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Abstract. Gastric cancer is associated with a high mortality 
rate, with the development of gastric cancer stem cells under-
lying this. Gastric cancer stem cells are responsible for tumor 
initiation, progression and recurrence. However, the link 
between gastric cancer and gastric cancer stem cells remains 
to be fully understood. Murine models mimic a human 
microenvironment more accurately than in vitro studies and 
are useful models for understanding the behavior of different 
markers. The present study compared the expression of 
cluster of differentiation 44 (CD44), a stem cell marker, with 
the expression of other cancer‑associated markers, including 
Raf kinase inhibitor protein (RKIP) and peroxiredoxin 2, in 
different pathological conditions of gastric cancer develop-
ment using histological, immunohistological and western blot 
analyses. Initially, the murine model of gastric cancer was 
established using N‑methyl‑N‑nitrosourea, a chemical carcin-
ogen. Following initiation of cancer, immunohistochemistry 
was used to compare the expression of CD44, RKIP and 
peroxiredoxin 2 at different stages of cancer development. 
The results suggested CD44 and peroxiredoxin 2 expres-
sion was upregulated as the tumor progressed. However, 
expression of RKIP, a metastasis suppressor, was elevated in 
the initial stage of gastric cancer and suppressed during the 
aggressive stages. In agreement with previous data suggesting 
higher expressions of RKIP in the initial stages of cancer and 
its downregulation in the advanced stage, the results of the 
present study revealed that RKIP exhibited a negative effect 
on initial tumor development, and that the downregulation of 
RKIP in the advanced stages of cancer facilitated CD44 and 
peroxiredoxin 2 overexpression.

Introduction

Gastric cancer is the fourth most common cancer globally and 
was the second‑highest cause of cancer‑associated mortality 
in 2014  (1‑4). Although various factors are implicated in 
gastric cancer development, the underlying mechanisms 
remain unclear (5). Cancer stem cells serve a key function 
in gastric tumor initiation, metastasis and recurrence (6). 
Treatment procedures that eliminate gastric cancer stem 
cells may improve longevity as well as increase the cure 
rate (7‑9). Identifying gastric cancer in the early stages may 
help prevent gastric cancer progression. Understanding how 
cancer stem cells are involved in the mechanisms underlying 
cancer invasion and recurrence is vital in overcoming treat-
ment failure.

The molecular markers that identify gastric cancer stem 
cells are useful in understanding the pathogenic nature 
of gastric cancer. Gastric cancer stem cells are derived 
from stem cells of gastric origin  (10‑12). Such cells have 
tumor‑propagating properties but are difficult to identify in 
different pathological stages of cancer due to their phenotypic 
similarities in comparison with non‑cancerous stem cells, 
yet certain cell surface marker including CD44 are used to 
identify them (13). Raf kinase inhibitor protein (RKIP) acts 
as a metastasis suppressor by inhibiting multiple cell survival 
mechanisms and thereby inducing apoptosis (14,15) in multiple 
types of cancer, including colon, prostate and breast cancers 
and melanoma (16‑19). However, the function of RKIP in the 
development of gastric cancer stem cells and cancer progression 
remains to be fully understood. Peroxiredoxins are a group of 
enzymes that act as antioxidants and exert control over tumor 
development (20). As cancer develops, cancer cells develop 
resistance against apoptosis‑inducing oxidative damage (21). 
However, the function of peroxiredoxins in carcinogenesis, in 
particular the activity of peroxiredoxins in cancer stem cells, 
remains to be fully understood. Using a murine gastric cancer 
model, the present study examined the expression of RKIP and 
peroxiredoxin 2 in gastric cancer stem cells.

Materials and methods

Experimental animals. Male BALB/c (The Jackson Laboratory, 
Wuhan, China; age, 3 months; weight, 25‑28 g) mice were used 
in the present study. Each group comprised 6 mice, maintained 
in controlled conditions (temperature, 26‑28˚C; humidity, 
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50‑60%) and fed ad libitum. The present study and protocols 
were approved by the Animal Care and Ethical Committee of 
Jining First People's Hospital (Jinning, China). To induce gastric 
cancer, the chemical carcinogen N‑methyl‑N‑nitrosourea 
(MNU) was provided with drinking water at a concentration of 
200 ppm. Following daily intake of MNU, the mice developed 
initial tumors by week 4 and developed aggressive tumors 
by week 8, as determined by histological analysis. MNU is a 
standard protocol for developing murine gastric cancer (22,23). 
Following tumor development, initial and aggressive tumor 
samples were collected from mice sacrificed at weeks 4 and 
8, respectively, and samples (4‑12 mm size) from control mice, 
initial and aggressive tumor tissues were collected. A total of 
6 mice were sacrificed at week 4, and the remaining mice at 
week 8. Humane end‑points were set at a loss of 3‑5 g body 
weight in mice with initial tumors, and a loss of up to 8 in mice 
with aggressive tumors. The tumors ranged in size, with initial 
and aggressive tumors measuring between 4‑6 and 8‑12 mm, 
respectively.

