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Abstract. Mitofusin 2 (Mfn2) is expressed in numerous human 
tissues and serves a pivotal role in cell proliferation. However, 
Mfn2 is considered as an anti‑tumor gene, and is silenced in 
human malignant tumors, including those of breast cancer. 
However, the mechanisms contributing to Mfn2 silencing and 
the mechanism of its anti‑tumor function in breast cancer 
remain unclear. In the present study, hypoexpression of 
Mfn2, and hypermethylation of its promoter, was confirmed 
in human breast cancer cells and in breast cancer tissues by 
reverse transcription‑quantitative polymerase chain reaction 
(PCR) and methylation specific PCR, respectively. Chemical 
demethylation treatment with 5‑aza‑2'‑deoxycytidine upregu-
lated the mRNA expression level of Mfn2 in MCF‑7 cells 
in a dose‑dependent manner. In addition, overexpression of 
Mfn2 repressed the proliferation, migration and invasion of 

MCF‑7 cells, mediated by inhibition of the Ras‑extracellular 
signal‑regulated kinase (ERK)1/2 signaling pathway. However, 
overexpression of Mfn2 with deletion of the p21Ras motif 
(Mfn2ΔRas) and protein kinase A (PKA) phosphorylation site 
(Mfn2ΔPKA) partially reduced the anti‑tumor function of Mfn2, 
and inhibited the Ras‑ERK1/2 signaling pathway. Taken 
together, the present study confirmed the anti‑tumor effects of 
Mfn2 in human breast cancer and clarified that the mechanism 
of its anti‑tumor functions includes promoter DNA methyla-
tion, the P21Ras binding site and PKA phosphorylation.

Introduction

Breast cancer is among the most common types of cancer, which 
affects women of all age groups worldwide (1). The mortality 
rate of breast cancer has remained ~20% for 5 years (1). This is 
likely due to the fact that the complex molecular mechanisms 
of breast cancer pathology remain to be fully understood. The 
elucidation of these mechanism is an important requirement to 
improve the treatment available for breast cancer (2).

Mitofusin 2 (Mfn2), also named hyperperplasia suppressor 
gene (HSG), is expressed in numerous human tissues and 
serves a pivotal role in the proliferation and apoptosis of 
vascular smooth muscle cells (VSMCs) (3,4). However, Mfn2 
has been demonstrated to be hypoexpressed in various types 
of human malignant tumors, including gastric cancer, hepato-
cellular cancer, colorectal cancer, urinary bladder cancer and 
breast cancer (5‑9). Therefore, Mfn2 is considered a cancer 
suppressor gene, and elucidation of its anti‑tumor mechanism 
may contribute to cancer therapy.

DNA methylation is an essential epigenetic mechanism 
required for control of gene expression. Methylation usually 
occurs at CpG sites in gene promoters mediated by DNA 
methyltransferases (DNMTs) (10,11). Generally, 70‑80% CpG 
sites in the human genome are methylated (12). Abnormal 
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DNA methylation is a common event in human cancers, 
including hypermethylation of a tumor suppressor gene, 
hypomethylation of an oncogene and global hypomethylation 
of the genome  (13‑15). DNA methylation is a reversible 
process, making it a promising target for cancer therapy.

It is well established that the structure of a protein deter-
mines its biological function. It has been demonstrated that rat 
Mfn2 protein contains a p21Ras signature motif (amino acids 
77‑92) and a PKA phosphorylation site at Ser442 (3). The 
p21Ras motif and PKA phosphorylation site are necessary for 
the anti‑proliferative effect of Mfn2 on rat vascular smooth 
muscle cells (VSMCs)  (3,16). The human homolog shares 
95.2% similarity with the rat Mfn2 amino acid sequence (3). 
In the present study, the DNA methylation status of the Mfn2 
promoter was analyzed in breast cancer cells and tissues, 
as well as the effect of demethylation on Mfn2 expression. 
Furthermore, the importance of the p21Ras motif and PKA 
phosphorylation site at Ser 442 for the anti‑proliferation 
and anti‑invasion effects of Mfn2 in breast cancer was also 
demonstrated. The present study will provide a novel view-
point for understanding the anti‑tumor function of Mfn2 in 
human breast cancer.

