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Effects of small interfering RNA interference of connexin 37
on subcutaneous gastric tumours in mice
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Abstract. The present study aimed to investigate the effects of
small interfering (si)RNA interference of connexin 37 (Cx37)
on subcutaneous gastric tumours in mice. Constructed lenti-
viruses carrying siRNA against Cx37 significantly knocked
down Cx37 mRNA and protein expression in vitro. A total of
60 mice with gastric cancer were randomly divided into the
Cx37 siRNA group, the mock-siRNA group and the control
group. Cx37 siRNA, mock-siRNA and saline were separately
injected (with the lentiviruses transfected into the gastric
cancer cells). Following six weeks, the Cx37 mRNA expression,
Cx37 protein expression and tumor apoptosis were detected
using semiquantitative reverse transcription-polymerase chain
reaction, western blot analysis and terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling, respectively.
Six weeks following lentiviral transfection, the Cx37 mRNA
levels in the Cx37 siRNA group, mock-siRNA group and saline
group decreased to 42, 63 and 67%, respectively (P<0.05).
The mock-siRNA group demonstrated no significant change
in Cx37 levels compared with the control group. Western blot
analysis revealed lower Cx37 protein levels in the Cx37-RNAi
group than in the other groups (0.21+£0.07 vs. 0.65+0.06 vs.
0.54+0.07), and that the apoptotic index of the Cx37-RNAi
group was higher than those of the mock-siRNA and control
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groups (19.7£5.1 vs. 9.8+6.4 vs. 10.5£7.2%, 11.1+6.9; P<0.05).
In conclusion, it was demonstrated that Cx37 siRNA is corre-
lated with gastric cancer. Interference of Cx37 effectively
reduces Cx37 mRNA and protein expression and promotes
tumour apoptosis.

Introduction

Gastric cancer is the fourth most common type of cancer and
the second leading cause of cancer-associated mortality world-
wide (1-5), with nearly one million novel cases diagnosed
annually. Gap junction proteins are present in cells responsible
for information and substance exchange. Gap junction proteins
are channel proteins essential for cell proliferation, differentia-
tion and growth, and connexin (Cx) gene development (6-9).
Cx has complex functions involving numerous physiological
and pathological processes. This gene is correlated with
tumour development and is thus termed ‘the second type of
tumour suppressor gene’. Cx is a multigene family and all
members of the gene sequence have high degrees of homology.
Currently, 13 different types of Cx genes have been identified
in human tissues. A large number of studies (10-13) have
demonstrated that Cx gene expression in various tumour cells
is significantly reduced or is even completely inhibited, which
results in the decrease or disappearance of the gap junctional
intercellular communication (GJIC) function and eventually
leads to malignant cell transformation and tumour forma-
tion. By contrast, other studies have demonstrated (14) that
certain benign tumours, malignant tumours and transformed
cells exhibit stable Cx gene expression. Conversely, other
studies have revealed that certain Cx genes are not expressed
in normal cells but are highly expressed in tumours (15).
C1019T polymorphisms in the Cx37 gene lead to C-T mutations
at the 1,019 position of the gene-coding region, resulting in
missense mutations (proline-serine, P-S) during the encoding
of 319 amino acids, which directly affects the formation of
the three secondary structures of Cx37. Simultaneously, the
original phosphorylation site of the Cx37 C end, particularly
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its functional area and its bond specificity to protein kinases
and protein ligands, are altered due to the encoding of different
amino acids. This change subsequently affects the activity
of the gap junction protein Cx37. A study has demonstrated
that Cx37 gene (C1019T) polymorphisms affect the function
of GJIC (16) and may be involved in the growth of tumor
cells. In our previous study (17), 592 patients with detected
Cx37 C1019T gene polymorphisms were investigated. Of the
total number of cases, 388 had gastric cancer and 204 had
chronic superficial gastritis. The results demonstrated that
in the gastric cancer group, C gene frequency was enhanced,
whereas the T gene frequency significantly decreased, and
that these changes were more pronounced in male patients.
Following correcting for gender factors, the Cx37 C1019T
C allele frequency in Helicobacter pylori (Hp)-positive gastric
cancer patients increased, whereas the T gene frequency was
significantly reduced. These results demonstrated a marked
correlation between Cx37 C1019T gene polymorphisms and
Hp-positive gastric carcinoma.

