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MAGEAG6 positively regulates MSMO1 and promotes the
migration and invasion of oesophageal cancer cells
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Abstract. The melanoma antigen gene family A (MAGEA)
family of proteins comprises of cancer-testis antigens that are
highly expressed in a number of tumours but are minimally
expressed in normal cells. Due to its expression characteristics,
this protein family has become a popular target for anti-cancer
drugs and immunotherapy research over recent years. Although,
elevated expression levels of MAGEAG6 has been found in
different types of tumours, there remains to be insufficient
information on the function of MAGEAG and its associated
gene regulation pathways. The present study used Transwell,
Cell Counting Kit-8 and wound healing assays to analyse the
effects of MAGEAG on Ecal09 cell invasion, migration and
proliferation. The main functions and pathways involved in
MAGEAG were predicted by Illumina Hiseq screening for
mutually regulated genes and core genes. Ecal09 cell line with
a high expression of MAGEAG6 was a stable cell line obtained
by transfection in the early stage, and this cell line was used
in subsequent experiments. Transcriptome sequencing was
performed on this cell line and the Ecal09 cell line that
normally expressed MAGEAG. It was revealed that a high
expression of MAGEAG conferred a significant stimulating
effect on cell proliferation whilst also significantly increasing
cell invasion and migration. Transcriptomic analysis identi-
fied 14 differentially expressed genes and 13 core regulatory
genes closely associated with MAGEAG expression regulation,
such as methylsterol monooxygenase 1 (MSMOL1). The present
study suggest that MAGEAG positively regulated MSMO1
expression, which may serve an oncogenic role in cells through
this regulatory effect. Overall, this provided a novel route of
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investigation for an in-depth study of the regulatory function
of MAGEAG.

Introduction

Melanoma antigen gene family A (MAGEA) genes are highly
expressed in different types of cancer, such as melanoma,
esophageal cancer and gastric cancer (1). Van der Bruggen
first discovered human proteins, and discovered that the
melanoma-associated antigen was encoded by the MAGEA]
gene (2). After the discovery of MAGEA, other MAGE family
members, MAGE-B, C, D, E, F, G, H, L and Necdin, were also
discovered (2).

There are two types of MAGESs based on tissue expression.
Both types of MAGE (type I and II) have a MAGE homology
domain, which contains ~170 amino acids (2,3). MAGE-I of
the MAGE gene family is expressed in human tumour cells,
such as melanoma, esophageal cancer, gastric cancer, but
not in normal human adult tissues, except in the germ line
of males (2). There are 12 members in the MAGE-A family,
which includes type I MAGE proteins encoded by chromo-
some Xq28 in humans (2). MAGE proteins are candidates for
vaccine development. MAGE is a target protein for the treat-
ment of many malignant diseases and the results of a previous
study demonstrated the development of a potent cytotoxic
T-lymphocyte epitope to elicit a desirable immune response
against carcinogenic melanoma-associated antigen-All (3).
Although their expression has been measured in a number
of tumour cell types, such as melanoma, esophageal cancer,
gastric cancer, to the best of our knowledge, their role in
disease pathogenesis has not been explored in detail (4). At
present, the research on its mechanism is not perfect, and the
mechanism in many diseases is still unclear, such as melanoma,
esophageal cancer, gastric cancer, etc.

All members of the MAGE family encode proteins that
share a strong homology with each other, where MAGEA6
and MAGEA3 have the highest homology (98%). However, in
tumour tissues such as cervical cancer tissues, there is a nega-
tive correlation between the expression of MAGEA6/MAGEA3
and clinical staging (4,5). These two MAGEs may therefore
serve as biomarkers for the in situ prediction of early precan-
cerous lesions (4). A recent study has focused on the role of
MAGEAZ3 in cervical cancer, which has been hypothesised to


https://www.spandidos-publications.com/10.3892/etm.2022.11127

2 LIU et al: MAGEA6 REGULATES MSMO1 TO PROMOTE OESOPHAGEAL TUMORIGENESIS

participate in a number of functional processes. The overex-
pression of MAGEA3 significantly promoted the proliferation
of SiHa cells in vitro and in vivo, increased the proportion of
cells in S-phase of the cell cycle and inhibited apoptosis (5).
In addition, MAGEA3 downregulation was revealed to inhibit
HeLa cell proliferation, block cell cycle progression in the G,
phase and promote cell apoptosis (5). Studies into the under-
lying mechanism found that MAGEA3 interacts with KRAB
domain-associated protein 1 (KAP1) to inhibit the transcrip-
tional activity of p53, thereby inhibiting the expression of
p53-mediated cell cycle (p21 and Cyclin D1) and apoptosis
(Bax, Bcl-2 and Bcl-2 binding component 3)-related genes (5).
These results suggest that MAGEA3 contributes to the prolif-
eration of cervical cancer cells and tumour growth, in turn
serving an oncogenic role, by regulating the KAP1/p53 signal-
ling pathway (5). At present, to the best of our knowledge, there
have only been a small number of studies on MAGEAG. It has
been previously revealed that MAGEAG6 mediates the survival
of human glioma cells by targeting SAMP-activated protein
kinase (AMPK)al, mediating AMPK signalling to inhibit the
maintenance and self-renewal ability of glioma cells (6). The
MAGEAG gene has a total of three exon regions and is located
at the end of the long arm of the X chromosome Xq28 (6,7).
MAGEAG is frequently expressed and reactivated in a number
of human cancer cells, such as human glioma and esophageal
cancer. (7). A previous study by Pineda ef al (7) demonstrated
that the MAGEAG6/KAP1 complex is a cancer-specific ubiq-
uitin ligase that only degrades AMPKal in human glioma
cells and gastric cancer cells. In addition, knocking down
MAGEAG expression inhibited the growth of severe combined
immunodeficiency mice-transplanted tumours and inhibited
the proliferation of primary human glioma cells in vivo (7).

