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Anion exchanger 1 (AE1) is an integral membrane protein found in erythrocytes. Our previous studies have demonstrated that
AE1 is expressed in human gastric cancer cells and may be involved in the carcinogenesis of cancer. In this study, we further
investigated the role of AE1 in gastric carcinogenesis and the anti-tumour effects of AE1-targeted small interfering RNAs

(siRNAs) in two experimental models of gastric cancer.

EXPERIMENTAL APPROACH

Molecular and cellular experiments were performed to elucidate the role of AET1 in the malignant transformation of gastric
epithelium and the effects of AE1-targeted siRNAs on gastric cancer cells. The anti-tumour effect of the siRNA was evaluated
in vivo in two mouse models, nude mice implanted with human gastric cancer xenografts (Model I) and mice with gastric

cancer induced by N-methyl-N-nitrosourea (MNU) and Helicobacter pylori (Model II).

KEY RESULTS

AE1 was found to increase gastric carcinogenesis by promoting cell proliferation. AE1-targeted siRNA significantly suppressed
AE1 expression and hindered tumour growth. Furthermore, the siRNA markedly decreased the detection rate of gastric cancer,
in parallel with an increase in atypical hyperplasia at the end of the experiment in Model II.

CONCLUSIONS AND IMPLICATIONS

Knockdown of AET expression in gastric mucosa by administration of synthetic siRNAs significantly inhibits the growth of
gastric cancer and decreases the detection rate of this tumour in experimental mice. These results suggest that AET is
potentially a key therapeutic target and the silencing of AE1 expression in gastric mucosa could provide a new therapeutic

approach for treating gastric cancer.

Abbreviations

AB-PAS, Alcian blue-periodic acid-Schiff; AE1, anion exchanger 1; DMEM, Dulbecco’s Modified Eagles Medium; FBS, fetal
bovine serum; H&E staining, haematoxylin and eosin stain; H. pylori, Helicobacter pylori; MNU, N-methyl-N-nitrosourea;
MTT, 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide; siRNA, small interfering RNA

Introduction

or intractable gastric cancer is difficult to treat due to the lack

of effective modalities (Li et al., 2009; 2010). Therefore, an

Gastric cancer is the most common type of cancer and the
second most common cause of cancer-related death in China
(Wong etal., 1999; Parkin etal., 2005). Although organ-
confined gastric cancer is often curable by surgery, metastatic

improvement in the treatment of recurrent or metastatic
gastric cancer now depends on increasing our understanding
of the complex molecular mechanisms governing the pro-
gression and aggressiveness of the disease.
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Over the past few decades, multiple risk factors have
become recognized as being implicated in the multistep
process of gastric carcinogenesis; these include Helicobacter
pylori (H. pylori), chemical carcinogens and genetic abnormali-
ties (Guilford et al., 1999; Cervantes et al., 2007; Hatakeyama,
2009; Hernandez-Ramirez et al., 2009; Suzuki et al., 2009;
Zhang et al., 2009). Recent studies have revealed a number of
molecular changes associated with the pathological features,
tumour biological behaviour and prognosis of patients with
gastric cancer, but no specific marker has as yet been developed
for this cancer. We have found that human anion exchanger 1
(AE1) is frequently expressed in gastric carcinoma, where it
fails to traffic to the plasma membrane, but interacts with the
tumour suppressor p16 in the cytoplasm. Down-regulation of
AE1 in gastric cancer SGC7901 cells was shown to inhibit cell
growth and clinical analyses have indicated that AE1 expres-
sion is associated with a low (5 years) survival rate of gastric
cancer patients. Further studies also demonstrated that small
interfering RNA (siRNA)-mediated suppression of AE1 induced
cell death in human gastric cancer cells in vitro (Shen et al.,
2007; Tian et al., 2009; Xu et al., 2009; Wu et al., 2010). These
findings strongly suggest that AE1 is involved in one or more
of the steps leading to gastric cancer progression, and imply
that the knockdown of AE1 might be an alternative therapy for
gastric cancer.

In this study, we further investigated the role of AE1 in
gastric carcinogenesis and the mechanism associated with its
effect. We developed two mouse models of gastric cancer,
namely a gastric cancer-implanted model and cancer-induced
model, to explore the possible effect of siRNA targeting AE1
on the progression of this cancer. The results clearly show
that AE1 participates in gastric carcinogenesis and that the
incidence of gastric cancer in animals treated with AE1-
targeted siRNA (at week 79) was decreased compared with
control animals.

Methods

Cell lines and cell culture

The human gastric epithelial immortalized GES-1 cells that
were used were maintained in our laboratory. Human
HEK293T cells and gastric cancer SGC7901 cells were pur-
chased from the Cell Bank of Shanghai Institute of Cell
Biology of the Chinese Academy of Sciences. Cells were cul-
tured in Dulbecco’s Modified Eagles Medium [DMEM,
HyClone, Thermo Fisher Scientific (China) CO., Ltd, Shang-
hai, China] containing 10% fetal bovine serum (FBS,
HyClone) in an atmosphere of 5% CO, at 37°C.

