.
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Table I. Association of patient characteristics and MAGT1 expression in 566 colorectal cancer samples from the GSE39582

dataset.
MAGT1 expression

Characteristics Total, n Low, n (%) High, n (%) P-value®

Sex 0.128
Female 256 137 (53.5) 119 (46.5)
Male 310 146 (47.1) 164 (52.9)

Age at diagnosis, years 0.332
<50 76 34 (44.7) 42 (55.3)
>50 489 248 (50.7) 241 (49.3)

Tumor location 0.025*
Proximal 224 125 (55.8) 99 (44.2)
Distal 342 158 (46.2) 184 (53.8)

T classification 0.648
Tis+TO+T1+T2 60 32 (53.3) 28 (46.7)
T3+T4 486 244 (50.2) 242 (49.8)

N classification 0.033*
NO 302 165 (54.6) 137 (45.4)
NI1+N2+N3 238 108 (45.4) 130 (54.6)

M classification 0.001?
MO 482 255 (52.9) 227 (47.1)
M1 61 18 (29.5) 43 (70.5)

Stage 0.015*
Stage1+Stage?2 301 165 (54.8) 136 (45.2)
Stage3+Stage4 265 118 (44.5) 147 (55.5)

P-value was calculated using Pearson's %? test of independence between covariates and MAGT11 expression. Due to incomplete data, one
patient was excluded from the association between age and MAGT1 expression, 20 were excluded from the tumor classification analysis, 26
were excluded from the node classification analysis and 23 from the distal metastasis analysis. “P<0.05. MAGT1, magnesium transporter 1;

T, tumor; N, node; M, metastasis.

The present study revealed that more tumors with advanced
stages were identified in the MAGT1-high expression group
compared with in the low expression group (Fig. 2A). In
addition, the expression levels of MAGT1 in metastatic CRC
tissues were identified to be higher than those in non-metastatic
CRC tissues (Fig. 2B). The MAGT1-high expression group
exhibited a slightly higher proportion of patients with CRC
with either lymphatic or distal metastasis compared with the
low expression group (Fig. 2C and D). To further confirm the
results of the present study, the GEO GSE39582 dataset was
adopted to analyze the expression of MAGT1 in 566 patients
with CRC. These patients with CRC were divided into
MAGT]1-high expression (n=283) and MAGT1-low (n=283)
expression groups according to the median value of MAGT].
The present study demonstrated that there were more patients
with CRC with advanced tumor stages, lymphatic and distal
metastasis in the MAGT1-high expression group compared
with the low expression group (Table I). In addition, the results
of the present study indicated that upregulation of MAGT1
was associated with higher incidence of CRC in distal loca-
tions (Table I). These findings suggested a positive association
between MAGT1 overexpression and the progression of CRC.

Upregulation of MAGTI is associated with the prognosis
of patients with CRC treated with chemotherapy. Since
chemotherapy data from 19 healthy controls and 16 patients
with CRC, and survival data from 4 patients with CRC were
missing in the GSE39582 dataset (n=585), Kaplan-Meier
and Cox regression analyses were applied to 546 patients
with CRC to further investigate the predictive role of
MAGTT! in the prognosis of CRC. Notably, for patients with
postoperative chemotherapy, the MAGT1-low expression
group had a longer overall survival (OS) time than the
high expression group (Fig. 3A). However, no statistically
significant difference in OS was identified between the high
and low expression groups in patients who did not undergo
chemotherapy (Fig. 3B). Therefore, it was hypothesized that
MAGT1 may be associated with anticancer drug resistance
in patients with CRC. As expected, patients treated with
chemotherapy had a better prognosis only in the MAGT1-low
expression group (Fig. 3C and D), which supported the
aforementioned hypothesis. In addition, the 5-year overall
survival rates in the MAGT1-low expression group were
38.01% (without chemotherapy) and 53.21% (with chemo-
therapy), while in the MAGT1-high expression group survival
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Figure 2. MAGT1 expression is associated with clinicopathological features
in patients with CRC. (A) Pearson's y* test for the association between MAGT1
expression and tumor stage. (B) Reverse transcription-quantitative PCR
assay for MAGT1 expression in mCRC and nmCRC tissues. (C) Pearson's
y* test for the association between MAGT]1 expression and N classification.
(D) Pearson's y test for the association between MAGT1 expression and M
classification. CRC, colorectal cancer; MAGT1, magnesium transporter 1;
mCRC, metastatic CRC; nmCRC, non-metastatic CRC; S, tumor stage;
N, node; M, metastasis.
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Figure 3. MAGT1 expression is associated with the prognosis of patients with
CRC with chemotherapy. (A) Kaplan-Meier survival analysis for MAGT1
expression and overall survival of patients with CRC. (B) Kaplan-Meier
survival analysis for MAGT1 expression and overall survival of patients
with CRC. (C) Kaplan-Meier survival analysis for chemotherapy and
overall survival of patients with CRC and low expression of MAGTI.
(D) Kaplan-Meier survival analysis for chemotherapy and overall survival of
patients with CRC and high expression of MAGT1. Chemo, chemotherapy;
CRC, colorectal cancer; MAGT1, magnesium transporter 1.
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Table II. Univariate Cox regression analysis of factors associ-
ated with overall survival in patients with colorectal cancer.

