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Abstract. Esophageal squamous cell carcinoma accounts for a 
large proportion of cancer-associated mortalities in both men 
and women. Melittin is the major active component of bee 
venom, which has been reported to possess anti-inflammatory, 
antibacterial and anti-cancer properties. The aim of the 
present study was to construct a tumor targeted recombinant 
plasmid [pc-telomerase reverse transcriptase (TERT)-melittin] 
containing a human TERT promoter followed by a melittin 
coding sequence and to explore the effects of this plasmid in 
esophageal cell carcinoma and investigate preliminarily the 
underlying mechanisms of this effect. TE1 cells were trans-
fected with pcTERT-melittin and the resulting apoptosis was 
subsequently examined. The viability of TE1 cells transfected 
with pcTERT-melittin was measured using a Cell Counting 
Kit-8 assay, which indicated inhibited proliferation. The 
disruption of mitochondrial membranes and the concomi-
tant production of reactive oxygen species demonstrated an 
inducible apoptotic effect of melittin in TE1 cells. Apoptotic 
cells were also counted using an Annexin V-FITC and PI 
double-staining assay. The upregulation of cleaved caspase-9, 
cleaved caspase-3, Bax and poly(ADP-ribose) polymerase 1 
in pcTERT-melittin transfected TE1 cells, suggested that 
pcTERT-melittin-induced apoptosis was associated with the 
mitochondrial pathway. TE1 cells were also arrested in the 
G0/G1 phase when transfected with pcTERT-melittin, followed 
by the decline of CDK4, CDK6 and cyclin D1 expression 
levels. As cell invasion and metastasis are common in patients 
with esophageal cancer, a cell migration assay was conducted 
and it was found that pcTERT-melittin transfection reduced 

the migratory and invasive abilities of TE1 cells. The findings 
of the present study demonstrated that pcTERT-melittin may 
induce apoptosis of esophageal carcinoma cells and inhibit 
tumor metastasis.

Introduction

Esophageal squamous cell carcinoma (ESCC) is a common 
form of aggressive malignancy (1), with a poor prognosis and 
high mortality rate, 455,800 new esophageal cancer cases and 
400,200 deaths occurred in 2012 worldwide and most of the 
histological subtype were ESCC (2). Predisposing factors for 
ESCC include smoking and alcohol (3). The development and 
progression of ESCC is very complex, with multiple genetic 
mutations and disorders involved, such as mutations in TP53, 
CDKN2A or a loss of RB gene (4,5). Currently, surgery, radio-
therapy and chemotherapy are commonly used singly or in 
combination to treat ESCC. However, these methods may also 
damage healthy cells and have limited efficacy in cancer infil-
tration and metastasis (6,7). Therefore, novel and curative agents 
for ESCC are urgently required. Gene therapy, which delivers 
therapeutic genes into cells to alter the gene expression of a 
patient, may be a promising strategy for cancer treatment (8). 
Numerous cancer gene therapy approaches have reported 
significant progress, including gene immunization, suppressor 
genes or gene replacements, gene directed enzyme-prodrug or 
suicide gene therapies and oncolytic virus therapies (9-11).

In its mature form, melittin is a 26 amino acid peptide 
with strong hemolytic and antimicrobial activity, and is the 
principal active component of bee venom (12). Melittin is in 
routine use as a non-steroidal anti-inflammatory reagent for 
the relief of pain and the treatment of chronic inflammatory 
diseases  (13,14). Moreover, melittin has demonstrated the 
ability to inhibit cancer cell proliferation and induce apop-
tosis  (15,16). Compared with other pro-apoptotic proteins 
such as p53, Bak and Bax, melittin is not selective, damaging 
both healthy and cancer cells. To overcome the non-specific 
cytotoxicity of melittin, targeted expression is a necessary 
prerequisite for successful cancer gene therapy (17).

Human telomerase reverse transcriptase (hTERT) is the 
catalytic subunit of telomerase and is the rate-limiting step in the 
activation of telomerase (18). Furthermore, it has been reported 
that hTERT expression is common to most cancer cells (18). 
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The present study constructed a recombinant plasmid 
(pcTERT-melittin) containing the hTERT promoter followed 
by melittin, and investigated the ability of this pcTERT-
melittin construct to act as a therapeutic agent able to inhibit 
proliferation and induce apoptosis in TE1 cells.