Chemicals and bacteria

The toxic compound N-methyl-N-nitrosourea (MNU, Sigma
chemical Co., Ltd St. Louis, MO, USA) was stored at 4°C in the
dark. The MNU solution was freshly prepared and dissolved
in autoclaved distilled water at a concentration of 200 pg-L™
just before use (Nam et al., 2004). Atelocollagen was kindly
provided by the Chengdu Xinji Bioactive Collagen Develop-
ing Co., Ltd. An equal volume of 0.5% atelocollagen and
2 nM siRNA solution was mixed by rotation for 20 min at
4°C, and then kept at 4°C for 16 h until use (Mu et al., 2009a).
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Table 1

Target sequences of siRNAs

siRNA Sequence (5'—3')

SIAET-1 GGUUUAUCUUUGAAGACCATT
SIAET-2 ACGUGUUGAUGGUGCCCAATT
SIAET-3 GGAUACCUACACCCAGAAATT
SIAET-NSC UUCUCCGAACGUGUCACGUTT
SIAET-V GGGTACTGTTCTCCTAGAC
SimAET-P1 TAGAACTTGTGAGAGAAA
SimAE1-P2 ATCTGGGACTCTGAAGAT
SimAE1-P3 GCATTCTCTTTGCTCTC
siRNA-NSC TCCGAACGTGTCACGTTT

Helicobacter pylori (SS1 strain) was inoculated on Colom-
bia agar plates (BioMérieux SA, Marcy I’Etoile, France) includ-
ing 10% v/v sheep peripheral blood and cultured at 37°C in a
micro-aerobic environment using an aerated jar filled with
mixed gas (85% N,, 10% CO, and 5% O,). After 72h of
culture, H.pylori was maintained in brain-heart infusion
broth (BioMérieux SA, Marcy I'Etoile, France) containing 10%
heat-inactived FBS.

siRNA design and evaluation

For direct tail vein and gluteal injection, respectively, siRNAs
that were designed to fit with different regions of the AE1
RNA sequence were prepared (GenBank Accession NO.
NM-000342.3 and NM_011403.1 for the human and mouse
version respectively). First, three human AE1 mRNA-targeted
siRNAs (siAE1-1, -2 and -3) and one scrambled siAE1-NSC
(Table 1) were designed and synthesized by Shanghai
Genepharma Co., Ltd, China. Second, three mouse (pSIREN-
RetroQ-IRES-EGFP-simAE1-P1, -P2 and -P3, simAE1-P1, P2
and P3) and one human (pSIREN-RetroQ-IRES-EGFP-siAE1-V,
siAE1-V) AEl-specific siRNAs and a scrambled sequence
(siRNA-NSC) were designed and synthesized (Table 1). Fol-
lowing cleavage of the terminal linkers with BamHI and
EcoRI, the corresponding products was ligated into a pSIREN-
RetrQ-IRES-EGFP vector (kindly donated by Professor F
Neipel, Erlangen, Germany), which was confirmed by
sequencing analysis (Tavalai et al., 2006; Wies et al., 2008).
The resulting plasmids were designated simAE1-P1, -P2, -P3,
-siAE1-V and -siRNA-NSC, respectively. Western blotting was
used to identify the knockdown efficiency of siRNA on AE1
expression, and the mouse anti-AE1 antibody was kindly
provided by Professor M. L. Jennings (University of Arkansas,
USA). According to the relative knockdown efficiency,
siAE1-1, simAE1-P1 and siAE1-V were selected for further
experiments.

Stable expression or knockdown of AE1 in
GES-1 or SGC7901 cells

293-T cells were seeded in 10 cm dishes. pQCXIN, pQCXIN-
AE1, pSIREN-RetrQ-IRES-EGFP-siRNA-NSC and pSIREN-
RetroQ-IRES-EGFP-siAE1-V  vectors were separately



co-transfected with the plasmids Gag/Pol and VSV-G using
the Fugene HD transfection reagent (Roche Diagnostics, Man-
nheim, Germany) following the manufacturer’s instructions.
Forty-eight hours later viral supernatant was collected and
added to GES-1 and SGC7901 cells in the presence of poly-
brene (8 pg-mL™; Sigma, St. Louis, MO, USA). After 48 h incu-
bation, fresh media was replaced, and G418 (700 ug-mL™") for
GES-1 and puromycin (0.75-ug mL™") for SGC7901 were
added to the culture media. Pooled clones of resistant cells
were harvested after the control cells died out.

