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Abstract. Esophageal squamous cell carcinoma (ESCC) is the 
main subtype of esophageal cancer in China, and the prog-
nosis of patients remains poor mainly due to the occurrence of 
lymph node and distant metastasis. The long non‑coding RNA 
(lncRNA) maternally expressed gene 3 (MEG3) has been 
shown to have tumor‑suppressive properties and to play an 
important role in epithelial‑to‑mesenchymal transition (EMT) 
in some solid tumors. However, whether MEG3 is involved 
in EMT in ESCC remains unclear. In the present study, the 
MEG3 expression level and its association with tumorigenesis 
were determined in 43 tumor tissues of patients with ESCC 
and in ESCC cells using reverse transcription‑quantitative 
PCR analysis. Gene microarray analysis was performed to 
detect differentially expressed genes (DEGs). Based on the 
functional annotation results, the effects of ectopic expression 
of MEG3 on cell growth, migration, invasion and EMT were 
assessed. MEG3 expression level was found to be markedly 
lower in tumor tissues and cells. Statistical analysis revealed 
that MEG3 expression was significantly negatively associated 
with lymph node metastasis and TNM stage in ESCC. 
Fluorescence in situ hybridization assay demonstrated that 
MEG3 was expressed mainly in the nucleus. Ectopic expression 
of MEG3 inhibited cell proliferation, migration, invasion and 
cell cycle progression in EC109 cells. Gene microarray results 

demonstrated that 177 genes were differentially expressed ≥2.0 
fold in MEG3‑overexpressing cells, including 23 upregulated 
and 154 downregulated genes. Functional annotation revealed 
that the DEGs were mainly involved in amino acid biosyn-
thetic process, mitogen‑activated protein kinase signaling, 
and serine and glycine metabolism. Further experiments 
indicated that the ectopic expression of MEG3 significantly 
suppressed cell proliferation, migration, invasion and EMT by 
downregulating phosphoserine aminotransferase 1 (PSAT1). 
In pathological tissues, PSAT1 and MEG3 were significantly 
negatively correlated, and high expression of PSAT1 predicted 
poor survival. Taken together, these results suggest that MEG3 
may be a useful prognostic biomarker and may suppress 
EMT by inhibiting the PSAT1‑dependent glycogen synthase 
kinase‑3β/Snail signaling pathway in ESCC.

Introduction

Esophageal cancer (EC) is a particularly aggressive malig-
nancy with a high mortality rate, which is the ninth most 
commonly diagnosed type of cancer and the sixth leading 
cause of cancer‑related mortality worldwide (1). There are 
two types of EC, namely esophageal squamous cell carcinoma 
(ESCC) and esophageal adenocarcinoma. In China and other 
East Asian countries, up to 90% of cases are ESCCs  (2). 
Shantou, in particular, is a high‑risk area for ESCC. Due to 
the lack of early signs or symptoms in ESCC, endoscopic 
screening in the asymptomatic population is inadequate, 
and early diagnosis of ESCC is difficult. In the majority of 
the cases, at the time of endoscopy, the disease has already 
progressed to an advanced stage. Despite numerous advances 
over the last several decades, the prognosis of this disease 
remains poor, with a 5‑year survival rate of <40% (3,4). Thus, 
it is urgent to explore the key protein‑signaling networks and 
relative molecular regulatory mechanisms of ESCC.

Previous evidence indicates that the process of 
epithelial‑to‑mesenchymal transition (EMT) is a cellular 
switch from epithelial to mesenchymal cell properties, which 
promotes cancer progression (5,6). EMT often occurs at the 
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early stages of tumor metastasis, and involves a disassembly 
of cell‑cell junctions and enhancement of cell motility, accom-
panied by decreased expression of classic epithelial markers 
(E‑cadherin and β‑catenin) and increased expression of 
mesenchymal markers [N‑cadherin, glycogen synthase kinase 
(GSK)‑3β, vimentin and Snail] (7,8).

Recent studies have revealed that lncRNAs play key roles 
in the carcinogenesis and development of various types of 
cancer. The lncRNA maternally expressed gene 3 (MEG3) is 
widely expressed in a variety of normal tissues. MEG3 has 
been identified as a tumor suppressor and is expressed at lower 
levels in diverse types of cancer  (9‑13). However, whether 
MEG3 is involved in the EMT process of ESCC remains 
elusive.

The aim of the present study was to determine the expres-
sion levels of MEG3 in ESCC tissues and cells, and analyze 
its clinical significance. A recombinant lentiviral vector 
expressing MEG3 (Lv‑MEG3) was constructed. Microarray 
technology and bioinformatics analysis were employed to 
study the differentially expressed genes (DEGs) between 
the two groups. Based on functional annotation results, the 
underlying target genes and the effects of ectopic expression 
of MEG3 on cell growth, migration, invasion and EMT were 
assessed in vitro and in vivo.

Materials and methods

Patients and human esophageal tissue specimens. A total of 
43 cases of ESCC, which had been clinically and histologi-
cally diagnosed between 2011 and 2016, were included in the 
present study. The cohort comprised 25 men and 18 women 
(median age, 57.41 years; range, 36‑75 years). Lymph node 
metastasis was detected in 28 cases, and 19 patients were 
diagnosed with grade I or II ESCC. None of the patients 
underwent radiotherapy or chemotherapy prior to surgery. 
Tumor masses and adjacent normal tissues, which were 
located ≥5.0 cm distal to the tumor margins, were divided 
into two parts. One part was snap‑frozen in liquid nitrogen for 
reverse transcription‑quantitative PCR (RT‑qPCR) assay, and 
the other part was fixed in formalin and embedded in paraffin 
for immunohistochemistry assay. Written informed consent 
was obtained from each patient and all the procedures were 
approved by the Second Affiliated Hospital Ethics Committee 
of Shantou University Medical College (Shantou, China).

