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Abstract: Involvements of estrogen receptor (ER)α, proliferating cell nuclear antigen (PCNA) and p53 in the uterine carcinogenesis 
process in Donryu rats, a high yield strain of the uterine cancer were investigated immunohistochemically. ERα was expressed in atypi-
cal endometrial hyperplasia, accepted as a precancerous lesion of the uterine tumors, as well as well- and in moderately-differentiated 
endometrial adenocarcinomas, and the intensities of expression were similar to those in the luminal epithelial cells of the atrophic 
uterus at 15 months of age. The expression, however, was negative in the tumor cells of poorly differentiated type. Good growth of 
implanted grafts of the poorly-differentiated adenocarcinomas in both sexes with or without gonadectomy supported the estrogen 
independency of tumor progression to malignancy. PCNA labeling indices were increased with tumor development from atypical 
hyperplasia to adenocarcinoma. The tumor cells in poorly-differentiated adenocarcinomas were positive for p53 positive but negative 
for p21 expression, suggesting accumulation of mutated p53. These results indicate that the consistent ERα expression is involved in 
initiation and promotion steps of uterine carcinogenesis, but not progression. In addition, PCNA is related to tumor development and 
the expression of mutated p53 might be a late event during endometrial carcinogenesis. (DOI: 10.1293/tox.25.241; J Toxicol Pathol 2012; 
25: 241–247)
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Introduction

Naturally occurring endometrial adenocarcinomas are 
rare in rats, whereas inductions of uterine adenocarcinomas 
have been reported in some safety evaluation studies1–3. 
The mechanisms of rat uterine cancer development are not 
fully determined; however, estrogens are accepted to play 
a crucial role in the development in rodents4–10 as well as 
endometriod adenocarcinomas in humans11,12. Maekawa 
and co-workers13 found a high-occurrence of spontaneous 
uterine endometrial adenocarcinomas in aged Donryu rats, 
which are similar to human cases as follows: 1) multistep 
development of uterine lesions from atypical hyperplasias to 
adenocarcinomas 2) ovarian hormonal imbalance especially 
elevation of the serum 17β-estradiol (E2) level relative to 
progesterone, which manifests as atrophic ovaries with cys-

tic follicles and lack of a corpus luteum and 3) morphologic 
similarities to endometrioid adenocarcinomas of humans11, 

12. The high yield of endometrial adenocarcinomas in Don-
ryu rats is considered to be closely linked to earlier occur-
rence of the ovarian imbalance detected as persistent estrus 
by vaginal smear4,14.

Based on these characteristics, a 2-stage uterine car-
cinogenesis model was established with intrauterine treat-
ment of N-ethyl-N’-nitro-N-nistrosoguanidine (ENNG) us-
ing this rat strain15 to detect promoting or preventive effects 
of test chemicals16–18.

In humans, endometrial adenocarcinoma is the most 
common malignant tumor of the female genitals in devel-
oped countries. The tumors are fundamentally sub-classi-
fied into two types, type I, endometrioid adenocarcinoma 
and type II, serous carcinoma based on epidemiological, 
clinico-pathological and molecular findings11,12,19,21. The 
former, the most common type, is considered to be related 
excess estrogen exposure, developing from endometrial 
glandular hyperplasia (AH). In contrast, the latter, account-
ing for a minority of endometrial carcinomas, does not seem 
to be related to estrogenic risk factors or elevated serum 
hormone levels. The estrogen receptor (ER) can usually be 
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identified in endometrioid adenocarcinomas, whereas se-
rous lesions are generally negative11,22. In addition, muta-
tions in the p53 tumor suppressor gene and accumulation 
of p53 protein have been detected in approximately 90% of 
serous carcinomas12,23,24, whereas they are not common in 
endometrioid adenocarcinomas and AH12,25. In the endome-
trial adenocarcinomas in Donryu rats, however, the role of 
ERα and other molecular pathology in uterine carcinogen-
esis has hitherto been obscure in this model except for K-ras 
point mutaions26.

The present study was conducted to determine the ex-
pression profile of ERα as well as the mutation of p53 during 
development of endometrial adenocarcinomas in Donryu 
rats and its link to immunohistochemically determined cel-
lular proliferative activity and p53 protein expression. Fur-
thermore, to confirm hormone-independency in poorly dif-
ferentiated endometrial adenocarcinomas in Donryu rats, 
some tumor grafts were implanted into the back subcutis 
of female and male rats, with or without gonadectomy, and 
growth of the grafts was assessed.