Histological analysis and immunohistochemistry. To 
perform histological and immunohistochemical analysis, 
tissues were initially fixed in a 10% formaldehyde fixative 
solution at room temperature for 48 h. Tissues were then 
embedded in paraffin for sectioning. Using a microtome, 
the paraffin‑embedded tissues were sliced into 6  µm 
sections. The sections were then placed on glass slides 
and deparaffinized by heating in a slide warming table at 
70˚C for 5 min. The slides were then immersed in xylene 
to remove wax and subsequently immersed in alcohol solu-
tion and then rehydrated with distilled water. To observe 
histological alterations, the slides were stained with 
hematoxylin (catalog no., HHS16; Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) for 7 min and eosin (catalog 
no., HT110132; Sigma‑Aldrich; Merck KGaA) for 30 sec at 
room temperature and visualized under the light microscope 
at x20 magnification (Eclipse Ti2, Nikon, Tokyo, Japan). For 
immunohistochemistry, the processed slides were immersed 
in 0.3% H2O2 in 1X PBS for 15 min at room temperature 
to block endogenous peroxidase activity. The sections were 
then incubated with 4% bovine serum albumin (BSA; catalog 
no., A6003; Sigma‑Aldrich; Merck KGaA) blocking buffer 
in PBS for 1 h at room temperature and further incubated 
with anti‑RKIP antibody (cat. no.,  epr2875Y; GeneTex, 
Inc., Irvine, CA, USA; 1:400 dilution), anti‑peroxiredoxin 
2 antibody (cat. no.,  ab71533; Abcam, Cambridge, UK; 
1:250 dilution) or anti‑cluster of differentiation 44 (CD44) 
antibody (cat. no., ab51037; Abcam; 1:300 dilution) over-
night at 4˚C. Following washing with 1X TBST, the slides 
were incubated with the horseradish peroxidase‑conjugated 
anti‑rabbit IgG (cat. no., ab6721; Abcam; 1:2,000 dilution) 
for 30  min at room temperature. 3,3'‑diaminobenzidine 
solution (5 mg in 10 ml) was subsequently applied to stain 
the antibody binding site. Following staining, the slides 
were visualized under the light microscope (Eclipse Ti2, 
Nikon, Tokyo, Japan) and the images were captured under 
magnification, x20.

Western blot analysis. Protein samples were prepared by 
homogenizing the tissue samples in 2X protein sample 

buffer (2 ml Tris (1 M, pH 6.8), 4.6 ml glycerol (50%), 1.6 ml 
SDS (10%), 0.4  ml bromophenol blue (0.5%) and 0.4  ml 
β‑mercaptoethanol) on ice to release the cell lysates from 
control, initial tumor and aggressive gastric cancer tissues. 
The prepared samples were immediately heated in a boiling 
water bath for 5 min and allowed to cool. The concentration 
of protein present in each sample were estimated by Lowry 
method (24). The present study used the same method for 
performing western blot analysis as a previous study (25). 
The cell lysate with 70 µg protein was separated using 12% 
SDS‑PAGE. Once the gel was run to the bottom, the sepa-
rated proteins were transferred to a polyvinylidene fluoride 
membrane. The membrane was subsequently blocked at 
room temperature for 2 h using 4% BSA in 1X TBST to 
prevent non‑specific binding and additionally incubated 
with anti‑RKIP antibody (cat. no.,  epr2875Y; GeneTex, 
Inc; 1:1,000 dilution), anti‑peroxiredoxin 2 antibody (cat. 
no., ab71533; Abcam; 1:2,000 dilution) or anti‑CD44 anti-
body (cat. no., ab51037; Abcam; 1:4,000 dilution) overnight 
at 4˚C. Tubulin antibody (cat. no., Ab6046; Abcam; 1:500 
dilution) was used for the control. Following washing with 
1X TBST, the membrane was incubated with alkaline 
phosphatase‑conjugated anti‑Rabbit IgG; cat. no., ab97048; 
Abcam; 1:3,000) for 1 h at room temperature to identify the 
binding of the primary antibodies. Following two additional 
washes with 1X TBST solution, the membrane was developed 
with 5‑Bromo‑4‑chloro‑3‑indolyl phosphate/Nitro blue tetra-
zolium (catalog no., B1911; Sigma Aldrich; Merck KGaA) to 
obtain the signal.