Cell viability and proliferation measurement
Cells were seeded in 96-well plates at a density of 3 x 10° of
GES-1, GES-1-pQCXIN and GES-1-AE1 and a density of 3 x
10° of SGC7901, SGC7901-siRNA-NSC and SGC7901-siAE1-V.
After incubation, 20 uL of 2.5 mg mL™ solution of 3-(4,5)-
dimethylthiahiazo  (-z-y1)-3,5-di-phenytetrazoliumromide
(MTT) (Sangon, Shanghai, China) in PBS was added to each
well and the plates were incubated for 4 h at 37°C. Then
100 uL dimethylsulphoxide was added per well to the plates,
after which the precipitate was solubilized and shaken
for 10 min. The absorbance at a wavelength of 492 nm
was measured with a microplate reader. To analyse cell
proliferation, cells were resuspended with DMEM containing
10% FBS, and the cell number was counted directly with a
haemocytometer.

Cell cycle analysis

GES-1 and SGC7901 cells were seeded in six-well plates. After
being cultured overnight, GES-1 cells were transfected with
PQCXIN and pQCXIN-AE1 respectively, and SGC7901 cells
with pSIREN-RetroQ-IRES-EGFP-siRNA-NSC and pSIREN-
RetroQ-IRES-EGFP-siAE1-V; 48 h after transfection, cells were
harvested by trypsinization, centrifuged at 2000 rpm for
5 min, washed in PBS and resuspended in cold 75% ethanol.
Cells were labelled with propidium iodide (0.05 mg-mL™) in
the presence of RNase A (0.5 mg-mL™") and incubated at room
temperature in the dark for 30 min. DNA contents were
analysed using a flow cytometer.

DNA isolation and H. pylori detection

Total DNA from gastric tissues treated with H. pylori (the
experimental group), cultured H. pylori (positive control) and
normal mouse gastric tissues (negative control) were isolated
with the Tianamp genomic DNA kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions. PCR amplifica-
tion of the UreC gene fragment of H. pylori was performed
with the primer pair: 5-TTATCGGTAAAGACACCAGAAA-3’
and 5-ATCACAGCGCATGTCTTC-3".

Cell fractionation

For fractionation of the nucleus and cytoplasm, 1 x 107 cells
were incubated in 400 pL of lysis buffer for 10 min, then
supplemented with NP-40 and protease inhibitor cocktail
(Sigma, St. Louis, MO, USA) for 1 min on ice. Lysates were
centrifuged at 1600x g for 2 min. Supernatants were collected
for cytoplasmic protein extracts. Pellets were resuspended in
150 uL of extraction buffer, and after washing three times
with lysis buffer without NP-40, they were incubated for

Effects of AE1-siRNA on gastric cancer

20 min on ice. The samples were centrifuged at 6000x g for
5 min, and the supernatants were collected as nuclear protein
extracts.

Experimental design

Animals. Four-week-old female BALB/c nude mice (n = 32)
and 6-week-old female C57BL/6 mice (n = 89) were obtained
from the Shanghai Slac Laboratory Animal Co., Ltd. and used
for gastric cancer cell transduction and H. pylori infection. All
BALB/c nude mice were maintained under specific-pathogen-
free conventional conditions (25°C, 40-70% relative humid-
ity, 12 h light/12 h dark). All C57BL/6 mice were housed in
micro-isolator plastic cages, with a supply of a basal diet and
autoclaved distilled water ad libitum. All animal care and
experimental procedures complied with the guidelines for the
Care and Use of Laboratory Animals, formulated by the Min-
istry of Science and Technology of the People’s Republic of
China and were approved by the Ethical Committee on
Animal Experiments at Shanghai Jiao Tong University.

The human gastric carcinoma-implanted mouse model. To
produce the human gastric carcinoma-implanted mouse
model (Model I), all of the female BALB/c nude mice were
inoculated s.c. with 5 x 10° SGC7901 cells (contained in
0.1 mL serum-free medium) into their right flank. After 5
days, mice having a tumour with a volume of approximately
80 mm?* were selected and randomly divided into five groups:
two experimental groups (Model I-1 and -2) and three control
groups (Model I-3, -4 and -5). Model I-1 (n = 8) were directly
injected with 13.3 ug synthesized AEl-targeted siRNA into
the tumour once every 3 days for a total of seven times
(Minakuchi et al., 2004; Mu et al., 2009b); while Model 1-3
(n =8) and -4 (n = 6) received 13.3 ug synthesized scramble
siRNA and 50 uL 0.9% NaCl through the same methods,
respectively. Model I-2 (n = 4) and -5 (n = 4) were directly
injected with 50 pg of the human AEl-targeted siRNA-
expressing vector and 50 ug of the scramble vector into the
tail vein, respectively, once every 3 days for a total of seven
doses, as described previously (Garg et al., 2008). To evaluate
the anti-tumour effects of the siRNA on gastric cancer, the
tumour diameter was measured at regular intervals with
digital calipers, and the tumour (cm®) was calculated using
the formula (0.5 x length x width?).

