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The mitofusin-2 (Mfn2) is a novel gene characterised as a cell proliferation inhibitor. Mfn2 protein over-expression,
mediated by an adenovirus, has a significant anti-proliferative effect in hepatoma carcinoma cells. However, there is no
report on the effect of Mfn2 on colorectal cancer (CRC). In this study, we found that Mfn2 protein and mRNA levels were
downregulated in CRC tissues compared to nearby normal tissues. An adenovirus encoding the complete Mfn2 open reading
frame (Ad-Mfn2) exhibited a prominent anti-proliferative effect in the CRC cell lines HCT 116, HT-29, and SW480. Ad-
Mfn2 infection significantly inhibited the proliferation of CRC cells compared with Ad-GFP infection. Mfn2 overexpression
resulted in a cell-cycle arrest at G2/M phase in CRC cells, and it increased the levels of p-cdc2 (Tyr15) and Myt1; however,
the levels of cyclin B1 and p-ERK1/2 was reduced. Mfn2 overexpression aslo increased the levels of active caspase-3 and
cleaved PARP. Taken together, these findings indicate that Mfn2 has a significant anti-proliferative effect in CRC cells using

adenoviral vectors.
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Colorectal cancer (CRC) is the third most common
malignancy and the second leading cause of cancer deaths
worldwide [1]. CRC arises through a multi-step, multi-
mechanism process consisting of initiation, promotion, and
progression. Patients with CRC usually present with a change
in bowel habits, rectal bleeding, abdominal pain, or weight
loss [2]; however, most cases are diagnosed when the cancer
is fairly advanced. Some genes and their expressed proteins,
including APC, CTNNB1, KRAS2, BRAF, MADH4/SMAD4,
TP53, PIK3CA, and TGFBR2, have been investigated with
regards to the initiation and development of CRC [3-4].
Understanding the molecular basis of CRC will facilitate diag-
nosis and treatment. So it is necessary to find out more genes
associated with initiation and development of CRC.

The mitochondrial GTPase mitofusin-2 (Mfn2), which is
also known as hyperplasia suppressor gene (HSG), was first
characterised by Chen etal. [5] as a suppressor of cell prolifera-
tion. Recent studies have shown that Bax activates the assembly
of Mfn2 GTPase by interacting with the Mfn2 coiled-coil
domain and co-localising with Mfn2 during apoptosis [6-7].

The anti-proliferative effect of Mfn2 is comparable to that of
the well-known tumor suppressor p53 [5, 8]. We demonstrated
previously that Mfn2 is a novel p53-inducible target gene in
hepatocellular carcinoma cells [9].

Previous study showed that Mfn2 is involved in apoptosis
and has anti-proliferative effect in hepatocellular carcinoma
(HCC) [10]; however, it is unclear whether Mfn2 participates
in apoptosis or has anti-proliferative effect in CRC. In this
study, we assessed Mfn2 expression in CRC tissues and nearby
normal tissues. Furthermore, we studied the effect of Mfn2 on
CRC cell growth through the transfection of an adenovirus
vector encoding Mfn2.

Materials and methods

Tissue samples, cell lines, and cell culture. Fifteen pairs of
samples were obtained from the CRCs and adjacent benign
colon tissues (more than 5 cm from the tumor margin) of
patients who underwent surgical treatment for CRC at First
Affiliated Hospital, College of Medicine, Zhejiang University.
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The CRC cell lines HCT 116, HT-29, and SW480 preserved at
our institute were cultured in RPMI media 1640 supplemented
with 10% foetal bovine serum (FBS) and 100 U/mL penicil-
lin/streptomycin. All cells were maintained under a humidified
atmosphere containing 5% CO, at 37°C and were passaged
using standard cell culture techniques.

