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Abstract. Chemical carcinogens, such as 7,12‑dimethylbenz[a]

anthracene (DMBA) and 2‑amino‑1‑methyl‑6‑phenylimid

azo(4,5‑b)pyridine (PhIP), are known to induce mammary 

carcinomas in mice and rats. In the present study, the pheno‑

typic and genotypic characteristics of carcinogen‑induced 

mammary carcinogenesis in heterozygous BALB/c tumor 

protein p53 (Trp53) knockout mice were examined with refer‑

ence to published data surrounding human breast cancer. A 

significantly accelerated induction of mammary carcinomas 
was observed following a single dose of DMBA (50 mg/kg of 

body weight at 7 weeks of age), and a modest acceleration was 

induced by PhIP (50 mg/kg of body weight) administered by 

gavage 6 times/2 weeks from 7 weeks of age. DMBA‑induced 

mammary carcinomas were histopathologically characterized 

by distinct biphasic structures with luminal and myoepithelial 

cells, as well as a frequent estrogen receptor expression, and 

PhIP‑induced carcinomas with solid/microacinar structures 

consisted of pleomorphic cells. Of note, DMBA‑induced 

mammary carcinomas were characterized by a HRas 

proto‑oncogene (Hras) mutation at codon 61, and gene/protein 

expression indicating MAPK stimulation. PhIP‑induced 

lesions were suspected to be caused by different molecular 

mechanisms, including Wnt/β‑catenin signaling and/or gene 

mutation‑independent PI3K/AKT signaling activation. In 

conclusion, the present mouse mammary carcinogenesis 

models, induced by a combination of genetic and exogenous 

factors, may be utilized (such as the DMBA‑induced model 

with Trp53 gene function deficiency as a model of adenomyo‑

epithelioma, characterized by distinct biphasic cell constituents 

and Hras mutations), but PhIP‑induced models are required to 

further analyze the genetic/epigenetic mechanisms promoting 

mammary carcinomas.

Introduction

Breast cancer is the most common malignancy in young 

women (20‑39 year of age) worldwide (1). In the United States, 

a small but significant increase in the incidence of metastatic 
breast cancer in women aged 25‑39 years has been recorded, 

without a corresponding increase in the incidence in older 

women (2). Although the incidence and mortality rates associ‑

ated with hormone receptor (HR)‑negative breast cancer have 

been decreasing, those of HR‑positive breast cancer have 

been increasing in the United States, likely in part due to the 

increasing prevalence of excess body weight and declining 

fertility rates (3). On the other hand, young adult patients with 

breast cancer (aged <35 years) have a poor prognosis in Japan, 

independent of prognostic clinicopathological factors (4). 

Therefore, basic and translational studies for the development 

of prevention strategies for breast cancer at younger ages are 

required.

Chemically‑induced rats have frequently been used as 

animal models of HR‑positive breast cancer (5,6). In addition 

to chemically‑induced mammary carcinomas, mouse models 

of estrogen receptor (ER)1, cyclin D1, prolactin, transforming 

growth factor α, nuclear receptor coactivator 3, extra spindle 

pole bodies like 1, separase and Wnt family member 1 over‑

expression, phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 

catalytic subunit α (Pik3ca) gain‑of‑function, and tumor 

protein p53 (Trp53) or signal transducer and activator of 

transcription 1 loss, were also found to be associated with 

ER‑positive‑mammary carcinogenesis (7).

As aforementioned, several mammary tissue‑targeting 

genotoxic carcinogens have been used for the induction of 

mammary carcinogenesis in rat models. The experimental 

polycyclic aromatic hydrocarbon 7,12‑dimethylbenz[a]anthra‑

cene (DMBA) is a potent and well‑established mammary gland 

carcinogen in rats (8,9), and DMBA‑induced adenocarcinomas 

were previously shown to originate from both luminal and 

myoepithelial cells (5). DMBA was also reported to induce 

mammary carcinomas in CD2F1 (BALB/c x DBA/2) (10) and 
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B6D2F1 (C57BL/6 x DBA/2) mice (11), and DMBA‑induced 

mammary adenocarcinomas were shown to be primarily 

composed of luminal cells and residual myoepithelial‑like 

cells (10,11), or mainly of myoepithelial cells (11). 2‑Amino‑1

‑methyl‑6‑phenylimidazo(4,5‑b)pyridine (PhIP) is a heterocy‑

clic amine found in cooked meat that potently induces tumors 

not only in the mammary glands, but also in the colon and 

prostate of rats (12‑14). PhIP‑induced mammary tumors exhib‑

ited a dose‑dependent increase in malignant phenotypes (12), 

and in combination with a high‑fat diet (HFD), PhIP was 

reported to enhance malignant alterations in rats (15). In addi‑

tion, HFD and high‑sucrose diets, administered from the start 

of animal growth till the end of the study, were reported to 

stimulate mammary tumor development in experimental rat 

and mouse models (16‑18). Furthermore, a limited‑duration 

HFD (e.g., during fetal/suckling stages) has been demonstrated 

to affect mammary tumorigenesis (19,20). These carcinogens 

and nutrient factors have also been epidemiologically reported 

as risk factors for breast cancer (21‑23).