H. pylori and the MNU-induced mouse model. The CS7BL/6
mice were randomly divided into three groups: one experi-
mental (Model II-1) and two controls (Model II-2 and -3). To
induce the mouse gastric carcinoma model (Model II), in the
initial treatment period of 10 weeks, tap water was replaced
with 200 pg-L' MNU solution for 1 week followed by 1 week
of tap water for five cycles. After chemical carcinogen admin-
istration, mice were given autoclaved distilled water for 1
week, and then were dosed with a 0.15 mL H. pylori suspen-
sion containing 1 x 10° colony-forming U-mL™ by gavage
twice every other day for 14 doses during the 12th to 13th
week of the treatment. Mice were provided with normal food
and water. In order to observe the pathological changes and
AE1 expression in the tumorigenesis process, some of the
mice were randomly selected and killed for pathological and
immunohistochemical analysis at the 19th, 38th, 55th or
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61st week; the others received experimental or control treat-
ment during the period of the 65th to 71st weeks.

For analysis of anti-tumour effects of AE1-targeted siRNAs
on gastric cancer, the mice from Model II-1 were injected i.m.
with 100 ug AE1-targeted siRNA-expressing vector (contained
in 500 puL 0.9% NaCl solution) into their right gluteal regions
once every 3 days for a total of 12 times. In Model II-2 and -3,
the mice were administered in the same region with vehicle
or 0.9% NaCl at the same dose, respectively. At the 79th week
of the treatment, these mice were killed in order to evaluate
the effects of the treatment.

Histopathological evaluation

At necropsy, the stomach and proximal duodenum were
removed and cut along the line of the greater curvature. The
contents of the lumen were removed and the mucosa rinsed
with PBS. For histopathology, linear strips from the lesser
curvature extending from the squamocolumnar junction
through the proximal duodenum were fixed overnight in
10% neutral-buffered formalin, routinely paraffin embedded
and cut at 4 pm for haematoxylin and eosin (H&E) staining,
Alcian blue-periodic acid-Schiff (AB-PAS) staining and Giemsa
staining. Gastric lesions were defined as previously described
(Han et al., 2002; Takasu et al., 2008). Briefly, inflammation is
characterized by an infiltration of neutrophils and lympho-
cytes, hyperaemia and oedema; adenoma is defined as prolif-
erative immature glandular epithelium with different degrees
of dysplasia; adenocarcinoma is defined as tumour cells dis-
playing cellular atypia, nuclear aniso-nucleosis, hyperchro-
matism, a thickened and irregular nuclear membrane,
stromal invasion and/or architectural destruction. All sec-
tions were evaluated by two independent pathologists
unaware of the study target.

Immunohistochemistry assay
Immunohistochemistry assay for AE1, p16 and Ki67 was per-
formed using our previously published methods (Shen et al.,
2007; Xu et al., 2009). The corresponding primary antibodies
of anti-AE1, p16 and Ki67 were obtained from Sigma (St.
Louis, MO, USA), Santa Cruz (Santa Cruz, CA, USA) and
Maixin Group (China) Co., Ltd. (Fuzhou, China), respec-
tively. The expression status of proteins was evaluated accord-
ing to the distribution scores (<10%, negative; >10%,
positive) and intensity scores (negative, O; grade 1, 1; grade 2,
2; grade 3, 3) by two independent pathologists unaware of
the sample identity (Xu et al., 2007; Yang et al., 2008).

Erythrocyte count and identification of band
3 protein

Peripheral blood was collected before every mouse was killed.
Ten microlitre EDTA-anticoagulated blood was diluted with
2 mL 0.9% NacCl, then 10 uL dilution was used to count the
number of erythrocytes. For the identification of band 3
protein, 200 uL anticoagulated blood was diluted in PBS, and
mixed with 5§ mM NaHCO; with the v/v ratio of 1:50. The
mixture was then left on ice for 15 min followed by centrifu-
gation at 100 x g for 20 min. After the precipitation, cells were
lysed using NaHCO; and cold-thermal method. Then cell
lysate was centrifuged and the supernatant was applied on
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SDS-PAGE electrophoresis. The gel was stained with 0.25%
Coomassie Brilliant Blue and analysed.

Flow cytometry analysis of CD3* cells in
peripheral blood

Lymphocytes were isolated from 100 pL peripheral blood of
mice and counted, then samples containing 1 x 10° lympho-
cytes were suspended in 100 pL PBS and stained with APC-
conjugated anti-mouse CD3 antibody (e-Bioscience, San
Diego, USA) at 4°C for 20 min. After being washed, the
samples were resuspended in 100 uL diluents, and analysed
by flow cytometry. The analysis and gates were restricted to
lymphocytes. All experiments were performed in triplicate
and repeated three times.

Statistical analysis

Chi-squared test, Fisher’s exact test, f-test or one-way ANOVA
was used to analyse the significance of the differences
between groups. The least significant difference test was used
in the post hoc intergroup comparisons in one-way ANOVA. All
statistical analyses were done using the statistical package for
social science (spss) version 18 (SPSS Institute, Chicago, IL,
USA).