Cell culture. ESCC cell lines (EC109, EC‑9706 and KYSE‑450) 
and the normal esophageal epithelial cell line Het‑1A were 
obtained from the Institute of Biochemistry and Cell Biology 
of the Chinese Academy of Sciences. Cells were cultured 
in DMEM supplemented with 10% (v/v) FBS (Invitrogen; 
Thermo Fisher Scientific, Inc.), 100  U/ml penicillin and 
100 mg/ml streptomycin at 37˚C in 5% CO2.

Plasmid constructs and lentivirus‑mediated MEG3 
overexpression in ESCC cells. To construct the MEG3 
overexpression lentiviral vector, the full‑length coding 
sequence of the MEG3 gene (GenBank ID: NR_002766 ) was 
amplified by PCR and then cloned into the BamHI/EcoRI sites 
of the pLenti‑EF1a‑EGFP‑F2A‑Puro‑CMV‑MEG3 vector 
(Obio Technology) using the following primers: Forward, 

5'‑CGC​AAA​TGG​GCG​GTA​GGC​GTG‑3' and reverse, 5'‑CAT​
AGC​GTA​AAA​GGA​GCA​ACA‑3'. The recombinant eukary-
otic expression vector was constructed and confirmed by 
DNA sequencing, enzymatic digestion and PCR identification. 
For the production of viral particles, the lentivirus‑mediated 
MEG3 packaging system containing MEG3 was co‑trans-
fected with packaging vectors (pLP1 and pLP2) and envelope 
vector (pLP/VSVG) into 293T cells with OGTR20131002 
Transfection Reagent (Obio Technology) according to the 
manufacturer's instructions. After the recombinant lentiviral 
vector expressing MEG3 (Lv‑MEG3) and the negative control 
(NC) empty vector (Lv‑NC) were constructed, packaging, 
purification and titer determination were conducted in 
293T cells, as described in our previous study (14).

Microarray analysis. EC109 cells were transfected with 
Lv‑MEG3 or Lv‑NC. Total RNA was extracted from 
Lv‑MEG3 or Lv‑NC cells using TRIzol® RNA isolation 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The gene expression profiles 
were performed based on the Affymetrix PrimeView™ 
Human Gene Expression Array (Affymetrix; Thermo Fisher 
Scientific, Inc.). Gene expression analysis was performed using 
GeneSpring software (version 14.8; Agilent Technologies, 
Inc.), and the data were shown by volcano plots. Cluster, Gene 
Ontology (GO) enrichment and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses were conducted using online 
tools (http://www.shbio.com/customer.php) to determine the 
DEGs. P‑value and false discovery rate (FDR) were used 
to define the threshold of significance, and the figures were 
generated by R language. DEGs were identified by paired 
test [fold-change (FC) ≥2.0 or ≤0.5, P<0.05 and FDR<0.05]. 
The microarray data were uploaded in the National Center for 
Biotechnology Information Gene Expression Omnibus (GEO) 
database; GEO accession no., GSE142036 (https://www.ncbi.
nlm.nih.Gov/geo/query/acc.cgi?acc=GSE142036).

Construction of a protein‑protein interaction (PPI) network. 
The Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING; version 10.0; http://string‑db.org) was employed to 
identify the interaction pairs of the overlapped target genes. 
The predicted and acknowledged interactions were unified 
and scored. Genes with a connectivity degree of ≥5.0 were 
considered as hub genes. Interaction pairs in the PPI network 
were selected when the combined score was >0.4.

Fluorescence in situ hybridization (FISH) and subcellular 
fractionation analysis. EC109 cells were transfected with 
Lv‑MEG3 or Lv‑NC, and immunofluorescence assays were 
performed as described previously (15). Digoxigenin‑labeled 
MEG3 and FISH Kit (Exon Lab) were used following the 
manufacturer's instructions. MEG3 was visualized using HRP 
anti‑digoxigenin‑antibody (1:50; cat. no. ab6212; Abcam) at 
room temperature for 1 h, and tyramide signal amplifica-
tion‑FITC technology was used. EC109 cells were co‑stained 
with DAPI and finally observed under a f luorescence 
microscope at a magnification of x1,000 (Nikon80i; Nikon 
Corporation). RNA was isolated as nuclear and cytoplasmic 
fractions in EC109 cells using the RNA Subcellular Isolation 
Kit (Norgen Biotek Corp.) according to the manufacturer's 
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guidelines. Cytoplasmic and nuclear fractions were analyzed 
by RT‑qPCR.

Cell proliferation assay. Cell proliferation was analyzed with 
the Cell Counting Kit‑8 (CCK‑8) assay (Beyotime Institute 
of Biotechnology) according to the manufacturer's protocol. 
A total of 4,000 cells were seeded in triplicate in 96‑well 
plates and transfected with Lv‑MEG3 or Lv‑NC plasmids for 
the indicated times. Cell viability was assessed by measuring 
the absorbance at 450 nm using the FilterMax F5 microplate 
reader (Molecular Devices, LLC).

Cell cycle analysis. After transfection for 48 h, EC109 cells 
(1x105 cells/ml) were harvested, washed with ice‑cold PBS 
and fixed with 70% ethanol at 4˚C overnight. After fixation, 
the cells were washed, resuspended in PBS, incubated with 
ribonuclease at 37˚C for 30 min and stained with propidium 
iodide (Nanjing KeyGen Biotech Co., Ltd.) in the dark at 4˚C 
for 30 min. Then, the cell cycle distribution was analyzed with 
a flow cytometer (BD Biosciences).

RT‑qPCR analysis. Total RNA was extracted from freshly 
frozen ESCC tissues or transfected cells according to the 
instructions of the TRIzol® kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). Subsequently, RT‑qPCR was performed with 
a Step‑One Plus Real‑Time PCR System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using the SYBR Green PCR 
Master Mix (Promega Corporation). The thermal cycling 
conditions were as follows: 95˚C for 10 min, 95˚C for 15 sec, 
and 58˚C for 30 sec for 40 cycles. GAPDH was employed as 
an endogenous control. All the primer sequences used in this 
study are listed in the Table I. The relative expression level of 
mRNAs was calculated by the 2‑∆∆Cq method as described in 
our previous study (16).