Materials and methods

Materials. The human esophageal carcinoma TE1 and normal 
esophageal epithelial cells Het-1a cell lines were obtained 
from the American Type Culture Collection. DMEM and 
FBS were obtained from Hyclone (Cytiva). BEGM BulletKit 
containing basal medium (BEBM) plus additives (growth 
factors, hEGF, VEGF, hFGF, IGF-1; FBS, hydrocortisone, 
ascorbic acid, heparin and transferrin) (BEGM SingleQuots) 
was obtained Lonza Group, Ltd. Opti-MEM reduced serum 
medium, pcDNA3.1+ plasmid, TRIzol RNA Isolation Reagents 
and Lipofectamine® 2000 transfection reagent were purchased 
from Invitrogen (Thermo Fisher Scientific, Inc.). Takara Ex Taq 
DNA Polymerase was from Takara Biotechnology. The Cell 
Counting Kit (CCK)-8 (cat. no. C0037), reactive oxygen species 
(ROS) assay kit (cat. no. S0033S), mitochondrial membrane 
potential (∆Ψm) assay kit with JC-1 (cat. no. C2006), caspase‑3 
activity assay kit (cat. no. C1115) and caspase‑9 activity assay 
kit (cat. no. C1158) were purchased from Beyotime Institute 
of Biotechnology. Annexin V-FITC staining kit and complete 
protease inhibitor cocktail tablets were purchased from Roche 
Diagnostics. 

Antibodies against tubulin (1:1,000; cat. no. sc-80005) and 
horseradish peroxidase-conjugated secondary antibodies to 
rabbit, mouse and goat primary antibodies were purchased from 
Santa Cruz Biotechnology, Inc. Antibodies against poly(ADP-
ribose) polymerase 1 (PARP) (1:1,000; cat. no. 9542), cleaved 
caspase-9 (1:1,000; cat.  no.  20750), caspase-3 (1:1,000; 
cat.  no.  9662), cleaved caspase-3 (1:1,000; cat.  no.  9661) 
and Bax (1:100; cat. no.  2772) were purchased from Cell 
Signaling Technology, Inc. Antibodies against CDK4 (1:1,000; 
cat. no. A0366), CDK6 (1:10,00l; cat. no. A1545), cyclin D1 
(1:1,000; cat. no. A19038) and p53 (1:1,000; cat. no. A11232) 
were purchased from Abclonal Biotech Co., Ltd. 

EasySee® western blotting kit was purchased from Beijing 
Transgen Biotech Co., Ltd. Transwell chambers were purchased 
from Corning, Inc. A PrimescriptTM Reverse Transcription 
reagent kit was purchased from Takara Biotechnology Co., 
Ltd. SYBR® premix ex TaqTM II, ROX plus reagent kit was 
purchased from Roche Diagnostics. All other chemicals were 
analytical reagent grade.

Construction of pcTERT-melittin vector. A recombinant 
plasmid encoding melittin was constructed using a 
pcDNA3.1+ plasmid containing the hTERT promoter. The 
enhancer sequence of pcDNA3.1+ was first amplified using 
PCR. The pcDNA3.1 plasmid was used as template. The ther-
mocycling conditions were as follows: 30 cycles at 95˚C for 
10 sec, 56˚C for 30 sec and 72˚C for 1 min. Forward Primer: 
5'-CTG​ACG​CGT​GGA​GTT​CCG​CGT​TAC​-3'; Reverse Primer: 
5'-CGC​GCT​AGC​CAA​AAC​AAA​CTC​CCA​TTG​-3')with the 
MluI and NheI restriction sites engineered at the ends of primer, 
then four different hTERT promoter DNAs, each with NheI and 
HindIII restriction sties, were amplified from human genomic 

DNA. The melittin coding gene was synthesized by Sangon 
Biotech Co., Ltd. The enhancer, hTERT promoter and melittin 
gene sequence (ATG​GGC​ATC​GGC​GCC​ATC​CTG​AAG​GTG​
CTG​AGC​ACC​GGC​CTG​CCC​GCC​CTG​ATC​AGC​TGG​ATC​
AAG​AGA​AAG​AGA​CAG​GAG​TAA​) were inserted into the 
pcDNA3.1+ consecutively to produce a recombinant plasmid 
(pcTERT-melittin). The recombinant plasmid containing only 
the enhancer and hTERT promoter was named ‘pcTERT’.

Cell culture. TE1 cells were cultivated in DMEM supplemented 
with 10% FBS, while Het-1a cells were cultured with bronchial 
epithelial cell medium (BEGM BulletKit) containing basal 
medium (BEBM) plus additives (BEGM SingleQuot), and 
incubated at 37˚C with 5% CO2. The cells were passaged every 
~2 days. TE1 cells were transfected with recombinant plasmid 
pcTERT-melittin or pcTERT (2 µg plasmid for 12-well plate 
and 4 µg plasmid for 6-well plate) at 60% of plate confluence 
using Lipofectamine 2000, following manufacturer's instruc-
tions. Following transfection, the cells were observed using a 
phase-contrast microscope (Olympus Corporation) (magnifi-
cation, x200). For the cell proliferation assay, the measurement 
of ∆Ψm using tetraethylbenzimidazolylcarbocyanine iodide 
(JC-1) staining, intracellular ROS quantification assays, 
Annexin-V-FITC apoptosis assay, cell cycle assay and cell 
migration assay, the cells were detected immediately after 
transfection. For the caspase-3 and caspase-9 activity assay 
and western blot analysis, after the transfection, cells were 
lysed and proteins were detected immediately. For the RNA 
extraction and reverse transcription-quantitative (RT-q) PCR 
assay, after the transfection, RNA was extracted immediately 
and reverse-transcribed to cDNA, then stored at -80˚C for 
subsequent PCR assays.