Materials and Methods

Samples obtained
The numbers of normal tissue samples and prolifera-

tive lesions in the endometrium of the uteri examined are 
shown in Table 1. Uterine samples were obtained from aged 
Donryu rats with or without various proliferative lesions (97 
rats, 12 to 15 months of age) used in uterine carcinogenicity 
studies previously. The aged normal uterus and prolifera-
tive lesions including well- or poorly differentiated adeno-
carcinomas were treated with intrauterine administrations 
of ENNG (Nakalai Tesque, Kyoto, Japan) at 10 or 11 weeks 
of age using assays of uterine carcinogenicity. The tissues 
were fixed in 10% neutral buffered formaldehyde solution 
and embedded in paraffin. The specimens were routinely 
processed and stained with hematoxylin-eosin (HE) for his-
topathological classification.

After fixation, the upper, middle and lower parts of 
each uterine horn and the cervix of all uteri were dissected 
into 3 pieces in cross section to classify uterine proliferative 
lesions into three degrees of atypical hyperplasia (slight, 
moderate or severe) and adenocarcinomas, according to the 
criteria described previously4,14. Briefly, atypical hyperpla-
sia is defined as irregular proliferation of atypical glands 
in the endometrium, and adenocarcinomas were diagnosed 

on the basis of invasion of the atypical glands into the 
muscularis. The adenocarcinomas were divided into well-
, moderately- and poorly-differentiated by morphological 
malignancy and degree of invasion: limited to the uterus, 
invading into the serosa and/or surrounding adnexae, and 
with distant metastasis, in accordance with the simplified 
FIGO histopathological grades for human uterine cancers27. 
Specimens from other reproductive tracts or representative 
organs were examined microscopically.

Immunohistochemistry
Serial sections of the uterus and various neoplastic le-

sions were incubated with the following antibodies: ERα 
(catalog No. NCL-ER-LH2; dilution at ×50; NovoCastra 
Laboratories Ltd, Newcastle, UK), proliferating cell nuclear 
antigen (PCNA, catalog No. M0879; dilution at ×150; Dako-
Cytomation, Kyoto, Japan), anti-wild and mutant p53 (cata-
log No. NCL-p53-CM5p; dilution at ×200; NovoCastra Lab-
oratories Ltd, Newcastle, UK) or p21 (catalog No. sc6246; 
dilution at ×100; Santa Cruz Biotechnology, Inc, California, 
USA). Before the incubation, the sections were heated with 
citrate buffer pH 7.0 using a microwave (antibodies against 
ERα, PCNA, p53 or p21 for 20, 2, 20 or 20 min, respec-
tively). After the incubation with these antibodies during 
overnight at 4°C, the sections were processed using peroxi-
dase labeled dextran polymers (Histofine, Nichirei, Tokyo, 
Japan) and were visualized with 3,3’-diaminobenzidine tet-
ra hydrochloride (Wako Pure Chemical Industries, Osaka, 
Japan). Counterstaining was with hematoxylin. The uterus 
at proestrus in the normal cycling rat was used as a positive 
control for the ERα, PCNA and p21 antibodies. Repeated 
positive reactions in the nuclei of different poorly-differenti-
ated endometrial adenocarcinoma cells were judged as posi-
tive. Sections incubated without these antibodies were used 
as the negative control.

Image-analysis of expression profiles
To compare ERα, PCNA and p53 immunohistochemi-

cal expression profiles in the endometrium of normal uteri 
in aged female rats with those of atypical hyperplasia and 
adenocarcinomas, the positive areas for these antibodies in 
total nuclear areas in the epithelium and lesions were cal-
culated using an image analyzing system (IPAP, Sumika 
Technos, Osaka, Japan). After confirmation of the morpho-
logical features of each lesion by HE staining, the positive 
nuclear areas for these antibodies and total nuclear areas in 

Table 1. Numbers of Uterine Samples Examined in the Present Study

Samples obtained Number of samples

Normal areas
Normal uteri showing no cyclicity (at 12 to 15 months of age) 50

Proliferative lesions
Atypical hyperplasias (slight to severe, at 12 to 15 months of age) 67

27, 26 and 24 samples for slight, moderate and severe, respectively)  
Adenocarcinomas (at 12 to 15 months of age, 28 

well-differentiated and 3 moderately-differentiated)
31

Adenocarcinomas (poorly differentiated, at 12 to 15 months of age) 8
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4 specimens of normal uteri and each lesion were counted, 
and the percentages of positive areas for the antibodies were 
calculated. The typical changes in the normal uteri and each 
lesion were determined using an automated cellular image 
analysis scanning system (SL-50, Applied imaging, Santa 
Clara, CA, USA). In addition, immunohistochemical stain-
ing with p21 antibody was performed if tumor cells were 
stained positive for p53.