Cell invasion assay. After transfection for 48 h, EC109 cells 
were seeded in a 6‑well plate for 48 h and resuspended in 
serum‑free DMEM at a cell density of 3x105 cells/ml. Then, 
200  µl cell suspension was added to the apical chamber, 
while 500 µl DMEM containing 10% FBS was added to the 
basolateral chamber, and incubated at 37˚C in the presence of 
5% CO2. After 24 h, the invading cells were fixed at 4˚C with 
methanol for 10 min, washed with PBS 3 times and stained at 
room temperature with 0.1% crystal violet solution for 10 min. 
A neutral resin was applied to seal the cells in the apical 
chamber, and 6 randomly selected fields were observed with 
an inverted microscope (Axiovert 40 CFL, Carl Zeiss AG) 
microscope at a magnification of x100.

Wound healing assay. After transfection with Lv‑MEG3 or 
Lv‑NC for 48 h, EC109 cells (1x106 cells/ml) were added to a 
6‑well plate and incubated for 24 h. After the cells had reached 
90‑100% confluence, a sterile 1‑ml pipette tip was used to 
create a linear scratch in the cell monolayer. After culturing 
with FBS‑free medium at 37˚C for different durations, the cells 
that migrated to the wounded area were visualized and images 
were captured with an Axiovert 40 CFL fluorescence micro-
scope (Carl Zeiss AG) at 0, 24, 36 and 48 h. The rate of wound 
closure was measured using ImageJ software (version 1.46; 
National Institutes of Health).

Protein extraction and western blotting. EC109 cells 
transfected with Lv‑MEG3 or Lv‑NC were harvested 
at 48  h and washed with ice‑cold PBS 3  times. The cell 
lysates were prepared with RIPA buffer (Beyotime Institute 
of Biotechnology) containing PMSF. Equal quantities of 
proteins (50  µg) were separated by 10% SDS‑PAGE and 
transferred to PVDF membranes. After being blocked 
with 5% non‑fat milk for 60 min at room temperature, the 
membranes were incubated with specific primary antibodies 
against PSAT1 (1:1,000; cat. no. GTX82102; GeneTex, Inc.), 
cyclin D1 (CCND1; 1:1,000; cat.  no.  sc‑8396; Santa Cruz 
Biotechnology, Inc.), phosphorylated (p)‑GSK‑3β (1:500; 
cat. no. ab75745; Abcam), GSK‑3β (1:500; cat. no. ab32391; 
Abcam), E‑cadherin (1:1,000; cat. no. sc‑21791; Santa Cruz 
Biotechnology, Inc.), Snail (1:1,000; cat. no. sc‑271977; Santa 
Cruz Biotechnology, Inc.), vascular endothelial growth factor 
(VEGF)A (1:1,000; cat. no. Ag13500; ProteinTech Group, Inc.), 
vimentin (1:5,000; cat.  no.  GTX100619; GeneTex, Inc.), 
β‑actin (1:500; cat. no. ab8226; Abcam) or GAPDH (1:5,000; 
cat.  no.  sc‑166574; Santa Cruz Biotechnology, Inc.) as an 
internal control in TBS‑0.5% Tween‑20 (TBST) at 4˚C 
overnight. On the following day, the membranes were 
washed with TBST 3  times and incubated by anti‑rabbit 
horseradish peroxidase‑conjugated secondary antibody 
(1:10,000; cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.) 
at room temperature in the dark for 60 min. The expression 
of proteins was measured with the Odyssey Detection System 
(LI‑COR Biosciences) and analyzed using ImageJ software, 
version 1.46r (National Institutes of Health).

In vivo tumorigenesis assay. The animal protocols in the present 
study were approved by the Ethics Committee of Shantou 
University Medical College. A total of 19 male BALB/c nude 
mice (class SPF, purchased from Beijing Animal Center), aged 
6‑weeks and weighing 18‑24 g, were subcutaneously injected 
in the right flank with 8x106 EC109 cells transfected with 
Lv‑MEG3 (experimental group) or Lv‑NC (control group) in 
0.1 ml PBS. Tumor volume (V) was measured with calipers 
and calculated with the formula V=0.52xLxW2 (where L and 

Table I. Primer sequences for reverse transcription‑quantitative 
PCR analysis.

Gene	 Primer sequence (5'‑3')

MEG3	 Forward, TGGGTCGGCTGAAGAACTG 
	 Reverse, CCAAACCAGGAAGGAGACGA 
PSAT1	 Forward, CTCAGGCAGGATCTGGCATA
	 Reverse, CCTGGAGTGCTGTTGGAGAA
VEGFA	 Forward, CCTTCGCTTACTCTCACCTGCTTC
	 Reverse, GGCTGCTTCTTCCAACAATGTGTC
U6	 Forward, CTCGCTTCGGCAGCACATA
	 Reverse, AACGATTCACGAATTTGCGT
GAPDH	 Forward, CACCATCTTCCAGGAGCGA
	 Reverse, TCAGCAGAGGGGGCAGAGA

MEG3, maternally expressed gene 3; PSAT1, phosphoserine amino-
transferase 1; VEGFA, vascular endothelial growth factor A.
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W are the long and short axes of the tumor, respectively). 
After 3‑4 weeks, the mice were anesthetized by inhalation of 
5% isoflurane and sacrificed by cervical dislocation. Death 
was confirmed based cessation of convulsions and sustained 
absence of breathing. The tumors were excised and weighed. 
The target molecules in the tumor tissues were detected by 
western blotting.