Previously, small interfering RNA (siRNA) has been
effective in silencing target genes via RNA interference
(RNAIi) (18-21), a mechanism conserved in nature, from
yeast to humans. Lentiviruses are able to efficiently deliver
siRNA due to their ability to stably transduce dividing and
non-dividing cells. In the present study, one lentiviral vector
was constructed to knock down Cx37, with the aim of investi-
gating its effects on gastric cancer in nude mice.

Materials and methods

Cell culture. The HEK293 cell line was cultured as previously
described (22). The HEK?293 cells were derived from the
cell bank of the Chinese Academy of Science and cultured
in a complete medium (Gibco-BRL, Grand Island, NY, USA)
at 37°C in a 5% CO, environment. When the cell fusion
rate reached 90%, the cells were allowed to proceed to the
subsequent generation by 1:4 and were then maintained in
the logarithmic growth phase. Recovery was performed when
the cells demonstrated poor growth. The present study was
conducted in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use procedure was
reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the First Affiliated Hospital of
Soochow University (Suzhou, China).

Lentiviral vector preparation and RNAi target screening.
Three different sequences (sites A-C) of the Cx37 genes in
mice were selected as targets for RNAi. The targeted sequences
were as follows: mm-Cx37-si-1, 5'-GGUUAACGG
UGCUCUUCAU-3"location209; mm-Cx37-si-2,5-CCAAGG
ACCUACAUGUAGA-3', location 488; and mm-Cx37-si-3,
5'-CAGACCCUUACCCUGAACA-3", location 84l1.
p3XFLAG-Cx37 and p3XFLAG were used as controls.

The cells were collected following 72 h and were then
washed three times with cool phosphate-buffered saline (PBS).
Residual PBS was removed by suctioning. Following this,
0.2 ml radioimmunoprecipitation assay lysis buffer containing
inhibitors of serine, cysteine and metalloproteinase was added.
The resulting mixture was then placed on ice for 30 min. The
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cells were collected using a cell scraper and placed in 1.5-ml
centrifuge tubes on ice. The cells were then ultrasonically lysed
for 30 sec at 4°C. The supernate was centrifuged for 30 min at
22,559 x g, transferred to another clean microcentrifuge tube
and then stored at -20°C.

The protein concentrations were determined by the bicin-
choninic acid (BCA) method using Pierce's BCA Protein
Assay Reagent kit (Pierce Biotechnology, Inc. Rockford, IL,
USA). Solutions A and B (50:1) were mixed and the resulting
mixture was maintained at a room temperature for 30 min.
Following this, 200 pl of the mixture was added to each hole
of a 96-well plate, followed by 10 pl of various concentra-
tions of standard bovine serum albumin (dilution, 1:10). A
blank sample containing 10 ul of double-distilled water was
also placed in a well, adjusted to zero and maintained at 37°C
for 30 min in a microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The absorbance [optical density (OD)
value] of this blank was then determined at 570 nm. The
standard value was subsequently used to prepare a standard
curve to calculate the total protein concentration. The inter-
ference efficiency of siRNA was determined by western blot
analysis. SDS-PAGE was performed using a concentration of
10%. The volume of each sample was 30 pg. Anti-tag antibody
protein flags were incubated overnight at 4°C and the GAPDH
expression in the samples was monitored. The antibody ratios
were as follows: flag antibodies: Rabbit pAb = 1:2,000 and
GAPDH: Rabbit pAb = 1:10,000.

The transfection reagent Lipofectamine 2000™ was
purchased from Invitrogen Life Technologies (Carlsbad, CA,
USA). A wild-type Lipofectamine 2000 plasmid Cx37 3 inter-
ference fragment was used. The negative control and
P3XFLAG-Cx37 were co-transfected with the RNAi plasmid
and then mixed at a molar ratio of 5:1.

The cells were divided into six groups: The experimental
groups (overexpression of empty plasmid group, Cx37 plasmid,
Cx37 overexpression of recombinant plasmid + different
interference fragment); the transfection reagent group
(Lipofectamine 2000); the plasmid group (p3XFLAG and
p3XFLAG-Cx37-0.4 pg) and the interference fragment
group (50 nM). The transfection time was 72 h. The optimum
interference fragment was selected on the basis of the western
blotting results.