Virus construction and adenovirus infection. Replica-
tion-defective adenoviruses encoding the complete Mfn2 open
reading frame (Ad-Mfn2) and a control adenoviral vector en-
coding green fluorescent protein (Ad-GFP) were constructed
by Vector Gene Technology Company Ltd. (Beijing, China).
Cell synchronisation was achieved by culturing the cells in
RPMI media 1640 containing 0.2% FBS for 24 h. The cells were
then incubated with adenovirus at a multiplicity of infection
of 100 pfu/cell in a small volume of serum-free medium. Fol-
lowing adsorption for 4 h, the adenovirus-containing medium
was discarded, fresh complete growth medium was added,
and the cells were cultured in preparation for the following
experiments. Nearly 90% of the cells were GFP-positive 24
h after infection.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis. Mfn2 mRNA expression was detected
by RT-PCR. Tissues were collected, and total RNA was
extracted using TRIZOL reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Total
RNA concentration and quantity were assessed by absorb-
ency at 260 nm/ 280 nm using a DNA/Protein Analyzer
(UV-2450, Shimadzu, Tokyo, Japan). RT was performed
in a 25-pl reaction volume with 3 pg of total RNA and
treated with M-MLV reverse transcriptase to synthesise
first-strand cDNA (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s recommendations, followed by
c¢DNA amplification using specific primer sets for Mfn2
and P-actin as an internal control. The primers used were:
5-GGCAGCACATGGAGCGTTGT-3 (forward) and5’-
TGCAATCTGCTTGGCCCGGA-3’ (reverse) for Mfn2,
and 5’-CTTAGTTGCGTTACACCCTTTC-3’ (forward) and
5-CACCTTCACCGTTCCAGTTT-3’ (reverse) for f-actin.
The resulting products were 286 and 151 bp in length. The
amplification of Mfn2 was achieved as follows: one cycle of
94°C for 4 min followed by 32 cycles of 94°C for 45 s, 60°C
for 45 s, and 72°C for 45 s, with a one-cycle extension at
72°C for 10 min. The amplification of B-actin was achieved
as follows: one cycle of 94°C for 4 min followed by 30 cycles
of 94°C for 30 s, 57°C for 30 s, and 72°C for 1 min, with
a one-cycle extension at 72°C for 10 min. All products were
separated by 1.5% agarose gel electrophoresis and visualised
with ethidium bromide staining.

Western blot analysis. Infected cells were given fresh, com-
plete growth medium and incubated for 48 h. The tissues were
homogenised in liquid nitrogen. Total protein was isolated
from the cells and tissues using lysis buffer (Cell

Signalling Technology, Danvers, MA, USA) and subjected to
Western blotting as described previously [10]. The primary an-
tibodies were: anti-Mfn2 (1:1,000; Sigma, St. Louis, MO, USA);

anti-p21 (1:1,000; Cell Signalling Technology); anti-cleaved
caspase-3 (1:1,000; Cell Signaling Technology); anti-cleaved
PARP (1:1,000; Cell Signalling Technology); anti-phospho-
cdc2 (1:1,000; Cell Signalling Technology); anti-cyclin Bl
(1:1,000; Cell Signalling Technology); anti-Myt1 (1:1,000;
Cell Signalling Technology); anti-phospho-ERK1/2 (1:1,000;
Cell Signalling Technology); anti-phospho-Akt (1:1,000; Cell
Signalling Technology); and anti-p-actin (1:1,500; Sigma).

Cell viability assay. Cell proliferation after infection with
the various adenoviral vectors was assessed using WST-8 dye
(Dojindo, Kyushu, Japan) according to the manufacturer’s
instructions. Briefly, 5 x 10° cells/well were seeded in a 96-well
flat-bottomed plate, grown at 37°C for 24 h, and incubated
under serum-starved conditions for an additional 6 h. Sub-
sequently, the cells were treated with adenoviral vector in the
presence of 10% FBS for 24, 48,and 72 h. Next, 10 ul of WST-8
dye was added to each well, the cells were incubated at 37°C
for 1 h, and the absorbance was measured at 450 nm.

Flow cytometric cell-cycle analysis. HCT 116, HT-29,
and SW480 cells were seeded in 60-mm dishes in RPMI me-
dia 1640 plus 10% FBS. After 12 h, the medium was changed
to RPMI media 1640 plus 5% FBS without (mock) or with Ad-
GFP or Ad-Mfn2. The cells were collected at 48 h and washed
with phosphate-buffered saline. The cells were then treated
with 50ul DNA Prep LPR (Beckman Coulter, Fullerton, CA,
USA) for 30 min, after which 500pl DNA Prep Stain (Beck-
man Coulter) was added and the cells were incubated for
an additional 30 min at room temperature. Flow cytometric
analysis (Becton-Dickinson, Franklin Lakes, NJ, USA) was
performed to examine the cell-cycle distribution.