Materials and methods

Tissue specimens. The 7 pairs of fresh breast cancer tissue 
and adjacent non‑tumor tissue were obtained from patients 
(25‑55 years old) who underwent breast surgery in the Tangshan 
People's Hospital (Tangshan, China) between March 2011 and 
March 2012. A distance of ~5 cm was required between the 
adjacent non‑tumor tissues and the tumor tissue boundary. 
The selected tumor tissues were confirmed by pathologists to 
contain >80% tumor cells. None of the patients had undergone 
preoperative chemotherapy, radiotherapy and/or other treat-
ments. The protocol and use of the specimens in the present 
study was approved by the Institutional Ethics Committee of 
Tangshan People's Hospital (Tangshan, China), and written 
consent was obtained from all participants.

Cell lines. The human breast cancer cell line, MCF‑7, was 
purchased from the Cell Resource Center of the Institute 
of Basic Medicine, Chinese Academy of Medical Sciences 
(Beijing, China). The cells were cultured in DMEM medium 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Hyclone, GE 
Healthcare Life Sciences, Logan, UT, USA) at 37˚C with 
5% CO2. To demethylate cell DNA, the MCF‑7 cells were 
treated with 0, 5, 10 and 15  µM 5‑aza‑2'‑deoxycytidine 
(5‑aza‑CdR) for 5 consecutive days. The 5‑aza‑CdR is a cyti-
dine analog that can incorporate into DNA during S phase and 
disrupt the interaction between DNA and DNMT. The culture 
medium was replaced every 48 h. Untreated cells were used 
as a control.

Plasmids and transfection. pEGFP‑N1 plasmids expressing 
the complete Mfn2 open reading frame, the Mfn2 with 
p21ras signature motif deletion mutant (Mfn2ΔRas) and protein 
kinase A (PKA) phosphorylation site deletion (Mfn2ΔPKA) 
were purchased from Shanghai GenePharma Co., Ltd. 
(Shanghai, China). The pEGFP‑N1 plasmid (Promega 

Corporation, Madison, WI, USA) was used as control. The 
MCF‑7 cells were seeded in 6‑well plates (2x105/well) and 
cultured for 24 h. Subsequently, the cells were respectively 
transfected with the pEGFP‑N1, Mfn2ΔRas and Mfn2ΔPKA plas-
mids (4 µg/2 ml) using Lipofectamine® 2000 Reagent (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), according to the 
manufacturer's protocol.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from human tissue samples and cultured cells (48 h post‑trans-
fection) using TRIzol (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's instructions, and concentration 
was determined by NanoDrop 2000 (Thermo Fisher Scientific, 
Inc.). Reverse transcription was performed using 2 µg total 
RNA with a Reverse Transcriptase First Chain cDNA kit 
(Takara Bio, Inc., Otsu, Japan). The Mfn2 mRNA expression 
level was determined by RT‑qPCR using a SYBR‑Green 
Master Mix kit and PikoReal 96 RT‑PCR system (Thermo 
Fisher Scientific, Inc.). PCR was performed in triplicate and 
each experiment was repeated 3 times. The primer sequences 
used are as follows: Mfn2, forward, 5'‑TTC​CAC​AAG​GTG​
AGT​GAG​C‑3', and reverse, 5'‑TTA​GCA​GAC​ACA​AAG​AAG​
ATG​C‑3'; Cyclin D1, forward, 5'‑CCG​TCC​ATG​CGG​AAG​
ATC‑3', and reverse, 5'‑ATG​GCC​AGC​GGG​AAG​AC‑3'; 
GADPH, forward, 5'‑GAG​AGG​GAA​ATC​GTG​CGT​GAC‑3', 
and reverse, 5'‑CAT​CTG​CTG​GAA​GGT​GGA​CA‑3'. GAPDH 
was used as an internal control. The PCR condition was set to 
94˚C for 3 min; followed by 30 cycles of 94˚C for 30 sec, 60˚C 
for 30 sec and 70˚C for 60 sec; and a final extension step at 
72˚C for 5 min. The 2‑ΔΔCq method (17) was used to analyze the 
relative changes in Mfn2 expression.

