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Abstract. Bcl-2-associated athanogene 1 (Bag-1) is a posi-
tive regulator of Bcl-2 which is an anti-apoptotic gene.
Bag-1 was very slightly expressed in normal tissues, but
often highly expressed in many tumor tissues, particularly in
colon cancer, which can promote metastasis, poor prognosis
and anti-apoptotic function of colon cancer. We prepared
and evaluated magnetic gold nanoparticle/Bag-1 siRNA
recombinant plasmid complex, a gene therapy system, which
can transfect cells efficiently, for both therapeutic effect and
safety in vitro mainly by electrophoretic mobility shift assays,
flow cytometric analyses, cell viability assays, western blot
analyses and RT-PCR (real-time) assays. Magnetic gold
nanoparticle/Bag-1 siRNA recombinant plasmid complex was
successfully transfected into LoVo colon cancer cells and the
exogenous gene was expressed in the cells. Flow cytometric
results showed apoptosis rate was significantly increased.
In MTT assays, magnetic gold nanoparticles revealed lower
cytotoxicity than Lipofectamine 2000 transfection reagents
(P<0.05). Both in western blot analyses and RT-PCR assays,
magnetic gold nanoparticle/Bag-1 siRNA recombinant
plasmid complex transfected cells demonstrated expression of
Bag-1 mRNA (P<0.05) and protein (P<0.05) was decreased. In
further study, c-myc and -catenin which are main molecules
of Wnt/p-catenin pathway were decreased when Bag-1 were
silenced in nanoparticle plasmid complex transfected LoVo
cells. These results suggest that magnetic gold nanoparticle
mediated siRNA silencing Bag-1 is an effective gene therapy
method for colon cancer.

Introduction

According to the 2014 cancer statistics from the American
Cancer Society, colon cancer is the third cause of human cancer
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incidence and mortality. A total of 96,830 new colon cancer
cases and 50,310 deaths are projected to occur in the US in
2014 (1), and these numbers are still indicating an increasing
trend each year. Treatment of colon cancer is primary
surgery, supplemented by radiotherapy and chemotherapy,
while surgery is difficult to completely remove tumor cells,
remaining cells may cause tumor recurrence and metastasis.
Besides, due to their severe side-effects and drug resistance,
radiotherapy and chemotherapy are greatly limited in clinic.
Currently, gene therapy is the focus of cancer treatment, and
many research efforts have already been made. However,
the effects of gene therapy are still unsatisfactory (2,3). The
mechanisms of tumorigenesis are complex, and specific target
genes for therapy are difficult to identify. A common belief is
that apoptosis is an important mechanism of tumorigenesis.
Inducing tumor cell apoptosis effectively is the key of successful
cancer treatment (4). Studies have proved that Bcl-2-associated
athanogene 1 (Bag-1) one of most important anti-apoptotic
genes, its mutation is an important molecular biological basis
of colon cancer, as well as a key part in development and
progression of colon cancer. Bag-1 protein is a multifunctional
binding protein, which can enhance the anti-apoptotic ability
of Bcl-2 family members (5). In our previous studies, we found
that Bag-1 expression was significantly higher in colon cancer
tissues than normal colon tissue, both in colon cancer cells
cytoplasm and nucleus. In addition, Bag-1 expression level is
proportional to the level of colon cancer malignancy, which
indicates Bag-1 plays an important role in the occurrence and
development of colon cancer (6). Studies have also shown that
knockout Bag-1 gene can inhibit transcriptional activity of
NF-«B in colon cancer cell lines (7). Therefore, Bag-1 gene as
a target for cancer therapy, specifically blocking its expression,
is expected to be an effective in colon cancer gene therapy.
Gene therapy is limited by the gene delivery system. It is
generally known that virus gene vectors cannot be repeatedly
applied in the body, and serious potential unknown effects
exist. On the contrary, non-virus gene vectors are safer and have
no known serious side effect, with low toxicity, low immune
response and active surface modification characteristics.
While, low target specificity and poor transfection efficiency
are apparent defects of common non virus gene vectors that
limits their applications on clinic. Nanoparticles are new non-
viral vectors, which have received great attention in recent
years. Nanoparticles are solid colloidal particles with diameter
range from 10 to 500 nm, which can enhance gene resistance
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ability to nuclease, prevent them from degradation, increase
their stability in cells and realize controlled-release, extending
their effective duration time in vivo (8,9). Nanoparticles are
non-toxic, non-immunogenic and biodegradable (10). In addi-
tion, nanoparticles have tissue penetration ability, which can
easily absorbed by cells (11). The above make nanoparticles
unique and superior gene therapy vectors (12,13). The present
study applied magnetic gold nanoparticles as gene vectors for
loading the recombinant plasmid which was inserted by Bag-1
RNAI gene to transfect into colon cancer cells. In this way, we
detected and analyzed the effects of silencing Bag-1 gene for
colon cancer gene therapy.