A previous study measured the expression level of
MAGEAG6 in oesophageal squamous cell carcinoma (ESCC)
cells and oesophageal adenocarcinoma tissues. The results
indicated that MAGEAG is highly transcribed and expressed
in the development of ESCC and may therefore serve as a
novel biomarker for the diagnosis or treatment of ESCC (8).
In vitro assays were also performed to investigate the
biological function of MAGEAG in ESCC, which may help to
understand its role in this disease and the factors contributing
to its upregulation. It is hypothesised that for individuals who
are prone to developing specific types of cancer, their natural
cellular immunity against MAGEAG6 may serve a role in the
development of cancer. Specifically, cellular immunity may
also protect against the recurrence of MAGEAG6-associated
disease, such as human glioma cells, in addition to tumour
growth (8,9). Therefore, the function of MAGEAG6 and its
regulation need to be studied in depth.

Materials and methods

Cell culture and screening. The ESCC cell lines Ecal09,
EC9706, KYSE150, and Hacat cell line were obtained from
the Zeng Academician Laboratory of the Virus Prevention
and Control Institute; Chinese Center for Disease Control
and Prevention. Cells were cultured in DMEM (HyClone;
Cytiva) supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) and maintained at 37°C with 5% CO, in a
humidified incubator (10).

Vector construction and selection of stable cell lines. At the
logarithmic phase, Ecal09 cells were digested with trypsin
at 37°C for 3 min, and were inoculated into a six-well at
2x10° cells/ml. Transfection was performed when cells reached
60-70% confluence. The plate was placed in a humidified incu-
bator overnight at 37°C with 5% CO,. The virus was thawed on
the day of transfection and 1 ml complete medium was added.
The mixture was gently pipetted and 2 ug polybrene-containing
virus solution (Invitrogen; Thermo Fisher Scientific, Inc.) was
added to Ecal09 cells. The cells were placed in a humidified
incubator at 37°C with 5% CO,. After 48 h of exposure, the
aforementioned medium was changed to a selection medium,
which contained 2 yg/ml puromycin (Thermo Fisher Scientific,
Inc.). The medium was changed every 3 days for 2 weeks and
the cells that died were not deemed stable with puromycin
resistance. Lentivirus-mediated MAGEAG6-overexpressing
Ecal09 cells were constructed (Ecal09-MAGEAG6-3.1).
The lentiviral plasmid backbone used was pcDNA™3.1 (+;
Thermo Fisher Scientific, Inc.), and the interim cell line used
was the 293T cell line obtained from the Chinese Center for
Disease Control and Prevention. The quantity of lentiviral
plasmid used for transfection was 2 pg, incubated for 12 h
overnight in an incubator at 37°C and 5% CO,. The same
method was used to obtain cells transfected with an empty
carrier (Ecal09-3.1).

RNA sequencing. For high-throughput sequencing, cultured
Ecal(09-3.1 cells and Ecal09-MAGEAG6-3.1 cells were handed
over to Beijing IgeneCode Biotech Co., Ltd. to perform the
sequencing experiments. A total of 2 ml Trizol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) was added to
extract RNA from cells and digesting the DNA with DNase I
(Invitrogen; Thermo Fisher Scientific, Inc.), the consequent
RNA samples were tested. After the high-throughput detec-
tion results met the requirements, the database was built. An
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.) was
used to detect RNA concentration, Rin value, 28S/18S ratio
and fragment size to determine RNA integrity. The purity
of RNA (optical density ratio of 260/280) was detected by
Nanodrop. After the samples were qualified, the library was
constructed according to the following steps, according to
the manufacturer's protocol: i) Oligo d(T)-loaded magnetic
beads were used to enrich the eukaryotic mRNA; ii) the
fragmentation buffer was added to break the mRNA into
short fragments; iii) using Ecal09 mRNA as template, the first
cDNA strand was synthesized with random hexamers before
the second cDNA strand was synthesized by adding buffer,
dNTPs, RNase H and DNA polymerase; iv) the purified
double stranded cDNA was repaired at the end, added a tail
and connected to the sequencing adaptor; and v) PCR amplifi-
cation was performed and the constructed sequencing library
was used for sequencing. After the construction of the library,
Agilent 2100 Bioanalyzer was used to detect the insert range
of the library and ABI StepOnePlus™ real time PCR system
was used to quantify the concentration of the library. After
the quality inspection was qualified, [llumina hiseq sequencer
(Ilumina, Inc.) was used for sequencing.

Construction of siRNA. To knock down MAGEAG, three short
interfering (si)RNAs were constructed (si-MAGEAG6) and a
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Table II. Primers for reverse transcription-quantitative PCR.

