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MAGT1 is required for HeLa cell proliferation through regulating p21 expression, 
S-phase progress, and ERK/p38 MAPK MYC axis
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ABSTRACT
Magnesium transporter subtype 1 (MAGT1) is known to participate in animal development and cell 
differentiation. Thus far, MAGT1 studies have mainly focused on its role in cardiomyocyte regulation 
and differentiation; only a few studies have demonstrated its role in cell proliferation. To investigate 
the underlying mechanism of MAGT1 in cell proliferation, HeLa and SiHa cells were transiently 
knocked down with different siRNAs. We showed that cell proliferation was substantially restricted 
by S-phase arrest and apoptosis in the MAGT1-knocked down cells, which was further confirmed by 
the increased expression of p21, cyclin-A1, and cyclin-B1, as well as the decreased expression of MYC, 
cyclin-D1, cyclin-E1, and CDK2. MAGT1 knockdown also resulted in significant changes in the tran
scriptional expression of 1,598 genes that were analyzed by RNA sequencing. Bioinformatics analysis 
showed that MAGT1 was related to the MAPK signaling pathway. Western blot analysis confirmed that 
the phosphorylation of extracellular signal-related protein kinase 1/2 (ERK1/2) and p38 was remark
ably reduced in MAGT1 down-regulated groups. Additionally, MAGT1 was required for the function of 
viral proteins E6/E7 during cell proliferation and G1/S cell-cycle progression. Therefore, MAGT1 plays a 
crucial role in the proliferation of HPV-positive cervical cancer cells, S-phase progression, and the ERK/ 
p38 MAPK signaling pathway. These results indicate the potential of MAGT1 as a novel target for 
anticancer research.
Abbreviations: MAGT1: Magnesium transporter subtype 1; MAPK: Mitogen-activated protein 
kinase; XMEN: X-linked immunodeficiency with Magnesium defect, Epstein-Barr virus infection 
and Neoplasia; BMMSCs: Bone Marrow Mesenchymal Stem Cells; Dpp: Decapentaplegic; CDKIs: 
CDK inhibitors; GPCR: G-protein coupled receptor; GO: Gene Ontology; KEGG: Kyoto Encyclopedia 
of Genes and Genomes; RTK: Receptor Tyrosine Kinase; PTK: Protein Tyrosine Kinase; FGFR: 
Fibroblast Growth Factor Receptor; BMP: Bone Morphogenetic Protein; HPV18 E6/E7: Human 
Papillomavirus 18 Early protein 6/ early protein 7; FACS: Fluorescence Activated Cell Sorting; PI: 
Propidium Iodide
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Introduction

Magnesium transporter subtype 1 (MAGT1) has been 
identified in human epithelial cells as an evolutionarily 
conserved magnesium transporter [1,2]. MAGT1 
mutations are associated with several human diseases, 
including X-linked immunodeficiency with magne
sium defects, Epstein-Barr virus infection and neopla
sia (XMEN) [3,4], glycosylation disorder [5], and 
other genetic syndromes [6,7]. Several studies have 
reported the vital role of MAGT1 in immune 
responses [4], glycosylation [8], and cell differentiation 

[9], however the function of MAGT1 in cell prolifera
tion is unclear.

MAGT1 is necessary for the growth and osteo
genic differentiation of mesenchymal stem cells 
(MSCs) [9,10]. Our previous work also found a 
close relationship between Drosophila MAGT1 
and fly development by tuning the Wingless 
(Wnt) and Decapentaplegic (Dpp) signaling path
ways [11], suggesting that MAGT1 may have a role 
in cell proliferation or differentiation by signaling 
pathway regulation. MAGT1 was also reported to 
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regulate the odontogenic differentiation of bone 
marrow MSCs via the ERK signaling pathway 
[12]. Furthermore, MAGT1 was highly expressed 
in several cancers, including colorectal cancer and 
hepatocellular carcinoma [13,14]. However, the 
molecular mechanism is not fully understood. 
Thus, it is probable that MAGT1 may also be a 
key participant in cancer cell proliferation.

Normal cell cycle progression and cell division 
are ensured by a series of complicated regulatory 
mechanisms. It is generally acknowledged that 
cyclin-D forms a complex with CDK4/6 and 
cyclin-E with CDK2 to regulate the G1/S transi
tion [15,16]. Cyclin-A accumulates in the S-phase 
and forms a complex with CDK2 to regulate the S/ 
G2 transition [17,18]. The CIP/KIP family mem
bers of cyclin-dependent kinase inhibitors 
(CDKIs) are also involved in cell-cycle regulation. 
For instance, many studies have shown that p21 
can induce cell-cycle arrest in both of the G1/S and 
S/G2 transitions by inhibiting CDK4/6/cyclin-D 
and CDK2/cyclin-E [19–21]. Considering that 
p53 and MYC are the upstream regulatory factors 
of p21 [22–25], it is reasonable to believe that the 
regulation of p53 and MYC might also influence 
cell cycle progression in different cells.