Results

Expression of AE1 promoted a progression
through G1 and entry into the S phase in
gastric cancer cells

To investigate the role of AE1 in gastric carcinogenesis, the
plasmids, pQCXIN-AE1 and pSIREN-RetroQ-IRES-EGFP-
siAE1-V (siAE1-V) were constructed for the overexpression
and knockdown of AE1 and stably transfected into GES-1 or
SGC7901 cells, respectively (Figure 1A). Stable overexpression
of AE1 significantly elevated the viability of GES-1 cells com-
pared with the control group. In addition, stable silencing of
AE1 significantly attenuated the viability of SGC7901 cells
(Figure 1B). To examine the mechanism of the promotion or
inhibition of cell viability, cell cycle distribution and the
apoptosis index were investigated. Forced expression of AE1
induced an accumulation of GES-1 cells in the S and G2
phases, but attenuation of the cells in G1 phase. In contrast,
with the stable silencing of AE1, the cell cycle was arrested at
the G2 phase (Figure 1C). Because AE1 interacts with the
tumour suppressor pl6, a key negative regulator of the cell
cycle, we therefore further detected the effects of AE1 on the
distribution of p16 in GES-1 or SGC7901 cells. Cell fraction-
ation analysis showed that overexpression of AE1 induced a
cytoplasmic distribution of p16 in GES-1 cells, and knock-
down of AE1 resulted in the return of p16 to the nucleus
(Figure 1D and E). The expression of Bcl-2 and Bax was
unchanged by the expression or knockdown of AE1 (data not
shown). These data indicate that AE1 plays a role in gastric
carcinogenesis by promoting cell proliferation.

AE]1-targeted siRNAs inhibited the growth of
gastric cancer in Model 1

Next, we investigated whether the AEl-targeted siRNAs
inhibit the proliferation of gastric cancer cells in vivo, and
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two mouse models of gastric cancer were generated. In
Model I, a total of 30 gastric cancer-implanted mice were
examined. For siRNA treatment, three specific target
sequences were designed and synthesized. Western blot
revealed that siAE1-1 had the greatest efficiency in blocking
AE1 expression in SGC7901 cells, so siAE1-1 was used in
further experiments (Table 1, Figure 2A). SiAE1-1, siAE1-NSC
and 0.9% NaCl were directly injected into the implanted
tumour tissues of mice from Model I-1, -3 and -4, respec-
tively. As there was no significant difference in the size and
weight of the xenograft tumours between the Model I-3 and
Model I-4 groups, and multiple comparisons (with Bonfer-
roni correction) between these two control groups and their
combination showed that the differences were not statisti-
cally significant (P > 0.05) in one-way ANOVA analysis, mice
from these two groups were combined into the control
group. The siRNA targeting AE1 markedly inhibited the
tumour growth, and decreased the size and the weight of
tumours compared with control (Figure 2B, D and E). The
pl6 (Figure 2C upper panel) was largely detected in nucleus
and Ki67 (Figure 2C lower panel) was markedly suppressed
after siRNA treatment compared with control. Additionally,
immunohistochemical assay revealed AE1 expression was

hardly detected in the gastric cancer tissues in mice, which
had received RNAI treatment (Figure 2F), and Western blot
analysis showed that the expression of AE1 of mice admin-
istered RNAi was inhibited compared with the control
group (Figure 2G). The results suggest that the gastric cancer
cell growth is associated with AE1l expression, and the
down-regulation of AE1 by siAE1-1 is of potential benefit for
the suppression of gastric cancer.

In clinical practice, a direct injection is not convenient
for treating gastric cancer. Therefore, we investigated the
effect of siRNA administered i.v.; the AEl-targeted siRNA-
expressing vector siAE1-V (Figure 1A) or control vectors
were administered into the tail vein of four animals per
treatment group (Model I-2 and -5) and continuously moni-
tored for 18 days. The tumours in the mice given siAE1-V
exhibited significant growth arrest compared with the con-
trols. On average, AEl-targeted siRNA treatment decreased
tumour size by 60% and weight by 40% on day 18 (P <
0.05) (Figure 3A-C). Figure 3D shows that both siAE1-V and
control vectors were successfully delivered to the tumour
tissues. The expression of Ki67 in tumour tissues was
decreased by siAE1-V treatment in comparison with control
treatment (Figure 3E). The degree of inhibition of tumour
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growth, moreover, was consistent with the suppression of
AE1 expression (Figure 3F and G).

To assess the possible difference between these adminis-
tration routes, we analysed the anti-tumour effects shown in
the Model I-1 and -2 and found there was no significant
difference between them (Figure 4), which implies that hae-
matogenous administration of siRNA-expressing vectors is
effective.