Immunohistochemical analysis. Formalin‑fixed tissues were 
embedded in paraffin and 4‑µm sections were cut from each 
paraffin block. The paraffin sections were dewaxed in xylene 
twice for 15 min each and rehydrated through a graded series of 
alcohol solutions (5 min per step). The slides were then stained 
with the primary antibody (rabbit anti‑PSAT1 antibody; dilu-
tion, 1:100; cat. no.  sc‑133929; Santa Cruz Biotechnology, 
Inc.) at 4˚C overnight. The sections were then washed in PBS 
and incubated at room temperature for 20 min with biotinyl-
ated secondary antibody, followed by incubation at room 
temperature for 10 min with streptavidin‑peroxidase complex 
(Histostain‑Plus Kit, Invitrogen; Thermo Fisher Scientific, 
Inc.). The chromogen 3,3'‑diaminobenzidine was then added, 
and the sections were subsequently counterstained for 2 min at 
room temperature with Mayer's hematoxylin. Negative control 
sections were treated as described above, but the primary 
antibody was omitted. Two pathologists blinded to the clinical 
information independently assessed the immunohistochem-
istry results. In total, 5 visual fields were randomly selected in 
each section, and 200 tumor cells were counted in each visual 
field at x200 magnification. According to the percentage of 
positive cells marked by yellow particles observed in tissues, 
the PSAT1 staining index (SI) was scored according to staining 
intensity (0, negative; 1, weak, light yellow; 2, moderate, yellow 
brown; and 3, strong, brown) multiplied by a distribution score 
(1, <10%; 2, 10‑50%; and 3, >50% cells stained). An SI score 
≥3 was defined as a high expression level of PSAT1, while SI 
scores 0‑2 were considered to reflect a low expression level of 
PSAT1.

Statistical analysis. Statistical analyses were performed using 
SPSS software (version 22.0; IBM Corp.). All experiments 
in the present study were repeated ≥3  times, and the data 
are presented as the mean ± SD. Differences in mean values 
between groups were assessed for statistical significance using 
the Student's t‑test. Welch's ANOVA test and Games‑Howell 
post hoc test were applied to compare MEG3 expression 
among different cell lines. Pearson's correlation coefficient 
analysis was applied to calculate the correlation between the 
expression of MEG3 and PSAT1 in ESCC tissues. Survival 
curves were plotted using the Kaplan‑Meier method and were 
analyzed using the log‑rank test. P<0.05 was considered to 
indicate statistically significant differences.

Results

MEG3 expression is downregulated in ESCC tissues/cells 
and is associated with poor prognosis. The levels of MEG3 
were evaluated in 43 pairs of ESCC tissues and corresponding 
adjacent normal tissues. The results indicated that MEG3 was 
significantly downregulated in ESCC tissues compared with 
its expression in normal controls (Fig. 1A). The expression 

level of MEG3 was significantly reduced in tumor tissues, as 
described in our previous study (17). In addition, the associa-
tion between MEG3 expression and lymph node metastasis in 
ESCC was investigated. As shown in Fig. 1B, the expression 
of MEG3 was significantly decreased in ESCC patients with 
lymph node metastasis compared with that in ESCC patients 
without lymph node metastasis. Moreover, the expression 
level of MEG3 was significantly reduced in aggressive ESCC 
(TNM stage Ⅲ‑Ⅳ; Fig. 1C), suggesting that the downregula-
tion of MEG3 is associated with the development of ESCC. 
Additionally, the level of MEG3 in ESCC cell lines (EC109, 
EC‑9706 and KYSE‑450) was significantly lower compared 
with that in Het‑1A cells (Fig. 1D). Among the three ESCC 
cell lines evaluated, EC109 exhibited the lowest expression of 
MEG3; thus, this cell line was used for subsequent experiments. 
Taken together, these findings suggest that MEG3 may play a 
role as a tumor suppressor gene in the development of ESCC.

Lentivirus‑mediated MEG3 stable expression in EC109 cells. 
To further explore the biological relevance of MEG3 in EC109 
cells, the cultured EC109 cells were infected with either 
Lv‑MEG3 or Lv‑NC, and then puromycin was employed for 
selection and enrichment of lentivirus‑infected cells (Fig. 2A). 
The mRNA expression of MEG3 was significantly increased 
in the Lv‑MEG3 group compared with that in the Lv‑NC 
group (Fig. 2B), indicating that Lv‑MEG3 was transfected 
into cells successfully, and a high mRNA expression level 
of MEG3 was observed in EC109 cells. FISH assay revealed 
that MEG3 was mainly distributed in the nucleus, and a small 
portion was distributed in the cytoplasm (Fig. 2C). The results 
of MEG3 subcellular localization were further confirmed by 
cytoplasmic and nuclear RNA fractionation analysis in EC109 
cells (Fig. 2D).

Ectopic expression of MEG3 suppresses proliferation, 
migration and invasion in EC109 cells. To further elucidate 
the role of MEG3 in ESCC cell proliferation and cell cycle 
progression, Lv‑MEG3 was stably transfected into EC109 
cells. The results of the CCK‑8 assay indicated that the ectopic 
expression of MEG3 obviously inhibited the proliferation of 
EC109 cells at 48, 72 and 96 h (Fig. 3B). Consistently with 
these results, cell cycle analysis demonstrated that the ectopic 
expression of MEG3 increased the proportion of cells in the 
G1 phase and decreased the proportion of cells in the S phase 
of the cell cycle (P<0.05; Fig. 3A). Furthermore, western blot-
ting confirmed that CCND1, a key regulator of G1‑to‑S phase 
progression, was significantly decreased in the Lv‑MEG3 
group (Fig. 3C), which suggested that the ectopic expression of 
MEG3 inhibited cell proliferation likely through induction of 
G1 arrest by inhibiting CCND1. Moreover, Transwell migration 
and wound healing assays revealed that the ectopic expression 
of MEG3 markedly inhibited cell invasion and migration 
(Fig. 3D and E). These findings demonstrated that MEG3 
suppressed the proliferation and motility of EC109 cells.