For MYC activity, mitogen-activated protein 
kinase (MAPK) is a common upstream signaling 
pathway that is associated with several diseases 
[26–30]. The MAPK signaling pathway is mainly 
regulated by the mutual antagonism between MAP 
kinase phosphatases (MKPs) and MAP kinases, 
including ERK1/2, p38, and JNK [31–34]. 
Therefore, the level of MKPs and the activity of 
MAP kinases could be indicators of the MAPK 
signaling pathway, from which cell-cycle progres
sion could be further analyzed.

In this study, we transiently knocked down 
MAGT1 in HeLa cells and observed a substantial 
reduction in the cell number. We further found 
that the decreased cell number was accompanied 
with the induced S-phase arrest and increased 
apoptosis. The expression of the cyclins are differ
entially regulated. We observed the up-regulation 
of p21 and down-regulation of the upstream reg
ulator MYC in MAGT1-knocked down cells. 
Besides, we also observed the decrease of the 
ERK1/2 and p38 MAPK signaling pathways 
through RNA sequencing and bioinformatics 

analyses, confirmed by western blot analysis. 
Above all, these results indicate that MAGT1 was 
indispensable for cervical cancer cell proliferation 
by regulating the expression of p21 and MYC, as 
well as the ERK/p38 MAPK signaling pathway.

Materials and methods

Cell culture and reagents

Cervical cancer cell lines, HPV-positive HeLa 
(HPV18) and SiHa (HPV16) cells were obtained 
from American Type Culture Collection (ATCC), 
and were cultured in DMEM medium (Thermo 
Fisher Scientific, USA) supplemented with 10% 
fetal bovine serum (Invitrogen, USA), streptomy
cin (100 μg/mL; Sigma-Aldrich, USA) and penicil
lin (100 U/mL; Sigma-Aldrich, USA). Cells were 
incubated at 37°C in a humidified incubator con
taining 5% CO2.

siRNA transfection

HeLa and SiHa cells were transfected with siRNAs 
while plated onto 6-well plates using 
Lipofectamine 2000 (Invitrogen, USA) according 
to the manufacturer’s instructions. RNA or protein 
was harvested for further analyses.

Target sequences of siRNAs were 5′- 
GCUAUGACAUCUGGUCAAATT-3′ (SiMAGT1- 
1), 5′-CCGACAGAACUGAUGUCAATT-3′ 
(SiMAGT1-2) and 5′-GGACUUGUGUAUCU 
UCGAATT-3′ (SiMAGT1-3) (Qiagen, Germany) 
for MAGT1. 5′-CAUUUACCAGCCCGACGAGTT 
-3′ (SiE6/E7) (Qiagen, Germany) for the viral pro
teins E6/E7. Negative control siRNAs did not target 
any human genes (SiCtrl, the Negative Control 
siRNA, Qiagen, Germany).

Quantitative Real-time PCR (qPCR)

HeLa and SiHa cells were grown in 6-well plates 
and were treated with siRNAs for 48 h. Total RNA 
was extracted according to the manufacturer’s 
instructions. Briefly, cells were lysed in 500 μL 
TRIzol® (Invitrogen, USA) and 100 μL of chloro
form was added to each lysate. The lysate was 
centrifuged at 12,000 rpm for 15 min at 4°C. 
Upper aqueous phase was collected in a fresh 
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tube and RNA was precipitated with equal volume 
of isopropanol. Tubes were centrifuged again at 
10,000 rpm for 10 min at 4°C. The pellet was 
washed twice with 75% ethanol at 7500 rpm for 
5 min at 4°C. Total RNA was transcribed into 
cDNA using a Prime Script™ RT Reagent Kit 
(Takara, Japan). Quantitative Real-Time PCR was 
performed with 1 μL cDNA template using SYBR 
Green master mix (Applied Biosystems, USA) on 
Applied BioSystems RT PCR machine. QPCR ana
lysis was carried out using a SYBR Green Master 
Mix (Applied Biosystems, USA) on a Bio-Rad 
CFX96 real-time PCR detection system (Bio-Rad, 
USA) according to the manufacturer’s instruc
tions. The thermocycling conditions were as fol
lows: Stage 1, 95°C for 30 s; stage 2, 95°C for 5 s 
and 60°C for 30 sec for 40 cycles. The 2−ΔΔCt 

method was used to determine the relative expres
sion of the genes normalized to GAPDH, and the 
experiments were repeated three times 
independently.