The mutation and loss of function of p53 are common 

features among types of human breast cancer, and heterozy‑

gous BALB/c Trp53 knockout mice have been reported as a 

spontaneous mammary carcinoma model (24,25). The aim 

of the present study was to confirm whether DMBA or PhIP 
promoted short‑latency mammary carcinoma in heterozygous 

BALB/c Trp53 knockout mice, and to investigate the pheno‑

typic and genotypic characteristics of the induced carcinomas 

with reference to published data of human breast cancer.

Materials and methods

Mice. Heterozygous C3H Trp53 knockout mice, in which 

the NcoI site in exon 2 of the p53 gene was heterozygously 

inserted by a neomycin phosphotransferase gene (26), were 

obtained from RIKEN BioResource Center (identification no. 
RBRC00107) and crossed with BALB/c mice (BALB/cAJcl; 

CLEA Japan, Inc.) for 5 (N5) or 9 (N9) generations. A total 

of 34 N5 mice (body weight,14.0‑24.9 g at 5 weeks of age) 

and 75 N9 mice (body weight, 18.9‑29.0 g at 5 weeks of 

age) were used in the present study. The mice were housed 

in plastic cages with woodchip bedding (n≤5 per cage) in an 
air‑conditioned animal room maintained at 22˚C (fluctuation 
range, within 1˚C) and 55% relative humidity (fluctuation 
range, within 10%) on a 12:12‑h light‑dark cycle, and given 
free access to the standard chow diet CE2 or beef tallow‑based 

HFD Quick Fat (both CLEA Japan, Inc.), and tap water 

or 10% sucrose (Wako Pure Chemical Industries, Ltd.) 
water (SW) during the period of 5‑10 weeks of age. However, 

as the number of animals in the control, HFD and SW groups 

was small, no notable effects pertaining to nutrient factors 

were observed among the mice; therefore, all groups were 

evaluated as a whole in order to reach a conclusion regarding 

the phenotypic and genotypic characteristics of DMBA‑ or 

PhIP‑induced mammary carcinomas in heterozygous BALB/c 

Trp53 knockout mice. Mouse experiments were carried out 

in a specific pathogen‑free environment at the animal facility 
of the National Cancer Center Research Institute (Tokyo, 

Japan), according to the institutional guidelines, and following 

the approval of the National Cancer Center Animal Ethics 

Committee in Japan (approval no. T17‑028‑C02).

Induction of mammary carcinomas. To investigate the 

characteristics of mammary tumors induced by DMBA 

(MilliporeSigma), BALB/c Trp53 heterozygous N9 female 

knockout mice were administered a single dose of DMBA 

(50 mg/kg of bodyweight, n=20) and its vehicle, sesame oil (10 

ml/kg body weight, n=20; MilliporeSigma). N5 female mice 

were administered PhIP (Wako Pure Chemical Industries, 

Ltd.) 6 times/2 weeks (50 mg/kg of bodyweight, n=34). Both 

chemicals were administered by gavage at 7 weeks of age. The 

present dose setting was based on reported oral doses for the 

induction of mammary tumors in rats; a single oral dose of 

DMBA (50 mg/kg of body weight) (27) and multiple oral doses 

of PhIP (25‑85 mg/kg of body weight) (28‑30) to adolescent 

female Sprague‑Dawley rats induced mammary adenocarci‑

nomas within 20‑30 weeks. In the present experiments, groups 

of BALB/c Trp53 wild‑type mice with (n=20) and without 

(n=15) DMBA administration were used to confirm suscepti‑
bility to mammary carcinogenesis. In our previous study, no 

obvious changes in histopathological characteristics and the 

ER‑positive frequency of spontaneous mammary adenocarci‑

nomas were detected in generations F1 (first filial generation) 
to N4 in BALB/c crossed with C3H heterozygous Trp53 

knockout mice (24). Therefore, the effects of DMBA and PhIP 

on the characteristics of induced mammary adenocarcinomas 

were independently evaluated from the numbers of the back‑

cross generations. During the experimental period, anatomic 

regions containing mammary tissue, such as the cervix, thorax 

and abdomen, were palpated weekly to detect subcutaneous 

nodules. When nodules accounted for >10% of the body weight 
of mice [the longest nodule diameter measured using calipers 

often exceeded 15 mm (31)] or general conditions were poor, 

the mice were euthanized by isoflurane overdose, and the 

inguinal mammary gland (fat pad), subcutaneous nodules and 

organs/tissues with abnormalities in the abdominal and thoracic 

cavities were excised, followed by fixing with 10% neutrally 
buffered formalin. The pieces of subcutaneous nodules and fat 

pad with mammary glands were stored in liquid nitrogen.

Histopathology and immunohistochemistry (IHC). The 

samples were fixed with 10% neutral buffered formalin at 
room temperature for 1‑2 days, and then cut at the maximum 

cutting plane, processed routinely and embedded in paraffin 
wax. Sections (thickness, 3 µm) were stained with hema‑

toxylin and eosin (H&E) and histopathologically evaluated 

using a transmission light microscope (BX51; Olympus 

Corporation). Histopathological phenotypes of the DMBA‑ or 

PhIP‑induced carcinomas were classified into the following 
subtypes: i) Glandular/microacinar, tumor composed of 

glands and/or microacinar formation; ii) papillary, tumor with 

finger‑like projections composed of epithelium covering a 

central fibrovascular core; and iii) solid, tumor is composed 
of solid sheets of epithelial cells with little or no glandular 

differentiation (32,33). Inasmuch as distinct biphasic struc‑

tures with luminal and myoepithelial cells were observed 

in the DMBA‑induced carcinomas, a scoring system was 

generated in the present study, by classification and grading 
based on the area occupied by the biphasic structures: 0‑4, 