Confirmation of hormone independence of poorly-
differentiated endometrial adenocarcinomas by tumor 
graft implantation

Mature male and female Crj:Donryu rats demonstrat-
ing normal cycling were purchased from Charles River 
Laboratories Japan (Kanagawa, Japan) and maintained in an 
air-conditioned animal room. Commercial pellet diet (CRF-
1, Oriental Yeast, Kanagawa, Japan) and drinking water 
were available ad libitum throughout the experiment. Half 
of the male and female rats (6 to 9 animals per sex) were 
gonadectomized under deep anesthesia. Two or 3 weeks af-
ter the gonadectomy, small grafts (3 mm cubes) from one 
poorly differentiated endometrial adenocarcinoma were 
implanted into the back subcutis of normal (gonad-intact) 
and gonadectomized animals. Two carcinomas identified as 
immunohistochemistry as ERα negative were selected from 
4 samples. Growth of the grafts was checked daily by pal-
pation and measured once a week up to 6 weeks after the 
implantation. Animal care and use followed the guide of the 
Animal Committee of Sasaki Institute.

Statistical analysis
Means and standard deviations (SD) of the individual 

values of positive nuclear areas and total nuclear areas in the 
normal uteri and each lesion were calculated. Growth of the 
grafts in the intact females was compared with those in oth-
er groups. In multiple comparisons, continuous data were 
analyzed with Barlett’s test. When variances were homog-
enous, Dunnett’s multiple comparison test was performed. 
The Steel’s multiple comparison test was employed, when 
variances were not homogenous. The level of significance 
was set as P<5% and 1%.

Results

Histopathologic changes in atypical hyperplasias and 
adenocarcinomas dependent were similar among the sam-
ples obtained, respectveily. Well-differentiated adenocarci-
nomas were characterized by the tumor cells arranged glan-
dular or back-to-back pattern and cytoplasmic vacuolation 
was partly detected in some cases. In poorly differentiated 
ones, severe cellular atypia and structure destruction with 
cirrhosis including dissemination into the abdominal cavity 
or metastasis to the lungs were frequently observed.

Typical immunohistochemical profiles for ERα, PCNA 
and p53 in uterine proliferative lesions assessed using an 
automated cellular image analyzing system are shown in 
Fig. 1, and calculated percentage values for positive cells are 

shown in Fig. 2. ERα expression was constantly observed in 
most of the uterine epithelium in aged rats. In the aged uteri, 
severe fibrosis or cystic hyperplasia was common, so the 
glandular epithelium was often difficult to detect. ERα posi-
tive tumor cells were distributed in the atypical hyperplasias 
and well- and moderately-differentiated adenocarcinomas. 
Their intensities were similar to that in the aged uterus (Fig. 
2). In clear contrast, no binding was detected in any of the 
poorly differentiated adenocarcinomas examined.

The numbers of PCNA-positive cells were elevated 
in uterine proliferative lesions, compared with the normal 
epithelia, and there was a tendency for an increase in the 
degree of atypical hyperplasia, and significantly increase 
in the adenocarcinomas with advancing malignancy (Fig. 
1 and Fig. 2). There was no expression of p53 in normal 
epithelia and well- or moderately-differentiated adenocarci-
nomas of either the early and advanced types. On the other 
hand, strong antibody binding was evident in poorly differ-
entiated adenocarcinomas, especially in cells with marked 
cellular atypia in invading areas, with or without abundant 
fibrous stroma, although p21 expression was not detectable 
in any tumor cells from poorly differentiated adenocarcino-
mas that were positive for p53.

Growth curves for implanted tumors are shown in Fig. 
3. The tumor nodules grafted into the back skin showed rap-
id growth in all animals of both sexes, becoming detectable 
as palpable nodules after 2 weeks. The growth curves did 
not differ between males and females up to 6 weeks after 
the implantation and were not influenced by gonadectomy. 
In addition, metastasis to the lung and/or lymph nodes was 
observed in any groups with similar incidences (over 80%) 
at the termination.

The most common aging-associated changes in the en-
dometrium were stromal fibrosis, cystic hyperplasia of the 
luminal epithelium, squamous metaplasia, atrophic cuboi-
dal epithelium and inflammation. The ovaries of aged rats 
in the present study showed atrophic changes with lack of 
corpus lutea, cystic or atretic follicles and increased inter-
stitial glands, which are typical of the observations for aged 
ovaries in this strain. A number of age-related nonneoplas-
tic or neoplastic lesions were observed in other organs, but 
no clear relationship with the expression profiles of ERα, 
PNCA or p53 could be established.