The following primers were used for qPCR analy
sis: MAGT1, forward 5′- 
CTCAGCCTCTGCCCAAAGAA-3′ and reverse 5′- 
CACAAGGCGACGGAACTTGT −3′; CCNA1, for
ward 5′-GAGGTCCCGATGCTTGTCAG-3′ and 
reverse 5′-GTT AGCAGCCCTAGCACTGTC-3′; 
CCNB1, forward 5′-AATAAGGCGAAGATCAAC 
ATGGC-3′ and reverse 5′- TTTGTTACCAATGTC 
CCCAAGAG-3′; CCND1, forward 5′- 
GCTCCTGTGCTGCGAAGT-3′ and reverse 5′- 
TGTTCCTCGCAGACCTCCAG-3′; CCNE1, for
ward 5′-GCCAGCCTTGGGACAATAATG-3′ and 
reverse 5′-CTTGCACGTTGAGTTTGGGT-3′; 
CDK2, forward 5′-AGGCATGAGGAATCTGG 
GAG-3′ and reverse 5′-GAGGTGGACGTCAG 
AGGAAA-3′; CDK4, forward 5′-TCTCTGAGGC 
TATGGAGGGT-3′ and reverse 5′-GGGAAAGGG 
ACAAGAGGG AA-3′; CDKN1A, forward 5′- 
CGATGGAACTTCGACTTTGTCA-3′ and reverse 
5′-GCACAAGGGTACAAGACAGTG-3′; CDKN2A, 
forward 5′-GGGTTTTCGTGGT TCACATCC-3′ 
and reverse 5′-CTAGACGCTGGCTCCTCAGTA-3′; 
MYC, forward 5′-TCAAGAGGCGAACACACAAC 
-3′ and reverse 5′-GGCCTTTTCATTGTT TTCCA- 
3′; TP53, forward 5′-GAGGTTGGCTCTGACTG 
TACC-3′ and reverse 5′-TCCGTCCCAGTAGA 
TTACCAC-3′ and GAPDH, forward 5′-GCACCGT 

CAAGGCTGAGAAC-3′ and reverse 5′- 
ATGGTGGTGAAGACGCCAGT-3′.

RNA sequencing (RNA-seq) and data analysis

A total amount of 1 μg RNA per sample was used 
as input material for the RNA sample prepara
tions. Sequencing libraries were generated using 
NEBNext® UltraTM RNA Library Prep Kit for 
Illumina® (NEB, USA) following manufacturer’s 
recommendations and index codes were added to 
attribute sequences to each sample.

The clustering of the index-coded samples was 
performed on a cBot Cluster Generation System 
using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) 
according to the manufacturer’s instructions. After 
cluster generation, the library preparations were 
sequenced on an Illumina Novaseq platform and 
150 bp paired-end reads were generated. RNA-Seq 
data were deposited in Gene Expression Omnibus 
(GEO; accession # GSE166084). Feature Counts 
v1.5.0-p3 was used to count the reads numbers 
mapped to each gene. FPKM of each gene was cal
culated based on the length of the gene and reads 
count mapped to this gene. Differential expression 
analysis of two conditions was performed using the 
edgeR R package (3.18.1). The P values were adjusted 
using the Benjamini & Hochberg method. Corrected 
P-value of 0.05 and absolute fold change of two were 
set as the threshold for significantly differential 
expression.

Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analyses 
of differentially expressed genes were implemented 
by the cluster Profiler R package to detect mole
cular functions, biological processes, and pathways 
associated with the differential expression signa
ture. GO terms with corrected P value less than 
0.05 were considered significantly enriched by dif
ferential expressed genes.

Cell cycle analysis

For cell cycle analysis with propidium iodide (PI) 
staining, cells (1 × 105) were seeded in 6-well 
plates and treated with siRNAs for 48 h or 72 h. 
Then, cells were harvested and washed twice with 
ice cold PBS and fixed in 70% cold ethanol at 4°C  
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overnight. The fixed cells were treated with 2 μg/ 
mL RNase (Sigma, USA) and 50 μg/mL PI at 
1 × 106 cells/mL (Sigma, USA). The cells were 
then analyzed by flow cytometry on a FACS 
Calibur Flow Cytometer (BD Biosciences, USA). 
The percentage of cells at each phase of the cell 
cycle was calculated using the Mod-Fit LT 
software.

DNA synthesis was assessed by incorporation of 
10 μM 5-ethynyl-2ʹ-deoxyuridine (EdU, Sigma, 
USA) for 2 h in pulse-labeled experiments, cells 
were trypsinized and fixed in cold 70% ethanol at 
4°C overnight. Then cells were washed and incu
bated in 0.1 mL 0.5% Triton X-100 for 20 min at 
room temperature, and incubated with YF® 488 
Azide (US Everbright, China) for 30 min at room 
temperature. Before being analyzed on a BD 
Fortessa flow cytometer, cells were stained with 
1 μg/mL of 7-Aminoactinomycin D (7-AAD, BD 
Biosciences, USA) at room temperature for 15  
min. The data were analyzed by the FlowJo VX 
software (FlowJo, LLC).

Cell apoptosis analysis

For cell apoptosis analysis, cells were washed twice 
with ice cold PBS and stained with FITC- 
conjugated Annexin V (BD Biosciences, USA) on 
ice for 15 min, and then stained with 1 μg/mL of PI 
at room temperature for 15 min. The cells were 
analyzed on a BD Fortessa flow cytometer. The 
data were analyzed by the FlowJo VX software 
(FlowJo, LLC).