Methylation‑specific PCR (MSPCR). The genomic DNAs of 
cells and human tissue samples were extracted with 10 mg/ml 
proteinase K (Amresco, LLC, Solon, OH, USA) digestion at 
55˚C for 15 min (cells) and 3 h (human tissue). Subsequently, 
the purification was performed. Phenol: Chloroform: Isoamyl 
alcohol (25:24:1; Tianjing Baishi Chemical Industry Co., Ltd., 
Tianjin, China) was added and vortexed thoroughly for 20 sec 
followed by centrifugation at room temperature for 5 min at 
16,000 x g. After upper aqueous phase was removed, the layer 
was transferred to a fresh tube and was used for isopropyl 
alcohol (Tianjin Fuyu Fine Chemicals Co., Ltd., Tianjin, 
China) precipitation. The extracted DNA samples were stored 
in TE buffer at ‑20˚C until use. Bisulfite‑based DNA modifica-
tion, which converts all unmethylated cytosine bases to uracil, 
was performed using a Methylcode Bisulfite Conversion kit 
(Thermo Fisher Scientific, Inc.), according to the manufac-
turer's instructions. HotStar Taq DNA polymerase (Fermentas; 
Thermo Fisher Scientific, Inc.) was used for the PCR reaction. 
The modified DNA was used as a template for MSPCR with 
primers specific for either the modified‑methylated or unmeth-
ylated Mfn2 gene promoter sequences. PCR amplification was 
performed with the following primer sets, which include the 
CpG island of Mfn2: methylated forward, 5'‑TGG​TTT​TGA​
ATT​TTC​GAT​GTA​TTC‑3', methylated reverse, 5'‑CAA​AAC​
AAT​AAA​CAC​TAA​CCC​GTA‑3'; unmethylated forward, 
5'‑GGT​TTT​GAA​TTT​TTG​ATG​TAT​TTG​T‑3', unmethylated 
reverse, 5'‑CAA​AAC​AAT​AAA​CAC​TAA​CCA​CAT​A‑3'. The 
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PCR amplification program consisted of 10 min at 95˚C hen 
followed by 40 cycles of denaturation for 30 sec at, annealing 
for 30 sec at 60˚C, extension for 30 sec at 72˚C, and a final 
extension at 72˚C for 10 min. The PCR products were separated 
on 1.5% agarose gels with DuRed Nucleic acid dye (Beijing 
Fanbo Biochemicals Co., Ltd., Beijing, China) and visualized 
under ultraviolet illumination.

Western blot analysis. Total protein was collected using 
protein lysis buffer containing 1 mM phenylmethylsulfonyl 
fluoride protease inhibitor and centrifugation at 14,000 x g 
for 30 min at 4˚C. Protein concentration in the supernatant 
was determined by BCA assay (Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China), according to the manu-
facturer's protocol. A total of 45 µM protein was dissolved in 
loading buffer (Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China), and denatured by heating at 100˚C for 
5 min. The proteins were then separated by 10% SDS‑PAGE 
Following separation, the proteins were transferred onto an 
immunoblot polyvinylidene difluoride membrane (Thermo 
Fisher Scientific, Inc.). The protein bands were confirmed 
by 0.2% Ponceau S staining for 5 min at room temperature. 
Membranes were blocked with 5% BSA (Sigma‑Aldrich; 
Merck KGaA; Darmstadt, Germany) for 2 h at 37˚C, then 
incubated with the following primary antibodies overnight at 
4˚C: Anti‑Mfn2 (0.5 µg/ml; cat. no. ab50838), anti‑Cyclin D1 
(1:100; cat. no. ab16663), anti‑p‑ERK (1:50; cat. no. ab223500), 
anti‑ERK (1:500; cat. no. ab17942), anti‑GAPDH (1:1,000; 
cat. no. ab9485) and anti‑β‑Actin (1:1,000; cat. no. ab8227; all 
Epitomics; Abcam, Cambridge, UK). The membranes were 
washed 3 times in Tris‑buffered saline solution with Tween‑20 
(1X TBST) and incubated with horseradish peroxidase‑conju-
gated goat‑anti‑rabbit antibody (Beijing Solarbio Science & 
Technology Co., Ltd.; 1:500; cat. no. SE134) for 1 h at 37˚C. 
Following a final wash with 1X TBST, immunoreactive 
bands were detected using the ChampGel automatic gel 
imaging analyzer (Beijing Sage Creation Science Co., 
Ltd., Beijing, China). Optical band density was quantified 
using ImageJ (version 1.44p; National Institutes of Health, 
Bethesda, MD, USA).

