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Abstract. The expression profiles of genes normally enriched 
in embryonic stem (ES) cells (stemness factors) are associ-
ated with poor clinical outcome in solid tumors. However, 
whether such gene expression is responsible for tumor initia-
tion and progression remains to be determined. The tumor 
suppressor gene p53 is known to attenuate the expression 
of Nanog, which is essential for maintaining stem cells in 
response to DNA damage. On the basis of these findings, 
we hypothesized that stemness factors and p53 closely 
correlate with each other and form a network in response 
to genomic damage in the early phase of carcinogenesis 
and in the process of tumor progression. In this study, we 
applied the N-methylbenzylnitrosoamine (NMBA)‑induced 
carcinogenesis model to the mouse forestomach to clarify 
the role of the stemness factors, c-Myc, Klf4, Sox2, Oct3/4 
and Nanog, in cancer development using p53(+/+) (n=26) 
and p53(+/-) (n=11) C57BL/6J mice. Thirty weeks following 
NMBA administration, histologically evident squamous cell 
carcinoma was detected in the forestomachs of p53(+/+) mice, 
and the percentage of p53-positive nuclei in the forestomach 
epithelium gradually increased during carcinogenesis. Tumor 
development in p53(+/-) mice occurred significantly earlier 
than in p53(+/+) mice. Quantitative real-time PCR analyses 
revealed a reduced c-Myc and Klf4 expression before evident 
morphological changes were observed, and an increased 
expression with the development of squamous cell carcinoma. 
Sox2 expression remained unchanged until tumor develop-
ment and increased with the appearance of squamous cell 
carcinomas. The expression of Oct3/4 and Nanog increased at 
the early stages following NMBA administration, and Nanog 
expression in situ was not positively affected by the deficiency 
of p53. Findings of the present study suggested that Oct3/4 

may be involved in the progression of carcinogenesis from 
normal epithelial cells at early stages, suggesting the potential 
use of Oct3/4 as a biomarker in forestomach tumor formation 
at early stages of chemical carcinogenesis.

Introduction

Reprogramming of somatic cells into induced pluripotent 
stem cells was achieved by gene transfection of 4 transcription 
factors, c-Myc, Sox2, Oct3/4, and Klf4 (1-3). These 4 transcrip-
tion factors and Nanog are overexpressed in embryonic stem 
(ES) cells, known to be regulators of identity of ES cells, and 
are responsible for the maintenance of ES cells. Recent atten-
tion has focused on functions of these genes, i.e., how they 
act as stemness factors. Besides reprogramming to pluripotent 
cells and maintaining their pluripotency and self-renewing 
nature, there has been increasing evidence in terms of such 
stemness factors as involved in malignancies. Microarray 
analysis by Ben-Porath et al showed that aggressive breast 
cancer preferentially overexpressed genes normally enriched 
in ES cells, and this ES-like genetic signature in breast cancer 
is associated with poor clinical outcome (4). It is known that 
c-Myc is an oncogene, Sox2 expression is involved in inva-
sion and metastasis of pancreatic intraepithelial neoplasia (5), 
Oct3/4 expression is involved in tumorigenesis via the acti-
vation of its downstream genes in breast cancer-initiating 
cells (6), upregulation of Klf4 in esophageal epithelial cells 
induces inflammation-mediated esophageal squamous cell 
cancer (7,8), and Nanog is expressed in various types of tumor, 
including carcinoma of the breast, cervix and ovary (9-11). On 
the basis of these findings, stemness factors may contribute to 
carcinogenesis, invasion and cancer metastasis.

The tumor suppressor gene p53 is a signifcant negative 
regulator of carcinogenesis (12). It is activated in response to 
DNA damage stress signals and then binds to the promoter 
of Nanog and suppresses Nanog expression (13,14). Cancer 
development involves the accumulation of genetic changes 
that lead to malignant transformation of normal cells (15,16). 
It is supposed that stemness factors and p53 may form a 
network and regulate the downstream gene expression during 
carcinogenesis prior to morphological changes  (17). If the 
early genetic alteration of such genes in cancer development 
were revealed, it would be possible to achieve the early detec-
tion of malignancy and optimal oncological therapy, and also  
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implement a risk evaluation of precancerous lesions prior to 
cancer development, enabling the rapid application of chemo-
prevention therapies targeted at these genes.