Western blot analysis

Cells seeded at 1.5 × 105 per well in 6-well plates 
were treated with siRNAs for 48 h. Then cells were 
washed twice with ice cold PBS and lysed with 
RIPA lysis buffer containing protease inhibitors 
(Sigma-Aldrich, USA) for 30 min on ice. Lysates 
were centrifuged at 12,000 g for 15 min at 4°C. 
Whole-cell extracts were analyzed by Western blot 
analysis. The protein concentration was deter
mined using a BCA protein assay kit (Pierce, 
USA). Total protein (10 μg) was subjected to 
10% SDS-PAGE and transferred onto polyvinyli
dene difluoride (PVDF) membrane (Millipore, 
USA). Membranes were blocked with 5% skimmed 

milk dissolved in TBST for 1 h, incubated with 
primary antibodies at 4°C overnight and with 
horseradish peroxidase-conjugated secondary anti
bodies at room temperature for 1 h. The primary 
antibodies anti-MAGT1 (PA5-44,929, 1:500, rabbit 
polyclonal antibody) and anti-cyclin-A1 (PA5- 
109,491, 1:1,000, rabbit polyclonal antibody) were 
obtained from Thermo Fisher Scientific. Anti- 
ERK1/2 (1:2000), anti-p-ERK1/2 (1:1,000), anti- 
p-p38 (1:500), anti-p-JNK (1:2,000), anti-cyclin- 
B1 (1:1,500), anti-cyclin-D1 (1:2,000), anti-cyclin- 
E1 (1:1,000), anti-CDK2 (1:2,000) and anti-CDK4 
(1:2,000) were all rabbit polyclonal antibodies 
obtained from the Cell Signaling Technology. 
Anti-α Tubulin (cat. no. ab7291; 1:5,000) was 
obtained from Abcam. The secondary antibodies 
goat anti-mouse (cat. no. ab205719; 1:10,000) and 
goat anti-rabbit (cat. no. ab6721; 1:10,000) 
obtained from Abcam were labeled with horserad
ish peroxidase (GE healthcare, USA) and detected 
with the ECL Western Blotting Substrate (Thermo 
Fisher Scientific, USA). The western blots were 
repeated at least three times.

Statistical analysis

For statistical analysis, all experiments were per
formed independently and repeated at least three 
times. Data were analyzed using GraphPad Prism 
6.0 (GraphPad Software, USA). Unpaired Student’s 
t-test and paired t-test were carried out to evaluate 
statistical differences between two groups. Statistically 
significant differences between more than two groups 
were determined using one-way analysis of variance 
(ANOVA) followed by Bonferroni’s multiple compar
ison tests. Data was presented as the means ± standard 
deviation (SD). Significance was generally defined in 
each figure legend.

Results

MAGT1 knockdown induces cell proliferation 
inhibition through inducing S-phase arrest and 
apoptosis in HeLa cells

We transfected three different MAGT1 siRNAs 
into HeLa cells to transiently knockdown 
MAGT1 and found that only two of these demon
strated observable differences compared to the 
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negative-control treatment (Figure 1(a)). Thus, we 
chose the two efficient MAGT1 siRNAs 
(SiMAGT1-1 and SiMAGT1-2) for further ana
lyses. Western blot analysis showed that the pro
tein levels of MAGT1 were also significantly 
decreased in the two efficient MAGT1 siRNAs 
treated cells (Figure 1(b)). MAGT1 regulates the 
proliferation of several different cells. To test 
whether MAGT1 is also required for HeLa cell 
growth, we treated the cells with different 
siRNAs, harvested and quantified the number of 
cells using a cell counter. We found that MAGT1 
knockdown significantly reduced the cell number 
after 48 and 72 h (Figure 1(c,d)). To further 
explore the mechanism of MAGT1 on cell growth, 
we stained the RNAi-treated cells with propidium 
iodide (PI) and performed FACS analysis. The 
results showed that the number of cells was sig
nificantly accumulated in the S phase and reduced 
in the G2/M phase after treatment with SiMAGT1 
for 72 h compared with the negative control 
(Figure 1(e,f)). To further explore whether the 
increased number of cells in the S phase was 
induced by S-phase arrest or the increase in pro
liferation, we performed EdU-pulse labeling 
experiments. No significant changes of the EdU 
positive cells were observed in different treated 
groups (Figure 1(g,h)), indicating that the 
S-phase accumulation was not due to the increased 
proliferation of the cells. Hence, MAGT1 knock
down induced a significant S-phase arrest in HeLa 
cells and induced significant apoptosis (Figure 1(i, 
j)), resulting in a decreased number of cells. These 
results demonstrated that MAGT1 is required for 
HeLa cell growth by regulating the S-phase pro
gression and apoptosis of the cells.

MAGT1 downregulation is associated with an 
increase in expression of p21 and S-phase genes 
and a decrease in G1-phase genes

To investigate the molecular mechanism of MAGT1 
in cell cycle regulation, we examined the expression of 
the cell-cycle regulation genes, particularly cyclin- 
associated genes. MAGT1 was significantly decreased 
in the SiMAGT1-treated HPV positive HeLa and 
SiHa cells (Figure 2(a)). The levels of cyclin-A1, 
cyclin-B1, cyclin-D1, and cyclin-E1, as well as the 
cyclin-dependent kinases CDK2 and CDK4, were 

quantified using qPCR and western blot analyses. 
The results showed that both the S-phase-associated 
factors, cyclin-A1 and cyclin-B1, were significantly 
increased in the HeLa cells (Figure 2(b, d)). 
Moreover, the expression of cyclin-B1 was also sig
nificantly increased in the SiHa cells (Figure 2(b,d)). 
Interestingly, both the mRNA and protein levels of 
the G1-phase-associated factor, cyclin-D1, were sig
nificantly decreased in the MAGT1-knocked down 
cells compared with the negative control (Figure 2(c, 
d)). The levels of cyclin-E1 and CDK2 were signifi
cantly decreased in the HeLa cells (Figure 2(c,d)). 
Additionally, although shown a decreasing trend, no 
significant decrease of CDK4 in both MAGT1 knock
down cells was detected (Figure 2(c,d)). These results 
indicated that MAGT1 is involved in cyclin-related 
gene regulation.