Agarose gel electrophoresis. The construction of pcTERT-
melittin was identified with agarose gel electrophoresis. In 
brief, after plasmids digested with restriction endonucleases 
(HindIII and XbaI) for 8 h at 37˚C, samples were analyzed 
with a 1% agarose gel at 80 V at 37˚C. The pcTERT-melittin 
plasmid was sent to Sangon Biotech Co., Ltd to investigate 
whether the sequence of melittin had the correct reading 
frames inserted.

Cell proliferation assay. Determination of the number of 
viable cells was performed using a TransDetect CCK-8 assay 
according the manufacturer's instructions. TE1 and Het-1a 
cells were plated in quadruplicate at a concentration of 5x103 
per well in 96-well cell culture plates. Cells were incubated 
overnight at 37˚C with 5% CO2 and then transfected with the 
recombinant plasmids for 24-72 h. After treatment with 10 µl 
CCK-8 solution at 37˚C for 1 h, the plates were measured using 
a microplate spectrophotometer at 450 nm. The survival rate 
was calculated using the formula: Survival rate=(mean absorp-
tion of treated group/mean absorption of control group)x100%.

Measurement of ∆Ψm using tetraethylbenzimidazolylcarbo-
cyanine iodide (JC-1) staining. The change in ∆Ψm is a key 
feature of early stage apoptosis (19). The change in ∆Ψm was 
monitored using the mitochondrial membrane potential (∆Ψm) 
assay kit containing the cell-permeable cationic JC-1 dye and 
fluorescence microscopy according to the manufacturer's 



ONCOLOGY LETTERS  21:  16,  2021 3

instructions. This procedure did not require fixation. In brief, 
the TE1 cells were plated into 12-well plates at 2x105 cells/well 
and incubated at 37˚C with 5% CO2 overnight. A total of 3x105 
TE1 cells were transfected with 2 µg pcTERT-melittin or 
pcTERT for 24 h, then the medium was replaced with DMEM 
containing JC-1 and incubated for 20 min at 37˚C with 5% 
CO2. After incubation, the medium was removed and cells 
were washed with ice-cold JC-1 buffer twice. The cells were 
observed using fluorescent microscopy, five random fields 
were observed at a magnification of x200. Red emission was 
characteristic of normal polarized mitochondria, while green 
fluorescence was observed with a depolarized mitochondrial 
membrane, which is characteristic of early stage apoptosis (20).

Intracellular ROS quantification assays. Intracellular ROS 
levels were assessed by detecting the oxidative conversion 
of dichlorodihydrofluorescein diacetate (DCFH-DA) to 
2',7'‑dichlorofluorescein in TE1 cells according to the ROS 
assay kit manufacturer's instructions. TE1 cells were trans-
fected with 2 µg recombinant plasmids for 48 h, then harvested 
with trypsinization. Then, 1x105 cells were incubated with 5 µl 
DCFH-DA in 1 ml DMEM for 20 min at 37˚C. The cells were 
then washed three times and re-suspended in PBS, followed 
via assessment using a fluorescence microplate at excitation 
and emission wavelengths of 488 and 525 nm, respectively.

Annexin-V-FITC apoptosis assay. The quantification of 
apoptotic TE1 cells was performed using flow cytometry with 
Annexin V-FITC and PI dyes, according to the manufacturer's 
instructions. A total of 7.5x105 TE1 cells in 6-well plates were 
transfected with 4 µg recombinant plasmids pcTERT-melittin 
or pcTERT for 24, 48 and 72 h, before being harvested via 
trypsinization and washed with PBS. Subsequently, 70% 
cold ethanol was used to fix the TE1 cells for 30 min at 4˚C. 
Pellets were re-suspended and incubated in Annexin V-FITC 
labelling solution at 15-25˚C for 15 min. PI was added at 4˚C 
and stained for 5 min. The apoptotic cells were then analyzed 
using a flow cytometer (BD Calibur; Becton‑Dickinson and 
Company). Data were analyzed with Cell Quest data acquisi-
tion and analysis software (Becton‑Dickinson and Company). 

Cell cycle assay. TE1 cell cycle distribution was measured 
using a flow cytometer by quantifying the PI labeled DNA 
content. After transfection with recombinant plasmids for 
48  h, TE1 cells were collected and fixed with 70% cold 
ethanol at 4˚C for 30 min, then washed with PBS. Pellets 
were re-suspended and incubated in PBS containing RNaseA 
(50 µg/ml), Triton (0.2%) and PI (20 µg/ml) at 4˚C for 30 min 
in the dark. Cell cycle analysis was performed using a flow 
cytometer (BD Calibur; Becton‑Dickinson and Company). 
Data were analyzed with Cell Quest data acquisition and 
analysis software (Becton‑Dickinson and Company) after 1 h.