Cell proliferation assays. Cell proliferation assays were 
performed using Cell Counting Kit‑8 (CCK‑8; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan), according 
to the manufacturer's instructions. The cells were seeded into 
96‑well microtiter plates at a density of 7.0x103 cells/well and 
cultured for 24 h. The cells were then treated with increasing 
concentrations of 5‑aza‑CdR (0, 5, 10, 15 µM) for 5 days. 
Subsequently, 10 µl CCK‑8 solution was added to each well. 
The absorbance was measured at 450 nm using a microplate 
reader, and a calibration curve was prepared using the data 
obtained from standardized wells that contained known 
numbers of viable cells. Each experiment was performed in 5 
replicate wells and repeated 3 times independently.

Cell cycle analysis. Flow cytometry was performed for 
cell cycle analysis. The cells were seeded into 6‑well plates 
and treated with increasing concentrations of 5‑aza‑CdR 
(0, 5, 10, 15 µM) for 1, 2 and 3 days. Subsequently, the treated 
and untreated cells were washed with PBS followed and fixed 

in ice‑cold 70% ethanol in PBS for 24 h at 4˚C. Subsequent to 
another wash, the fixed cells were treated with 0.01% RNase 
(Sigma‑Aldrich; Merck KGaA) for 10 min at 37˚C, and then 
stained with 0.05% propidium iodide for 20 min at 4˚C in 
the dark. The cell cycle distribution was determined using a 
FACSCanto flow cytometry system (Becton Dickinson; BD 
Biosciences, Franklin Lakes, NJ, USA), and analyzed with 
Modfit 3.2 software (Verity Software House, Inc., Topsham, 
ME, USA; http://www.vsh.com). The experiment was repeated 
3 times.

Scratch wound assay. MCF‑7 cells were cultured in 6‑well 
plates until ~95% confluent. Then, a scratch wound was created 
using a 200‑µl pipette tip. The wounded cells were washed 
twice with culture medium to remove the detached cells, then 
replaced in DMEM medium supplemented with 10% FBS at 
37˚C with 5% CO2. Images of the wounds were acquired using 
a digital camera 24 h after the wounds were made. Wound 
width (µm) was measured using a standard caliper, and the 
experiment was performed in triplicate, repeated ≥3 times.

Transwell invasion assay. The cell invasion capability was 
detected using transwell chamber culture systems (pore 
diameter, 8‑µm; Corning Incorporated, Corning, NY, USA). 
A total of 2x104 cells were placed onto a Matrigel‑coated 
transwell chamber with serum‑free opti‑MEM medium 
(Thermo Fisher Scientific, Inc.). The DMEM medium 
containing 10% FBS was added to the lower chamber as a 
chemoattractant. After 24 h, the cells attached to the lower 
surface of the insert filter were counted using 0.1% crystal 
violet staining for 20 min at room temperature. The images 
were captured using an Olympus IX71 fluorescent micro-
scope equipped with an Olympus DP73 digital camera (both 
Olympus Corporation, Tokyo, Japan).

Statistical analysis. All statistical analysis was performed 
using SPSS software version 13.0 (SPSS, Inc., Chicago, 
IL, USA). The data are presented as the mean ± standard 
deviation. One‑way analysis of variance was used to analyze 
differences between groups. Scheffe post hoc testing was used 
to determine pairwise differences between means. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Hypoexpression of Mfn2 and hypermethylation of its 
promoter in breast cancer. The mRNA expression level of 
Mfn2 was analyzed in 7 pairs of human breast cancer and 
adjacent non‑tumor tissues using RT‑qPCR. As demonstrated 
in Fig. 1A, Mfn2 was hypoexpressed in breast cancer tissues 
compared with the corresponding adjacent non‑tumor tissues 
(P<0.05). Given that DNA methylation is associated with 
gene expression, the methylation level of Mfn2 promoter 
was analyzed by MSPCR, with the aim of clarifying the 
mechanism behind Mfn2 silencing in breast cancer. Using 
the MethPrimer tool, 1 typical CpG island was identified in the 
upstream promoter of Mfn2. As demonstrated in Fig. 1B, the 
Mfn2 promoter was hypermethylated in the majority of breast 
tumor tissues (6/7) compared with the corresponding adjacent 
non‑tumor tissues. These data indicate that silencing of Mfn2 
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by DNA hypermethylation on its promoter may contribute 
to the tumorigenesis of breast cancer. Mfn2 may be a tumor 
suppressor gene in breast cancer.