Results

In  vivo mice model for gastric cancer. In  vitro models 
using gastric cancer cell lines have certain disadvantages as 
the responses of the cells and the associated carcinogenic 
mechanisms differ among different cell lines and compared 
with in vivo models. Therefore, an animal model that mimics 
human microenvironments is essential for understanding the 
different stages of gastric cancer (26,27). A murine gastric 
cancer model was established using the carcinogen MNU. 
MNU induced the first gastric tumors in week 4 and resulted 
in an aggressive form of gastric cancer in week 8, which are 
observed through histological complication of tissue sections 
(6 µm) that are observed with hematoxylin and eosin staining 
(Fig. 1). The control gastric tissue was uniform in pattern, with 
loosely packed cells (Fig. 1A). Following MNU intake, mice 
developed initial tumors in week 4; the histological section 
revealed a proliferative mass of cells with increased cell 
density (Fig. 1B) when compared with control. As the tumor 
developed to an aggressive form in week 8, the histological 
section revealed a clustering of cellular patterns with large, 
elongated nuclei (Fig. 1C).

CD44 expression and its association with gastric cancer stem 
cells. CD44 expression is associated with the extracellular 
matrix. CD44 acts as an adhesion molecule that determines 
cell proliferation and cell survival (28,29). CD44 expression 
is associated with gastric cancer stem cell development (30). 
In the present study, CD44 was used as a standard marker 
for gastric cancer stem cells to determine the key function 
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Figure 1. Murine model of gastric cancer. (A) Control gastric tissue exhibiting regular pattern of cell arrangement. (B) Gastric cancer tissue in initial stages 
with modest cell mass ratio. (C) Aggressive gastric cancer tissue with intense cell proliferation (hematoxylin & eosin; scale bar=100 µm).

Figure 2. Comparative analysis of CD44, RKIP and peroxiredoxin 2 expression in different stages of gastric cancer. (A) CD44 exhibiting low expression in 
normal control tissue. (B) Initial gastric tumor tissue with increased expression of CD44. (C) Aggressive gastric tumor tissue exhibiting further increased 
expression of CD44. (D) Normal control gastric tissue exhibiting moderate RKIP expression. (E) Initial stage of gastric cancer with increased expression 
of RKIP. (F) Aggressive stage of gastric cancer with decreased expression of RKIP compared with initial tissue. (G) Normal control gastric tissue with low 
expression of peroxiredoxin 2 compared with tumor tissues. (H) Low‑grade gastric tumor exhibiting increased expression of peroxiredoxin 2 compared with 
normal control tissue. (I) High‑grade tumor exhibiting increased expression of peroxiredoxin 2 compared with initial tumor tissue. (Scale bar=100 µm). CD44, 
cluster of differentiation 44; RKIP, Raf kinase inhibitor protein.
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of RKIP and peroxiredoxin 2 in gastric cancer stem cells. 
Immunohistochemical analysis was used to examine the 
expression pattern of CD44 in control, initial and aggressive 
gastric cancer tissue samples. The control tissue revealed 
diluted expression of the CD44+ cells that were spread over 
the tissue layer (Fig. 2A). The transition of normal tissue to 
initial gastric cancer tissue in week 4 was associated with 
increased expression of CD44 (Fig. 2B). The transition of 
initial gastric cancer tissue to aggressive gastric cancer tissue 
in week 8 was associated with an additional increase in CD44 
expression (Fig. 2C).