The lentiviral vectors expressing Cx37 were prepared using
the BLOCK-It Lentiviral Pol II miR RNAi Expression system
(Yingjun Biological Company, Shanghai, China) and green
fluorescent protein (GFP; Catalog no. K4948-00; Invitrogen
Life Technologies). A scrambled siRNA sequence (labelled
mock-siRNA) with no known homology to mammalian genes
served as a control.

Gastric cancer modelling in mice. SGC-7901 murine gastric
cancer cell lines were purchased from the Agricultural
Academy (Zhejiang, China). The cells were cultured in an
RPMI-1640 complete medium. Sterilised test samples were
added to a 96-well plates containing all of the tested cells
(1x10° cells/well) to obtain a final concentration of P1 (50, 100
and 200 pg/ml). Dimethyl sulfoxide was used as a negative
control. Following cultivation for 24, 48 and 72 h at 37°C
in a humidified 5% CO, incubator, the percentage of viable
cells was determined by an MTT assay (Yingjun Biological
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Company). The reading absorbance was determined at 570 nm
using a Benchmark microplate reader (Bio-Rad, Hercules, CA,
USA). The inhibitory rate was calculated using the following
formula: % inhibitory rate = 1-(mean absorbency in test
wells)/(mean absorbency in control wells) x 100.

Female BALB/c-nu/nu mice (age, six weeks) were
purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). All of the mice were housed under
controlled conditions (12-h light/dark cycle, 60% humidity and
25+1°C) with free access to a standard pellet diet and water. At
day 0, 32 mice were randomly divided into three groups and
subcutaneously inoculated with 0.2 ml of the murine gastric
cancer cell line suspension (2.5x107 cells/ml) at the forelimb,
to establish the gastric carcinoma mouse model. Following
tumour inoculation, the maximum (a) and minimum (b) diam-
eters of the solid tumours were measured with a vernier
calliper every three days. The tumor volumes were calculated
using V=a x b*/2. After six weeks, all of the mice were divided
into three groups; the Cx37-RNAI, mock-siRNA and control
groups. Each of the three groups were intratumorally injected
with Cx37-RNAI1, mock-siRNA and saline. At the end of the
experiment, the tumours were excised from the mice, immedi-
ately weighed and then stored in 10% formalin. The samples
were later sectioned using a microtome, dehydrated in graded
alcohol, embedded in paraffin, stained with haematoxylin
and eosin, and examined using a Lecia-DM2500 microscope
(Leica Microsystems, Mannheim, Germany). Cx37 mRNA
expression, Cx37 protein expression and tumor apoptosis in
the tumor cells were detected using semiquantitative reverse
transcription-polymerase chain reaction (23), western blot
analysis and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (24), respectively.

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. Continuous variables between the two groups
were compared using independent t-tests and y” tests. Multiple
groups were compared using analysis of variance. All of the
analyses were conducted using the SPSS 17.0 software for
Windows (SPSS, Inc., Chicago, IL, USA). The proportions
were compared using Fisher's exact test when the expected
frequency was <5; otherwise, the %> test was used. P<0.05 was
considered to indicate a statistically significant difference.

Results

Gene silencing in vitro. The HEK293 cell line was transfected
with lentivirus-based vectors expressing three different
Cx37 siRNA. Gene silencing analysis demonstrated that the
Cx37-site 2 and 3 lentivirus was the most effective vector in
blocking Cx37 expression. Therefore, Cx37-site 3 lentiviruses
were selected for the subsequent in vivo studies (Fig. 1).

Efficient transfection of lentiviruses in mouse gastric cancer.
Previous local viral delivery to subcutaneous gastric cancer
in mice resulted in an efficient transfection. GFP expression is
used as an efficient and convenient monitoring tool for deter-
mining the transfection efficiency of the lentiviruses. In the
present study, GFP fluorescence was detected in the gastric
cancer samples one week following transfection to confirm
siRNA transfection. Increased fluorescence was detected two
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Figure 1. Western blot analysis of three different Cx37 siRNAs silencing
in vitro. siRNA, small interfering RNA; Cx37, connexin 37.
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Figure 2. Lentiviral transfection efficiency observed by green fluorescent
protein in gastric cancer cells at (A) 1 week; (B) 2 weeks; and (C) 6 weeks
following transcfection.

weeks following transfection. A total of six weeks after the
transfection, at the end of the study, a weak GFP remained
visible (Fig. 2). These results demonstrate the efficient in vivo
transfection of the lentiviruses by siRNA in gastric cancer. The
local viral transfection did not affect the normal function of the
animals and did not cause weight change (weight, 34.89+4.16 g
in transfected mice vs. 34.54+3.87 in the mock-siRNA group
and 31.96+4.84 g in the saline group).