Cell migration assay. Transwell chambers (6.5 mm diameter 
inserts; 8.0-µm pore size) were used to measure cell migration. 
After transfection with recombinant plasmids for 48 h, TE1 
cells were harvested with trypsinization. Then, 1x105 cells 
were re-suspended in 200 µl serum-free DMEM medium and 
cultivated in the upper well of a 24-well Transwell chamber 
without Matrigel, while 400 µl DMEM containing 10% FBS 

was plated in the lower chamber. For the upper well with 
Matrigel (wells precoated with Matrigel for 10 min at 37˚C), 
1.5x105 cells were seeded. After seeding for 15 h, the cells in 
the top chamber were removed. Chambers were washed with 
PBS three times. Migrating cells in the lower chamber were 
fixed with 4% paraformaldehyde for 15 min at 37˚C, washed 
with PBS and stained with 2% crystal violet at 37˚C for 
15 min. TE1 cells in the lower chamber were counted using 
light microscopy (magnification, x200). 

RNA extraction and reverse transcription-quantitative 
(RT-q)PCR. A total of 3x105 TE1 cells were transfected with 
2 µg plasmids for 48 and 72 h in 12-well plates before RNA 
extraction. Total RNA was extracted using a TRIzol® reagent. 
Briefly, 500 µl TRIzol reagent was added to the well, before 
cells were transferred to tubes and then incubated for 5 min 
at room temperature. The tubes were shaken for 30 sec, then 
100 µl chloroform was added and left to stand for 10 min at 
37˚C. The samples were centrifuged at 12,000 x g at 4˚C for 
15 min, and the upper layer of supernatant was collected. An 
equal volume of isopropanol (~100 µl) was added to the super-
natant. After standing for 10 min at 37˚C, the samples were 
centrifuged at 12,000 x g for 30 min at 4˚C. The RNA pellet 
was washed with 75% ethanol and dissolved in DEPC treated 
water. Then, 1 µg total RNA was reverse-transcribed to cDNA 
using the following temperature protocol, 42˚C for 30 min and 
85˚C for 5 sec using a Primescript™ RT reagent kit. qPCR 
was performed using a SYBR® premix ex Taq™ II, ROX plus 
reagent kit, conducted in the Step One plus™ Real-Time PCR 
system (Thermo Fisher Scientific, Inc.). The primers was as 
follows: Bax: Forward, primer, 5'-GGC​AAC​TTC​AAC​TGG​
GGC​-3'; reverse, primer, 5'-CCA​CCC​TGG​TCT​TGG​ATC​C-3'; 
and Bcl-2 forward, primer, 5'-AGG​ATT​GTG​GCC​TTC​TTT​
GA-3'; Reverse primer, 5'-TCA​GGT​ACT​CAG​TCA​TCC​AC-3'. 
The PCR protocol was as follows: Initial denaturation at 94˚C 
for 10 min, followed by 40 cycles at 90˚C for 5 sec and 60˚C 
for 30 sec. Products were verified using melting curve analysis. 
Each sample was calculated from threshold cycle numbers and 
GAPDH was monitored as the internal control. Fold-changes 
in target gene mRNA expression were determined using the 
2-ΔΔCq method (21).

Caspase-3 and caspase-9 activity assay. The activities of 
caspase-3 and caspase-9 in TE1 cells were measured using 
a caspase activity assay kit following the manufacturer's 
instructions. Cells were transfected with pcTERT-melittin or 
pcTERT for 24-72 h, digested with trypsin (0.25%) for 1 min 
at 37˚C, the cells were collected and mixed with lysis buffer 
(1% Triton X‑100, 50 mM HEPES, 50 mM sodium pyrophos-
phate, 100 mM sodium fluoride, 10 m EDTA and 10 mM 
sodium vanadate) at 37˚C for 5 min. After incubating at 0˚C 
on ice for 20 min, the samples were centrifuged at 12,000 x g 
at 4˚C for 30 min. The supernatant was incubated with reac-
tion buffer at 37˚C for 11 h, then the absorbance measured at 
450 nm using a microplate reader.