Materials and methods

Optimal ratio of nanoparticles and Bag-1 RNAi recombinant
plasmid. Seven aliquot magnetic gold nanoparticles were
mixed with plasmid solution respectively, according to mass
ratioof 1: 1,2: 1,3: 1.4 : 1, 5: 1, 10: 1, 15: 1, and incubated
for 20 min. Electrophoretic mobility shift assays analyzed the
combine ratio of each group, then selecting the optimal ratio.

Preparation of nanoparticle/Bag-1 RNAi recombinant
plasmid complex. We placed the required magnetic gold
nanoparticles to 1.5 ml EP tube, added quantitative serum-free
F-12 medium for 5 min; according to optimal combine ratio
of magnetic gold nanoparticles and plasmid, corresponding
amount of quantitative serum-free F-12 medium was used to
dilute the plasmids, mixed them lightly in the EP tube, then
incubated at room temperature for 20 min. Magnetic gold
nanoparticle/Bag-1 RNAi recombinant plasmid complex was
prepared.

Cell culture and siRNA transfection. Human colon cancer
cell lines (LoVo) were obtained from Cell Resource Center
of Shanghai Institutes for Biological Sciences. All cells were
routinely cultured in F12 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin at 37°C
in humidified atmosphere of 5% CO, in air. For transfection,
cells were divided into 4 groups (Nano-Plasmid, Nano and
Plasmid transfections, and control group) and transfected with
the nanoparticle plasmid complex, magnetic gold nanopar-
ticles, Bag-1 RNAi recombinant plasmid and serum-free
F-12 medium, respectively, according to the manufacturer's
instructions of magnetic gold nanoparticles (GodMag, Xi'an,
China). Transfection was efficiency assessed by phase-contrast
microscope and fluorescence microscopy at 24, 48 and 72 h
after transfection. Cell apoptosis and transfection efficiency
were assessed by flow cytometry (FCM) at highest transfec-
tion efficiency, time detected by phase-contrast microscope
and fluorescence microscopy.

Cell viability assay. Cell viability was measured by MTT
assay (MTT; Dojindo, Kumamoto, Japan). In brief, LoVo
cells (5x10%/well) were seeded into 96-well plates and
were transfected with magnetic gold nanoparticles, the
nanopartilce plasmid complex, serum-free F-12 medium (as
control group) and Lipofectamine 2000 transfection reagent,
respectively. After transfection for 24, 48 and 72 h, MTT
reagents were added and were incubated with the cells for
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Figure 1. Optimal ratio of nanoparticles and Bag-1 RNAi recombinant
plasmid: Lane 5, DNA maker; lane 1, naked plasmid, and the lanes from 2
to 4 and 6 to 9, respectively, the mass ratio of 1: 1,2: 1,3: 1 and 4: 1, 5: 1, 10:
1,15: 1.

1 h. Then, the absorbance was detected at 450 nm according
to the manufacturer's instruction. Cell viability = (the average
OD value of experimental group/the average OD value of
control group) x 100%.The experiments were performed in
triplicate (14).

Cell apoptosis assay. Apoptosis was assayed using the
Annexin V-PE/7TAAD apoptosis detection kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. Briefly, the cells were harvested, washed twice with
phosphate-buffered saline (PBS), centrifuged at 1,000 x g for
5 min and resuspended in 195 ul Annexin V-PE binding buffer.
Then, 5 ul Annexin V-PE was added gently at room temperature.
After staining for 10 min in the dark, the cells were centrifuged
at 1,000 x g for 5 min, and then gently resuspended in 190 ul
of Annexin V-PE binding buffer and 10 ul of 7AAD staining
solution was added to the cells, gently mixed and kept on ice in
the dark. The cells were analyzed by FCM (15).