The upstream cell cycle regulators, such as p21 and 
p16, are involved in cell cycle regulation [19,24]; thus, 
we examined the transcriptional levels of these regu
lator genes after different RNAi treatments, followed 
by qPCR. Surprisingly, only CDKN1A, the p21 gene, 
was dramatically increased in both HeLa and SiHa 
cells after MAGT1 RNAi treatment. As shown in 
Figure 2(e), the expression of CDKN1A in cells trans
fected with MAGT1 siRNA was approximately 
2.5-fold more than that of the negative control in 
HeLa cells. The upstream regulatory factors p53 and 
MYC regulate the expression of p21 [35]. Thus, we 
also tested the transcription levels of p53 and MYC in 
cells treated with different siRNAs. The results 
showed that the expression of MYC was significantly 
reduced in the MAGT1 RNAi group of the SiHa cells, 
while the expression of p53 was not affected (Figure 2 
(f)). Above all, these results indicated that MAGT1 is 
involved in the expression of several cell cycle-related 
genes, which are required for S-phase progression. 
We concluded that the upregulation of p21, through 
the downregulation of MYC might be the main 
mechanism of S-phase arrest induced by the down
regulation of MAGT1.

MAGT1 regulates groups of the signaling 
pathway-related genes transcription

To further explore the role of MAGT1, we 
extracted RNA from HeLa cells transfected with 
different siRNAs treatments for 48 h and con
ducted RNA sequencing and bioinformatics 
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Figure 1. Knock down of MAGT1 inhibits proliferation and induces S-phase arrest and apoptosis in HeLa cells.
(a) RT-qPCR analysis of mRNA levels of MAGT1 in three different siRNAs and negative control treated HeLa cells. Noting that 
SiMAGT1-1 and SiMAGT1-2 could significantly knock down MAGT1 gene. The results are presented as mean ± SD; n = 5; ***P 
< 0.001; ns, no significance; two-tailed Student’s t-test.(b) Western blot analysis of MAGT1 in different siRNAs treated HeLa cells. 
Quantification shown in right panel is from three independent experiments. The results are presented as mean ± SD; n = 3; **P 
< 0.01; ***P < 0.001; two-tailed Student’s t-test.(c) Representative pictures of the HeLa cells treated with SiCtrl, SiMAGT1-1 or 
SiMAGT1-2. The figures of high resolution showed the morphologic change of SiMAGT1 treated cells compared with negative control 
cells. Scare bars, 200 μm. (d) The number of different siRNAs treated cells counted through a cell counter. Noting that the cell 
number significantly reduced in MAGT1 RNAi groups at 48 h and 72 h compared with control. The results are presented as mean ± 
SD; n = 3; **P < 0.01; ***P < 0.001; ns, no significance; one-way ANOVA followed by Bonferroni’s multiple comparison tests. (e) 
Representative flow cytometry plots of cell cycle distribution propidium iodide (PI) staining in HeLa cells 72 hours after siRNAs 
treatment. Samples are measured by a flow cytometer with a minimum of 20,000 cells recorded from each experiment. Noting that 
MAGT1 RNAi changes the cell phase distribution of the HeLa cells. (f) Quantification of cell cycle analysis of PI staining in different 
siRNAs treated HeLa cells. Noting that MAGT1 RNAi significantly increased the cells in S-phase. The results are presented as mean ± 
SD; n = 4; *P < 0.05; ns, no significance; two-tailed Student’s t-test.(g) Representative flow cytometry plots of cell cycle analysis of 
SiCtrl and SiMAGT1 treated HeLa cells by EdU pulse-labeling and 7-AAD staining. Samples are measured by a flow cytometer with a 
minimum of 20,000 cells recorded from each experiment. (h) Quantification of the EdU positive cells in different siRNAs treated 
groups. Noting that MAGT1 RNAi did not significantly affect the EdU positive cells in different siRNAs treated groups. The results are 
presented as mean ± SD; n = 3; ns, not significant; two-tailed Student’s t-test. (i) Representative flow cytometry plots of apoptosis 
analysis of SiCtrl and SiMAGT1 treated HeLa cells by Annexin V and PI staining. Samples are measured by a flow cytometer with a 
minimum of 20,000 cells recorded from each experiment. (j) Quantification of apoptosis analysis of SiCtrl and SiMAGT1 treated HeLa 
cells. The results are presented as mean ± SD; n = 3; *P < 0.05; ns, no significance; two-tailed Student’s t-test. 
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Figure 2. MAGT1 regulates several cell cycle related gene expressions.
(a) RT-qPCR analysis of mRNA levels (relative to GAPDH) of MAGT1 in different siRNAs treated HeLa and SiHa cells. (b) RT-qPCR 
analyses of mRNA levels (relative to GAPDH) of CCNA1 and CCNB1 in different siRNAs treated HeLa and SiHa cells. (c) RT-qPCR 
analyses of mRNA levels (relative to GAPDH) of CCND1, CCNE1, CDK2 and CDK4 in different siRNAs treated HeLa and SiHa cells. (d) 
Western blot analysis of the protein level of the cycle-related regulators (cyclin-A1, cyclin-B1, cyclin-D1, cyclin-E1, CDK2, and CDK4). 
Tubulin is supported as the loading control. The black star indicates the specific target band. (e) RT-qPCR analyses of mRNA levels 
(relative to GAPDH) of CDKN2A and CDKN1A in different siRNAs treated HeLa and SiHa cells. (f) RT-qPCR analyses of mRNA levels 
(relative to GAPDH) of TP53 and MYC in different siRNAs treated HeLa and SiHa cells. For all the data above are shown as mean ± SD; 
n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance; two-tailed Student’s t-test. 
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analyses. Genes with significant expression 
changes (i.e. a twofold increase) were selected for 
further analyses (Figure 3(a)). As expected, the 
knockdown of MAGT1 induced substantial tran
scriptional expression changes in 1,598 genes 
(indicated as Change 1,598, Figure 3(a)), of 
which, 681 upregulated (Up 681) and 917 down
regulated (Down 917). The reactome enrichment 