95% CI
for Exp(B)
Characteristic Exp(B) Lower Upper P-value
Age 1.009 0.990 1.020 0.353
Sex 1.223 0.769 1.943 0.395
T classification 2.743 1.735 4.338 <0.001
N classification 1.191 0.891 1.592 0.238
M classification 8.584 4.803 15.343 <0.001
Location 0.767 0477 1.233 0.273
Stage 2.924 1.846 4.630 <0.001
MAGT1 1.768 1.107 2.822 0.017

EXP(B), exponent of B; MAGT1, magnesium transporter 1; T, tumor;
N, node; M, metastasis.

Table III. Multivariate Cox regression analysis of factors asso-
ciated with overall survival in patients with colorectal cancer.

95% C1
for Exp(B)
Factor Exp(B) Lower Upper  P-value
T classification 1.788 1.103 2.900 0.018
M classification 5.946 3.183 11.111 <0.001
MAGT1 1.409 0.849 2.339 0.185

EXP(B), exponent of B; MAGT1, magnesium transporter 1; T, tumor;
M, metastasis.

rates were 43.45% (without chemotherapy) and 36.29% (with
chemotherapy). Therefore, univariate and multivariate Cox
regression analyses were performed only for patients with
CRC treated with chemotherapy. Univariate Cox regression
analysis demonstrated that MAGT]1, tumor stage, and T and
M classification were indicators of poor prognosis, while no
statistically significant difference was identified for age, sex,
N classification and tumor location (Table IT). However, multi-
variate Cox regression analysis revealed that only T and M
classification, but not MAGT]1, were independent factors for
poor prognosis (Table IIT). Multivariate analysis was used to
analyze the effect of independent factors on patients' survival,
whereas tumor stage was determined by TNM classification.
Stage was therefore excluded while applying multivariate Cox
regression analysis. Collectively, MAGT1 was a valid but not
an independent prognostic factor for CRC.

Discussion

A previous study revealed that CRC is the third most common
type of cancer (17), and the fourth most common cause of
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cancer-associated mortality worldwide (1,3). Furthermore, a
recent study reported that the 5-year survival rate of patients
with primary CRC has increased to 90%; however the 5-year
survival rate of patients with advanced CRC is only 13% (4).
Since tumor metastasis and drug resistance are the major
reasons for the poor prognosis of patients with CRC (18,19), it is
crucial to identify novel factors and mechanisms contributing
to the aforementioned processes. In addition, investigation of
valid biomarkers for predicting the development, progression
and prognosis of CRC is also necessary.

MAGT!1 is a well-known chromosome X-linked gene that
encodes a highly selective Mg** transporter (20). An immu-
nologic study demonstrated that mutations in MAGT]1 lead
to T-cell deficiency by disturbing the homeostasis of intra-
cellular free Mg?*, which is an important second messenger
among multiple cellular activities (7,21,22). However, the
pathophysiological significance of MAGT1 remains elusive.
The present study demonstrated that MAGT1 was upregu-
lated in CRC tissues compared with adjacent normal tissues,
indicating a positive association between the upregulation
of MAGT1 and incidence of CRC. In addition, patients with
CRC with high expression levels of MAGT1 had advanced
tumor stage, and were more likely to exhibit lymphatic
or distal metastasis. Similar results have previously been
reported in hepatocellular carcinoma (8). Additionally,
a previous study in breast cancer revealed that decreased
MAGT1 expression serves an important role in reducing the
viability of cancer cells (9). Collectively, MAGT1 may be a
valid biomarker for predicting the development and metas-
tasis of CRC. Further investigations are required to clarify
the exact effects of MAGT]1 on the biological activities of
CRC cells.

Notably, a growing body of epidemiological studies deter-
mined that high magnesium intake is associated with a lower
incidence of CRC (23-25), which seems to contradict the afore-
mentioned association between MAGT1 and CRC. However,
due to the crucial role of MAGT1 in the regulation of NK and
CD8* T-cells by mediating transient Mg** influx (7,21), this
discrepancy may be explained by the high magnesium intake
that may reduce the incidence of CRC by activating cytotoxic
T-cells. In addition, the concentration of intracellular Mg?* in
epithelial and CRC cells following high magnesium intake is
unknown. Therefore, the role of MAGT1-mediated alteration
of Mg?* in regulating the development and progression of CRC
remains unclear.

To further investigate the association between MAGT1 and
CRC, Kaplan-Meier survival and Cox regression analyses were
performed in the present study. Notably, the Kaplan-Meier
survival analysis revealed that MAGT1 expression was
negatively associated with OS time only in patients with
CRC treated with chemotherapy. Therefore, MAGT1 may be
involved in regulating the mechanisms underlying anticancer
drug resistance in CRC. Furthermore, univariate and multivar-
iate Cox regression analyses performed in patients with CRC
treated with chemotherapy suggested that MAGT1 was a valid
but not an independent prognostic factor for CRC. Notably,
patients with CRC with postoperative chemotherapy had an
improved OS only in the MAGT1-low expression group. This
finding suggested that MAGT1 could be a valid biomarker for
predicting the chemotherapeutic efficacy in CRC.
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In conclusion, the present study identified an association
between CRC development and progression and MAGTI1
expression level. Upregulation of MAGT1 may be associ-
ated with tumor metastasis and anticancer drug resistance,
and MAGT]1 could be a valid biomarker for predicting the
development, progression and prognosis of CRC.
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