Evaluation of Model 11

To further explore the role of AEl-targeted siRNA in the
inhibition of gastric cancer in vivo, we established a second
gastric cancer mouse model (Model II) by using repeated
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administration of MNU and H. pylori. The preparation of the
animal model and siRNA treatment strategy are illustrated in
Figure 5. In this model, nearly 20% of the mice were killed to
evaluate the effect of siRNA on the pathological changes in
the gastric mucosa. As shown in Figure 6A, mucosal inflam-
mation, intestinal metaplasia, atypical hyperplasia, adenoma
and invasive adenocarcinoma were observed to be progress-
ing at weeks 19, 38, 55, 61 and 79, respectively. Figure 6B
shows the representative pathological changes in the process
of gastric cancer formation. Infection with H. pylori was con-
firmed by Giemsa staining and UreC gene detection
(Figure 6Bi). In addition, progressive lesions in the gastric
mucosa were also identified by the pathological changes in
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treatment. Original magnification, 400x. The error bars represent SD.

the gastric mucosa, which were identified by AB-PAS or H&E
staining (Figure 6Bii-vi). These results indicate that gastric
cancer was successfully produced by MNU and H. pylori in
this model and that it could be used to investigate the anti-
tumour effects of AE1-targeted siRNA.

siRNA inhibited carcinogenesis of gastric
cancer in Model 11

Our previous studies demonstrated that AE1 is expressed in
human gastric carcinoma. To confirm the involvement of
AE1 in gastric carcinogenesis, we detected and analysed the
expression of AE1 in gastric mucous in Model II. AE1 was not

expressed in normal gastric mucosa tissues, but was present in
intestinal metaplasia (10%), atypical hyperplasia with added
adenoma (64%) and gastric adenocarcinoma (95.83%)
(Table 2). The expression level of AE1 at different stages of the
animal models is shown in Figure 7A. These data confirmed
that AE1 plays an important role in the carcinogenesis of
gastric cancer, which is consistent with our previous reports
(Shen et al., 2007; Tian et al., 2009; Xu et al., 2009; Wu et al.,
2010).

As simAE1-P1 markedly reduced the mouse AE1 expres-
sion compared with other vectors (Figure 7B), it was used to
investigate the anti-tumour effects of AE1-targeted siRNA on
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Figure 6

The gastric lesions in Model Il. (A) Pathological changes in the
process of the gastric carcinogenesis induced by MNU and H. pylori.
Gastric inflammation, intestinal metaplasia, atypical hyperplasia,
adenoma and adenocarcinoma were found at the 19th, 38th, 55th,
61st and 79th week. (B) Histopathological examination. (i) Giemsa
staining. Arrow indicates distribution of H. pylori on the surface of the
glands of the gastric mucosa. Top right corner, PCR amplification
product of H. pylori UreC gene. Lines: (1) marker; (2) from gastric
mucosa of the experimental mice; (3) positive control; and (4) nega-
tive control. (ii) Histopathological examination showed gastritis char-
acterized by hyperaemia, infiltration of neutrophils and lymphocytes.
(iii) AB-PAS staining showed the intestinal metaplasia secreting a
mixture of gastric- (red) and intestinal-type mucins (blue). (iv) Atypi-
cal hyperplasia. Large, irregular and hyperchromatic cells at the top
of the glands were observed. (v) Adenoma. (vi) Adenocarcinoma
showing irregular glands infiltrating into the submucosa. The ii, iv—vi
are H&E staining. Original magnification, x400.



Table 2

Expression of AET in gastric tissues with different pathological lesions

Gastric lesion No. of mice

Inflammation + metaplasia

Adenoma + hyperplasia
Adenocarcinoma

Effects of AE1-siRNA on gastric cancer

AE1 expression

Negative Positive

9 (90.0%)

9 (36.0%)
1 (4.17%)

1 (10.0%)
16 (64.0%)
23 (95.83%)

?Fisher’s exact test.

PInflammation + metaplasia versus adenoma + hyperplasia.
‘Adenoma + hyperplasia versus adenocarcinoma.
dInflammation + metaplasia versus adenocarcinoma.
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Figure 7

The therapeutic effects of siRNA-expressing vectors on the gastric cancer

in Model Il. (A) The expression of AE1 at different stages of the animal

models. (B) Identification of the effects of mouse AET1-targeted siRNA on mouse AE1 expression. Human GES-1 cells were co-transfected with
mouse AET-targeted siRNA-expressing vectors (namely simAE1-P1, -P2 and -P3, and siRNA-NSC) and mouse AE1-expressing vector pBluescripe-
AE1, and the AE1 expression level was detected by Western blot. (C) General changes in the gastric mucosa of mice treated with 0.9% NaCl, NSC
or simAET1-P1. (D) Histopathological changes in the gastric mucosa of mice treated with 0.9% NaCl, NSC (combined into the control group) or
simAE1-P1. (E) Treatment of simAE1-P1 prevented malignant transformation from atypical hyperplasia. (F) Immunohistochemistry showed that
Ki67 was suppressed after the siAET treatment compared with the control group. Original magnification, x1000.