However, there have been few reports showing such genetic 
alterations in cancer development, particularly in the early stage 
of cancer or in the case of precancerous lesions (18). This lack of 
evidence may be due to the difficulty in modeling longitudinal 
genetic alterations in the normal epithelial-dysplasia carcinoma 
sequence in humans (19). To examine this notion, we used 
the carcinogen-induced carcinogenesis model of mice, which 
uses N-methylbenzylnitrosoamine (NMBA) administration to 
induce squamous cell carcinoma in the mouse forestomach.

Materials and methods

Mice. C57BL/6J mice p53+/+ (CLEA Japan, Inc., Tokyo, 
Japan) were crossed with C57BL/6J p53+/- mice (RIKEN 
Japan, Saitama, Japan). The p53 offspring were differentiated 
by the genotyping of tail DNA by quantitative real-time PCR 
(qPCR). The animals were maintained in hanging polycar-
bonate cages and were provided with food, at a controlled 
temperature (23±1˚C) and a 12-h light/dark cycle, in accor-
dance with the NIH Guide for Care and Use of Laboratory 
Animals.

Chemical carcinogen-induced carcinogenesis. The animal 
studies were approved by the Institutional Animal Care and Use 
Committee at Osaka University, Japan. Six-week-old p53+/+ 
mice (n=26) and p53+/- mice (n=11) were administered 6 intra-
esophageal doses of NMBA (2 mg/kg weight) twice weekly, via 
a thin tube over 3 weeks (20); the NMBA caused squamous cell 
carcinoma in the mouse forestomach. P53(+/+) and p53(+/-) 
C57BL/6J mice (n=5 each; age, 26 weeks) not treated with 
NMBA were used for evaluating sporadic forestomach tumor 
development. P53+/+ mice were sacrificed at weeks 4 (n=5), 
8 (n=5), 12 (n=5), 20 (n=6) and 30 (n=5) following NMBA 
administration, and p53 +/- mice were sacrificed at weeks 
4 (n=4), 8 (n=2), 12 (n=3) and 20 (n=2) following NMBA 
administration. The mice were analyzed for tumor incidence by 
longitudinally opening the stomach and counting the number of 
mice-bearing tumors in the forestomach. The opened stomach 
was divided into 2 sections: one section was fixed in 10%  
buffered formalin, embedded in paraffin, and stained with 
H&E for histopathology or immunohistochemistry (IHC), and 
the other section was used for RNA extraction for performing 
qPCR and microarray analyses.

IHC. IHC was performed using the Histofine Mousestain kit. 
Paraffin‑embedded sections (5 µm) were deparaffinized in 
xylene and dehydrated through graded ethanol. The sections 
were immersed in antigen retrieval buffer (pH 6.0, citrate buffer) 
and heated for 10 min at 121˚C in an autoclave. Continuous 
sections were incubated with 3% H2O2 to block endogenous 
peroxidase activity. Slides were then incubated with goat 
serum for 20 min to reduce non-specific background staining. 
Blocked sections were incubated at a 1:50 dilution of a primary 
antibody (rabbit polyclonal anti-p53 antibody; SC-6243; Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) and incubated 
overnight at 4˚C. The subsequent reaction was performed using 
the EnVision kit (Dako, Carpinteria, CA, USA) according to 

the manufacturer's instructions, followed by DAB develop-
ment. The slides were then counterstained with hematoxylin. 
IHC analysis was performed by evaluating the percentage of 
p53-positive nuclei in the mouse forestomach epithelium.