showed that MAGT1 might regulate the G-protein 
coupled receptor (GPCR) signaling pathway and 
may be involved in extracellular matrix organiza
tion (Figure 3(b)). Gene Ontology (GO) analysis of 
all the 1,598 changed genes provided lots of infor
mation, such as receptor-ligand activity, receptor 
regulatory activity, extracellular matrix, cell prolif
eration, and epithelial cell differentiation, 

a b

c d

Figure 3. MAGT1 regulates a large batch of target gene expression.
(a) Volcano Plots of differentially expressed genes (DEG) between cells treated with control and MAGT1 siRNAs, as determined by the 
RNA-seq analysis. 1,598 significantly changed genes are selected for further analyses, based on the indicated rules P < 0.05, |Log2 

Fold change| >1. (b) Reactome Enrichment analysis of 1,598 MAGT1 regulated genes. (c) GO charts of Biological Processes, Cellular 
Component and Molecular Functions for 681 UP expressed genes in MAGT1 knock down group. (d) GO charts of Biological Processes, 
Cellular Component and Molecular Functions for 917 DOWN expressed genes in MAGT1 knock down group. 
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indicating that MAGT1 might involve in signal 
transduction, cell proliferation, and differentiation. 
To further investigate the function of MAGT1- 
regulated genes, we conducted GO analysis for 
the 681 upregulated and 917 downregulated 
genes respectively. The biological process results 
showed that the downregulated genes were 
involved in the bone morphogenetic protein 
(BMP) signaling pathway and development 
(Figure 3(c)), indicating that MAGT1 might be 
involved in development through the BMP signal
ing pathway, which was consistent with our pre
vious study in Drosophila [11]. Interestingly, the 
biological processes of the upregulated genes were 
mainly involved in cell proliferation and cell-cycle 
arrest (Figure 3(d)), which was consistent with our 
previous observation of a decrease in the number 
of cells and S-phase arrest in MAGT1 down- 
regulated cells (Figure 1). The biological process 
of the upregulated genes also indicated the nega
tive regulation of the MAPK signaling pathway, 
especially the ERK1/2 cascade (Figure 3(d)); thus, 
the inhibition of cell proliferation might be due to 
the negative regulation of the ERK/MAPK signal
ing pathway. The results of the molecular function 
analyses were similar to those of the biological 
process analysis, indicating that MAGT1 is mainly 
involved in MAPK and BMP signaling pathways. 
The cellular component analysis of the upregu
lated genes was not significant, while the down- 
expressed genes are mainly extracellular matrix on 
the cell surface (Figure 3(c,d)), indicating that the 
extracellular components of the signaling path
ways were regulated by MAGT1. Together, 
MAGT1 might regulate the transcription of 
batches of signaling pathway-related genes, which 
might function in cell proliferation, and 
differentiation.

Downregulation of MAGT1 inhibits the activation 
of ERK and p38, but not the JNK MAPK signaling 
pathway

Considering our previous results on cell prolifera
tion, we focused on the 917 upregulated genes. 
Through GO combined with Kyoto Encyclopedia 
of Genes and Genomes (KEGG) analyses, we 
found that 14 genes of MAPK negative regulators 
were significantly upregulated in MAGT1 siRNA- 

treated cells (Figure 4(a,b)), nine of which nega
tively regulated MAP kinase activity. Therefore, 
MAGT1 might participate in the positive regula
tion of the MAPK signaling pathway through 
MAP kinase regulation. To confirm our hypoth
esis, we performed western blot analysis to detect 
the phosphorylation of ERK, p38, and JNK, the 
three core MAP kinases of the MAPK signaling 
pathway. The results showed that the protein level 
of total ERK did not change in the siRNA-treated 
cells and the phosphorylation levels of the ERK 
protein were significantly reduced in MAGT1- 
RNAi-treated cells (Figure 4(c)), which was con
sistent with the previous GO analysis (Figure 3 
(d)). The phosphorylation of p38 was also reduced 
in MAGT1-knocked down cells, but not the phos
phorylated JNK (Figure 4(c)), indicating that 
MAGT1-RNAi decreased the ERK/p38 MAPK sig
naling pathway, but not JNK. Taking these find
ings into consideration, MAGT1 might be 
involved in the ERK/p38 MAPK signaling pathway 
by upregulating the MAPK negative regulator 
genes.