Comparative analysis of CD44, RKIP and peroxiredoxin 2 
expressions. RKIP acts as a metastasis suppressor and regu-
lates tumor progression (31). The present study comparatively 
analyzed CD44, RKIP and peroxiredoxin 2 expression to 
elucidate their functions in gastric tumor regulation. The 
expression pattern of RKIP was analyzed in non‑cancerous 
tissue and revealed similar expression to CD44 (Fig. 2D). 
However, the increase of RKIP expression in initial cancer 
tissue compared with control tissue was greater compared 
with the increase in CD44 (Fig. 2E). The results suggested 
that RKIP initially functions as a tumor suppressor, and 
is able to exert control over tumor progression. However, 
RKIP expression was decreased in the aggressive stage 
of tumor development to levels comparable to the control 
tissue (Fig. 2F). Similarly, peroxiredoxin 2expression was 
analyzed and was revealed to be sequentially upregulated 
as the tumor progressed from normal tissue to initial cancer 
tissue to aggressive cancer tissue (Fig. 2G‑I). The control 
tissue revealed low expression of peroxiredoxin 2 (Fig. 2G), 
while the initial cancer tissue revealed increased expression 
compared with the control (Fig. 2H). The aggressive cancer 
tissue exhibited an additional increase in peroxiredoxin 2 
expression.

Western blotting analysis. The data obtained using 
immunohistochemical analysis were further validated using 
western blotting analysis. The results of western blotting 
determined that expression of CD44 (Fig. 3; lane 1‑3) and 
peroxiredoxin 2 increased with tumor progression (Fig. 3; lane 
7‑9). Immunohistochemical analysis revealed that RKIP was 
overexpressed in initial gastric cancer tissue compared with 
control tissue, but expression was decreased in aggressive 
gastric cancer tissue compared with initial cancer tissue (Fig. 3; 
lane 4‑6).

Discussion

The study of stem cell markers at different pathological stages 
remains challenging due to changes in marker expression 
profiles. Identifying novel stem cell markers may assist in 
improving the understanding of how tumors progress and the 
mechanisms by which tumors are initiated (32). The present 
study used CD44, a well‑studied tumor marker associated 
with gastric cancer stem cells (13). CD44 was used to assess 
the expression patterns of RKIP and peroxiredoxin 2 under 
different pathological conditions.

Previous studies have suggested that peroxiredoxin 2 
expression decreases in certain types of cancer tissue and 
increases in others. For example, certain studies have demon-
strated that peroxiredoxin 2 expression decreases in lung 
cancer tissue when compared with control tissues (31), while 
others reported that peroxiredoxin 2 expression increases 
in other types of human cancers (34). Therefore, the results 
concerning peroxiredoxin 2 expression in the present study 
require further examination. In addition, the gastric cancer 
model was successfully established in the BALB/c mice used 
in the present study, and demonstrated pathological conditions 
similar to human gastric cancer models (35).

The histological results also assisted in understanding 
how the tumors progressed as the mice continued to be 
treated with MNU (Fig. 1A‑C). Similarly, the tumor progres-
sion assisted in understanding the expression patterns of 
different protein markers. Comparative immunohisto-
chemical analysis suggested CD44 and RKIP expressions 
influenced gastric tumor development. The present study 
suggested that RKIP negatively regulated initial tumor 
development and exerted less control over tumor develop-
ment in the aggressive stage, during which CD44 expression 
increased (Fig 2A‑F). While the present study supported 
the previously reported mechanism of tumor metastasis 
suppression by RKIP (34), this mechanism was observed 
only in the initial tumor stage. The present study demon-
strated that peroxiredoxin 2 expression was upregulated as 
gastric tumors progressed (Fig. 2G‑I) and exhibits a similar 
linear expression pattern to CD44.

In summary, the present study successfully established a 
murine gastric cancer model using the chemical carcinogen 
MNU, and comparatively analyzed the expression patterns of 
CD44, RKIP and peroxiredoxin 2 during gastric cancer stem 
cell expansion, potentially assisting to inform the design of 
novel therapeutic interventions in gastric cancer.

Figure 3. Western blot analysis. Lane 1 represents CD44 expression in normal control gastric tissue. Lane 2 represents CD44 expression in initial gastric 
tumors. Lane 3 represents CD44 expression in aggressive gastric tumors. Lane 4 represents RKIP expression in normal control gastric tissue. Lane 5 represents 
increased RKIP expression in initial gastric tumors in comparison with control tissues. Lane 6 represents RKIP expression in aggressive gastric tumors. 
Lane 7 represents peroxiredoxin 2 expression in normal control gastric tissue. Lane 8 represents peroxiredoxin 2 expression in low‑grade gastric tumors. Lane 
9 represents peroxiredoxin 2 expression in high‑grade gastric tumors. Tubulin was used as a loading control. CD44, cluster of differentiation 44; RKIP, Raf 
kinase inhibitor protein.
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