Primer Sequence, 5'-3' Primer Sequence, 5'-3'
MAGEAG6-1 forward GCCCTCTCACTTCCTCCTT GAPDH forward ACCACAGTCCATGCCATCAC
MAGEAG6-1 reverse AAGGAGGAAGTGAGAGGGC  GAPDH reverse TCCACCACCCTGTTGCTGTA
MAGEAG6-2 forward CCAAGGGCCCTCATTGAAA MAGEAG®6 forward CGGTCACAAAGGCAGAAAT
MAGEAG6-2 reverse TTTCAATGAGGGCCCTTGG MAGEAG reverse AGGCAGGTGGCAAAGATG
MAGEAG6-3 forward CCTCATTGAAACCAGCTAT MSMOI forward AAGTGTTTCAAAGTTCTTCTCT
MAGEAG6-3 reverse ATAGCTGGTTTCAATGAGG MSMOL1 reverse ATAGTGCCAAGTATCTTCAATG

MAGEAG6, melanoma antigen gene family A.

non-targeting negative control (si-NC) (Table I), which were
synthesised by Guangzhou RiboBio Co., Ltd. Ecal09 cells
(2x10° cells/well) were seeded into 6-well plates overnight
before they were transfected with the three siRNAs or si-NC
(100nM) using the FuGENE HD transfection reagent (Promega
Corporation), according to the manufacturer's protocol. After
48 h, results were detected by reverse transcription-quanti-
tative PCR (RT-qPCR). The most effective siRNA was then
selected for further experiments, where the transfected cells
were named Ecal09-MAGEAG6-siRNA thereafter.

Growth curve. Cell Counting Kit-8 (CCK-8) (cat. no. CA1210;
Beijing Solarbio Science & Technology Co., Ltd.) was used to
assess cell viability. The Ecal09 cells suspension (100 ul/well)
was inoculated into a 96-well plate. The culture plate was
then kept in an incubator for ~6 h at 37°C with 5% CO,.
Subsequently, 10 1 of CCK-8 solution was added to each well.
The culture plate was then kept in an incubator for 1-4 h at
37°C with 5% CO,. Absorbance in each well was measured at
450 nm using a microplate reader.

Wound healing assay. Ecal09 cells of the experimental group
and the control group were cultured in 6-well plates (Corning,
Inc.) using serum-free medium (Gibco; Thermo Fisher Scientific,
Inc.). The cells were scratched using the same speed and strength
with a 10-ul pipette tip, and incubated overnight at 37°C with
5% CO,. The wound healing rates were observed under an optical
microscope at 0 and 12 h (magnification, x40). Average scratch
width=scratch gap area/length. Cell migration rate=(0 h scratch
width-scratch width after culture)/O h scratch width x100. Thus,
the migration rate of cells could be determined by imaging.

Transwell assay. Transwell assays were used to assess the cell
migration and invasion using Costar chambers with Transwell
inserts having an 8-um pore size (Corning, Inc.). Matrigel
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to coat
the upper chambers at 37°C for 30 min, for the invasion assay
but not for the migration assay. After transfection with siRNAs
or siNC, Ecal09 cells (5x10*) were suspended in serum-free
medium (200 ul) and seeded into the upper chamber, whereas
the medium present in the lower chamber was mixed with
FBS (20%). Incubation was performed for 42 h at 37°C and
5% CO,, before cells in the upper chamber were removed
using a cotton swab. Migrated or invaded cells were fixed
using 4% paraformaldehyde at room temperature for 30 min,

MAGEAG6, melanoma antigen gene family A; MSMO1, methylsterol
monooxygenase 1.

and crystal violet (0.1%) was used to stain the cells at room
temperature for 20 min (11). Under an inverted microscope,
cells were counted based on five random fields (Olympus
Corporation; magnification, x40).

RNA extraction and RT-qPCR. TRIzol® reagent
(Thermo Fisher Scientific, Inc.) was used to extract total RNA
from Ecal09 cells according to the standard protocol. The
Prime Script™ RT reagent Kit (Takara Bio, Inc.) was used to
synthesise cDNA from a total of 200 ng RNA, following which
the SYBR® Green Kit (Promega Corporation) was used for
amplification for qPCR as previously described (12). RT-qPCR
was performed at 50°C for 2 min and 95°C for 2 min, followed
by 40 cycles at 95°C for 15 sec and 60°C for 1 min. GAPDH
was used as the internal reference, and the quantitative study of
primer level of MAGEAG was normalised to that of GAPDH.
The sequences of the MAGEA6 and GAPDH primers used for
RT-qPCR are listed in Table II.

Western blotting. After 72 h of cell transfection,
Ecal09-MAGEAG6-3.1 and control (Ecal09-3.1) cells were lysed
with RIPA buffer (Beyotime Institute of Biotechnology), which
was used as a protein extraction reagent. The protease inhibitor
PMSF (Roche Diagnostics) was also added as a supplement in
the protein extraction reagent. The protein was transferred to
polyvinylidene difluoride film membranes after separation of
equal amounts of protein at 50 ug by 12% SDS-polyacrylamide
gel electrophoresis (13). BCA protein quantification was used.
The membranes were blocked with QuickBlock™ Blocking
Buffer for Western Blot (Beyotime Institute of Biotechnology)
for 1 h at room temperature and subsequently incubated with
rabbit anti-human MAGEAG6 polyclonal antibody (1:5,000;
ProteinTech Group, Inc.) for 12 h at room temperature. The
membranes were then incubated with horseradish enzyme
labelled Goat anti-rabbit IgG (1:10,000; cat. no. 2301; OriGene
Technologies, Inc.) and incubated at room temperature for
1 h after washing three times with TBS with 20% Tween-20.
Bands were visualised using Super ECL plus (cat. no. p1050;
Applygen Technologies, Inc.) on a Luminoskan chemilumi-
nescence reader (Thermo Fisher Scientific, Inc.). GAPDH was
used as the control.