Caspase-3 activity. HCT 116, HT-29, and SW480 cells
(5 x 10° cells/well) were seeded in 96-well plates. The plates
were removed from the incubator 48 h after adenoviral infec-
tion and equilibrated to room temperature. Caspase Glo 3/7
reagent (100 pl; Promega) was then added to each well and
the plates were incubated at room temperature for 1 h, after
which the luminescence of each sample was measured with
a luminometer.

Statistical analysis. All data are displayed as the mean +
SD. Densitometric analysis of the protein and mRNA levels
was achieved using Image-Pro Plus 5.0.2 software (Media
Cybernetics, Bethesda, MD, USA). The statistical difference
between the three groups was analysed by the Student-New-
man-Keuls test for multiple comparisons. All statistical
analyses were performed using SPSS 16.0 for Windows (SPSS,
Chicago, IL, USA). A P-value < 0.05 was considered statisti-
cally significant.

Results

Mfn2 expression in CRC tissues is significantly lower
compared to that in adjacent normal tissues. Mfn2 mRNA
and protein were detected in all 15 cases of CRC specimen
(Fig. 1 and data not shown). Mfn2 protein and DNA levels
were both decreased in the CRC tissues compared to that in
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Figure 1. Mitofusin-2 (Mfn2) expression in colorectal cancer (CRC) tissues and corresponding adjacent normal tissues. (A) Representative Western
blot results for four paired samples are shown. $-actin was used as a loading control. (B) Corresponding Mfn2 mRNA level as shown using RT-PCR.
(C) Densitometric analysis of the Mfn2 protein and DNA levels (mean + SD) compared with B-actin in CRC and corresponding adjacent normal tissues
(*P < 0.01; #P < 0.05). N, corresponding non-tumorous tissues; C, CRC tissues; n = 15.

the non-tumorous tissues (124.7+77.4vs. 47.6+28.3,*P <0.01; HCT 116, HT-29, and SW480 cells infected with Ad-Mfn2
168.9+130.7 vs. 71.6+46.2, #P < 0.05). expressed much more Mfn2 protein than did those infected

Increased expression of Mfn2 mediated by an adenoviral ~ with Ad-GFP (Fig. 2A), which indicates that Ad-Mfn2 caused
vector in CRC cells and its effect on cancer cell proliferation.  efficient Mfn2 overexpression.

HCT 116 HT-29 SW480

Mock Ad-GFP Ad-Min2 Mock Ad-GFP Ad-Mfn2 Mock Ad-GFP Ad-Mfn2

Cell Viability Relative Ratio

Cell Viability Relative Ratio

24h 48h 72h 24h 48h 72h

Figure 2. Adenovirus-mediated mitofusin-2 (Mfn2) overexpression in colorectal cancer (CRC) cells and its effect on cancer cell proliferation. (A) CRC
cells were infected with an adenoviral vector encoding green fluorescent protein (Ad-GFP ) or the complete Mfn2 open reading frame (Ad-Mfn2) at
a multiplicity of infection (MOI) of 100. After a 48-h incubation, Mfn2 expression was analysed by Western blotting. f-actin was included as a loading
control. (B) HCT 116, HT-29, and SW480 cells were uninfected (mock) or infected with 100 MOI of Ad-GFP or Ad-Mfn2. Cell viability was analysed
at 24, 48, and 72 h post-infection using a WST-8 dye cell viability analyser (n = 6; *P < 0.005).
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To examine the anti-proliferative effect of Mfn2 overexpres-
sion, HCT 116, HT-29, and SW480 cells were infected with
Ad-Mfn2 or Ad-GFP, and cell viability was analysed at 24,
48, and 72 h after infection. As shown in Fig. 2B, Ad-Mfn2
infection significantly inhibited the proliferation of CRC cells
compared with Ad-GFP.