Demethylation treatment of MCF‑7 cells. DNA methylation 
is a reversible process, making it a promising target for cancer 
therapy. 5‑aza‑CdR is widely used as an inhibitor of DNMTs 
and can increase the expression of genes silenced by DNA 
methylation (18‑21). In order to confirm whether the expression 
of Mfn2 in human breast cancer cells is regulated by DNA 
methylation of its promoter, the MCF‑7 breast cancer cells 
were treated with 5‑aza‑CdR for 1, 2 and 3 days at concentra-
tions of 5.0 10 and 15 µM. The methylation level of the Mfn2 
promoter in the 5‑aza‑CdR‑treated groups decreased in a 
dose‑dependent manner compared with the untreated group 
(Fig. 1C). Conversely, the mRNA expression levels of Mfn2 in 
the 5‑aza‑CdR‑treated groups increased in a dose‑dependent 
manner compared with that of the untreated group (P<0.05; 
Fig. 1D). These data indicate that demethylation treatment 
could upregulate Mfn2 expression in breast cancer.

Overexpression of Mfn2 inhibits growth, migration and 
invasion of MCF‑7 cells. To clarify the anti‑tumor role of 
Mfn2 in breast cancer, the MCF‑7 cells were transfected 
with pEGFP‑N1‑Mfn2 plasmids for 48 h, producing ~85% 
GFP‑positive cells (data not shown). The overexpression of Mfn2 
in MCF‑7 cells transfected with N1‑Mfn2 were confirmed by 

RT‑qPCR (P<0.01; Fig. 2A) and immunoblot analysis (P<0.01; 
Fig. 2B). Compared with the control cells (N1), the prolifera-
tion ability of Mfn2‑overexpressing MCF‑7 cells was markedly 
decreased (P<0.05; Fig. 2C), and the cell cycle was mostly 
arrested in G0/G1 phase (P<0.05; Fig. 2D). This suggests that 
the growth suppression effect of Mfn2 may be the result of inhi-
bition of the cell cycle. In addition, the migration and invasion 
abilities of MCF‑7 cells overexpressing Mfn2 were markedly 
inhibited compared with the control cells, as detected by the 
wound assay (P<0.05; Fig. 2E) and the invasion assay (P<0.05; 
Fig. 2F). These data suggest that overexpression of Mfn2 could 
suppress the growth and metastasis of breast cancer.

The anti‑proliferation, anti‑migration and anti‑invasion 
effects of Mfn2 are mediated by the Ras‑Raf‑ERK1/2 signaling 
pathway. It was reported that Mfn2 could bind to Ras protein 
with its p21Ras motif in rat VSMCs (3). The anti‑proliferative 
effect of Mfn2 on VSMCs was mediated by inhibition of the 
Ras‑Raf‑ERK1/2 signaling pathway. Deletion of the p21Ras 
motif abolished Mfn2‑induced growth arrest of VSMCs. Due 
to the 95% homology of the amino acid sequence of Mfn2 
in rats and humans, it was speculated that Mfn2 may interact 
with Ras via the p21Ras motif in human breast cancer cells. 
To test this hypothesis, MCF‑7 cells were transfected with 
plasmids containing the Mfn2 open reading frame (ORF) 
lacking the p21Ras coding sequence (Mfn2ΔRas). As demon-
strated in Fig. 2A and B, the mRNA and protein expression 