qPCR. Total RNA was extracted from the forestomach of 
the sacrificed mice using TRIzol reagent (Invitrogen Life 
Technologies, Carlsbad, CA, USA). Reverse transcription 
was performed using a SuperScript Ⅲ reverse transcription 
kit (Invitrogen). qPCR was performed using the LightCycler 
TaqMan Master kit (Roche Diagnostics, Tokyo) for cDNA 
amplification of specific target genes. Purified cDNA from 
mouse ES cells was used as a positive control for the target 
genes. The expression of mRNA copies was normalized to 
GAPDH mRNA expression. Primers for Oct3/4, c-Myc, Klf-4, 
Sox2 and Nanog were used.

Statistical analysis. Continuous values were expressed as the 
mean ± standard error. The correlation between the target 
gene expression and tumor incidence differences was analyzed 
by the χ2 test or Fisher's exact test. Statistical analyses were 
performed using JMP v8.0 software (SAS Institute, Cary, 
NC, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

NMBA-induced carcinogenesis. A total of 37  mice 
(26 C57BL/6J p53+/+ and 11 C57BL/6J p53+/-) were admini
stered intraesophagus doses of NMBA. C57BL/6J p53+/+ mice 
were sacrificed at weeks 4 (n=5), 8 (n=5), 12 (n=5), 20 (n=6)  
and 30 (n=5) following NMBA administration, and C57BL/6J 
p53+/-mice were sacrificed at weeks  4 (n=4), 8 (n=2), 
12 (n=3) and 20 (n=2) following NMBA administration. 
Macroscopic findings revealed that in the p53+/+ mice, 
despite evident changes not being observed until 12 weeks 
after NMBA administration, elevated tumors and thickened 
forestomach were detected in 2 of 6 mice 20 weeks following 
NMBA administration and in 5 of 5 mice 30 weeks following 
NMBA administration. Thirty weeks after NMBA administra-
tion, histological examination revealed an evident squamous 
cell carcinoma in the forestomach that had metastasized into 
submucosal layer. In the p53(+/-) mice, elevated tumors and 
thickened forestomachs were already evident in 2 of 4 mice at 
4 weeks, in 2 of 2 mice at 8 weeks, in 3 of 3 mice at 12 weeks 
and in 2 of 2 mice at 20 weeks following NMBA admini
stration. In the p53(+/+) and p53(+/-) mice not treated with 
NMBA (n=5 in each; age, 26 weeks), there was no evidence of 
sporadic forestomach tumors (Fig. 1).

p53 IHC. IHC analysis of p53 was performed for each p53(+/+) 
mouse tissue sample, and the percentage of p53-positive nuclei 
in the forestomach epithelium was determined. In the control 
mice, p53 was rarely expressed in the forestomach epithelium, 
with only 12.6% p53-positive nuclei. The expression of p53 
gradually increased at 4, 8, 12, 20 and 30 weeks following 
NMBA administration. Notably, the percentage of p53- 
positive nuclei at 30 weeks following NMBA administration 
was 66.2%, and p53 was overexpressed in the squamous cell 
carcinoma lesions (Fig. 2).
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Expression pattern of stemness factors. Bulk RNA was 
extracted from the forestomachs of the sacrificed mice and 
qPCR analysis of stemness factors relative to GAPDH was 
performed. It was predicted that the expression of the stemness 
factors in the p53+/+ mice would be upregulated in the early 
phase of carcinogenesis. The qPCR analysis demonstrated that 
the c-Myc and Klf4 expression decreased at 12 and 20 weeks 

following administration of the treatment (before evident 
morphological changes were observed), and increased at 
30 weeks following administration. The Sox2 expression in 
the mouse ES cell line (positive control) and in mice 20 weeks 
following NMBA administration were compared and a signifi-
cant increase was observed at 30 weeks following NMBA 
administration. There was little Oct3/4 and Nanog expression 