MAGT1 antagonizes HPV18 E6/7 viral proteins 
during G1/S progression

HPV18 E6/E7 viral proteins are reported to sustain 
the proliferation of immortalized cells through the 
G1/S transition [36]. The proteins are cervical 
cancer hallmarks and are vital targets for cancer 
therapy [37]. Thus, research on discovering new 
regulatory factors for star molecules is extremely 
urgent. Our previous results revealed a new cell 
cycle regulation role of MAGT1 in promoting 
HeLa cell proliferation (Figure 1), which drew 
our attention to the association between MAGT1 
and E6/E7. The siRNAs targeting the two viral 
proteins are vital anti-cancer drugs in cancer ther
apy [38]. Therefore, to confirm the effect of 
MAGT1 in cancer therapy, we transfected cells 
with different siRNAs and counted the cell num
ber at different time points using the cell counter, 
and the cell cycle profile was determined by FACS. 
As shown in Figure 5(a), MAGT1 RNAi alone 
reduced the cell number after 48 h and 72 h, 
which is consistent with our previous results. In 
addition, compared with the negative control, the 
number of E6/E7 RNAi cells was remarkably 
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reduced at 48 h and 72 h, consistent with a pre
vious report [37]. Importantly, the cell number 
was significantly reduced at 48 h and 72 h when 
MAGT1 and E6/E7 were introduced simulta
neously RNAi, which is much less than E6/E7 
single RNAi, suggesting that the viral protein E6/ 
E7 requires MAGT1 to promote proliferation. The 
FACS data showed that the S-phase cells accumu
lated in the MAGT1 single RNAi group, consistent 
with our previous results (Figure 1). Conversely, 
the number of S-phase cells was remarkably 
decreased in the E6/E7 RNAi group, while the 

decrease was alleviated by MAGT1 RNAi (Figure 
5(b,c)), indicating that MAGT1 antagonizes the 
viral proteins E6/E7 during G1/S progression. 
Taken together, these results demonstrate that 
MAGT1 antagonizes the function of E6/E7 viral 
proteins through G1/S phase progression, indicat
ing a promising anti-cancer role of MAGT1 in 
cervical cancer therapy.

Discussion

In this study, we efficiently silenced MAGT1 using 
specific siRNAs and observed a remarkable 
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Figure 4. Downregulation of MAGT1 causes the reduction of ERK/p38 MAPK signaling pathways.
(a) Heat maps of normalized expression values (Log2 unit) of RNA-seq data for genes in different RNAi-treated HeLa cells as 
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downregulation in two cervical cancer cells. As 
Mg2+ and its transporters are implicated in the 
regulation of cell proliferation [39], it is relevant 
to note that after 48 h and 72 h of MAGT1 silen
cing, we detected approximately 50% growth retar
dation in HeLa cells, which was accompanied with 
S-phase arrest (Figure 1). Therefore, our data con
firmed the critical role of MAGT1 in cell 
proliferation.

The cell cycle is finely modulated by the sequen
tial expression of cyclins and associated CDKs. It 
is well documented that cell proliferation depends 

on four distinct phases, which include G0/G1, S, 
G2, and M, that are regulated by several cyclin- 
dependent kinases (CDKs) [15]. Thus, the dysre
gulation of the cell cycle is regarded as a promising 
target for cancer therapy. Using FACS analysis, we 
found that MAGT1 knockdown significantly 
induced S-phase arrest in HeLa cells (Figure 1(e, 
f)). Cell cycle assessments showed that cyclin-A/ 
CDK2 and cyclin-E/CDK2 complexes are involved 
in the proper entry into, and progression through 
the S-phase of the cell cycle. To confirm that 
S-phase arrest was induced by the loss of 

ERK1/2p38

MYC

S-phase arrest

CDK2

Proliferation

MAGT1

CyclinE

MKPs MAPK
Pathway

p21

p53

Down
Unchange

Promote
Suppress
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Figure 6. Molecular mechanism of MAGT1 in HeLa cell proliferation.
Knocking down MAGT1 via p21 activation mediates S-phase arrest and inhibition of the ERK/p38 MAPK MYC signaling axis. 
Generally, knock down of MAGT1 causes the reduction of ERK/p38 MAPK signaling pathway, which might cause the downregulation 
of MYC. Low level of MYC could not antagonize p53 in p21 inhibition, thus leading to the remarkable upregulation of p21. The high 
level of p21 accompanied by downregulated CDK2 and cyclin-E ultimately induces S-phase arrest and the cell proliferation 
attenuation. 
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MAGT1, the expression levels of the three S-phase 
related genes were analyzed using RT-qPCR and 
western blot analyses in RNAi-treated-MAGT1 
and control cells. We found that cyclin-E and 
CDK2, but not cyclin-A, were downregulated in 
MAGT1-knocked down HeLa cells (Figure 2(b– 
d)). This suggests that the accumulation phenom
enon in the S phase when MAGT1 knockdown 
occurs in cells might be due to the suppression 
of cyclin-E and CDK2 levels. Although we also 
observed a decrease in cyclin-D1 in both MAGT1- 
knocked down cells, there were no significant 
decrease in CDK4 in either SiMGAT1 treated 
HeLa or SiHa cells, which might explain why the 
G1-phase was not significantly affected in the 
siRNA-treated cells.