Statistical analysis. Data are expressed as the mean + standard
deviation. Each experiment was repeated three times to ensure
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that all the data were consistent. All data were calculated using
GraphPad Prism v8.4.3 (GraphPad Software, Inc.). One-way
ANOVA followed by Tukey's post hoc test was used to
determine that the difference was statistically significant and
multiple comparisons were performed using SPSS 19 software
(version, 19; IBM Corp.). P<0.05 was considered to indicate a
statistically significant difference.

Bioinformatical analyses. This part is from Beijing igene-
Code Biotech Co., Ltd. Responsible. After Illumina Hiseq
sequencing, FastQC software (v0.11.2; Beijing igeneCode
Biotech Co., Ltd.) was used to evaluate and sort the raw data
into fastq format, before NGSQC software (v2.3.2) was used
to filter out low-quality data. Subsequently, the default param-
eter HISAT software (v2.0.4) was used to compare the clean
reads with high-quality to the reference genome, before the
‘heatmap’ function in the R software (https://www.r-project.
org) was used to perform hierarchical clustering analysis and
a heatmap for the sequencing data that cannot be directly
aligned with the reference genome. The differential gene
data obtained was screened by sequencing with thresholds of
P<0.05, log,(fold-change)>1.5, and entering the selected genes
into the Database for Annotation, Visualization and Integrated
Discovery v6.8 (https:/david.ncifcrf.gov/home.jsp) to obtain
the Gene Ontology (GO) and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway enrichment data. GraphPad
Prism v8 was used to generate histograms. For analysis of
the protein-protein interaction (PPI) network of methylsterol
monooxygenase 1 (MSMOI) with a combined score >0.6, The
Search Tool for the Retrieval of Interacting Gene (STRING;
https://string-db.org/) was used. Construction of the PPI
network was performed after downloading and importing
results to the Cytoscape software [v3.5.1; https://cytoscape.
org; P<0.05, log,(fold-change)>1.5] (14).

Results

Measurement of MAGEAG gene expression level and cell
selection. By comparing the expression of MAGEAG in three
oesophageal cancer cells and Hacat cells, it was revealed
that MAGEAG is expressed at low levels in Hacat cells but
is generally expressed at higher levels in oesophageal cancer
cells (Fig. 1). The expression level of MAGEA6 mRNA in
the oesophageal cancer cell line Ecal09 was significantly
elevated compared with that in Hacat cells (P<0.01). MAGEA6
mRNA expression in the EC9706 oesophageal cancer cell
line was significantly elevated compared with that in Hacat
cells (P<0.05). The expression level of MAGEA6 mRNA in
the KYSEI50 oesophageal cancer cell line was significantly
elevated compared with that in Hacat cells (P<0.01).

MAGEAG6 overexpression promotes oesophageal cancer cell
proliferation. A Ecal09 cell line overexpressing MAGEA6
(Ecal09-MAGEAG6-3.1) and one with MAGEAG6 expression
knocked down (Ecal09-MAGEAG6-siRNA) were constructed.
The effect of MAGEAG on cell proliferation was assessed
using the CCK-8 kit (Fig. 2). The results demonstrated that
the overexpression of MAGEAG6 promoted cell proliferation,
whereas MAGEAG6 knockdown had an inhibitory effect on cell
proliferation in EcalQ9 cells in vitro.
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Figure 1. Expression of MAGEAG gene detected by reverse transcrip-
tion-quantitative PCR. "P<0.05 vs. control. MAGEAG6, melanoma antigen
gene family A.
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Figure 2. Proliferation experiments were performed every 12 h using Cell
Counting Kit-8. The proliferation of Ecal09-MAGEA6-3.1, Ecal09-3.1
and Ecal09-MAGEAG6-siRNA cells were compared. MAGEAG6, mela-
noma antigen gene family Aj; si, short interfering; OD, optical density.
“P<0.05 vs. 0 h.

MAGEAG increases oesophageal cancer cell migration and
invasion in vitro. To explore the physiological function of
MAGEAG6 in oesophageal cancer and its role in the invasion
of ESCC cells, Transwell assays were performed using the
Ecal09 cell line (Fig. 3A). The expression levels of MAGEA6
in Ecal09-MAGEAG6-3.1 was notably higher than that in
Ecal09-3.1 (Fig. 3B). As indicated in Fig. 3C, siRNA3 was
the most efficient at knocking down MAGEAG6 expression in
Ecal09 cells (P<0.05). Ecal09-MAGEA6-3.1 cells exhibited
significantly higher cell invasion rates through the Matrigel
matrix compared with those by Ecal09-3.1 cells (P<0.01;
Fig. 3D). By contrast, Ecal09-MAGEAG6-siRNA cells demon-
strated significantly reduced cell invasion and invasion in
the Transwell assays (Fig. 3D; P<0.05). Results from wound
healing assay also demonstrated that Ecal09 cells overex-
pressing MAGEAG6 migrated significantly faster compared
with that in Ecal09-3.1 cells (P<0.05; Fig. 4).