MNU and H. pylori infection-induced gastric cancer. Animals
from Model II-1, -2 and -3 were treated with simAE1-P1,
siRNA-NSC or 0.9% Nacl, respectively, via i.m. gluteal injec-
tion during the 65th to 71st weeks of the in vivo experiment.
We recorded general changes in the mucosa in each mouse,
and the major anatomical lesions were found to be diffuse
wall thickening and erosion. Treatment with simAE1-P1 effi-
ciently protected the gastric mucosa against the lesions
(Figure 7C). As histological observations did not detect any
significant difference between the types and degrees of gastric
lesions in Model II-2 and Model II-3, the two groups were

therefore combined into one group (control) for analysis. We
found the mice that received the AE1-RNAi, compared with
those that did not [96.7% (29/30)], exhibited a significantly
decreased incidence of gastric lesions [63.2% (12/19)], includ-
ing inflammation, metaplasia, atypia hyperplasia, adenoma
and adenocarcinoma [P < 0.05 (Figure 7D)]. We also found
that the gastric cancer detected [15.8% (3/19)] at the end of
the experiment was significantly decreased after knockdown
of AE1. Moreover, this reduced incidence was correlated with
a reduction in the distribution and intensity of AE1 expres-
sion (Table 3). However, it was noted that 47.4% (9/19) of the
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Table 3

Expression of AET in gastric tissues of mice with or without AE1-RNAi therapy

Mice with AE1-RNAi therapy

Mice without AE1-RNAi therapy

AE1 expression n=19 %
Distribution
Negative 8 42.1
Positive 11 57.9
Intensity
Grade 0-2 19 100
Grade 3 0 0

n=30 %
0.001
1 3.3
29 96.7
0.016
22 73.3
8 26.7

Fisher’s exact test.

mice receiving AE1-targeted siRNA treatment were found to
have atypical hyperplasia of gastric mucosa, which was
higher than in the control animals [26.7% (8/30), P < 0.05
(Figure 7E)]. Moreover, Ki67 expression was inhibited by the
treatment with simAE1-P1 (Figure 7F), which suggests the
AE1-targeted siRNA either prevented the malignant transfor-
mation from gastric atypical hyperplasia or reversed the pro-
gression of the pathological events by inhibiting the growth
of the cancer until week 79 in this animal model.

Evaluation of the RNAi delivery strategy

in vivo

As we had established that the in vivo delivery system for the
RNAi vectors, i.m. gluteal injection, was effective, we next
investigated the applicability of this system. Immunofluores-
cence demonstrated that the simAE1-P1 constructs were
effectively delivered into the cancer tissue (Figure 8B), com-
pared with negative control (Figure 8A). Sequential slides
were visualized using phase contrast microscopy (Figure 8D
and C). Furthermore, the expression of GFP was detected by
immunohistochemistry in gastric mucosa of mice treated
with simAE1-P1 (Figure 8F), compared with control
(Figure 8E). The i.m. simAE1-P1 potently blocked the expres-
sion of AEl1 in gastric mucosa (Figure 8G and H). Taken
together, these data suggest this delivery route is an appro-
priate selection for RNAi treatment.

AE1 is the most abundant integral membrane protein,
comprising up to 25% of the erythrocyte membrane surface,
and plays crucial role in erythrocytes (Tanner, 1997; Wang
et al., 2007), so this gene-targeted therapy has the potential to
exert adverse effects. To evaluate the possible harmful effects,
haematopoiesis was analysed by means of counting the
erythrocytes from the peripheral blood and detecting the
band 3 expression levels in the plasma membrane of eryth-
rocytes at the end of the siRNA treatment. No significant
differences in erythrocyte numbers were found between the
mice receiving AE1-RNAi or the corresponding treatment
(simAE1-P1 therapy: 7.30 = 1.85 x 10" L™'; NSC: 6.88 + 1.50
x 102 L™; 0.9% NaCl: 7.54 = 1.42 x 102 L™"). Also, the band
3 protein was expressed on the surface of erythrocytes in all
animals. We regularly recorded the body weight of the mice
during the entire period. No significant difference was
observed between the two groups. In addition, we also used
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flow cytometry to examine the status of CD3* cells so as to
detect any possible immunoreaction to RNAi therapy. The
percentage of CD3" cells of total lymphocytes in the simAE1-
P1, NSC and 0.9% NaCl groups were 26.24 + 10.73%, 32.43
+ 9.57%, 23.70 £ 9.77% respectively, which indicates that
there is no correlation between CD3" and the response to
therapy in this study

Discussion

At the time of diagnosis, approximately 25% of patients with
gastric cancer are already an incurable stage (Li et al., 2009).
Most patients do not undergo curative resection because of
extensive metastasis or other causes (Li et al., 2009; 2010).
Newer therapies, such as RNAi treatment, have been
expected, but no significant advances in the treatment of this
malignant tumour have been reported.