5‑24, 25‑49, 50‑74 and 75‑100% were graded as 0, 1, 2, 3 and 
4, respectively. Serial sections were subjected to IHC, where 

a total of 10 DMBA‑ and PhIP‑treated samples obtained 
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from heterozygous Trp53 knockout mice were preferentially 

selected from large carcinomas. For antigen retrieval, the 

sections were autoclaved at 121˚C for 10 min in 0.01 M 
citrate buffer (pH 6.0), after deparaffinization. Then, the 

sections were incubated with 3% hydrogen peroxide (at room 
temperature for 10 min), 10% normal goat serum (at room 
temperature for 20 min.; Nichirei Biosciences, Inc.), and with 

the following primary antibodies 4˚C overnight: Anti‑human 
ERα mouse monoclonal (1:50 dilution; clone 6F11; cat. 

no. NCL‑ER‑6F11; Novocastra), anti‑human/mouse phos‑/mouse phos‑mouse phos‑

phorylated‑ERK1(pERK1; T202/Y204)/ERK2 (pERK2; 

T185/Y187) rabbit polyclonal (1:500 dilution; cat. no. AF1018; 

R&D Systems, Inc.), anti‑human dual‑specificity phosphatase 
(DUSP)4 rabbit polyclonal (1:50 dilution, cat. no. ab72593; 

Abcam) anti‑human phosphorylated‑AKT (pAKT; Ser473) 

rabbit monoclonal (1:100 dilution; clone D9E; cat. no. #4060; 

Cell Signaling Technology, Inc.), anti‑mouse β‑catenin 

mouse monoclonal (1:500 dilution; clone 14; cat. no. 610154; 

BD Transduction Laboratories), anti‑human cytokeratin 

18 rabbit polyclonal (1:1,000 dilution; cat. no. 10830‑1‑AP; 

ProteinTech Group, Inc.), anti‑human α‑smooth muscle actin 

(αSMA) rabbit monoclonal (1:1,000 dilution; clone EPR5368; 

cat. no. ab124964; Abcam) and anti‑rat proliferating cell 

nuclear antigen (PCNA) mouse monoclonal (1:800 dilution; 

clone PC10; cat. no. M0879; DakoCytomation). The sections 

were incubated with Histofine MAX PO solution (Nichirei 
Biosciences, Inc.). Antibody binding was visualized using 

3,3'‑diaminobenzidine tetrahydrochloride or New Fuchsin 

Substrate kit (Nichirei Biosciences, Inc.), and sections were 

routinely counterstained with hematoxylin at room tempera‑

ture. Negative controls without primary antibodies were set 

for each antigen.

Direct DNA sequencing. DNA was extracted from frozen 

normal mammary (fat pad) and mammary carcinoma tissues 

with NucleoSpin Tissue (cat. no. 740952; Macherey‑Nagel 

GmbH) according to the manufacturer's instructions; 10 of 

the same samples used for IHC in each group were analyzed. 

PCR products of HRas proto‑oncogene (Hras) exon 2, codon 

61, which was expected to harbor DMBA‑induced mutations, 

as observed in rat mammary carcinomas (34,35), and Pik3ca 

exons 6, 7, 9 and 20, in which hotspot mutations have frequently 

been observed in human breast cancer (36), were obtained 

for mutation analysis using the primers shown in Fig. S1A. 

The sequencing reaction was performed using the BigDye 

Terminator v3.1 Cycle Sequencing kit (cat. no. 4337455; 

Thermo Fisher Scientific, Inc.) per the manufacturers protocol. 
For the sequencing reaction of each target gene, PCR product 

(~0.1 pmoles, which was estimated from the electrophoretic 

band density) was used as a template, and the forward or 

reverse primer for the PCR reaction was applied; however, an 

additional reverse sequencing reaction was performed in cases 

where the obtained result in the first reaction needed to be 
confirmed. The sequences were determined using a 3130XL 
Genetic Analyzer (Thermo Fisher Scientific, Inc.), and 

analyzed with SnapGene software version 3.1.4 (Insightful 

Science, LLC).

Reverse transcription‑quantitative (RT‑q) PCR. RNA was 

extracted from frozen normal mammary or carcinoma tissues 

using ISOGEN with Spin Column (Nippon Gene Co., Ltd.). 

cDNA was synthesized from RNA using the High‑Capacity 

cDNA Reverse Transcription kit (Thermo Fisher Scientific, 
Inc.). A total of 10 samples of the same cases used for IHC 

in each group were analyzed. qPCR was performed with 

TaqMan probes: The dual‑specificity phosphatase 4 (Dusp4) 

gene (Assay ID Mm00723761_m1; cat. no. 4331182; Thermo 

Fisher Scientific, Inc.) encoding DUSP4, actin β (Actb) gene 

(Assay ID Mm02619580_g1; cat. no. 4331182; Thermo Fisher 

Scientific, Inc.) encoding β‑actin and TaqMan Fast Universal 

PCR master mix (Thermo Fisher Scientific, Inc.) using the 
ABI‑OneStep PCR system (Thermo Fisher Scientific, Inc.). 
Thermocycling conditions were as follows: Initial denatur‑

ation, 95˚C for 20 sec; 40 cycles of amplification (denaturation, 
95˚C for 1 sec; annealing/extension, 60˚C for 20 sec). Values 
were normalized to the expression of the Actb gene and calcu‑

lated by the 2‑ΔΔCq method (37).