Identification of DEGs after overexpression of MEG3. DEGs 
in EC109 cells were identified after MEG3 was overexpressed 
through transfection with Lv‑MEG3. In total, 177 genes 
(23 upregulated and 154 downregulated) were found to be 
differentially expressed in a microarray conducted for 3 pairs 
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of EC109 cells treated with Lv‑MEG3 or Lv‑NC (the threshold 
was set as FC >2.0 or <0.5). The 23 upregulated and the top 30 
downregulated genes are listed in Table II. Scatter and volcano 
plots were used to assess gene expression variations between 
the Lv‑MEG3 and Lv‑NC groups (Fig. S1A and B). The relative 
expression levels of mRNAs among the matched samples were 
determined by hierarchical cluster analysis (Fig. S1C).

GO, KEGG pathway and PPI network analysis. Recent find-
ings have identified numerous candidate oncogenes and tumor 
suppressor genes functioning in the one‑carbon metabolism 
pathway. However, the expression levels of these molecules in 
ESCC remain unclear. To illustrate the functions of MEG3 in 
EC109 cells, Cytoscape 3.6 software was used to extract DEGs 
between the Lv‑MEG3 and Lv‑NC groups, and the STRING 
database was utilized to provide PPI information (18).

GO enrichment analysis demonstrated that these genes 
were significantly enriched in terms of serine family amino 
acid biosynthetic process, cellular response to glucose star-
vation and neutral amino acid transmembrane transporter 
activity (Fig. S2 and Table III). The most significant terms of 
the KEGG pathway included amino acid biosynthesis, amino-
acyl‑tRNA biosynthesis, serine and threonine metabolism, 
vitamin B6 metabolism, aspartate and glutamate metabolism 
and mitogen‑activated protein kinase (MAPK) signaling 
pathway (Fig. S2; Table IV). The PPI network suggested that 

PSAT1, PHGDH, ASNS, ASRS, MARS, ATF4 and VEGFA 
were significant genes, and they were considered as hub genes 
(Fig. S3).

Validation of DEGs by RT‑qPCR analysis and western 
blotting. Among these hub genes, PSAT1 was considered to 
be an important regulator of the serine family amino acid 
biosynthetic process, which contributed to the invasion and 
migration of ESCC cells (19,20). VEGFA was associated with 
tumor angiogenesis (21). Hence, these two genes were selected 
for verification of DEGs. As shown in Fig. 4A‑C, RT‑qPCR 
and western blot assays revealed that the ectopic expression 
of MEG3 significantly downregulated the mRNA and protein 
expression of PSAT1 and VEGFA in EC109 cells, which was 
consistent with the results of microarray analysis (FC >2.0 or 
<0.5; P<0.05; Table II).

MEG3 inhibits the PSAT1‑dependent GSK‑3β/Snail signaling 
pathway. Accumulating evidence has demonstrated that the 
phenotypic changes of increased motility and invasiveness 
of cancer cells are associated with EMT. The GSK‑3β/Snail 
signaling pathway plays an important role in the EMT process. 
GSK‑3β has been reported to regulate Snail activity, and 
Snail triggers the EMT process by repressing E‑cadherin 
expression (22). Sun et al reported that PSAT1 may activate 
the GSK‑3β/Snail signaling pathway (23). To further confirm 

Figure 1. MEG3 is significantly downregulated in ESCC tissues/cells and is associated with poor prognosis. (A) The expression level of MEG3 was examined 
in 43 ESCC and adjacent normal tissues by reverse transcription‑quantitative PCR analysis. (B) MEG3 expression was evaluated in patients with ESCC and 
lymph node metastasis (metastasis), and compared with that in ESCC patients without lymph node metastasis (metastasis‑free). (C) MEG3 expression was 
evaluated in patients with TNM I‑II and TNM III‑IV stage ESCC. (D) The expression level of MEG3 was examined in the normal esophageal cell line Het‑1A 
and in ESCC cells (EC109, EC‑9706 and KYSE‑450). *P<0.05. MEG3, maternally expressed gene 3; ESCC, esophageal squamous cell carcinoma. 
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the role of MEG3‑mediated suppression of PSAT1 and its 
correlation with the GSK‑3β/Snail signaling pathway, western 
blotting was performed. The results revealed that the ectopic 
expression of MEG3 significantly downregulated the level 
of the active form of GSK‑3β (p‑GSK‑3β), but did not affect 
the total GSK‑3β level (Fig. 4D and E). Overexpression of 
MEG3 also significantly downregulated the mean ratio of 
p‑GSK‑3β to total GSK‑3β compared with the control group 
(Fig. 4F). In addition, ectopic expression of MEG3 in EC109 
cells suppressed the molecular alterations that are character-
istic of EMT (downregulation of the mesenchymal markers 
Snail and vimentin, and upregulation of the epithelial marker 
E‑cadherin; Fig. 4D‑H). Since the downregulation of PSAT1 is 
triggered by the overexpression of MEG3, it was inferred that 
MEG3 inhibits the PSAT1‑dependent GSK‑3β/Snail signaling 
pathway in EC109 cells.

Ectopic expression of MEG3 inhibits xenograft ESCC growth 
and PSAT1 expression in vivo. To demonstrate the effects of 
MEG3 on cancer cell dynamics in vivo, a xenograft tumor 
model in nude mice was constructed. MEG3‑overexpressing 
(Lv‑MEG3) and control cells (Lv‑NC) were injected into 
the back flank of nude mice. The results demonstrated that 
ectopic expression of MEG3 significantly inhibited tumor 
growth (Fig. 5A‑C). The maximum percentage weight loss 

from start to end point in the experimental group was 10.51%, 
while in the control group it was 5.58%. Overexpression of 
MEG3 decreased PSAT1 expression and increased E‑cadherin 
expression (Fig. 5D and E), indicating that MEG3 is involved 
in the regulation of EMT in vivo.