AE1 may be a new molecular target in gastric cancer.
Normally, this protein is translated and expressed in erythro-
cytes, while it is silenced in other tissues (Tanner, 1997;
Damkier et al., 2007; Wu et al., 2010). However, previous
studies have demonstrated AE1 expression to be unexpect-
edly detected in gastric adenocarcinoma (Casey et al., 1998;
Shen et al., 2007; Xu et al., 2009). A recent study showed that
a high level of this protein is associated with a poor prognosis
in gastric cancer, implying this protein is involved in the
progression of this malignant tumour (Xu etal., 2009).
Several mechanisms have been proposed as the result of in
vitro and in vivo studies. Firstly, AE1 interacts with tumour
suppressor pl6, a well-known factor for the negative regula-
tion of cell cycle, in the gastric cancer cell cytoplasm. Sec-
ondly, the cytoplasmic AE1 is associated with alkalization of
the cells, which also plays a role in carcinogenesis (Fu et al.,
2005; Shen et al., 2007; Tian et al., 2009; Wu et al., 2010). The
present studies provide direct evidence that the expression of
AE1 promotes the proliferation of gastric epithelium GES-1
cells by increasing the cell population in the S and G2 phases
and decreasing the population in the G1 phase.

Together, these data provide evidence for AE1 as a media-
tor in the growth of gastric cancer. Therefore, a possible
therapeutic strategy is the suppression of the expression and
function of AE1. In this study, we showed that knockdown of
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Figure 8

Evaluation of simAE1-P1 delivery in Model Il. Immunofluorescence assay. Mice were injected i.m. with 500 pL 0.9% NaCl solution (A) or the same
volume of simAE1-P1 plasmids (B), as described in Methods. At the 79th week of the treatment, mice were killed and gastric tissues were used
for immunofluorescence assay. Sequential slides were visualized using phase contrast microscopy (C and D). Immunohistochemistry showed that
positive staining of GFP was found in the gastric tissues of the mice receiving simAE1-P1 therapy (F), but not in those receiving 0.9% NaCl (E).
AE1 is expressed in the mouse gastric mucosa with atypical hyperplasia (G). Administration of simAE1-P1 significantly blocked the expression of
AE1 in mouse gastric mucosa with atypical hyperplasia (H).
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AE1 expression with synthetic siRNAs significantly inhibited
the growth of gastric cancer and decreased the detection rate
of this tumour in mouse gastric cancer models. Furthermore,
we found the detection rate of gastric cancer at the end of the
experiment was reduced in parallel with the incidence of
gastric atypical hyperplasia, which suggests that AE1 RNAi
therapy might suppress the formation of this tumour by
blocking the progression of gastric cancer at the stage of
atypical hyperplasia and reverse its progression by inhibiting
the growth of the gastric cancer cells. These results provide
evidence that gene therapy targeting AE1 mRNA may have
therapeutic value in the treatment of gastric tumours, and
suggest that AE1 itself is a potential therapeutic target.

When employing an RNAi strategy, it is important to
establish an in vivo delivery system and to avoid adverse
reactions (interferon responses and other off-target effects). In
this study, the AEl-targeted siRNA-expressing vectors were
directly injected into the tail vein or i.m. into the gluteal
region for the following reasons: in a previous study the
siRNA-expressing vectors were delivered to the tumour tissues
of a human renal cell carcinoma xenograft model via the
blood (Garg et al., 2008). In the present study, by analysis of
EGFP, a protein expressed by the constructed vectors, we
found that the anti-tumour effects of a direct s.c. injection of
the synthesized AEl-targeted siRNAs into the implanted
gastric cancer were similar to those induced by the AE1-
targeted siRNA-expressing vectors injected im. (gluteal
region) or i.v. (tail vein). Hence, i.m. or i.v. injections of
AE1-targeted siRNAs-expressing vectors should be an effective
in vivo delivery pathway. In Model II, there was still some
staining of AE1 with the siRNA treatment (Figure 8F), suggest-
ing that a relatively high dose of siRNA may be required for
gene silencing.

A previous study reported that harmful responses to
siRNA can be avoided by restricting the amount administered
to approximately 20 nM (Hara et al., 2008). In this study, we
used siRNAs at a maximum concentration of 10 nM to avoid
adverse effects. Additionally, we also investigated the possible
harmful effects of the RNAi therapy by analysis of the red
blood cell numbers, the band 3 levels in the erythrocyte
membrane and the CD3* cell status. No adverse effects were
observed in the mice receiving AE1-RNAi treatment.

In summary, the data show that siRNA technology can be
used to specifically inhibit gastric AE1 expression. Both cell
transfection and delivery by plasmids resulted in selective
inhibition of AE1 expression, leading to a decreased inci-
dence of gastric cancer in mice in vivo. Therefore, targeting
AE1 with specific small molecule inhibitors may have thera-
peutic benefits to patients with gastric tumours.
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