Statistical analysis. Significant differences in the incidence 
of histopathological findings were determined using Fisher's 
exact test. For quantitative data from RT‑qPCR for Dusp4 

gene expression, results are presented as the mean ± SEM, 

and differences between groups were analyzed using the 

Kruskal‑Wallis test, followed by Steel's multiple comparison 

test using EZR (Easy R) software, version 4.0.2 (38). P<0.05 

was considered to indicate a statistically significant difference.

Results

Accelerated induction of mammary carcinomas by DMBA and 

PhIP. Mammary carcinomas were first identified by palpation 
in the subcutaneous tissues of the cervix, thorax and/or inguinal 

regions of 2/20 heterozygous Trp53 knockout mice on week 19 

post‑DMBA administration, and the number of tumor‑bearing 

DMBA‑treated mice gradually increased thereafter. The 

cumulative numbers of palpable nodules histopathologically 

diagnosed as mammary carcinomas are presented in Fig. 1A. 

The DMBA‑treated and vehicle control groups were euthanized 

at 26 weeks. The incidence of histopathologically diagnosed 

mammary carcinomas, including intraductal carcinomas in 

the DMBA group, was 15/20 (75.0%), and additional dysplastic 
ductal hyperplasia was observed in 3/20 (15.0%) mice on 
week 26 post‑DMBA administration (Table I). The number of 

identified mammary carcinomas were 1, 2, 3 and 4/mouse in 

4, 2, 3 and 6 DMBA‑treated mice, respectively. On the other 

hand, mammary carcinomas were not observed in the vehicle 

sesame oil‑treated control group without DMBA administra‑

tion until 26 weeks after vehicle administration (Table I). 

The incidence of mammary tumors was significantly higher 
in DMBA‑treated heterozygous Trp53 knockout mice than in 

DMBA‑treated wild‑type mice (P<0.001). In addition to the 

identified mammary carcinomas, malignant lymphomas were 
found in 3/20 (15.0%), and lung adenocarcinomas in 1/20 (5%) 
heterozygous Trp53 knockout mice each with and without 

DMBA administration, respectively; other tumors, including 

endometrial stromal sarcomas and granulosa cell tumors, 

were found in DMBA‑treated Trp53 heterozygous knockout 

or wild‑type mice with DMBA administration. The results 

indicate that the incidence of mammary carcinomas was 

significantly increased in DMBA‑treated Trp53 heterozygous 
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knockout mice, compared with the vehicle controls, by week 

26 post‑DMBA administration.

In PhIP‑treated BALB/c heterozygous Trp53 knockout 

mice, palpable mammary carcinomas were observed in 

only 2/34 (6%) mice 26 weeks from the commencement 
of PhIP administration. Therefore, lifetime observations 

were conducted for the PhIP‑treated group. The cumulative 

numbers of palpable nodules histopathologically diagnosed 

as mammary carcinomas are presented in Fig. 1B. Palpable 

mammary carcinomas and tumors in other organs and tissues 

were identified on weeks 24‑53 from the commencement of 
PhIP administration. The incidence of histopathologically 

diagnosed mammary carcinomas, including intraductal 

carcinomas, was 14/34 (41%; Table I) and the median 
latency period was 33‑34 weeks from the commencement 

of PhIP administration. A single mammary carcinoma was 

diagnosed per mouse. The incidence of tumors in other 

organs/tissues [adrenal subcapsular cell carcinomas in 

9/34 (26%) mice, malignant lymphomas in 6/34 (18%) mice, 
histiocytic sarcomas and osteosarcomas in 4/34 (12%) mice] 
was cumulatively higher than that of mammary carcinomas 

in the PhIP‑treated groups. In summary, the median latency 

period from the commencement of PhIP administration was 

shorter than that for spontaneous cases during the lifetime 

observation of heterozygous BALB/c Trp53 knockout mice 

without PhIP administration.

DMBA‑induced mammary carcinomas are histopathologi‑

cally characterized by biphasic structures and PhIP‑induced 

solid/microacinar‑type carcinomas. Mammary carcinomas 

induced in the DMBA‑treated heterozygous Trp53 knockout 

mice histopathologically exhibited highly differentiated 

glandular structures (Fig. 2A). They featured a characteristic 

biphasic structure consisting of two differentiation types of inner 

luminal and outer myoepithelial cells. Immunohistochemically, 

inner cells were positive for cytokeratin 18 and negative for 

αSMA. Outer cells were positive for αSMA (Fig. 2B). Each 

H&E‑stained specimen was classified into 5 grades, based on 
the area occupied by the biphasic structures: 0‑4, 5‑24, 25‑49, 

50‑74 and 75‑100% were graded as 0, 1, 2, 3 and 4, respec‑

tively. Among the selected 10 large carcinoma samples from 

the DMBA‑treated heterozygous Trp53 knockout mice, 0, 2, 

2, 1 and 5 samples were classified as grades 0, 1, 2, 3 and 4, 
respectively.