Expression of MEG3 and PSAT1 in clinical ESCC tissues 
and association with prognosis. To investigate the clinical 
relevance of MEG3 and PSAT1 in the progression of ESCC, 
and to further validate the microarray results, the present 
study focused on clinical relevance. After the mRNA levels 
of MEG3 were evaluated in 43 pairs of ESCC, the expression 
levels of PSAT1 were also examined by immunohistochemical 
staining. The results demonstrated that the expression levels of 
PSAT1 were markedly upregulated in ESCC tissues compared 
with those in adjacent normal tissues (Fig. 5G). Spearman's 
analysis revealed that the expressions of MEG3 and PSAT1 
were negatively correlated in ESCC tissues (Pearson's 
r=‑0.8314; P<0.0001; Fig. 5H). The survival analysis of patients 
using the Kaplan‑Meier plotter website data (http://kmplot.
com/analysis/) revealed that higher expression levels of PSAT1 
tended to be correlated with a worse OS in Asian ESCC 
patients (hazard ratio=5.2; P=0.036; Fig. 5I). Taken together, 
these results indicate that MEG3 inhibits PSAT1 expression, 
and PSAT1 exerts a carcinogenic effect on ESCC.

Figure 2. Ectopic expression of MEG3 and its subcellular location in EC109 cells. (A) Representative images of EC109 cells transfected with Lv‑MEG3 or 
Lv‑NC (magnification, x100; scale bar, 100 µm): (a) Bright image; (b) fluorescence image. (B) The ectopic expression of MEG3 in the Lv‑MEG3 group was 
significantly higher compared with that in the control or Lv‑NC groups by RT‑qPCR assay. (C) Fluorescence in situ hybridization assay was performed to 
detect the distribution of MEG3 in EC109 cells (magnification, x1,000; scale bar, 10 µm). EC109 cells were co‑stained with MEG3 anti‑digoxin‑HRP antibody 
(green) and DAPI (nucleus, blue). (D) Nuclear and cytoplasmic fractions of MEG3 in EC109 cells were evaluated by RT‑qPCR with U6 or GAPDH as a nuclear 
or cytoplasmic internal control (**P<0.01). MEG3, maternally expressed gene 3; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; Lv, 
lentiviral vector.
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Figure 3. Ectopic expression of MEG3 suppresses the proliferation, migration and invasion of EC109 cells. (A) Flow cytometry assay indicated that overexpres-
sion of MEG3 resulted in G1/S cell cycle arrest. (B) Cell Counting Kit‑8 assays indicated that ectopic expression of MEG3 suppressed the proliferation of 
EC109 cells. (C) Ectopic expression of MEG3 reduced the protein expression levels of CCND1. (D) Transwell assay demonstrated that MEG3 decreased the 
invasion of EC109 cells (magnification, x200). (E) Wound healing assay (magnification, x200). The wound width was measured with ImageJ software, and the 
results were plotted on the graphs (*P<0.05 and **P<0.01 in two‑tailed Student's t‑test). MEG3, maternally expressed gene 3; CCND1, cyclin D1.
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Discussion

MEG3 has been proposed to play a biological role in various 
diseases, particularly cancer. Recent studies demonstrated 
that MEG3 is involved in the regulation of cancer‑related 
pathways, and contributes to cell proliferation, metabolism, 
tumor progression and metastasis (9‑14). In the present study, 
the expression and role of MEG3 in ESCC were assessed, and 
the mechanisms underlying its activity were investigated. The 
results demonstrated that MEG3 is downregulated in ESCC 
cell lines and tissues, and a lower level of MEG3 expression 
was associated with lymph node metastasis, TNM stage and 
poor prognosis in patients with ESCC. Ectopic expression of 
MEG3 inhibits cell viability and invasion in vitro and tumor 
formation by EC109 cells in vivo.

To explore the molecular mechanisms through which 
MEG3 regulates EMT in ESCC, the microarray results and 
KEGG pathway analysis were used, which demonstrated that 
biosynthesis of amino acids, aminoacyl‑tRNA biosynthesis, 
serine and threonine metabolism, MAPK signaling pathway, 
alanine, and aspartate and glutamate metabolism were mark-
edly enriched. Notably, another study also indicated that 
some aminoacyl‑tRNA synthetases act as secreted cytokines 
to regulate angiogenesis and play a critical role in the tumor 
microenvironment  (24). Emerging evidence indicates that 
serine and threonine metabolism, as well as alanine, aspar-
tate and glutamate metabolism, are associated with tumor 
progression  (25,26). The underlying mechanisms likely 
involve the regulation of the synthesis of proliferation‑related 
proteins (27). Among those, one‑carbon metabolism, a system 
of regulating cellular nutrient status, plays an important role in 
cancer (28,29). PSAT1, an enzyme that catalyzes the conver-
sion of phosphoserine to serine, is highly expressed in various 
tumor tissues (19,30‑34). Since PSAT1 was a hub gene in the 
PPI network and was identified as a DEG in the present study, 
the mechanism of MEG3 regulating EMT through PSAT1 was 
further investigated in EC109 cells.

E‑cadherin mediates cell‑cell adhesion, a characteristic 
that is lost during carcinogenesis. Decreased E‑cadherin, and 

Table II. Continued.

B, Downregulated genes

Gene symbol	 Fold-change

GPT2	 0.409617
AARS	 0.410432
TUBE1	 0.41201
DBNDD2	 0.42243
SARS	 0.42896
VEGFA	 0.446095
TSPAN19	 0.461047
TRIM2	 0.461611

Fold-change >2.0 or <0.5; P<0.05. MEG3, maternally expressed 
gene 3; PSAT1, phosphoserine aminotransferase 1; VEGFA, vascular 
endothelial growth factor A. 

Table II. All upregulated and top 30 downregulated genes in 
EC109 cells treated with Lv‑NC and Lv‑MEG3.