Figure 1. mRNA expression and promoter methylation status of Mfn2 in human breast cancer. (A) mRNA expression of Mfn2 in human breast cancer relative 
to the matched adjacent non‑tumor tissues from 7 patients (P1‑P7) were analyzed by RT‑qPCR with GAPDH as an internal control. *P<0.05 vs. matched 
adjacent non‑tumor tissue. (B) Methylation statuses of Mfn2 promoter in breast cancer and adjacent non‑tumor tissues were analyzed by methylation‑specific 
polymerase chain reaction. (C) Methylation statuses of the Mfn2 promoter in MCF‑7 cells treated with 5‑aza‑CdR at 5, 10 and 15 µM for 5 days. (D) The 
mRNA expression of Mfn2 in MCF‑7 cells treated with 5, 10 and 15 µM 5‑aza‑CdR, determined by RT‑qPCR with GAPDH as an internal control. The results 
are expressed as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. untreated cells. Mnf2, mitofusin 2; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; 5‑aza‑CdR, 5‑aza‑2'‑deoxycytidine; m, methylated PCR product; u, unmethylated PCR product.
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levels of Mfn2 in MCF‑7 cells transfected with Mfn2ΔRas 
plasmids were not significantly different from cells transfected 
with Mfn2 full length plasmids. However, the proliferation 
(P<0.05) (Fig. 2C), migration (Fig. 2E) and invasion (Fig. 2F) 
abilities of MCF‑7 cells transfected with Mfn2ΔRas plasmids 
were markedly increased compared with those of MCF‑7 
cells transfected with Mfn2 full length plasmids (P<0.05). 
The cell cycle arrest was also rescued (Fig. 2D). Thus, the 
anti‑proliferation, anti‑migration and anti‑invasion functions 
of Mfn2ΔRas were partially abolished, indicating that the p21Ras 
motif of Mfn2 is required for it anti‑tumor effects in breast 
cancer and that Mfn2 probably serves a role in regulating the 
Ras‑Raf‑MEK‑ERK1/2 signaling cascade.

The protein expression level of ERK1/2, a major down-
stream signaling protein of Ras, and activated phosphorylated 

ERK1/2 (p‑ERK1/2) were detected. As demonstrated in the 
Fig. 3A, the protein level of p‑ERK1/2 was markedly decreased 
by overexpression of Mfn2, but not Mfn2ΔRas (P<0.05). Given 
that Ras‑ERK1/2 signaling has been demonstrated to induce 
Cyclin D1 expression to modulate the G1‑S phase transition (22), 
the expression of Cyclin D1 was also analyzed. The mRNA 
and protein expression levels of Cyclin D1 were significantly 
downregulated in MCF‑7 cells transfected with Mfn2 compared 
with control cells (P<0.05; Fig. 3B and C). This suggests that 
Mfn2‑induced cell‑cycle arrest in the G0/G1 phases is attribut-
able, at least in part, to inhibition of the Ras‑ERK1/2‑cyclin D1 
pathway. Deletion of the p21Ras motif partially abolished 
Mfn2‑induced inhibition of ERK1/2 phosphorylation (Fig. 3A) 
and expression of Cyclin D1 (Fig. 3B and C), indicating a crucial 
interaction between Mfn2 and Ras in breast cancer cells.