The results of IHC for signaling molecules in the 

DMBA‑treated heterozygous Trp53 knockout mice are shown 

in Fig. 2D‑2I and summarized in Fig. 2J. In H&E‑stained 

specimens, inner luminal cells in each biphasic glandular 

Figure 1. Cumulative mean number of palpable mammary carcinomas in (A) DMBA‑ and (B) PhIP‑treated heterozygous Trp53 knockout mice. 

DMBA, 7,12‑dimethylbenz[a]anthracene; PhIP, 2‑amino‑1‑methyl‑6‑phenylimidazo(4,5‑b)pyridine; Trp53, tumor protein p53.

Table I. Incidences of mammary carcinomas and hyperplastic lesions in BALB/c‑Trp53 heterozygous knockout mice as well as 

BALB/c‑Trp53‑wild‑type mice with and without DMBA/PhIP administration.

 Trp53 heterogenous  Trp53‑wild‑type  Trp53 heterogenous 

 knockout mice, n (%) mice, n (%) knockout mice, n (%)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑

 DMBA Vehicle DMBA Vehicle PhIPa

Group N=20 N=20 N=20 N=15 N=34

Mammary carcinoma 14 (70)b 0 0 (0) 1 (7)  12 (35)

Intraductal carcinoma 1 (5)b 0   3 (15) 0  2 (6)

Dysplastic ductal hyperplasia  3 (15) 0 0 0 0

aLifetime observations; bP<0.001 vs. Vehicle Trp53 heterogenous knockout, and DMBA Trp53 wild‑type mice. 
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structure exhibited an abundant eosinophilic cytoplasm 

and large nucleus. Outer myoepithelial cells exhibited a 

scant basophilic cytoplasm (Fig. 2C). IHC for ERα revealed 

nuclear (N) positivity in the inner cells (Fig. 2D). ERα‑positive 

carcinomas were identified in 10/10 DMBA‑treated mice. 

pERK showed N positivity and cytoplasmic and nuclear (CN) 

positivity in the peripheral area of the nodules, with N posi‑

tivity prominent (8/10; Fig. 2E). IHC for β‑catenin revealed 

membranous (M) and membranous and cytoplasmic (MC) 

positivity in the carcinoma cells, with M positivity prominent 

(8/10; Fig. 2F). No DMBA‑treated mice were pAKT‑posi‑

tive (Fig. 2G). In all DMBA‑treated mice, PCNA positivity 

Figure 2. (A) Mammary carcinomas induced in the DMBA‑treated heterozygous Trp53 knockout mice exhibited highly differentiated glandular structures 

(H&E staining; scale bar, 50 µm), and (B) featured a characteristic biphasic structure consisting of two differentiation types of luminal (red; cytokeratin 

18) and myoepithelial cells (brown; αSMA); the lower right box is a higher magnification image of the lower middle box. (C) H&E staining; scale bar, 20 µm. 
(D) Immunohistochemistry for estrogen receptor α revealed N positivity in the inner carcinoma cells; the middle left box is a higher magnification image 
of the middle right box. (E) N positivity for pERK was primarily present in inner cells. (F) M positivity for β‑catenin was weak in outer cells (arrows); the 

upper left box is a higher magnification image of the upper left box. (G) pAKT was negative. (H) Proliferating cell nuclear antigen positivity was primarily 
present in outer cells; the upper box is a higher magnification image of the middle right box. (I) N positivity for dual‑specificity phosphatase was present in 
both inner and outer cells. (J) Summary of immunohistochemical analysis of mammary carcinomas in DMBA‑treated Trp53 heterozygous knockout mice. 

DMBA, 7,12‑dimethylbenz[a]anthracene; N, nuclear; M, membranous. H&E, hematoxylin and eosin; αSMA, α‑smooth muscle actin.
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was primarily detected in the outer cells (Fig. 2H) and pERK 

positivity in inner mammary carcinoma cells (Fig. 2E). This 

indicates that DMBA‑induced mammary carcinomas in 

heterozygous Trp53 knockout mice were distinctly charac‑

terized by histological biphasic structures, and predominant 

ERα‑ and pERK‑positivity (Fig. 2J).

Mammary carcinomas induced in the PhIP‑treated 

heterozygous Trp53 knockout mice demonstrated moderately 

differentiated solid/microacinar structures (Fig. 3A) and 

partly papillary patterns, resembling those of spontaneous 

mammary carcinomas in the heterozygous Trp53 knockout 

mice (Fig. S2A) and one carcinoma case from the Trp53 

Figure 3. (A) Mammary carcinomas induced in PhIP‑treated Trp53 heterozygous knockout mice demonstrated moderately differentiated solid/microacinar 

structures (H&E staining; scale bar, 50 µm). (B) Myoepithelial cells positive for αSMA (brown) were scattered among luminal cells; the lower right box is a 

higher magnification image of the lower right box. (C) Microacinar type with small ductules. H&E staining; scale bar, 20 µm. (D) Immunohistochemistry for 
estrogen receptor α was negative in 5/10 cases. (E) Solid type. H&E staining; scale bar, 20 µm. (F) CN positivity for pERK was detected in the peripheral area 

of the nodules. (G) CN positivity for β‑catenin was detected; the lower right box is a higher magnification image of the upper left box. (H) M positivity for 
pAKT was diffusely scattered. The box in the upper right is a higher magnification image of the lower left box. (I) Proliferating cell nuclear antigen is diffusely 
positive. (J) N positivity for dual‑specificity phosphatase is weak. (K) Summary of immunohistochemical analysis of mammary carcinomas in PhIP‑treated 
Trp53 heterozygous knockout mice. PhIP, 2‑amino‑1‑methyl‑6‑phenylimidazo(4,5‑b)pyridine; CN, cytoplasmic and nuclear; N, nuclear; M, membranous; 