Mifn2 overexpression induces a cell cycle arrest in CRC
cells at G2/M phase. To determine the potential mechanism
responsible for the Mfn2 overexpression-mediated inhibition
of CRC cell proliferation, we examined the cell-cycle distribu-
tion by flow cytometry. An altered distribution in response
to increased Mfn2 expression was observed (Fig. 3). After
24 h of exposure to 10% FBS, a significant increase in G2/M-
phase cells was noted in Ad-Mfn2-infected HCT 116, HT-29,
and SW480 cells compared to uninfected cells and Ad-GFP-
infected cells, and this was accompanied by a synchronous
decrease in the percentage of G1-phase cells.

Then,we used immunoblot analysis to examine the effects
of Ad-Mfn2 on the expression levels of G2/M cell cycle-related
proteins, including p-Cdc2 (Tyrl5), cyclin B1, Myt1, p-Weel
(Ser642), and p21, in CRC cells. Our results indicate increased
levels of p-cdc2 (Tyr15) and Myt1 but a decreased level of cyc-
lin B1 in CRC cells infected with Ad-Mfn2 after 48 h (Fig. 4).
No obvious change in the level of p-Weel, or p21 was detected
(data not shown). To further delineate the cellular and mo-
lecular mechanisms underlying the Ad-Mfn2-induced growth
arrest, we evaluated the possible regulatory role of Mfn2 in
ERK1/2 signalling. Mfn2 overexpression resulted in an obvious
reduction in p-ERK1/2 protein expression (Fig. 4).

Mfn?2 overexpression triggers apoptosis in CRC cells. To
further explore the effect of Ad-Mfn2 in apoptosis, we assessed
caspase-3 activity 48 h after infection with Ad-Mfn2 or Ad-
GFP, and in mock-infected cells using the Caspase Glo 3/7
assay system. Caspase-3 activity was significantly increased
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Figure 3. Overexpressed mitofusin-2 (Mfn2)-induced cell-cycle arrest in colorectal cancer (CRC) cells. Representative examples of the cell-cycle distri-
bution in uninfected (mock), Ad-GFP), and Ad-Mfn2 groups. CRC cells were first synchronised and then infected with either Ad-GFP or Ad-Mfn2 at
100 pfu/cell. Next, the cells were maintained in 0.2% foetal bovine serum for 24 h and then stimulated with normal serum medium. Flow cytometric
analysis was used to examine the cell-cycle distribution (n = 3; *P < 0.01, compared with uninfected or Ad-GFP).
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Figure 4. Overexpressed mitofusin-2 (Mfn2) effect on p-cdc2, cyclin B1, Myt1, and p-ERK1/2 protein levels in colorectal cancer (CRC) cells. HCT 116,
HT-29, and SW480 cells were infected with adenoviral vector green fluorescent protein (Ad-GFP) or Ad-Mfn2 at a multiplicity of infection of 100. After
a 48-h incubation, p-cdc2, cyclin B1, Mytl, and p-ERK1/2 protein levels were analysed by Western blotting. f-actin was included as a loading control.

in HCT 116, HT-29, and SW480 cells infected with Ad-Mfn2
compared to both the Ad-GFP and mock-infected groups.
(Fig. 5A). PARP and cleaved caspase-3 were further detected
by Western blotting in CRC cells 48 h after infection. Ad-Mfn2
infection resulted in increased cleaved caspase-3 and cleaved
PARP expression (Fig. 5B). This indicates that the caspase-3
effector was activated during Ad-Mfn2-induced apoptosis.

Discussion

CRC is a major public health problem in developed and
undeveloped countries [1, 11]. CRC develops as a result of the
progressive accumulation of genetic alterations that transform
normal colonic epithelial cells into colon adenocarcinoma cells
[12]. Despite recent advances in our understanding of the CRC
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carcinogenic process, the need for further understanding the
molecular mechanism of CRC is urgent. In this study, we found
that Mfn2 overexpression provided anti- proliferative efficacy
against CRC cells. We first confirmed that the overexpression
of Mfn2 induced a G2/M-phase arrest in CRC cells.