A, Upregulated genes

Gene symbol	 Fold-change

CPA4	 4.385887
PI3	 3.580093
FABP5	 3.568358
DKK1	 3.321403
TFPI2	 3.189393
IFIT1	 3.157332
UBASH3B	 2.757315
ABCG2	 2.652196
C11orf86	 2.631208
PRSS23	 2.463662
EHF	 2.462474
STXBP6	 2.364241
NRXN3	 2.362532
PLK2	 2.298191
WDR4	 2.250309
RPS26	 2.215377
TNFRSF21	 2.16497
HSPA8	 2.148415
DDX6	 2.095377
PGBD3	 2.058019
DNAJA1	 2.032604
AKR1C1	 2.032215
FAM98A	 2.01734

B, Downregulated genes

Gene symbol	 Fold-change

INHBE	 0.072167
ASNS	 0.144524
NUPR1	 0.14478
DDIT3	 0.168082
ECM2	 0.191233
PCK2	 0.192793
CARS	 0.198939
TRIB3	 0.208346
SV2B	 0.25678
CLGN	 0.303193
AK7	 0.320877
PHGDH	 0.33101
GDPD1	 0.331847
CEBPG	 0.332314
PXK	 0.348479
PRUNE2	 0.36287
ARG2	 0.368233
ATF4	 0.372629
GARS	 0.3881
PRG4	 0.39037
MARS	 0.393337
PSAT1	 0.403129
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elevated Snail and vimentin expression are the most significant 
characteristics of EMT (35‑38). Several signaling pathways, 
including MAPK/ERK, PI3K/AKT/GSK‑3β and Wnt/β‑catenin, 
are involved in EMT in ESCC (5,6,23,39,40). Liu et al reported 
that PSAT1 activates the GSK‑3β/Snail signaling pathway and 
promotes the phosphorylation of GSK‑3β. The latter further 
activates Snail and inhibits E‑cadherin expression, leading to 
EMT in ESCC (20,31). In agreement with previous studies, the 
present study demonstrated that ectopic expression of MEG3 
suppressed the migration and invasion of ESCC cells, and 
also decreased PSAT1 expression. Moreover, overexpression 
of MEG3 not only inhibited the phosphorylation of GSK‑3β, 
Snail and vimentin expression, but also increased E‑cadherin 
expression in vitro. In addition, the present study demonstrated 
that ectopic expression of MEG3 suppressed tumor growth, 
alongside PSAT1 downregulation and E‑cadherin upregula-
tion, indicating that MEG3 suppresses EMT by inhibiting the 
PSAT1‑dependent GSK‑3β/Snail signaling pathway in ESCC 
cells.

Based on the results of the in vitro studies, the expression 
and significance of PAST1 was examined in ESCC tissues 

to confirm the findings in EC109 cell lines. The immunohis-
tochemical results revealed that PSAT1 expression in tumor 
tissues was obviously higher compared with that in adjacent 
normal tissues, and MEG3 expression was significantly nega-
tively correlated with PSAT1. The potential involvement of 
MEG3 and PSAT1 was confirmed by the Kaplan‑Meier plotter 
website data in ESCC. Survival analysis of patients in the 
Asian population demonstrated that higher expression levels 
of PSAT1 were associated with poor prognosis. To the best of 
our knowledge, the present study was the first to demonstrate 
that MEG3 negatively regulates PSAT1 expression and the 
GSK‑3β/Snail signaling pathway in vitro and in vivo, which 
may help improve our understanding of the anticancer mecha-
nism of action of MEG3.

Notably, Dong et al reported that MEG3 inhibited EMT 
by competitively binding to miR‑9 in YES2 cells (13). Xu et al 
demonstrated that the MEG3/miR‑21 axis participates in the 
regulation of EMT in gastric cancer (41). In the present study, 
MEG3 inhibited EMT by inhibiting the PSAT1‑dependent 
GSK‑3β/Snail signaling pathway, suggesting that the mecha-
nism of MEG3 regulating EMT varies across different cells, 

Table III. Top 10 enrichment GO terms (BP, CC and MF) for the target genes of mRNAs.

				    Enrichment	
GO ID	 Term	 Ontology	 Count	 factor	 P‑value

GO:0009070	 Serine family amino acid biosynthetic process	 BP	 4	 29.73	 1.47E‑06
GO:0042149	 Cellular response to glucose starvation	 BP	 4	 16.4	 1.84E‑05
GO:0009069	 Serine family amino acid metabolic process	 BP	 4	 14.86	 2.82E‑05
GO:0006418	 tRNA aminoacylation for protein translation	 BP	 5	 12.39	 1.23E‑05
GO:0043039	 tRNA aminoacylation	 BP	 5	 11.66	 1.7E‑05
GO:0043620	 Regulation of DNA‑templated transcription in response	 BP	 5	 11.22	 2.08E‑05
	 to stress				  
GO:0086001	 Cardiac muscle cell action potential	 BP	 4	 11.06	 0.000103
GO:0046626	 Regulation of insulin receptor signaling pathway	 BP	 4	 10.81	 0.000113
GO:0043618	 Regulation of transcription from RNA polymerase II	 BP	 4	 10.12	 0.000151
	 promoter in response to stress				  
GO:0030968	 Endoplasmic reticulum unfolded protein response	 BP	 9	 9.31	 2.42E‑07
GO:0005829	 Cytosol	 CC	 38	 1.41	 0.00357
GO:0015175	 Neutral amino acid transmembrane transporter activity	 MF	 4	 14.86	 2.82E‑05
GO:0030170	 Pyridoxal phosphate binding	 MF	 4	 9.15	 0.000236
GO:0015179	 L‑amino acid transmembrane transporter activity	 MF	 4	 8.97	 0.000256
GO:0015171	 Amino acid transmembrane transporter activity	 MF	 4	 5.73	 0.001781
GO:0008083	 Growth factor activity	 MF	 5	 3.69	 0.005921
GO:0046943	 Carboxylic acid transmembrane transporter activity	 MF	 4	 3.63	 0.0118
GO:0000982	 RNA polymerase II core promoter proximal region	 MF	 9	 3.3	 0.001183
	 sequence‑specific DNA binding transcription factor				  
	 activity				  
GO:0008236	 Serine‑type peptidase activity	 MF	 5	 3.23	 0.01106
GO:0017171	 Serine hydrolase activity	 MF	 5	 3.2	 0.01163
GO:0001077	 RNA polymerase II core promoter proximal region	 MF	 6	 3.17	 0.007246
	 sequence‑specific DNA binding transcription factor				  
	 activity involved in positive regulation of transcription				  

GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function.
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and there may be multiple mechanisms involved in the same 
cell type (7,36‑38). The precise mechanism through which 

MEG3 downregulates PSAT1 and EMT requires further 
investigation. In addition, only a limited number of samples 

Table IV. KEGG pathway enrichment analysis in DEGs.

Pathway name	 P‑value	 Genes	 FDR

Biosynthesis of amino acids	 0.0010	 CTH, ARG2, PHGDH, PSAT1, GPT2, CBS	 1.24121
Biosynthesis of antibiotics	 0.0016	 CTH, ARG2, GFPT1, PHGDH, GGPS1, 	 1.96588
		  PSAT1, PCK2, AK7, CBS	
Aminoacyl‑tRNA biosynthesis	 0.0050	 CARS, SARS, AARS, GARS, MARS	 5.84549
Glycine, serine and threonine metabolism	 0.0078	 CTH, PHGDH, PSAT1, CBS	 8.98694
MAPK signaling pathway	 0.0518	 ATF4, FGF12, CACNA1D, GADD45A, 	 46.9549
		  MAP2K6, DDIT3, HSPA8	
Alanine, aspartate and glutamate metabolism	 0.0523	 GFPT1, ASNS, GPT2	 47.3064

KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; FDR, false discovery rate; MAPK, mitogen‑activated 
protein kinase; PSAT1, phosphoserine aminotransferase 1. 

Figure 4. Validation of differentially expressed genes by reverse transcription‑quantitative PCR, and effects of ectopic MEG3 on PSAT1‑related signaling path-
ways in EC109 cells. (A) Decreased mRNA expression of PSAT1 and VEGFA was verified in EC109 cells transfected with Lv‑MEG3. (B and C) Decreased 
protein expression of PSAT1 and VEGFA was verified in EC109 cells transfected with Lv‑MEG3. (D and E) The relative protein levels of members of the 
GSK‑3β/Snail signaling pathway were detected by western blot analysis. Ectopic MEG3 decreased the expression of phosphorylated GSK‑3β and Snail, but 
increased the expression of E‑cadherin. (F) The p‑GSK‑3β/GSK‑3β ratio was compared between the Lv‑NC and Lv‑MEG3 groups. Ectopic expression of 
MEG3 decreased the p‑GSK‑3β/GSK‑3β ratio. (G and H) Decreased protein expression of vimentin was observed in EC109 cells transfected with Lv‑MEG3. 
The bars of the histograms indicate the mean ± SD of 3 independent experiments. **P<0.01 compared with the Lv‑NC group. MEG3, maternally expressed 
gene 3; Lv, lentiviral vector; NC, negative control; PSAT1, phosphoserine aminotransferase 1; VEGFA, vascular endothelial growth factor A; GSK, glycogen 
synthase kinase.
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Figure 5. Ectopic expression of MEG3 disrupted tumor growth and PSAT1 expression in vivo, as was also shown by the association assay between MEG3 and 
PSAT1 in human ESCC. (A) In vivo resected tumors. Tumor (B) volume and (C) weight were significantly lower for cells with ectopic expression of MEG3 
compared with Lv‑NC cells. Mice were injected with Lv‑MEG3 or Lv‑NC cells and housed for 24 days. Tumor size was measured at weekly intervals. The 
results represent the mean ± SD of 5 mice in each group. (D and E) The protein levels of PSAT1 and E‑cadherin were detected by western blotting in the 
tumor tissues. Ectopic MEG3 increased E‑cadherin expression, but decreased PSAT1 expression. (F) Hematoxylin and eosin staining was performed on serial 
sections of ESCC and adjacent normal tissues. (G) Representative immunohistochemical staining for PSAT1 in ESCC samples and adjacent normal esophageal 
tissues. Positive staining (brown) was detected in tumor cells, but not in adjacent normal esophageal tissues. Original magnification x40, full, left; magnifica-
tion x100, partial enlargement, right. (H) Relative expression of MEG3 and PSAT1 in 43 ESCC tissues, as determined by reverse transcription‑quantitative 
PCR assay. The correlation between MEG3 and PSAT1 mRNA levels was determined by Pearson's correlation coefficient analysis. (I) Kaplan‑Meier survival 
curves of patients with ESCC. The overall survival rates in patients with ESCC exhibiting low (n=59) or high (n=20) PSAT1 protein levels were significantly 
different (P=0.036). *P<0.05 and **P<0.01 compared with the Lv‑NC group. MEG3, maternally expressed gene 3; Lv, lentiviral vector; NC, negative control; 
ESCC, esophageal squamous cell carcinoma; PSAT1, phosphoserine aminotransferase 1.
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were examined in the present study. Future studies will include 
larger sample sizes to validate the correlation analysis.

In conclusion, the findings of the present study validated 
that MEG3 expression was decreased in human ESCC tissues, 
and was associated with tumor TNM stage and poor prognosis. 
The microarray results revealed that ectopic expression of 
MEG3 led to changes in major biological functions, including 
compound metabolic process and transcription. Furthermore, 
MEG3 appears to exert its effects through inhibiting the 
PSAT1‑dependent GSK‑3β/Snail signaling pathway in ESCC 
cells.
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