RT-PCR. Total RNA was extracted from cultured cells using
the TRIzol reagent (Invitrogen) according to the manufacturer's
protocol. Total RNA (2 pg) was then subjected to PrimeScript™
reverse transcription (PrimeScript™ RT reagent kit with gDNA
Eraser), followed by RT-PCR (SYBR® Premix Ex Taq) (both
from Takara) according to the manufacturer's instructions. The
primers for RT-PCR were as follows: Bag-1 forward,
5'-GGTTCAGGCATTCCTAGCCGAGTG-3' and reverse,
5'-GTGGCGCCATTCTTCAGGGCA-3'; GAPDH sense,
5"TGCACCACCAACTGCTTAGC-3' and antisense, 5'-GGC
ATGGACTGTGGTCATGAG-3'. GAPDH was used as an
internal control. The expression levels of the relative genes
were calculated using control GAPDH mRNA and the 244
method.

Western blotting. Total protein extracts were prepared using
RIPA lysis buffer (Beyotime, Jiangsu, China) according to
the manufacturer's instructions. The protein concentration
of the lysates was evaluated using a BCA protein assay kit
(Beyotime). Proteins (20 ug) were separated by SDS-PAGE
and were transferred onto poly(vinylidene difluoride)
membranes (Millipore, Boston, MA, USA). The membrane
was blocked for 120 min at room temperature with TBS
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Figure 2. (A-C) Cultured LoVo cells, respectively at 24, 48 and 72 h. (D-F) Nano and plasmid transfections, and control groups LoVo cells observed under a
fluorescent microscope after transfection for 72 h. (G-I) Nano-plasmid transfection group of LoVo cells observed under a fluorescent microscope after transfec-
tion at 24, 48 and 72 h. (J-L) Transfection efficiency results of Nano and Plasmid transfections, and Nano-Plasmid transfection groups after transfection for

72 h detected by flow cytometry.

blocking buffer. Blots were then probed with appropriate
primary antibodies (anti-Bag-1, anti-f-catenin, anti-c-myc
and anti-B-actin) (Proteintech, Wuhan, China) overnight at
4°C. The membranes were washed with TBST, and were then
incubated in horseradish peroxidase-conjugated secondary
antibody (Thermo Fisher Scientific, Waltham, MA, USA) for
2 h at room temperature. After membranes were washed with
TBST, the proteins were finally visualized by fluorography
using an enhanced chemiluminescence system.

Statistical analysis. Results are expressed as mean + SD.
All statistical analyses were carried out using SPSS 16.0.
Differences between treatment conditions were assessed for
statistical significance using one-way ANOVA, followed by
the LSD or Dunnett's t-test method. P<0.05 was considered to
indicate a statistically significant result.

Results

Optimal ratio of nanoparticles and Bag-1 RNAi recombi-
nant plasmid. Laser light scattering particle size analyzer

showed that particle size of magnetic gold nanoparticles were
(99.65+2.83) nm, zeta potential was (39.12+2.01) mV. Magnetic
gold nanoparticles with positive charge surfaces can attract
DNA to form a nanoparticle/plasmid complex. The magnetic
gold nanoparticles mixed with plasmid according to mass ratio
of I: 1,2: 1,3: 1,4:1,5: 1, 10: 1, 15: 1, respectively, underwent
agarose gel electrophoresis (Fig. 1). It is clearly demonstrated
that when the mass ratio reached 4, plasmid DNA starting to
remain in wells due to DNA encapsulation and the compres-
sion by magnetic gold nanoparticles. The mass ratio of 4:1
was the optimal ratio to prepare the nanoparticle Bag-1 RNAi
recombinant plasmid complex for further study.

Cell culture and transfection. After grouping and transfecting
respectively, Nano and Plasmid transfections, and control
group did not express green fluorescent protein (GFP) under a
fluorescence microscope (Fig. 2D-F), while in Nano-Plasmid
transfection group, the expression of GFP was observed in
24 h after transfection. Besides, the expression was increased
in time and almost reach 72 h after transfection (Fig. 2G-I).
Thus, we took 72 h transfection cells of each group to detect
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Figure 3. The survival rates, respectively, of Nano and Nano-Plasmid trans-

fections, and Lipofectamine 2000 transfection groups, were evaluated by
MTT assay.
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the transfection efficiency by FCM, and considered the control
group cells as zero for control, the transfection efficiency
of Nano and Plasmid transfection groups were 4.67 and
4.79%, respectively. Nano-Plasmid transfection group was
~24.2% (Fig. 2J-L).