Cluster analysis of MAGEAG differentially expressed genes.
According to the two groups of stable cell lines, with each
having three replicates, hierarchical cluster analysis was
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Figure 3. Effects of MAGEAG on the invasion ability of Ecal09 cells. (A) Invasion assay images of Ecal09-MAGEA6-siRNA, Ecal09-MAGEA6-3.1 and
Ecal09-3.1 cells, which were captured under x10 magnification after 42 h. (B) Reverse transcription-quantitative PCR verification of MAGEAG6 overexpression
in Ecal09 cells ("P<0.05 vs. Ecal09-3.1). (C) Compared with the si-NC, siRNA3 was found to be the most effective at knocking down MAGEAG6 expression
out of the three designed siRNAs (‘P<0.01 vs. Ecal09-3.1 and si-NC). (D) Quantification of cell invasiveness in Ecal09-MAGEA6-siRNA cells compared
with Ecal09-3.1 and Ecal09-MAGEA6-3.1 cells ("P<0.05 and “P<0.01 vs. Ecal09-3.1). MAGEAG6, melanoma antigen gene family A; si, short interfering;
NC, negative control.
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Figure 4. Wound healing assay results in Ecal09-3.1, Ecal09-MAGEA6-siRNA and Ecal09-MAGEA6-3.1 cell lines. Images of the wounds were captured
at 0 and 12 h post-scratch (magnification, x10) and cell migration was calculated at the two time points in the different cell lines. "P<0.05 vs. Ecal09-3.1.
MAGEAG6, melanoma antigen gene family A; si, short interfering.

performed through transcriptome sequencing analysis. processes. Fig. 5 demonstrates the differences between the
Different coloured areas represent different cluster grouping two groups of cells. Compared with the control, GDF15,
information. Within each experimental repeat of the same  ATF3, GADD45A and MSMOI were highly upregulated,
group, gene expression patterns were similar, which may  whereas TFRC, IGFBP1, PAPPA2, HAL and CHL1 were
have similar functions or participate in the same biological  significantly downregulated.


https://www.spandidos-publications.com/10.3892/etm.2022.11127

6 LIU et al: MAGEA6 REGULATES MSMO1 TO PROMOTE OESOPHAGEAL TUMORIGENESIS

Hierarchical clustering of genes

Log2 (FPKM+1)

ATF3 lis
EDN2 1
GADDA45A I
GDF15
MAGEA6
MSMO1
IGFBP1

TFRC

PAPPA2
KCNJ16

HAL

REG1A
TM4SF20

i

1'€-60 1803
1'€-60 1803
1'€-60 1803

1'€-9VIOVIN-60 1803
1'€-9VIOVIN-60 1803
1'€-9VIOVIN-60 1BO3

Figure 5. Cluster heat map of differentially expressed genes after MAGEAG6
overexpression. Abscissa represents the sample name and sample clustering
results, whereas the ordinate represents the differentially expressed genes
and gene clustering results. Different columns represent the different
Ecal09-3.1 and Ecal09-MAGEAG6-3.1 samples, whilst different rows repre-
sent the expression of the different genes. The color represents the gene
expression level log, (FPKM+1) in the sample (R software heatmap). Red
represents a high degree of enrichment and green represents a low degree of
enrichment. MAGEAG, melanoma antigen gene family A; ATF3, activating
transcription factor 3; EDN2, endothelin 2; GADD45A, growth arrest and
DNA damage inducible alpha; GDF15, growth differentiation factor 15;
MSMOI, methylsterol monooxygenase 1; IGFBPI, insulin like growth
factor binding protein 1; TFRC, transferrin receptor; CHLI, cell adhesion
molecule L1 like; PAPPA2, pappalysin 2; KCNJ16, potassium inwardly
rectifying channel subfamily J member 16; HAL, histidine ammonia-lyase;
REGIA, regenerating family member 1 alpha; TM4SF20, transmembrane 4
L six family member 20.

Analysis of differentially expressed genes after MAGEA6
overexpression. A Minus-vs.-Add diagram can be used to visu-
ally examine the overall distribution of gene expression levels
and differential multiples of two experimental samples for
comparison (15). In Fig. 6, upregulated genes are represented
by red dots, whereas downregulated genes are represented by
blue dots, and non-differentially expressed genes are repre-
sented by black dots. Compared with the control, GDF15,
ATF3, GADD45A and MSMOI were highly upregulated,
whereas TFRC, IGFBP1, PAPPA2, HAL and CHL1 were
significantly downregulated.

Number of differentially expressed genes after MAGEA6
overexpression in different alignment schemes and protein
level verification. Sequence analysis of the target genes
and proteins in Cytoscape revealed a differential gene
interaction network after MAGEAG overexpression (Fig. 7).
By sequencing the Ecal09-3.1 and Ecal09-MAGEA6-3.1
cells, 14 genes were revealed to be closely associated with
MAGEAG6 overexpression. Yellow indicates upregulation and
blue indicates downregulation. GDF15, ATF3, GADD45A and
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= Non-DEGs
S —
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A