Gene silencing in vivo. To examine the efficacy of the
lentivirus-mediated gene silencing in vivo, the Cx37 mRNA
and protein expression levels in the gastric cancer samples
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the control group. The western blot analysis results revealed

that the Cx37 protein was lower in the Cx37-RNAi group than

in the other groups (0.21+£0.07 vs. 0.65+0.06 vs. 0.54+0.07;  Gene knockdown effect on the apoptotic index in gastric

Figs. 3-5). Therefore, the local application of siRNA-lentivi-  cancer in mice. The apoptotic index of the Cx37-RNAi

ruses efficiently silenced the target genes. groups was higher than that of the mock-siRNA and control
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groups (19.7+5.1 vs. 9.8+6.4 vs. 10.5+£7.2; 11.1+£6.9%; P<0.05;
Figs. 6 and 7).

Discussion

In the development of genetic information in various organ-
isms, homeobox genes encode and determine the location
of information and are thus crucial in normal cellular
control (25,26). Gastric cancer is a multifactorial disease (3-5),
and its pathogenesis, genetic and environmental factors are
closely correlated. Our previous study (17) demonstrated that
the Cx37 C1019T C allele frequency in Hp-positive gastric
cancer patients increased, whereas the T allele frequency
significantly decreased. Previously, epidemiological and
experimental animal studies have demonstrated that
chronic Hp infection is significantly correlated with gastric
cancer (27,28). A number of studies have also revealed that
intermittently connected intercellular communication regu-
lates the cell proliferation and differentiation mechanisms
in gastric cancer (29,30). In addition to passive diffusion,
the intermittently connected intercellular communication
may be adopted by small molecules including ions, small
metabolites and secondary messenger molecules. Cx is a
large family of gap-junction channel structure proteins. The
murine Cx37 gene maps chromosome Ip35.1 and encodes the
333 amino acids that form the Cx37 protein. In the present
study, in contrast to the mouse Cx37 data in the gene bank,
Mus musculus gap junction protein, o 4, and mRNA (cDNA
clone MGC:68218 IMAGE:4971608), completed the coding
DNA sequence. Alignment statistics for Match #1 Score
Expect Identities Gaps Strand 1,866 bits (1010) 0.0 1012/1013
(99%) 0/1013 (0%) Plus/Plus demonstrated a highly homolo-
gous sequence. Three siRNAs were then constructed on the
basis of the gene sequencing results. In addition, the western
blot analysis results revealed that the silencing effects of the
Cx37-site B and C lentiviruses were higher than that of the
Cx37-site A virus. Therefore, the Cx37-site C was selected for
the subsequent in vivo studies and the recombinant lentiviral
vector was obtained. Then, the vector was injected into the
gastric tumor and was successfully transfected. The results
demonstrated that the Cx37 mRNA levels decreased by 42%
compared with that of the mock and control groups, which were
63 and 58%, respectively (P<0.05). The western blot analysis
results revealed that Cx37 protein expression was lower in
the Cx37-siRNA group than in the other groups (0.21+0.07
vs. 0.65+0.06 vs. 0.54+0.07). Therefore, the local application
of siRNA-lentiviruses efficiently silenced the target genes.
At the same time, the apoptotic index of the Cx37-siRNA
groups was higher than those of the mock-siRNA and control
groups (19.7£5.1 vs. 9.8+6.4 vs. 10.5+£7.2%; P<0.05). This
result indicates that Cx37-RNAi promoted tumour cell apop-
tosis. However, further studies are required to elucidate the
molecular mechanisms underlying this effect.

In conclusion, the present study demonstrated that lenti-
virus-mediated RNA interference effectively knocked down
Cx37 genes in mice, which resulted in reduced Cx37 expres-
sion and an increased apoptosis index. Cx37 was demonstrated
to be correlated with gastric cancer and this association may
be used to develop novel therapeutic approaches for gastric
cancer.
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