H&E, hematoxylin and eosin; αSMA, α‑smooth muscle actin.
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wild‑type group without DMBA administration (data not 

shown). Immunohistochemically, αSMA‑positive myoepithe‑

lial cells were not observed or found to be scattered in various 

degrees among luminal cells (Fig. 3B). Among the 10 selected 

large carcinoma samples in the PhIP‑treated heterozygous 

Trp53 knockout mice, 6, 4, 0, 0 and 0 cases were classified 
into grades 0, 1, 2, 3 and 4, respectively, based on the biphasic 

characteristics.

The results of IHC for signaling molecules in the 

PhIP‑treated heterozygous Trp53 knockout mice are 

shown in Fig. 3D and F‑3J and summarized in Fig. 3K. In 

H&E‑stained specimens, cellular atypia with nuclear enlarge‑

ment and pleomorphism in the PhIP‑treated heterozygous 

Trp53 knockout mice was more conspicuous (Fig. 3C and E) 

than in mice without chemical treatment in the heterozygous 

Trp53 knockout mice (Fig. S2A) and one carcinoma case 

from the Trp53 wild‑type group without DMBA administra‑

tion (data not shown). IHC for ERα revealed N positivity, and 

the incidence of ERα‑positive and ‑negative carcinomas was 

5/10 each in PhIP‑treated mice (Fig. 3D). pERK exhibited 

CN (5/10) (Fig. 3F) and M (2/10) positivity in the peripheral 

area of the nodules. IHC for β‑catenin revealed M (5/10) and 

N (4/10) positivity in the carcinoma cells (Fig. 3G). With 

regards to pAKT, M or C positivity was observed in 4/10 

PhIP‑treated mice (Fig. 3H). PCNA positivity was diffusely 

detected (Fig. 3I) in the carcinoma tissues of PhIP‑treated 

mice. No obvious association between histopathological types 

(solid, microacinar structures or papillary patterns) and IHC 

characteristics was observed in mammary carcinomas from 

the PhIP group. In summary, mammary carcinomas induced 

in PhIP‑treated heterozygous Trp53 knockout mice exhib‑

ited different molecular markers, indicating Wnt/β‑catenin 

signaling and/or PI3K/AKT signaling activation (Fig. 3K).

DMBA‑induced mammary tumors exhibit high‑frequency 

Hras mutations and stimulate MAPK signaling. Direct DNA 

sequencing revealed a missense mutation from CAA to CTA 

transversion (Gln to Leu) at exon 2, codon 61 of the Hras 

gene (Fig. 4A) in the mammary carcinomas of DMBA‑treated 

mice (10/10), which was consistent with the findings of a 

previous study (39). PhIP‑treated mice exhibited no such Hras 

mutation.

To confirm the activation of the MAPK signaling pathway 
in DMBA‑induced mammary carcinomas, the expression 

levels of Dusp4, a negative regulator of the MAPK signaling 

pathway, were examined. RT‑qPCR revealed higher Dusp4 

expression in carcinoma tissues from DMBA‑treated mice 

than in normal mammary tissues (P<0.05) from mice without 

DMBA administration (Fig. 4B). Also in IHC for DUSP4, 

diffuse N positivity in 10/10 DMBA‑treated mice (Fig. 2I) and 

weak N positivity in PhIP‑treated mice (Fig. 3J) were observed. 

PIK3CA (human)/Pik3ca (mouse) mutations at several hot 

spots, which are found in human breast carcinoma (Fig. S1B), 

were reported in DMBA‑treated CD2F1 mice (10), but no 

Pik3ca mutation was detected in the carcinomas of DMBA‑ 

and PhIP‑treated heterozygous BALB/c Trp53 knockout 

mice (Fig. 4C). These results showed that DMBA‑induced 

mammary carcinomas were clearly characterized by Hras 

mutation at a high frequency, and gene/protein expression 

indicating MAPK stimulation.

Figure 4. (A) A Hras codon 61 mutation was observed in carcinomas of DMBA‑treated mice but not in those of PhIP‑treated mice. (B) RT‑qPCR showed an 

increased Dusp4 expression in carcinomas of the DMBA‑treated group, compared with that in the PhIP‑treated group and normal mammary tissues (bar=SE). 