Figure 6. MA map (produced by R software DEseq?2) of differentially expressed
genes after MAGEAG6 overexpression. Each dot in the MA map represents
a gene. Abscissa represents the log, (FPKM) or the A value, which is the
logarithmic value of the mean expression quantity in Ecal09-MAGEA6-3.1
and Ecal09-3.1 groups. Ordinate is M value: Log, (Fc), which is the loga-
rithmic value of the multiple of gene expression difference between the two
samples, used to measure the difference in gene expression. In the figure, red
dots represent upregulated genes, blue dots represent downregulated genes
and black dots represent not differentially expressed genes. Fc, fold-change;
A, Log2(FPKM) value; B, Log2(Fc); MAGEAG6, melanoma antigen gene
family A; DEGs, differentially expressed genes; MA, Minus-vs.-Add.
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Figure 7. Protein interaction network diagram of differentially expressed
genes after MAGEAG overexpression, analyzed using Cytoscape. Each node
in the figure represents a differentially expressed gene and its corresponding
protein. Yellow dots represent a gene that was upregulated whereas blue
dots represent a gene that was downregulated. MAGEAG6, melanoma antigen
gene family A; HAL, histidine ammonia-lyase; TFRC, transferrin receptor;
GDF15, growth differentiation factor 15; CHLI1, cell adhesion molecule
L1 like; IGFBPI, insulin like growth factor binding protein 1; ATF3, acti-
vating transcription factor 3; GADD45A, growth arrest and DNA damage
inducible alpha; PAPPA2, pappalysin 2; MSMOI, methylsterol monooxy-
genase 1.

MSMOI were highly upregulated, whereas TFRC, IGFBPI,
PAPPA2, HAL and CHLI were significantly downregulated.
According to the functions of these genes, GDF15, GADD45A,
MSMOI, EDN2, REGIA and PAPPA?2 are found to be closely
associated with the occurrence of cancer, these genes have
great research value in tumor (Table III). The function of
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Table III. Verification and function the expression levels of differentially expressed proteins after MAGEAG6 overexpression.

Gene Gene regulation Fold-change, log, Function

GDF15 Up 1.798961725 After cell injury, it participates in the process of cell stress response,
where increases in its level is associated with inflammation and acute
injury (14).

ATF3 Up 1.062712819 Involved in cell cycle progression and stimulation of invasive and
metastatic genes (30).

GADD45A Up 1.104190772 DNA damaging agent treatment increases and promotes oesophageal
squamous cell carcinoma cell proliferation (31).

MSMO1 Up 1.012811618 It serves an important role in the biosynthesis of lipids and also plays
a regulatory role in cell proliferation and immune regulation (32).

EDN2 Up 1.018092856 EDN are produced by ovarian follicles and are involved in the
regulation of steroidogenesis of GC of several mammalian species
including humans, cattle, pigs and rats (33).

MAGEA6 Up 1.314680031 Elevated expression in cancer cells but not in normal cells. It is a
tumor marker and promotes the migration and invasion of cancer
cells, such as human glioma cells (6).

REGIA Down -1.413208462 It is associated with islet cell regeneration and diabetogenesis and may
be involved in pancreatic lithogenesis (34).

TM4SF20 Down -1.877859733 Deletion mutations in this gene are associated with specific language
disorders, such as language delay (35).

KCNIJ16 Down -1.23791537 May serve a role in liquid and pH balance adjustment (36).

TFRC Down -1.163899233 This gene encodes a cell surface receptor, which is required for the
uptake of iron through receptor-mediated endocytosis (37).

IGFBPI Down -1.033847315 It serves a major role in cell migration and metabolism. When used in
low doses, it stimulates cell proliferation (38).

PAPPA2 Down -1.369985674 Inhibit the migration, invasion and tube formation of extracellular
trophoblasts (39).

HAL Down -1.292750813 One of the main reasons for the increased histidine and histamine and
decreased urocanic acid in body fluids(a substance found in body
fluids) (40).

CHLI Down -1.203237487 It is a neural recognition molecule that may participate in signal

transduction pathways (41).

MSMO1, methylsterol monooxygenase 1; GDF15, growth differentiation factor 15; ATF3, activating transcription factor 3; GADD45A, growth
arrest and DNA damage inducible alpha; EDN2, endothelin 2; MAGEAG, melanoma antigen gene family A; REGIA, regenerating family
member | alpha; TM4SF20, transmembrane 4 L six family member 20; KCNJ16, potassium inwardly rectifying channel subfamily J member 16;
TFRC, transferrin receptor; IGFBP1, insulin like growth factor binding protein 1; PAPPA2, pappalysin 2; HAL, histidine ammonia-lyase;

CHLI1, cell adhesion molecule L1 like.

some of these genes can be found in NCBI (https:/www.ncbi.
nlm.nih.gov).

GO function classification of differentially expressed genes
after MAGEAG overexpression. According to analyses of
cellular component, molecular function and biological processes
using the threshold of P<0.05 and log,(fold change)>1.5, it was
observed that the proteins encoded by these enriched genes are
mainly concentrated in the space outside the cell (the red one)
and the ‘endoplasmic reticulum’. The main molecular function
was determined to be ‘RNA polymerase II core promoter prox-
imal regions sequence-specific DNA binding’ and ‘serine-type
endopeptidase activity’. The main biological processes involved
were identified as the ‘negative regulation of transcription from

RNA polymerase II promoter’, ‘cell adhesion’ and ‘cholesterol
biosynthesis” (Fig. 8). This result suggests that the overexpres-
sion of MAGEAG6 can induce a significant impact on gene
transcription.