Western blot analysis. For western blot analysis, TE1 cells 
were lysed on ice with ice-cold lysis buffer (1% Triton X-100; 
50  mmol/l HEPES; 50  mmol/l sodium pyrophosphate; 
100 mmol/l sodium fluoride; 10 mmol/l EDTA; 10 mmol/l 

https://www.spandidos-publications.com/10.3892/ol.2020.12277
https://www.spandidos-publications.com/10.3892/ol.2020.12277
https://www.spandidos-publications.com/10.3892/ol.2020.12277


ZHOU et al:  THE REGULATED EXPRESSION OF MELITTIN INDUCES APOPTOSIS AND CELL CYCLE ARREST4

sodium vanadate) containing protease inhibitors cocktail. The 
lysates were centrifuged for 15 min at 15,000 x g at 4˚C. The 
supernatant was analyzed with a BCA protein assay kit to 
confirm protein concentration. Subsequently, 50 µg proteins 
were boiled at 100˚C for 5 min, then separated on 8-15% 
SDS-PAGE, before being transferred onto a PVDF membrane. 
Membranes were blocked with 5% fat-free milk in TBS-0.1% 
Tween‑20 (TBST) buffer at room temperature for 1 h, and 
then incubated with the primary antibodies overnight at 4˚C. 
Membranes were washed with TBST buffer three times, 
followed by incubation with the corresponding secondary 
antibody at 37˚C for 1 h and washing with TBST buffer three 
times. The protein-antibody bound bands were visualized 
using an EasySee® western blotting kit and the signal strength 
of each protein was normalized against the corresponding 
control (signal strength of tubulin) and analyzed with ImageJ 
software version 1.52 (National Institutes of Health).

Statistical analysis. Data are presented as the mean ± SEM. 
Data analysis for comparison between pcTERT group 
and pcTERT-melittin group was performed using SPSS 
version 19.0 (IBM Corp) . Data were analyzed with two-tailed 
unpaired Student's t-tests and one-way ANOVA followed by 
the Least Significant Difference post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Construction of recombinant plasmid pcTERT-melittin. 
The activity of different hTERT promoters was assessed by 
inserting a green fluorescence protein expressed sequence 
EGFP after the hTERT promoter. The 378  bp promoter 
demonstrated the greatest level of transcription compared 
with the 443 bp, 714 bp promoter and 1,100 bp promoters, and 
was used to construct the pcTERT-melittin plasmid (Fig. 1). 
Agarose gel electrophoresis was performed after pcTERT-
melittin plasmid was digested with restriction endonucleases 
(HindIII and XbaI), and the 100  bp fragment of melittin 
was observed (Fig. S1A). The sequence of melittin was also 
demonstrated to be inserted with correct reading frames via 
gene sequencing (Fig. S1B).

Proliferation is inhibited by pcTERT-melittin in TE1 cells. 
Morphological changes typically occur during cell apop-
tosis (19). To investigate the effects of pcTERT-melittin on 
TE1 cells, the morphological changes of transfected TE1 
cells were observed using phase-contrast microscopy. Phase-
contrast micrographs demonstrated that TE1 cells exposed to 

pcTERT-melittin exhibited cell shrinkage, apoptotic vacuoles, 
membrane blebbing and formed floating cells in a time-
dependent manner, indicating that pcTERT-melittin induced 
apoptosis in TE1 cells  (Fig.  2A). Cells transfected with 
pcTERT and untreated cells displayed normal morphology 
with distinct cell borders (Fig. 2A). 

A cell proliferation assay was conducted in TE1 cells 
exposed to recombinant plasmids for 24, 48 and 72 h using a 
TransDetect CCK-8 assay. pcTERT-melittin induced a signifi-
cant decrease in cell survival in TE1 cells. The viable cell 
percentage in pcTERT-melittin treated cell populations was 
88.1% of the control after transfection for 24 h, 66% of the 
control after 48 h and 58.6% of the control after 72 h in TE1 
cells (Fig. 2B). However, no significant effects on cell viability 
were found between pcTERT-melittin treated cells and 
controls in Het-1a cells. This suggested that pcTERT-melittin 
treatment inhibited cell proliferation in a time-dependent 
manner compared with controls in TE1 cells. 

Subsequently, pcTERT and pcTERT-melittin plasmids 
were used to transfect Het-1a and TE1 cells, and the mRNA 
expression of melittin was measured using RT-qPCR. The 
mRNA expression of melittin could only be detected in TE1 
cells transfected with pcTERT-melittin plasmid for 48 h, but 
not in Het-1a cells transfected with pcTERT and pcTERT-
melittin plasmid (using the same primer pair) or TE1 cells 
transfected with pcTERT (Fig. S2).

pcTERT-melittin induces apoptosis in TE1 cells associated 
with damage to mitochondrial membranes and the produc-
tion of ROS. ∆Ψm is a characteristic parameter for monitoring 
mitochondria-dependent cell apoptosis, since reduction of the 
∆Ψm increases the generation of ROS, leading to the release 
of pro-apoptotic factors such as cytochrome c (22). The current 
study assessed the influence of recombinant plasmids on ∆Ψm in 
living cells using a fluorescence microscope with the fluorescent 
dye JC-1. JC-1 is a cationic dye that accumulates in the lumen of 
mitochondria, producing red fluorescence in normally polarized 
mitochondria. As the Ψm deceases, JC-1 becomes monomeric, 
showing green fluorescence (20). Green fluorescence of JC-1 was 
observed in TE1 cells treated with pcTERT-melittin, which was 
reflective of JC-1 existing in a monomeric state, and suggested 
a reduction in ∆Ψm (Fig. 3A). Moreover, pcTERT treated TE1 
cells and untreated cells both exhibited red cell-staining, indi-
cating normal ∆Ψm. The mitochondrial depolarization observed 
in pcTERT-melittin treated TE1 cells suggested that pcTERT-
melittin induces early stage apoptosis. 