Figure 2. Proliferation, migration and invasion abilities of MCF‑7 cells transfected with N1, Mfn2, Mfn2ΔRas and Mfn2ΔPKA plasmids. (A) The mRNA level of 
Mfn2 in each group was detected by reverse transcription‑quantitative polymerase chain reaction 24 h post‑transfection, using GAPDH as internal control. The 
data are presented as expression relative to that of N1. (B) Mfn2 protein expression was detected by western blotting 48 h post‑transfection. Quantification of 
the protein band was analyzed by Image Pro Plus software. (C) Cells of each group were seeded into 96 plates at 7.0x103/well. Cell proliferation was detected 
using a Cell counting kit‑8 assay for 3 days. The data are representative of 3 experiments. (D) Cells were seeded in a 25 cm2 tissue culture flask and harvested 
at 80% confluence for cell cycle distribution analysis by flow cytometry. (E) Migration activity was detected using a scratch wound assay. x100, magnification. 
The bar graph demonstrates the fold change of wound distance relative to N1. (F) Invasion ability was analyzed using a transwell assay with Matrigel. The 
cells attached to the lower surface of the insert were stained with crystal violet, imaged and counted in 5 random fields of view (x200, magnification). The data 
represent the mean ± standard deviation of the number of cells relative to the N1 group in 3 experiments. *P<0.05 and **P<0.01 vs. N1 group; #P<0.05 vs. Mfn2 
group. N1, EGFP‑N1 plasmid; Mfn2, mitofusin 2; Mfn2ΔRas, Mfn2 ORF lacking the p21Ras coding sequence; Mfn2ΔPKA, Mfn2 ORF lacking the protein kinase 
A phosphorylation site coding sequence.
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The PKA site phosphorylation of Mfn2 is also required 
for its anti‑proliferation, anti‑migration and anti‑invasion 
functions. It has been established that Ser442 of Mfn2 is a 
protein kinase A (PKA) phosphorylation site (4). The PKA 
site of Mfn2 is essential for Mfn2‑mediated inhibition of 
ERK1/2 signaling, and the consequent anti‑proliferative 
effect, in rat VSMCs (16). In order to evaluate the importance 
of the PKA site of Mfn2 in human breast cancer, MCF‑7 
cells were transfected with plasmids containing the Mfn2 
ORF with a PKA phosphorylation site deletion (Mfn2ΔPKA). 
A total of 48 h post‑transfection, the mRNA and protein 
expression levels of Mfn2 in MCF‑7 cells transfected with 
Mfn2ΔPKA plasmids were not significantly different to those 
of MCF‑7 cells transfected with Mfn2 full length plasmids 
(Fig. 2A and B). However, the proliferation (Fig. 2C), migra-
tion (Fig.  2E) and invasion (Fig.  2F) abilities of MCF‑7 
cells transfected with Mfn2ΔPKA plasmids were markedly 
increased compared with cells transfected with Mfn2 full 
length plasmids (P<0.05). Cell cycle arrest was also rescued 
(Fig. 2D). This indicates that the PKA phosphorylation site 
was necessary for the anti‑proliferation, anti‑migration and 
anti‑invasion functions of the Mfn2 protein. Furthermore, 
the expression levels of p‑ERK1/2 (Fig. 3A) and Cyclin D1 
(Fig.  3B  and  C) were significantly increased in MCF‑7 
cell transfected with Mfn2ΔPKA plasmids compared with 
those in MCF‑7 cells transfected with Mfn2 full length 
plasmids (P<0.05). These data indicate a crucial role of the 

PKA phosphorylation site of Mfn2 in the inhibition of the 
Ras‑ERK1/2‑Cyclin D1 pathway.

Discussion

The present study confirmed that Mfn2 was hypoexpressed, 
and its promoter was hypermethylated, in the MCF‑7 cell 
line and in human breast cancer specimens. However, 
Sorianello et al  (23) reported that the promoter of Mfn2 
was unmethylated in rat insulinoma and hepatoma cells, as 
analyzed by bisulfite sequencing. It is speculated that Mfn2 
expression is regulated via different mechanisms which 
vary between species and tissues. In addition, demethyl-
ation treatment of MCF‑7 cells with 5‑aza‑CdR resulted 
in upregulation of Mfn2 expression in a dose‑dependent 
manner. This suggests that Mfn2 hypoexpression in breast 
cancer is at least partially attributable to hypermethylaton of 
its promoter. Although 5‑aza‑CdR can rescue the expression 
of tumor suppressor genes by demethylating their promoter 
CpG sites  (24‑31), its clinical anti‑tumor applications are 
limited due to lack of gene specificity. Furthermore, it was 
reported that Mfn2 is a direct target of miR‑761 and upregu-
lation of Mfn2 expression by inhibiting miR‑761 repressed 
hepatocarcinoma growth and metastasis (32). These results 
indicate that epigenetic mechanisms serve an important 
role in regulating Mfn2 expression at a transcriptional and 
post‑transcriptional level.