Cell viability assay. Comparing to the control group, MTT
results showed that regardless of Nano and Nano-Plasmid
transfections, or Lipofectamine 2000 transfection groups,
LoVo cell viability tended to decrease as time prolonged. Cell
viability of Nano-Plasmid transfection group was lower than the
other groups at the same culture period (P<0.05). Cell activity of
Nano transfection group was higher than Lipofectamine 2000
transfection reagent group (P<0.05) (Fig. 3). These results
suggested that magnetic gold nanoparticles were less cytotoxic
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than Lipofectamine 2000 transfection reagent and cell
viability of Nano-Plasmid transfection group was lower than
Nano transfection group indicating exogenous gene was
successfully transfected into cells, and showed increased cell
apoptosis.

Cell apoptosis assay. The LoVo cells as control, cell apop-
tosis of Nano transfection, RNAi plasmid and Nano-Plasmid
transfection group was (17.95%+0.024), (15.97%=+0.0046) and
(47.32%+0.021), respectively. Apoptotic cells were mostly
early apoptotic cells. The apoptosis rate of Nano-Plasmid
transfection group was markedly increased compared to the
other groups (P<0.05) (Fig. 4A and B). Apoptotic/necrotic
ratio of Nano transfection, Plasmid transfection and Nano-
Plasmid transfection groups was (0.994+0.165), (2.075+0.172)
and (2.737+£0.344), respectively. The difference between
Nano-Plasmid transfection group compared to the others was
statistically significantly different (P<0.05) (Fig. 4C).

RT-PCR. The results of Bag-1 mRNA expression detected
by RT-PCR showed that CT value of Bag-1 in Nano-Plasmid
transfection group was larger than the other three groups, and
delayed plateau period. While CT value of Nano transfection,
RNAI plasmid and control group was smaller and the plateau
period started earlier. There were no significant differences
among these groups. Comparing to control group, relative
amounts of Bag-1 gene expression of Nano and Plasmid
transfections, and Nano-Plasmid transfection groups were
(1.126+0.334), (1.212+0.503) and (0.170+0.071), respectively.
The expression of Nano-Plasmid transfection group was
significantly lower than the others (P<0.05) (Fig. 5).
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Figure 4. (A) Cell apoptosis of control, Nano and Plasmid transfections, and Nano-Plasmid transfection groups. (B) Necrotic and apoptotic rates of these groups.
Differences between Nano-Plasmid transfection group and the other two groups were statistically significant (*P<0.05, “P<0.05). (C) Apoptotic/necrotic ratio
of Nano transfection, RNAi plasmid and Nano-Plasmid transfection groupsz. Differences between Nano-Plasmid transfection group and the other two groups
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were statistically significant (" P<0.05, “*"P<0.05).
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Figure 5. Demonstrates the relative amounts of Bag-1 gene expression of Nano
and Plasmid transfections, and Nano-Plasmid transfection groups comparing
to control group. Differences between Nano-Plasmid transfection group and
the other two groups were statistically significant (* P<0.05, “P<0.05).

Western blotting. Western blot results showed that the image
intensity of bands of Nano-Plasmid transfection group
were lower than bands of other groups (Fig. 6A). In the
Nano-Plasmid transfection group, Bag-1 protein expression
(P<0.05), c-myc protein expression (P<0.05), and B-catenin
protein expression (P<0.05) decreased compared to the other
three groups. Whereas, among Nano transfection, RNAi
plasmid and control group, the differences of Bag-1, c-myc
and B-actin protein expression showed no statistical signifi-
cance (Fig. 6B).