Discussion

E2 plays a crucial role in proliferating activity in the 
uteri via ER in mammals28–31. In our previous studies, 
chronic exposure to estrogenic compounds or long-term el-
evation of the serum E2/progesterone ratio has enhanced the 
development of uterine neoplastic lesions in rats, whereas 
the lesions were not inducible in ovariectomized rats7–9,32.

The present results of consistent ERα expression in the 
majority of the normal endometrial epithelium in aged uteri, 
uterine atypical hyperplasias and well- to moderately differ-
entiated adenocarcinomas suggest that uterine proliferating 
lesions in rats were estrogen dependent event mediated by 
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ERα. The high yield of endometrial adenocarcinomas in the 
Donryu rats is considered to be linked to continuous stim-
ulation of E2, and our results added that ERα-expressing 
cells might be necessary for the initiation and promotion 
steps of uterine adenocarcinoma development. The loss of 
ERα in poorly differentiated adenocarcinomas supported 

by estrogen-independent growth of the implanted tumors 
might indicate that the expression of ERα is not necessary 
for the progression step of uterine cancer in rats. It has al-
ready been established for human endometrial adenocar-
cinomas that hormone therapy has no effect on advanced 
malignancies33, 34. The involvement of another estrogen re-

Fig. 1. Immunohistochemical expression profiles of ERα, PCNA and p53 and HE staining in representative areas of normal uteri (at 12 to 
15 months of age) and various neoplastic lesions in the uteri. Well-diff., well-differentiated adenocarcinoma; Poorly-diff., poorly-
differentiated adenocarcinomas.
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ceptor form, ERβ, to uterine cancer development in rodents 
remains to be established, but recent investigations have 
pointed to a relationship between ERα and β expression in 
human endometrial adenocarcinomas35,36.

In the present study, the PCNA labeling index was in-
creased in advanced proliferating lesions, correlating with 
cellular atypia and/or tumor invasion. Only the poorly-dif-
ferentiated tumors were positive for p53 accumulation, and 
their negative reactions for p21 suggested that the cells posi-
tive for p53 were mutated. In endometrial adenocarcinomas 
in women, mutation in the p53 tumor suppressor gene and 
accumulation of p53 protein are detected in approximately 
90% of serous adenocarcinomas11,12. In endometrioid adeno-
carcinomas, p53 expression is not common, but the p53 ac-
cumulation is considered to indicate progression to uterine 
carcinoma or large high-grade tumors11,19. It was recently 
reported that p53 is not related to ERα expression status in 
women37, but any links to the question in rodents remain to 
be clarified.

Endometrial adenocarcinomas in humans have been 
classified into two broad categories: type I estrogen-depen-
dent adenocarcinoma with an endometriod morphology and 
type II non-estrogen-dependent adenocarcinoma with a se-
rous, papillary or clear cell morphology11,12,19–21. The present 
study and our previous studies described in the introduction 
indicate that the endometrial adenocarcinomas in the Don-
ryu rat strain have many similarities to type I, endometrioid 
adenocarcinoma in women. Samuelson et al. reported that 
spontaneous endometrial adenocarcinomas in BDII rats are 
also similar to type I tumors in women38. On the other hand, 
a possibility might exist that the poorly differentiated types 
in the present study might be biologically different from 
well-differentiated adenocarcinomas, because of the simi-
larity of the p53 profile in the poorly-differentiated adeno-
carcinomas in rats to that of type II carcinomas in women. 
Whereas type I cancer develops in menopausal women, type 
II is mainly detected in elderly women11. Further investiga-
tion might be required to clarify the suggestion above; how-
ever, the samples of adenocarcinomas in the present study 
were obtained from rats at similar ages supporting the idea 
that poorly-differentiated adenocarcinoma represent the late 
stage of well- or moderate-differentiated adenocarcinomas.

In conclusion, the present study provided evidence of 
the involvement of consistent ERα expression in the initia-
tion and promotion steps of uterine carcinogenesis in rats. 
The loss of expression was linked to malignant progression 
and hormone independence. PCNA is related to tumor de-
velopment and the expression of p53 might be a late event 
leading to malignancy. The data point to a number of simi-
larities with endometrioid adenocarcinomas, the major type 
of corpus uterine cancer in women.
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Fig. 2. Percentages of immunohistochemically positive cells for 
ERα, PCNA and p53 in representative areas of normal uteri 
(at 15 months of age) and various neoplastic lesions in the 
uteri. *P<0.05 and **P<0.01 indicate significant differences 
in the expression of endometrial epithelium (normal) and 
uterine proliferative lesions compared with that in normal 
aged rats at 5% and 1%, respectively. The column and bar are 
represent the mean and SD, respectively.

Fig. 3. Growth curves of tumor grafts after implantation. OVX, 
ovariectomy.
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