Pathway function analysis of MAGEAG6 differentially
expressed genes. From the analysis of KEGG pathways
using the threshold of P<0.05 and log,(fold-change)>1.5,
it was observed that the pathways of these differentially
expressed genes were mainly in the ‘complement and coagu-
lation cascade’, ‘biosynthesis of antibiotics’ pathway and the
‘cGMP-PKG signalling pathway’ (Fig. 9). This indicates that
MAGEAG is closely associated with the complement cascade
in the blood.
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Figure 8. GO function classification chart of the differentially expressed genes after MAGEAG6 overexpression. Functional GO analysis obtained from the
three aspects of cellular component, biological process and molecular function is presented in the figure. The x-axis represents the -log,,(P-value), whilst the
y-axis represents a classification and each row is a subclass. MAGEAG6, melanoma antigen gene family A; GO, Gene Ontology; PERK, (PKR)-like endoplasmic
reticulum kinase; ER, endoplasmic reticulum; ATF, activating transcription factor; CHOP, C/EBP homologous protein.
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Figure 9. Kyoto Encyclopaedia of Genes and Genomes pathway function
classification map of the differentially expressed genes after MAGEA6
overexpression. The x-axis represents the -log, (P-value), whilst the y-axis
represents a classification and each row is a subclass. MAGEAG, melanoma
antigen gene family A; PKG, protein kinase G.

Identification of core genes through screening of differentially
expressed genes after MAGEAG overexpression. A total of
197 differentially expressed genes were screened through

the differential gene analysis report obtained from the afore-
mentioned sequencing. These genes were analysed using the
STRING website to obtain a form containing information about
the corresponding interactions. This form was then applied
to Cytoscape to obtain a protein interaction map. HMGCR,
SQLE, FDFT1, HSD17B7, IDI1, INSIG1, DHCR7, HMGCSI,
MSMOL, IRS1, DDTI3, GADD45A and HIST2H2BE were
determined to be the core genes. The interaction relationship
within the MSMOIL cluster of proteins can be seen from the
map in Fig. 10. The larger the circle, the darker the color and
the thicker the line, the more central and important the gene.
Through interaction analysis, MSMOI was found to be a core
protein surrounded by multiple related pathway proteins.

Regulation of MSMOI expression downstrea of MAGEA6
overexpression. The results of a previous screen demonstrated
that MSMOI is both a differential protein and a core protein,
which may be closely associated with MAGEAG6. The expres-
sion of MSMOI1 increased with the increase of MAGEAG6
expression (Fig. 11A). Western blotting results demonstrated
that the MSMOI expression levels were significantly higher
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Figure 10. Protein interaction diagram of MSMOI produced using Cytoscape. The darker the color, the more core, the larger the circle, the more core, the
thicker the line, the stronger the connection and the more core. MSMOI is an important core gene. MSMOI, methylsterol monooxygenase 1.

in Ecal09-MAGEAG6-3.1 cells compared with those in the
Ecal09-3.1 cells, which was consistent with the sequencing
results (Fig. 11B and C).

Discussion

In 1991, Van Der Bruggen et al isolated the first mela-
noma-associated antigen (MAGE) gene from melanoma
cells and named it MAGEAI, which is a type of testicular
tumour antigen gene. It is expressed in tumor tissue and
normal testicular cells, but not in other normal cells (16).

Subsequently, members of the MAGE family discovered were
named MAGEA, B,C,D,E, F, G, H and L2, Necidin, MAGE-I
and J (17). In addition, the tumour-associated antigen encoded
by the MAGE gene can form a complex with specific human
leukocyte antigen molecules that can be recognised and killed
by specific cytotoxic T lymphocytes (18).

The MAGE gene family can be categorised as either group I
or II. There have been a number of studies on members of
group I, including the sub-families MAGE A, B and C (15,18).
Although they are expressed in different types of tumour
tissues, they are not expressed in normal tissues except in
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Figure 11. (A) Reverse transcription-quantitative PCR analysis of MSMOI expression in Ecal09-3.1 and Ecal09-MAGEAG6-3.1 cells. (B) Western blot-
ting of MSMOI in Ecal09-3.1 and Ecal09-MAGEA6-3.1 cells, (C) which was quantified. "P<0.05 vs. Ecal09-3.1. MSMOI, methylsterol monooxygenase 1;

MAGEAG6, melanoma antigen gene family A.

testicular germ cells and placenta (15). Therefore, they are
considered to be tumour-specific antigens. Previous studies
have shown that the expression of MAGE is closely associated
with the degree of tumour differentiation, where its expression
rate increases as the degree of differentiation decreases (15,19).
Therefore, the level of MAGE gene expression has reliable
prognostic values for a number of malignant tumours, such
as stomach cancer and melanoma (19). The MAGEA gene is
an important member of the MAGE-I group. Because it can
encode tumour-specific antigen polypeptides, studies have
reported that MAGEA family members are important target
molecules for tumour immunotherapy (19,20). The MAGEA
gene subfamily has 15 members, which are all located on
Xq28 (19,20). The MAGEAI gene is ~45 kb in length, has three
exons and encodes a protein of ~309-319 amino acid residues,
whereas MAGEAS, A7, AI3, Al4 and Al5 are pseudogenes
with no transcriptional products (20).

To the best of our knowledge, MAGEA3 is the most widely
studied protein in the MAGEA family, which shows almost no
expression in normal tissues but is expressed in different types
of malignant tissues (20,21). The mechanism of its action in
tumour tissues is not yet fully understood. Studies have previ-
ously confirmed that MAGEA3 is highly expressed in a variety
of epithelial and hematopoietic malignancies and malignant
tumours derived from mesenchymal tissues (20,21). Previous
studies have also shown that the expression of MAGEA3 is
associated with the metastasis, invasion, prognosis and recur-
rence of malignant tumours, suggesting that it can be used as
an indicator for the diagnosis and prognosis of patients with
tumours (20-22). In addition, MAGEA3 has been shown to
bind KAPI and p53, thereby inhibiting the activity of p53 and
ultimately promoting the activation of melanoma cells (21,22).
Atanackovic et al (23) revealed that silencing the expression of
MAGEAS3 can induce the apoptosis of malignant tumour cells,
such as lung cancer, confirmed that it is not involved in the regu-
lation of proliferation and adhesion in multiple myeloma cells,
but that it can promote multiple myeloma cell proliferation (23).