Discussion

It is known that the initiation, development, invasion and
metastasis of colon cancer are controlled by many different
genes and various signal transduction pathways and involved
in many important biological processes. Bag-1 which is only
slightly expressed in normal tissues, is often expressed in
breast, ovarian, oral cancer, intestinal and prostate cancer,

A
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glioma, and particularly in colon cancer (16-21). In the
study of Li et al (22), patients with low expression in lung
cancer had significantly longer survival period than patients
with higher Bag-1 expression via RT-PCR detection which
demonstrates that Bag-1 expression may be associated
with poor prognosis. Bai et al (23) reported that Bag-1 can
promote metastasis of colon cancer. Bag-1 is a positive
regulator of Bcl-2 which is an anti-apoptotic gene. Bag-1 is
not a Bcl-2 family member, but their promoter regions show
high homology with Bcl-2 that makes it possible for them
to form complex to promote anti-apoptotic function (5).
Besides, Bag-1 can combine, for example, with estrogen,
androgen and glucocorticoid receptor, realizing a variety
of ways of inhibiting apoptosis (24-26). Combining with
heat-shock cognate 70 (HSC70) and inducible heat-shock
protein 70 (HSP70), Bag-1 can play a variety of physi-
ological and pathological functions (27,28). In the present
study, recombinant RNAi plasmid was transfected into
LoVo cells via the magnetic gold nanoparticle gene delivery
system and expressed successfully in cells. In transfected
LoVo cells, Bag-1 gene expression were significantly inhib-
ited and apoptosis rate increased as the degree of Bag-1 gene
suppression increased, which further confirms Bag-1 gene
is an anti-apoptotic gene and has close relations with colon
cancer development and prognosis.

Discoveries of oncogenes and tumor suppressor genes,
and elucidation of mechanisms of cell signaling pathway,
have greatly enriched knowledge of the mechanisms of
carcinogenesis. Among these mechanisms, imbalance of
wnt/B-catenin signaling pathway has been proven to have
a significant correlation to a variety of tumors, including,
cervical, breast, stomach and liver cancer, melanoma,
and glioma, are found in wnt/B-catenin signaling pathway
disorders (29-34). When wnt/B-catenin signaling pathway
abnormality occurs, intracellular B-catenin protein will
accumulate, then free-f-catenin can enter the nucleus and
activate expression of backward genes, leading to tumorigen-
esis (35,36). In additional studies, we found that with Bag-1
gene expression suppressed expression of 3-catenin protein
and its downstream protein c-myc protein decrease, and
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Figure 6. (A) The bands of Bag-1, c-myc, -catenin and f-actin protein of Nano and Plasmid transfections, Nano-Plasmid transfection and control groups.
(B) The band intensity rate of Bag-1,c-myc and [3-catenin protein of Nano and Plasmid transfections, Nano-Plasmid transfection and control groups. Differences
between Nano-Plasmid transfection group and the other three groups were statistically significant (" P<0.05, ™ P<0.05, ““P<0.05).
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speculate the mechanism of Bag-1 gene causing colon cancer
may be related to the activation of B-catenin, that causing
wnt/fB-catenin signaling pathway abnormality, then leading
to overexpression of its downstream gene myc. Using small
interfering RNA technology to silence Bag-1 gene, 3-catenin
activation can be reduced, therefore, making reduction of
myc overexpression having a role in treating colon cancer.
Besides, as known effective gene transfection and stable
gene expression are the basis of successful gene therapy.
The ideal gene delivery system should possess high gene
delivery efficiency, low cytotoxicity, no physiological effects
on normal cells as well as ease of use and reproducible
properties (37-39). Nano-viral gene vectors have more advan-
tages than viral gene vectors (12,38). In the present study,
we selected magnetic gold nanoparticles as gene vectors,
which are relatively new in gene delivery systems. Magnetic
nanoparticles can absorb nucleic acid to form nanoparticle
nucleic acid complexes, in this way, DNA molecules can be
protected from nuclease degradation. After coupling specific
target molecules, targeted delivery is possible. Besides, DNA
can achieve controlled release, and extend duration releasing
time (10,40,41). In this experiment, recombinant plasmids
were successfully loaded, released and protected by magnetic
gold nanoparticles. After successfully transfecting into LoVo
cells, recombinant plasmids were expressed in cells with
lower cytotoxicity. Magnetic gold nanoparticle gene vectors
have huge potential as a gene delivery system, and mediating
siRNA silencing Bag-1 is an effective gene therapy method
for colon cancer.
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