(C) Summary of gene mutation analysis of mammary carcinomas in DMBA‑ or PhIP‑treated Trp53 heterozygous knockout mice. Hras, HRas proto‑oncogene; 

DMBA, 7,12‑dimethylbenz[a]anthracene; PhIP, 2‑amino‑1‑methyl‑6‑phenylimidazo(4,5‑b)pyridine; RT‑qPCR, reverse transcription‑quantitative PCR; 

Dusp4, dual‑specificity phosphatase.
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Discussion

The primary aim of the present study was to confirm whether 
DMBA or PhIP promoted mammary carcinogenesis in 

heterozygous BALB/c Trp53 knockout mice. It was found that 

DMBA administration significantly accelerated the induction of 
mammary carcinomas in heterozygous Trp53 knockout mice, 

and the terminal incidence in wild‑type mice was lower than 

that in heterozygous Trp53 knockout mice. A previous study 

reported no differences in susceptibility to mammary tumors 

following DMBA administration between heterozygous BALB/c 

Trp53 knockout and Trp53 wild‑type mice (40), but the doses 

and treatment schedule, as well as internal hormonal conditions, 

differed from those in the present study. A significant reduc‑

tion in p53 function has been observed in heterozygous Trp53 

knockout mice compared with wild‑type mice (41). In addition, 

the study indicated that carcinogenesis in the Trp53 heterozygous 

knockout mice was likely to involve numerous carcinogen‑tissue 

interactions that determine the tumor origin site and latency to 

tumor formation, and the wild‑type Trp53 allele was frequently 

retained in induced tumors (41). The tumor suppressor p53 plays 

an essential role during the cellular response to DNA damage 

by regulating several cellular processes, such as cell cycle arrest, 

apoptosis and DNA repair (42). Genomic instability associ‑

ated with heterozygous Trp53 knockout is considered to cause 

DMBA‑induced gene mutations. In the PhIP group, the median 

latency period of mammary carcinomas was 40‑41 weeks of age, 

and it was slightly shorter at ≥50 weeks of age for spontaneous 
cases during the lifetime observation of heterozygous BALB/c 

Trp53 knockout mice (24,25). In wild‑type BALB/c mice, the 

survival period for mice with mammary carcinomas was >65 

and >75 weeks in the PhIP‑treated and non‑treated control 

groups, respectively (43). The present study demonstrated that 

the increased susceptibility to mammary carcinogenesis was 

due to the combination of Trp53 gene function deficiency and 
exogenous factors.

Another important aim of the present study was to investi‑

gate the phenotypic and genotypic characteristics of the induced 

carcinomas with reference to published data on human breast 

cancer. DMBA‑induced mammary carcinomas histopatho‑

logically exhibited distinct biphasic structures with luminal 

and myoepithelial cells. The majority (62%) of spontaneous 
mammary tumors identified during the lifetime observation of 
heterozygous BALB/c Trp53 knockout mice were reported to 

Figure 5. Predicted molecular mechanisms of mammary carcinogenesis by DMBA and PhIP in BALB/c Trp53 heterozygous knockout mice. (A) DMBA induces 

Hras mutation and activates MAPK signaling. Continuous ERK activation resulted in cellular differentiation. (B) Several signaling pathways were activated in 

PhIP‑treated carcinomas, resulting in cellular atypia. DMBA, 7,12‑dimethylbenz[a]anthracene; Hras, HRas proto‑oncogene; PhIP, 2‑amino‑1‑methyl‑6‑phenyli

midazo(4,5‑b)pyridine; Trp53, tumor protein p53.
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exhibit a mixture of luminal and myoepithelial cells, while other 

tumors were reported to exhibit luminal or basal/myoepithelial 

cells only (25). Furthermore, DMBA‑induced mammary tumors 

in B6D2F1 mice were reported to exhibit bicellular character‑

istics at a rate of 29% (11), suggesting that the distinct biphasic 
structures of DMBA‑induced mammary tumors are enhanced 

in heterozygous Trp53 knockout mice. Among human breast 

tumors, adenomyoepithelioma is characterized as a stereotyp‑

ical epithelial‑myoepithelial tumor composed of myoepithelial 

cells surrounding epithelial tissue‑lined spaces (44,45). There 

are histopathological differences between DMBA‑induced 

rodent adenocarcinomas and human adenomyoepithelioma. 

For example, in the former, inner epithelial components are 

predominant and multilayered, and the outer myoepithelium is 

single or bilayered; while in the latter, myoepithelial compo‑

nents are predominant, and surround simple ductal structures. 

As compared with spontaneous mammary carcinomas in 

another lifetime study of BALB/c‑Trp53 heterozygous knockout 

mice without DMBA/PhIP administration (24), PhIP‑induced 

mammary carcinomas demonstrated solid/microacinar struc‑

tures with more prominent cellular atypia and pleomorphism. 

Therefore, both the DMBA‑induced cases, and the modestly 

accelerated induction of mammary carcinomas by PhIP, were 

suspected to be influenced by genetic or epigenetic events.
Of note, Hras mutation at exon 2, codon 61 was frequently 

observed in the DMBA‑induced mammary carcinomas in 

heterozygous Trp53 knockout mice in the present study. A 

characteristically active mutation, A to T transversion, at the 

middle adenosine nucleotide in codon 61 following DMBA 

treatment in the BALB/c mouse mammary gland, has previ‑

ously been reported (46). In CDF1 mice, the Hras mutation in 

codon 61 was detected in 1/9 (11%) of mammary carcinomas 
during long‑latency periods following DMBA administra‑

tion (10), and the facilitation of Hras mutation at a frequency of 

10/10 (100%) in the present study suggested molecular mecha‑

nisms underlying the acceleration of the induction or selection 

of the mutation in Trp53 heterozygous knockout mice compared 

with wild‑type (39,46). Indeed, when the p53 R273H mutation 

occurred within RasV12‑transformed epithelia, cell death was 

strongly suppressed, and the majority of p53 R273H‑expressing 

cells survived (47). Mutations in the Hras oncogenes in 

mammary tumors and mammary hyperplasic outgrowth from 

DMBA‑treated mice were confined to codon 61 substitutions of 
A to T or G (39). An incidence of ~20% of the Hras mutations 

at codon 61 were also reported in DMBA‑induced mammary 

carcinomas in rats (34,35), but the frequency in heterozygous 

Trp53 knockout mice in the present study was higher.