Figure 3. Expression of p‑ERK and Cyclin D1 in MCF‑7 cells transfected with N1, Mfn2, Mfn2ΔRas and Mfn2ΔPKA plasmids. (A) Protein expression levels of 
ERK and p‑REK in determined by western blotting, using GAPDH as a control. The results are expressed as the mean ± standard deviation. *P<0.05 vs. N1 
group; #P<0.05 vs. Mfn2 group. (B) mRNA expression of Cyclin D1 determined by reverse transcription‑quantitative polymerase chain reaction, relative to the 
N1 group, using GAPDH as an internal control. (C) Relative protein expression levels of Cyclin D1 determined by western blotting using β‑actin as a control. 
Showed. Results are expressed as the mean ± standard deviation of 3 experiments, relative to the N1 group. *P<0.05 vs. N1 group; #P<0.05 vs. Mfn2 group. 
p‑, phosphorylated; ERK1/2, extracellular signal‑regulated kinase 1/2; N1, EGFP‑N1 plasmid; Mfn2, mitofusin 2; Mfn2ΔRas, Mfn2 ORF lacking the p21Ras 
coding sequence; Mfn2ΔPKA, Mfn2 ORF lacking the protein kinase A phosphorylation site coding sequence.
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It has been established that the drosophila, rat and 
human homologues of HSG serve a critical role in 
mitochondrial fusion  (33‑36). In the present study, the 
anti‑proliferation, anti‑migration and anti‑invasion effects 
of Mfn2 were confirmed in breast cancer cells. The results 
are consistent with previous studies in VSMCs  (3) and in 
various types of cancer, including breast cancer (18,37) gastric 
cancer (18), urinary bladder carcinoma (38) and hepatocellular 
carcinoma (20,21,23) and lung adenocarcinoma (5,8,24,38‑41). 
However, tumor‑promoting functions of Mfn2 in lung adeno-
carcinoma have also been reported (42,43). These conflicting 
results may be due to differing experimental methods, but 
suggest that the roles of Mfn2 in different types of cancer are 
more complicated than expected.

Furthermore, the effect of Mfn2 protein structure of on 
its function in breast cancer was analyzed. In rat VSMCs, the 
p21Ras motif of Mfn2 serves an essential role in Mfn2‑mediated 
inhibition of ERK1/2 signaling and growth arrest (33‑36). In 
the present study, it was demonstrated that the p21Ras motif of 
Mfn2 is also necessary for its anti‑proliferation function in 
breast cancer cells. Mfn2‑Ras binding negatively regulated 
the Ras‑ERK1/2‑cyclin D1 signaling pathway and resulted 
in cell cycle arrest in the G0/G1 phases of breast cancer 
cells. This suggests that Mfn2 is an important protein in the 
Ras‑signaling pathway. Furthermore, it is known that Mfn2 
contains a PKA phosphorylation site at Ser442 (33‑36) and the 
cAMP‑PKA signaling pathway is a versatile signal pathway 
involved in regulation of cellular functions through phos-
phorylation (44‑48). The present study demonstrated that the 
PKA phosphorylation site at Ser442 of Mfn2 was essential for 
Mfn2‑mediated inhibition of ERK1/2 signaling and reduced 
proliferation of breast cancer cells. These results support 
those demonstrated in VSMCs (16,33‑36). It was speculated 
that deletion of the PKA phosphorylation site at Ser442 of 
Mfn2 affects its tertiary structure and, consequently, its 
interaction with Ras.

Although the absence of the p21Ras motif or the PKA 
phosphorylation site at Ser442 of Mfn2 has no effect on its 
mitochondrial membrane localization (3), altered mitochon-
drial function in breast cancer has been observed (49). In breast 
cancer cells, with the overexpression of Mfn2, the vesicular 
endocytosis‑associated protein, SH3 domain‑containing 
GRB2‑like protein 2 (SH3GL2), was demonstrated to 
translocate to mitochondria, and induce the production 
of superoxide and the release of cytochrome C from the 
mitochondria to the cytoplasm (49). This was accompanied 
by decreased lung and liver metastases and primary tumor 
growth (49). SH3GL2 depletion reversed this phenotype (49). 
This indicates that the anti‑tumor functions of Mfn2 are also 
mitochondrial‑dependent.

To conclude, the present study demonstrates that Mnf2 
functions as a suppressor of breast cancer and suggests that 
elucidation of its complex mechanism may reveal a novel 
target for breast cancer therapy.
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