Reduction in ∆Ψm is typically associated with the opening 
of mitochondrial permeability transition pores, resulting in the 

Figure 1. Expression of enhanced green fluorescent protein (EGFP)  promoted by different hTERT promoters. The EGFP sequence was placed after hTERT 
promoters (378, 443, 714 and 1,100 bp) in pcDNA3.1+ plasmids. TE1 cells werse transfected with the recombinant plasmids for 24 h. The fluorescence intensity 
was detected using a fluorescence microscope with magnification, x200. TERT, telomerase reverse transcriptase. 
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release of ROS (23). It was identified that the production of 
ROS was significantly increased in pcTERT-melittin treated 
cells compared with controls (Fig. 3B). 

After typical apoptotic morphological changes, low 
survival rate and mitochondrial depolarization were observed 
in TE1 cells transfected with pcTERT-melittin, apoptotic 

cells were counted with the Annexin V-FITC and PI double-
staining method using a flow cytometer. TE1 cells transfected 
with pcTERT-melittin demonstrated a significant increase in 
Annexin V-positive cells compared with pcTERT treated cells 
(Fig. 3C). After transfection with pcTERT-melittin for 24 h, 
apoptotic TE1 cells were significantly higher (14.08±2.53%) 

Figure 2. TE1 cell proliferation inhibited by pcTERT-Mel transfection. (A) TE1 cells were transfected with pcTERT or pcTERT-Mel and cell morphology was 
observed under a phase-contrast microscope 24-72 h after transfection (original magnification, x200). (B) TE1 and Het-1a cells were transfected with pcTERT 
and pcTERT-Mel, and the survival rate (%) of cells was evaluated using a Cell Counting Kit-8 assay. The absorbance was measured at 450 nm using a spectro-
photometer. Data are presented as the mean ± SEM, and the results are an average of three independent experiments. *P<0.05 vs. Con group. TERT, telomerase 
reverse transcriptase; Con, control; Mel, melittin. 

Figure 3. Transfection of pcTERT-Mel decreases mitochondrial membrane potential and increases ROS production in TE1 cells, leading to apoptosis. (A) Cells 
were stained with tetraethylbenzimidazolylcarbocyanine iodide and visualized using a fluorescence microscope at 24 h post-transfection. pcTERT treated 
cells and untreated cells stained red suggested normal high membrane potentials. pcTERT-Mel treatment caused a significant loss of red fluorescence and an 
increase of green fluorescence, indicating the loss of mitochondrial membrane potential, which was associated with apoptosis (original magnification, x200). 
(B) ROS production was detected with a ROS assay kit. Increased ROS production was observed in pcTERT-melittin treated cells with a fluorescence 
microplate at excitation and emission wavelengths of 488 and 525 nm, respectively. (C) Quantification of the pcTERT-melittin transfection-induced apoptosis 
of TE1 cells, as assessed via flow cytometry using Annexin-V and PI staining at 24, 48 and 72 h post-transfection. The percentage of apoptotic cells was 
presented as the mean ± SEM. Results are an average of three independent experiments. *P<0.05 vs. Con group. TERT, telomerase reverse transcriptase; 
Con, control; Mel, melittin; ROS, reactive oxygen species.
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compared with the controls (8.15±1.12%). At 48  h post-
transfection, the percentage of apoptotic cells that had been 
transfected with pcTERT-melittin increased to 20.56±0.76% 
compared with the pcTERT group (10.56±0.86%). After 
transfection for 72 h, the number of apoptotic TE1 cells was 
48.36±8.04% in the pcTERT-melittin group compared with 
21.05±1.17% in the pcTERT group. 

pcTERT-melittin induces apoptosis in TE1 cells via a mito-
chondrial pathway. The Annexin V-FITC and PI staining assay 

results demonstrated that the recombinant plasmid can induce 
apoptosis in TE1 cells, thus decreasing ∆Ψm, which suggested 
that pcTERT-melittin induces apoptosis via the mitochondrial 
pathway. Caspase-9 and caspase-3 serve crucial roles in the apop-
totic mitochondrial pathway (24). Therefore, caspase activity 
assays were conducted to investigate the associated caspase 
activities in TE1 cells. Caspase-3 activity increased 1.4 fold after 
pcTERT-melittin transfection for 48 and 72 h, and the activity 
of caspase-9 was significantly upregulated in pcTERT-melittin 
treated cells after 24-72 h, indicating the activation of caspase-9 
of pcTERT-melittin group appears earlier compared with 
caspase-3 activation of the pcTRET-melittin group (Fig. 4A). 