Limited studies suggest that MAGEAG6 may participate in
the AMPK signalling pathway to inhibit the maintenance and
self-renewal of liver cells, and that it mediates the survival of
human glioma cells by targeting AMPKal (24). According
to the results from the present study, although they share
~98% homology, MAGEA3 and MAGEAG6 have significant

differences in terms of functions and pathways (24,25).
A preliminary study using clinical samples revealed that
MAGEAG6 expression is closely associated with the occur-
rence of oesophageal cancer (25). The present study was
conducted to provide an in-depth analysis of the role of
MAGEAG6, which revealed that it affected cell proliferation,
invasion and migration. To analyse the possible associated
signalling pathways and function of MAGEAG, transcriptome
sequencing and bioinformatics analysis were performed after
MAGEAG6 overexpression. This analysis found 14 genes with
significant differences after MAGEAG overexpression. The
analysis revealed further that the majority of these 14 genes
are closely associated with cell migration and proliferation,
which is different from the signalling pathway in which
MAGEAG6 participates in human glioma cells. Contrary to a
previous report, MAGEAG is involved in other new signalling
pathways, MAGEA6 and MSMOI1 are mutually regulated
signalling pathways (6).

After modulating the expression level of MAGEAG, it was
revealed that it mainly affects the ‘negative regulation of tran-
scription from RNA polymerase II promoter’, ‘cell adhesion’
and the ‘cholesterol biosynthetic pathway’. KEGG pathway
analysis demonstrated that the differentially expressed genes
were mainly involved in the ‘complement and coagulation
cascades’ reaction, ‘biosynthesis of antibiotics’ pathway,
‘cGMP-PKG signalling pathway’, cAMP pathway and steroid
biosynthesis pathway. To explore the role of core genes in the
process of MAGEAG function, all possible associated differ-
ential genes were analysed using Cytoscape (26). A total of 13
core regulatory genes, including MSMOI, IRSI, DDTI3 and
GADDA45A, were identified. These results suggest that these
genes play a key role in the function of MAGEAG6.

Among these 13 core regulatory genes, MSMOI was
one of 14 genes exhibiting a significant difference. It was
therefore hypothesised that it serves a notable role in the
function of MAGEAG. It was first verified to reveal that
MAGEAG had a significant positive regulatory relationship
with MSMOI. With the increase of MAGEA6, MSMOI gene
was also significantly increased, and the migration, invasion
and proliferation were significantly improved, suggesting
that MAGEAG functions by increasing the expression level of
MSMOI. MSMOIL serves an important role in lipid biosyn-
thesis by regulating human energy metabolism, obesity and



bﬁ SPANDIDOS
Z‘ PUBLICATIONS

EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 204, 2022 11

MAGEAG6

RNA polymerase II (MED1, MEDS8, MED25...)

_T

I
I
I
I
I
I
I
I
I
I
I
v

Indirect regulatory gene (TAF2, CDK9, SUBI1)

Figure 12. MSMOI pathway prediction diagram produced using STRING. MAGEAG6 may affect cellular transcription by regulating MSMOI to affect
RNA polymerase II activity. MSMOI1, methylsterol monooxygenase 1; MAGEAG, melanoma antigen gene family A; HMGCS1, HMG-CoA synthase 1;
HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; FDFT1, farnesyl-diphosphate farnesyltransferase 1; MED, mediator of RNA polymerase 11
transcription; TAF2, transcription initiation factor TFIID subunit 2; CDKO9, cyclin-dependent kinase 9; SUBI, activated RNA polymerase II transcriptional

coactivator pl5.

dyslipidaemia, which in turn plays a regulatory role in cell
proliferation and immune regulation (27,28). At present,
research on MSMOI has mainly focused on cholesterol
synthesis and fat metabolism (29). This may represent a new
signalling pathway involved in regulation of the function of
MAGEAG. It is hypothesized that MAGEA6 may indirectly
affect RNA polymerase II by influencing multiple genes by
regulating genes such as MSMOI, which provides a novel
direction to reveal the function of and signal pathways asso-
ciated with MAGEAG6 with ESCC (Fig. 12).

In conclusion, MAGEAG6 can enhance the migratory
ability of ESCC cells. Invasion experiments on three kinds
of cells, namely Ecal09-MAGEAG6-3.1, Ecal09-3.1 and
Ecal09-MAGEAG-siRNA revealed that the MAGEAG6 over-
expression increased the invasive potential of Ecal09 cells.
MAGEAG overexpression in cells affected both cell migration
and invasion. The migration rate of cells with high MAGEAG6
expression was significantly increased, while that of cells with
low MAGEAG expression was significantly reduced. After
obtaining the differential genes closely associated with the
upregulation of MAGEAG6 expression, transcriptome analysis
identified a series of core genes closely associated with the
regulation of MAGEAG expression, especially MSMOI. This
suggests that MAGEAG6 positively regulates MSMOL expres-
sion, where it may serve an important role in ESCC cells.

MAGEAG could therefore be a multifunctional protein that
can affect cell metabolism and proliferation.
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