HRAS activation is uncommon, and PIK3CA mutations, 

which were detected in 45% of the luminal A [HR‑positive, 
progesterone receptor‑high, HER2‑negative] subtype, were 

associated with the induction and/or poor outcome of human 

breast cancer (36,48). On the other hand, mutations in both 

HRAS and PI3K/AKT pathway genes, including PIK3CA, 

were recently reported as drivers of breast adenomyoepithe‑

liomas (49,50). The associations between HRAS (human)/Hras 

(mouse) mutations and the composition of carcinoma cells 

with luminal and myoepithelial lineages in human adenomyo‑

epitheliomas and DMBA‑induced mouse mammary carcinomas 

are not clear. However, in the present study, DMBA‑induced 

mammary carcinomas with a high‑frequency Hras mutation 

may partly function as a model of adenomyoepithelioma. The 

IHC results of the DMBA‑induced mammary carcinomas in 

heterozygous Trp53 knockout mice showed a high frequency of 

ERα‑positive cells (suggesting HR‑positive breast cancer) and 

N positivity for pERK, indicating the continuous stimulation 

of the MAPK signaling pathway (51). The continuous stimula‑

tion of MAPK leads to cellular differentiation, while transient 

stimulation induces cellular proliferation (Fig. 5) (52). In the 

present DMBA‑induced carcinomas, PCNA was positively 

expressed primarily in pERK‑negative cells, which was consis‑

tent with a previous report (52). In a previous cDNA microarray 

analysis of DMBA‑induced mammary carcinomas in female 

Sprague‑Dawley rats, the MAPK‑modulation gene DUSP, which 

functions in the dephosphorylation and/or sequestration of ERK, 

JNK and p38 kinases (53), was the predominantly expressed 

clone (54). The present RT‑qPCR analysis revealed that the 

expression level of Dusp4 was high in DMBA‑induced mammary 

carcinomas, suggesting that the activation of the MAPK signaling 

pathway is negatively regulated by increased Dusp4 expression. 

As for the mutations in Pik3ca exons 6, 7, 9 and 20, no muta‑

tion was found in the DMBA‑induced mammary carcinomas 

in heterozygous BALB/c Trp53 knockout mice. Abba et al (10) 

demonstrated that Pik3ca mutations at a hot spot in human breast 

carcinomas were also detected in mammary carcinomas induced 

in CDF1 mice during long‑latency periods following DMBA 

administration, but not in mammary carcinomas induced in the 

same mouse strain after a short‑latency period following progestin 

medroxyprogesterone acetate plus DMBA administration.

Based on the IHC findings of mammary carcinomas in the 
present DMBA‑treated heterozygous BALB/c Trp53 knockout 

mice, the incidence of ERα‑positive carcinomas appeared to 

be increased, compared with that in spontaneous mammary 

carcinomas (Fig. S2) (24), and no obvious differences were 

observed in the positivity of pERK, β‑catenin and pAKT. On 

the other hand, in PhIP‑treated heterozygous BALB/c Trp53 

knockout mice, multiple molecular mechanisms for carcino‑

genesis (Fig. 5), including the activation of the Wnt/β‑catenin, 

PI3K/AKT and MAPK signaling pathways, e.g., N positivity 

for β‑catenin, MC positivity for pAKT, and CN positivity for 

pERK, respectively, were exhibited in comparison with those 

in spontaneous mammary carcinomas (Fig. S2) (24). However, 

no mutations were found in Pik3ca exons 6, 7, 9 and 20, or in 

Hras exon 2, codon 61. This may have been due to the fact that 

pAKT, a typical marker of PI3K/AKT pathway activation, was 

not increased in Pik3ca‑mutated luminal A subtype cancer. It 

was instead highly prevalent in the basal‑like (HR‑negative, 

HER2‑negative) and HER2‑enriched (HR‑negative, 

HER2‑positive) subtypes (36,55). To the best of our knowl‑

edge, there are no reports suggesting an association between 

the Wnt/β‑catenin signaling pathway and mammary carcino‑

genesis. In human breast cancer, no gene mutation associated 

with the Wnt signaling pathway has been reported (36), but the 

epigenetic inactivation of Wnt antagonist genes, such as secreted 

frizzled‑related protein 1, has been reported (56,57). In‑depth 

evaluation to clarify the underlying genetic mechanisms was 

not included in the present study. Therefore, further investiga‑

tion of the carcinoma tissues (including genome‑wide mutation 

sequencing or methylation analysis), is required to clarify the 

molecular mechanisms underlying the acceleration of mammary 

carcinogenesis, particularly by PhIP administration.
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In conclusion, the present mouse mammary carcinogenesis 

models induced by a combination of genetic and exogenous 

factors may be utilized (such as the DMBA‑induced model 

with Trp53 gene function deficiency as a model of adenomyo‑

epithelioma characterized by distinct biphasic cell constituents 

and Hras mutations), but PhIP‑induced models are required 

to further analyze the other genetic/epigenetic mechanisms 

promoting mammary carcinomas.
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