Figure 1. Macroscopic and histological appearance in C57BL/6J p53+/+ forestomach following NMBA administration. A: Macroscopic appearance. A total of 
(a) 4 weeks, (b) 8 weeks, (c) 12 weeks, (d) 20 weeks and (e) 30 weeks following NMBA treatment. Thickened forestomach and elevated tumors were detected 
from 20 weeks following NMBA administration. B: Histological appearance of H&E-stained sections. (a) Normal forestomach epithelium without NMBA 
treatment. (b and d) Twenty weeks following NMBA administration, the sections demonstrated intraepithelial hyperplasia. (c and e) Thirty weeks following 
NMBA administration, there was an evident squamous cell carcinoma histologically in the forestomach that had invaded into the submucosal layer.

Figure 2. Immunohistochemical staining of p53 in C57BL/6J p53+/+ forestomach following NMBA administration. A: (a) P53 staining of normal mice 
forestomach without NMBA treatment. A total of (b) 4 weeks, (c) 12 weeks and (d) 30 weeks following NMBA administration is shown. B: The percentage of 
p53-positive nucleus in the forestomach epithelium. The p53 expression was gradually increased, and in 30 weeks following NMBA administration in mice,  
p53 was overexpressed in squamous cell carcinoma lesions; n=5 for each group.
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in control tissue samples compared with the positive control 
for qPCR detection (Fig. 3). The expression of Oct3/4 and 
Nanog increased at the early stages following NMBA admin-
istration, and Nanog expression was not positively affected by 
the deficiency of p53.

Discussion

This study was designed to examine the genetic alteration 
of stemness factors in the early initiation phase of carcino-
genesis using chemical carcinogen-induced carcinogenesis 
in vivo. NMBA has been widely used to induce tumors in the 
rodent esophagus and forestomach by producing an electro-
philic methylating agent that produces the mutagenic adduct 
O6-methylguanine in DNA  (21,22). Previous studies that 
examined the gene expression associated with cancer were 
mainly horizontal comparison analyses that compared normal 
epithelia to cancer lesions or multiple surgically resected 
specimens. Few studies, however, have reported longitudinal 
or serial changes during carcinogenesis (23,24). A plausible 
carcinogenesis model may make significant assessments 
possible before evident morphological changes have been 
established.

We hypothesized that the early detection of increased gene 
expression in stemness factors in several types of cancer, where 
stemness factors are overexpressed compared with those in the 
normal epithelium, is useful in the detection of cancer in high-
risk groups, or for adopting interventional therapy to prevent 
cancer development (chemoprevention). Nanog and Oct3/4 
were expressed in the early stages of carcinogenesis, and the 
expression of c-Myc and Klf4 was decreased once during 
the precancerous stage and increased when apparent tumors 

containing squamous cell carcinoma developed. The Sox2 
expression level remained unchanged before evident tumors 
appeared, but significantly increased when tumors evidently 
developed. Furthermore, we examined the correlation between 
Nanog and p53 using p53(+/-) mice; however, the unexpect-
edly heterozygous deletion of p53 did not upregulate Nanog 
expression.

In the present study, we investigated the molecular events, 
i.e., any alterations of expression of immature-related genes, 
including c-Myc, Klf4, Nanog, Oct3/4 and Sox2 (reprogram-
ming factors), before apparent tumors were established in the 
mouse forestomach. The data demonstrated that, although 
further study is required for Nanog, the expression of Oct3/4 
was increased even in ‘normal’ epithelial cells, suggesting 
that Oct3/4 is involved in the progression of carcinogenesis 
from normal epithelial cells at early stages. Thus, the study 
indicates a use for this gene as a biomarker in forestomach 
tumor formation.
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Figure 3. Quantitative real-time PCR analysis of stemness factors (c-Myc, Klf4, Sox2 and Oct3/4) relative to GAPDH were performed by using the bulk RNA 
extracted from the C57BL/6J p53+/+ forestomach. PCR analysis of Nanog was specifically conducted by using the C57BL/6J p53+/+ and C57BL/6J p53+/- 
forestomach; n=5 for each group.
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