Considering the obvious influence of p21, an 
inhibitor of CDKs which blocks the cell cycle by 
binding to and inhibiting their kinase activities in 
S-phase arrest [19], similar treatments have also 
been used for the detection of p21 transcription. 
The results showed a remarkable increase in p21 in 
MAGT1-downregulated cells (Figure 2(e)). 
Therefore, we concluded that the upregulation of 
p21 might be another mechanism of S-phase arrest 
induced by MAGT1 downregulation.

p21 is regulated by a variety of upstream reg
ulators, the most studied of which is p53 [24]. 
Additionally, many proteins interact with these 
transcription factors and affect their role in regu
lating the expression of p21, including the well- 
known tumorigenic factor MYC [22,23]. MYC 
binds to p53 and inhibits the enrichment of p53 
at the promoter region of CDKN1A, thereby inhi
biting the transcription of CDKN1A [35]. Thus, 
the mRNA levels of p21-related regulatory genes 
were screened by RT-qPCR, and the results 
showed that although the level of p53 remained 
constant, its antagonist MYC was downregulated 
in the MAGT1 siRNA-treated cells (Figure 2(f)), 
which may induce the expression of p21 and 
finally lead to S-phase arrest in HeLa cells.

MAPK is considered as one of the typical sig
nals in several cancers [30,33]. Furthermore, the 
MAPK pathway promotes the stability of onco
genic MYC proteins to enhance the inhibitory 
effects on p21 expression [27,29]. We previously 
found a positive correlation between MAGT1 and 
MYC expression through a qPCR experiment in 

HeLa and SiHa cells (Figure 2(f)). On the other 
hand, our genome-wide RNA-Seq and bioinfor
matics analyses revealed that MAGT1 knockdown 
considerably altered the expression of MAPK- 
related genes (Figures 3(d) and Figures 4(a,b). 
Thus, we speculated that MAGT1 might modulate 
the stability of MYC through the MAPK signaling 
pathway, which is one of the two main mechan
isms by which MYC regulates p21 expression 
under MAGT1. The other is the transcription 
level of MYC, as we have previously shown 
(Figure 2(f)). As the MAPK pathway regulates 
the expression of MYC in the nucleus, it is reason
able to suppose that MAGT1 regulates the expres
sion of MYC through the MAPK pathway, which 
ultimately mediates cell cycle regulation in HeLa 
cells. Consistent with our speculation, MAGT1 
knockdown attenuated the phosphorylation of 
ERK1/2 and p38 (the two core factors of the 
MAPK pathway) in HeLa cells (Figure 4(c)), 
demonstrating the proliferative effects of MAGT1 
via the MAPK-MYC axis. Similarly, Zheng et al. 
reported that MAGT1 increased the phosphoryla
tion of the ERK MAPK pathway in odontogenic 
differentiation of mesenchymal stem cells [12]. 
Taken together, knockdown of MAGT1 restrained 
the proliferation of HeLa cells as well as the ERK/ 
p38 MAPK/MYC cascade, exhibiting a tumor inhi
bitory effect.

Due to the cell cycle regulation of MAGT1 in 
the HPV18 positive HeLa cells (Figure 1), we also 
studied the functional correlation between 
MAGT1 and the HPV18 proteins E6 and E7. The 
viral proteins E6/E7 are required for cell prolifera
tion by regulating the G1/S phase progression 
[40,41]. The intention was to determine whether 
MAGT1 regulates the function of E6/E7 in cell 
cycle regulation, and the results showed that 
MAGT1 antagonized the viral proteins E6/E7 in 
G1/S phase progression (Figure 5), indicating a 
promising anti-cancer role of MAGT1. Moreover, 
the molecular mechanisms of these genes require 
further exploration.

In conclusion, our research revealed that knock
down of MAGT1-induced S-phase arrest, attenu
ated the expression of cyclin-E, CDK2, and MYC, 
increased p21 expression, and decreased the phos
phorylation of ERK1/2 and p38 in the MAPK 
signaling pathway in HeLa cells. The full principle 
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of this mechanism is illustrated in Figure 6. Taken 
together, our findings provide insights into the 
antitumor effects of MAGT1 via p21-mediated 
S-phase arrest and the inhibition of the ERK/p38 
MAPK/MYC cascade, as well as the antagonism of 
the viral proteins E6/E7 in G1/S phase progression, 
indicating that MAGT1 might be a potent antic
ancer candidate.
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