The gene encoding Mfn2, which has been mapped to chro-
mosome 1q36.22, is expressed in various tissues, including
the brain, heart, and skeletal muscle [5, 13]. Abnormalities in
chromosome 1q36 have been suggested to be an early event
in the development of human cancers, including CRC [14].
In the past few decades, many tumor suppressor genes have
been found in this region [15-16]. Using Western blot analysis
and RT-PCR analysis, we found that Mfn2 protein and mRNA
levels were significantly lower in CRC tissues than in cor-
responding normal tissues. Overexpression of Mfn2 protein

HT-29

HCT 116

Figure 5. Mitofusin-2 (Mfn2) overexpression-induced apoptosis in colorectal cancer (CRC) cells. (A) Caspase-3 activity was increased in CRC cells
transfected with adenoviral vector (Ad)-Mfn2 compared with Ad-green fluorescent protein (GFP)- and mock-transfected cells (48 h, n = 6; *P < 0.001).
(B) Mfn2 overexpression in CRC cells infected with Ad-Mfn2 resulted in increased protein levels of PARP cleavage and cleaved caspase-3, as shown by

Western blotting. -actin was included as a loading control.
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mediated by adenovirus has a significant anti-proliferative ef-
fectin a wide range of cancer cell lines [8]. Our results indicate
that Ad-Mfn2 also had a significant anti-proliferative effect in
HCT116, HT-29, and SW480 cells. Ad-Mfn2 mediated Mfn2
overexpression, prevented proliferation, and promoted apop-
tosis in CRC cells. The overexpression of Mfn2 protein results
in caspase-3 and -9 activation in VSMCs and is mediated by
the mitochondrial apoptotic pathway [7, 17, 18]. Our current
findings show that caspase-3 activity increased significantly
in HCT 116, HT-29, and SW480 cells infected with Ad-Mfn2
compared with Ad-GFP and mock-infected cells, and that the
protein levels of cleaved caspase-3 and cleaved PARP were
significantly increased.

The cell cycle is a series of events leading to cell division.
Cell-cycle retardation is an important anti-proliferative
mechanism in various cancers. Rigorous quality control
events, or checkpoints, ensure the proper progression of cells
through the cell cycle and allow cells to respond to DNA
damage. Eukaryotic cell-cycle checkpoints are controlled
by the sequential activation of a group of Ser-Thr kinases
called cyclin-dependent kinases (Cdks), which trigger the
transition to subsequent phases of the cycle [19-20]. Cancer
cells are mainly dependent on the G2 checkpoint to repair
DNA damage, due to the presence of defective G1 checkpoint
mechanisms, and the S-phase checkpoint facilitates slowing
rather than causing a complete cell cycle arrest [21]. Most cell
cycle regulation is dependent on phosphorylation states. p-
cdc2, or Cdkl, which was originally identified in fission yeast,
is the prototypical cdk [22]. p-cdc2 contains inhibitory and
stimulatory phosphorylation sites. The phosphorylation of p-
cdc2 at Tyr15 and Thr14, performed by the kinases Weel and
Mytl, prevents kinase activity [22]. Flow cytometric analysis
showed that Mfn2 overexpression mediated a G2/M-phase
arrest and inhibited cell growth in HCT 116, HT-29, and
SW480 cells. We confirmed this result by Western blotting
and showed that 48 h after the infection of CRC cells with
Ad-Mfn2 the levels of p-cdc2 (Tyrl5) and Mytl increased
while the level of cyclin Bl decreased. We did not observe
an obvious change in the level of p-Weel, or p21 (data not
shown), but an obvious reduction in the level of p-ERK1/2
induced by Mfn2 overexpression. ERK1/2 is activated during
the G2/M phase of the cell cycle, whereas it is dephosphor-
ylated in metaphase-arrested cells [23]. The cyclin B/Cdkl
complex is retained in the cytosol, leading to weak Cdkl
activation and the impaired entry of cells into mitosis when
ERK1/2 activity is inhibited [24]. We demonstrated previ-
ously that Mfn2 is a novel p53-inducible target gene [9]. Thus,
we speculate that Mfn2 inhibits the growth of CRC cells: the
role of ERK1/2,G2/M-phase cell cycle arrest and p53.

In summary, our results confirm that Mfn2 is a hyperplasia
suppressor gene in CRC cells. Mfn2 was downregulated in
CRC tissues, compared with nearby non-tumorous tissues.
Mfn2 overexpression, mediated by an adenoviral vector, ex-
erted an anti- proliferative effect by inducing a G2/M-phase
arrest in CRC cells.
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