The expression levels of Bax and Bcl-2, which are upstream 
of caspase-3 and caspase-9 in the apoptotic mitochondrial 
pathway (25), were investigated using RT-qPCR. The results 
demonstrated that the relative expression of Bcl-2/Bax ratio 
in pcTERT-melittin treated TE1 cells was significantly lower 
compared with controls, in a time-dependent manner (Fig. 4B). 
Moreover, after 48 h transfection, the expression of pro-
apoptotic cleaved caspase-9 was upregulated, followed by an 
increase in cleaved caspase-3 in pcTERT-melittin treated TE1 
cells, compared with controls (Fig. 4C). As the downstream 
substrate of caspase-3, the expression of cleaved-PARP also 
increased when caspase-3 was cleaved in pcTERT-melittin 
treated TE1 cells, compared with controls.

pcTERT-melittin transfection inhibits TE1 cell migration. To 
identify whether transfection of pcTERT-melittin altered the 

Figure 4. pcTERT-Mel triggers apoptosis in TE1 cells via the mitochondrial pathway. (A) Effects of pcTERT-Mel on caspase-3 and caspase-9 activity. TE1 
cells were transfected with recombinant plasmids for 24-72 h and the activities of caspases-3 and -9 were analyzed with a caspase activity assay kits. Data are 
presented as the mean ± SEM of three experiments. *P<0.05 vs. Con group. (B) Relative expression of Bcl-2/Bax ratio was detected using reverse transcription-
quantitative PCR. (C) Expression levels of PARP, cleaved caspase-3, caspase‑3, cleaved caspase-9 and Bax were analyzed via western blotting in TE1 cells 
after transfection for 48 h. Data are presented as the mean ± SEM of three experiments, as an average of three independent experiments. *P<0.05 vs. Con group. 
TERT, telomerase reverse transcriptase; Con, control; Mel, melittin; PARP, poly(ADP-ribose) polymerase 1. 

Figure 5. Effect of pc-telomerase reverse transcriptase-Mel transfection on 
cell migration in TE1 cells. Cell migration and invasion were measured using 
a Transwell assay after transfection for 48 h. Cells in five random microscope 
fields (original magnification, x200) were counted for each group of cells. 
The results are an average of three independent experiments. *P<0.05 vs. Con 
group. Con, control; Mel, melittin. 
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migration of TE1 cells, a Transwell assay was conducted to assess 
cell migration. Migration and invasion of TE1 cells to the lower 
Transwell chamber were significantly decreased in pcTERT-
melittin treated TE1 cell compared with pcTERT treated cells 
after transfection for 48 h (Fig. 5). Thus, transfection of pcTERT-
melittin could inhibit TE1 cell migratory and invasive ability. 

pcTERT-melittin transfection induces cell cycle arrest in 
TE1 cells. As a highly-ordered and tightly regulated process, 
normal cell cycle progression is vital to the maintenance of cell 
structure and integrity (26). Multiple checkpoints determining 
extracellular growth signals, cell size and DNA integrity are 
involved in cell cycle progression, and thus dysregulation of 
the cell cycle is a typical features of cancer development (27). 
To determine whether cell proliferation inhibition and the 
pro-apoptotic ability of pcTERT-melittin are associated with 
an abnormal cell cycle, the distribution of the cell cycle was 
assessed using flow cytometry in TE1 cells. After transfection 
for 48 h the percentage of TE1 cells at phase G0/G1 was signifi-
cantly higher in pcTERT-melittin treated cells (66.73±0.43%) 
compared with the pcTERT group (50.19±0.74%) (Fig. 6A). 
As the cells in pcTERT-melittin group were arrested at G0/G1 

phase, the percentage of S phase cells of pcTERT-melittin 
group was significant decreased (Fig. 6A).

The cyclin-dependent kinases, CDK4 and CDK6, are 
important regulators of retinoblastoma phosphorylation 
in phase G1/S of the cell cycle for promoting cell prolif-
eration (28). The activation of p53 is also detected as a clear 
biological outcome of cell cycle arrest (29). It was identified 

that the expression levels of CDK4 and CDK6 were signifi-
cantly decreased in pcTERT-melittin treated cells, which was 
accompanied with a significantly downregulation of cyclin D1. 
Furthermore, p53 was upregulated in pcTERT-melittin treated 
cells after transfection for 48 h, compared with the control 
cells (Fig. 6B).

Discussion

Melittin is an effective anti-inflammatory compound with 
activity 100 times stronger compared with that of hydrocor-
tisone (30). Previously, the antineoplastic activity of melittin 
has received increased attention (31,32). As a frequent cancer 
type, esophagus cancer is a serious threat to human health, and 
is a form of gastrointestinal tumor with a high incidence rate 
in China (33). The present study used TE1 cells to investigate 
the apoptosis inducing capacity of the recombinant plasmid 
pcTERT-melittin, which contains the melittin coding sequence 
regulated by the hTERT promoter.

Changes in TE1 cell morphology were observed using 
phase-contrast microscopy after transfection with the recom-
binant plasmid for different intervals in the present study, and 
it was identified that pcTERT-melittin treated cells exhibited 
distinct apoptosis compared with controls. In addition, 
pcTERT-melittin transfection induced cell shrinkage, apop-
totic vacuole formation and membrane blebbing in a dose and 
time-dependent manner, and further analysis with a CCK-8 
assay demonstrated proliferation inhibition by pcTERT-
melittin in TE1 cells. 

Figure 6. Effects of pcTERT-Mel transfection on cell cycle distribution of TE1 cells. (A-a) Cell cycle distribution of pcTERT-Mel and pcTERT treated TE1 cells 
and untreated TE1 cells, as measured using flow cytometry after 48 h transfection. (A-b) Representative quantitation of the cell cycle phase, with data presented 
as the mean ± SEM. (B) Western blot analysis of CDK4, CDK6, cyclin D1 and p53 protein expression levels, performed after TE1 cells were transfected with 
recombinant plasmids for 48 h. Protein band intensity was quantified using ImageJ, and data are means ± SEM of triplicate experiments normalized to tubulin. 
*P<0.05 vs. Con group. Con, control; Mel, melittin; TERT, telomerase reverse transcriptase. 
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There are significant changes in mitochondrial structure 
during the early stage of cell apoptosis, including increasing 
membrane permeability and decreasing mitochondrial 
membrane potential  (34). Multiple biochemical changes 
accompany the decrease of ∆Ψm, such as the release of 
cytochrome c into the cytoplasm and augmented ROS produc-
tion (35). The present study used JC-1 staining to detect ∆Ψm 
changes, which indicated the early stage apoptosis of TE1 
cells after transfection with pcTERT-melittin. The collapse 
of ∆Ψm and the increased production of ROS suggested that 
the intrinsic pathway of apoptosis is the main mechanism via 
which pcTERT-melittin induces apoptosis. 

In the current study, quantifying apoptotic cells using a flow 
cytometer demonstrated that the percentage of apoptotic cells 
was significantly increased by pcTERT-melittin. Cytochrome c 
can bind to the apoptotic protease activating factor-1, 
recruiting and activating caspase-9 via the caspase recruit-
ment domain, and thus initiating the cascade reaction (36). 
After transfection with pcTERT-melittin, a significant increase 
in cleaved caspase‑9 expression was identified in TE1 cells. 
PARP is associated with numerous cell processes, including 
DNA repair and cell apoptosis (37). Moreover, cleavage of 
PARP is a sensitive molecular switch in apoptosis (38). In the 
present study, caspase-3 was significantly activated, which was 
followed by cleavage of PARP in pcTERT-melittin treated TE1 
cells. 

The invasion and metastasis of ESCC is not only a common 
postoperative occurrence, but also causes the loss of potential 
operation opportunities for numerous patients  (39). In the 
present study, pcTERT-melittin treated TE1 cells demonstrated 
a significantly reduced ability to migrate and invade compared 
with controls, indicating the potential inhibitory effects of 
pcTERT-melittin transfection on cancer cell migration and 
invasion.

The aberrant activity of various cell cycle proteins such as 
p53 and ras may result in uncontrolled tumor cell proliferation, 
which is a characteristic feature of cancer (26). In the current 
study, TE1 cells were arrested in the G1 phase followed by 
the downregulation of CDK4, CDK6 and cyclin D1 expres-
sion levels. p53 is a pivotal protein associated with apoptosis 
and cell cycle arrest. When p53 is activated, p21 is highly 
induced, with p21 binding to the cyclin D/CDK4 complexes 
that cause G1 arrest (40). The pro-apoptotic protein Bax can 
also be activated by p53 in the cytosol (41). The present results 
demonstrated that the expression levels of p53 and Bax were 
increased in TE1 cells after transfection for 48 h.

In conclusion, the present study constructed a recombi-
nant plasmid pcTERT-melittin, which contained the melittin 
coding sequence regulated by the hTERT promoter. It was 
demonstrated that the plasmid pcTERT-melittin plasmid 
induced apoptosis in TE1 cells via the mitochondrial pathway, 
and that did not affect healthy esophageal cells. pcTERT-
melittin also inhibited TE1 cell migration and invasion, 
suggesting it may be a potential therapeutic agent in cancer 
therapy. However, the present study has some limitations, 
more proteins related to apoptosis, such as proteins related 
to ER stress or death receptor pathway were not investigated 
and the effect of pcTERT-melittin in vivo was also not inves-
tigated. Future studies will conduct RNA-sequencing and 
proteomics methods to investigate the detailed underlying 

molecular mechanisms, and will construct transplantation 
tumor models in mice to assess the effect of pcTERT-melittin 
on tumors in vivo.
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