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Abstract

Objective: Although estrogen has been regarded as a risk factor for endometrial carcinoma, its concentration-
dependent carcinogenetic effects remain unclear, because most endometrial carcinomas occur in post-menopausal
women, whose serum estrogen levels are relatively low. We previously reported that high levels of estradiol (E2)
may suppress endometrial carcinogenesis by up-regulating DNA mismatch repair (MMR) in vitro. The present study
was undertaken to further examine the carcinogenetic role of estrogen at various concentrations in vivo.

Methods: N-methyl-N-nitrosourea (MNU) was injected into the uterine cavity of 29 mice, and E2 was
administered by pellets or orally. Uteri were removed for histological examinations 24 weeks later, and serum E2
levels were measured. The immunohistochemical expression of MMR proteins in uterine epithelia was investigated.

Results: Of 29 mice, 8, 8, 8, and 5 showed atrophic, normal, hyperplastic, and carcinomatous endometria,
respectively. The mean E2 levels of each group were 0.2 pg/ml, 3.8 pg/ml, 190.0 pg/ml, and 6.7 pg/ml, with
significant differences. The expression of the MMR proteins was stronger in mice with elevated E2.

Conclusion: Elevated E2 levels preferentially induced endometrial hyperplasia rather than carcinoma, and this
may be mediated by MMR proteins. These results indicate that modest E2 is needed, whereas elevated E2 levels
are not necessarily advantageous for carcinogenesis, suggesting the importance of low-chronic (un-opposed)

estrogen in human endometrial carcinogenesis.
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Introduction

Malignant transformation is more likely to occur in actively
dividing cells, because DNA replication errors increase with DNA
duplication and mitosis [1]. Normal endometrial glandular cells
express estrogen receptors (ER) and their proliferation is stimulated by
estrogen [2]. Thus, physiologically elevated serum estrogen levels,
approximately 100-300 pg/ml (10° M-10% M) of estradiol (E2) as
observed in women with normal menstrual cycles, are presumed to
accelerate endometrial carcinogenesis. However, most endometrial
carcinomas occur in peri- or post-menopausal women, whose serum
estrogen levels are relatively low (less than 100 pg/ml or 1071°M) [3].
Serum estrogen levels are also low in women receiving estrogen
replacement therapy, a well-known risk factor for the development of
endometrial carcinoma [3]. Thus, the actual role of the estrogen load in
endometrial carcinogenesis currently remains unclear.

Recent research revealed that genetic abnormalities such as PTEN,
PIC3CA, and K-RAS mutations are involved in the early tumorigenesis
of endometrial endometrioid-type adenocarcinoma [4], and these
events have been more frequently detected in tumors with
microsatellite instability (MSI), caused by impaired mismatch repair
(MMR) via silencing methylation and mutations in MMR genes [5,6].

These findings indicate that an MMR deficiency is an important event
in the early stages of endometrial carcinogenesis. More recently, TCGA
data on endometrial carcinoma revealed that approximately 40% of
cases had MSI [7], supporting the importance of MMR in this
malignancy. Several studies reported a relationship between estrogen
and MMR; the use of estrogen has been shown to reduce the risk of
MSI-positive colon cancer [8], and MSI correlated with the absence of
ER expression in breast carcinoma [9].

We previously demonstrated that the expression of MMR proteins
such as hMLH1 and hMSH2 as well as MMR activity was increased by
E2 in cultured normal endometrial glandular cells and ER-positive
endometrial carcinoma cells, suggesting that elevated E2 levels
suppress endometrial carcinogenesis, and also that relatively low E2
levels may benefit the occurrence of this malignancy in vitro [10]. In
order to further understand the role of estrogen in endometrial
carcinogenesis in vivo, we employed a mouse endometrial carcinoma
model in which carcinoma was induced by an intra-uterine injection of
a potent carcinogen, N-methyl-N-nitrosourea (MNU) [11], and
examined the effects of various concentrations of E2 on mouse
endometrial histology.
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Materials and Methods

Animals and chemicals

Twenty-nine female ICR mice (6 weeks old) were purchased from
Japan Charles River Co. (Kanagawa, Japan). The care and use of
experimental animals were in accordance with institutional guidelines.
A basal diet (Oriental MF, Oriental Yeast Co., Tokyo, Japan) and
filtered distilled water were provided. Water soluble 17-estradiol (E2)
and MNU were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Polyethylene glycol (PEG) was purchased from Wako (Tokyo, Japan).
E2 pellets (0.72 mg/pellet 90-day release) were purchased from
Innovative Research of America (Sarasota, FL). This study was
performed in accordance with the Regulations for Animal
Experimentation of Shinshu University. The animal protocol was
approved by the Committee for Animal Experiments of Shinshu
University (Approval Number 220084). Based on national regulations
and guidelines, all experimental procedures were reviewed and
approved by the Committee for Animal Experiments Shinshu
University.

Experimental protocols for MNU and E2 administration

Animal experiments in the present study were performed as
described previously [11] with some modifications. In brief, MNU was
dissolved in distilled water at a concentration of 1 mg/ml and 6% of
PEG was added to the solution to increase viscosity. Of 29 mice, 100 pl
of the MNU solution was injected into each side of uteri in 27 mice,
and 100 pl of normal saline was injected into 2 mice as a control.

Ovariectomy was additionally performed on 12 mice. In 7 mice, E2
pellets were given twice at the operation for the MNU injection and at
12 weeks after the operation. In 22 mice, E2 dissolved in water was
added orally. In this group, mice started drinking E2 solution at
various concentrations (0. 0.001, 0.01, 0.1, 1, 10, and 20 x 10 &/ml)
after the operation. Twenty-four weeks after the administration of
MNTU, uteri were removed, fixed in formalin, and embedded in paraffin
for histological examinations. Sera were also collected and frozen at
-80°C for later analyses. The experimental schedule was summarized in
Figure 1.
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Figure 1: Summary of the experimental schedule. MNU: N-methyl-
N-nitrosourea; E2: estradiol.

Measurement of serum E2 levels

Mouse serum E2 levels were measured in 15 mice by an electro
chemiluminescence immunoassay (ECLIA) using Cobas e411 (Roche
Diagnostics, Basel, Switzerland). Coeflicients of variation in this
system were less than 4.6%. Since the lower cut-off value of the ECLIA
assay is 9.0 pg/ml, remaining 14 mice were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using
Shimadzu HPLC system (Shimadzu Co. Ltd., Kyoto, Japan) and
API5000 (Sciex, Framingham, CA, USA).

LC-MS/MS is highly sensitive, and capable of measuring E2 lower
than 9.0 pg/ml. Measurement accuracy was 85% to 115% by quality
control samples. Inter-assay coeflicients of variation were 1.5 to 3.2%,
and intra-assay coefficients of variation were 1.5 to 4.9%. In the present
study, the serum E2 levels were classified as follows: high E2 level: >10
pg/ml, intermediate E2 level: 1.0~10 pg/ml, low E2 level: <1.0 pg/ml.
The mean serum E2 level in all estrous stages was reportedly 2.7 + 1.0
pg/ml (mean+SEM) with the highest level being observed in the
proestrus stage (approximately 8.0 + 3.0 pg/ml) [12]. Therefore,
moderate E2 levels roughly corresponded to that of the normal E2
range in mice.

Immunohistochemistry and evaluation

Immunohistochemical staining was performed according to our
previous study (10). Rabbit monoclonal anti-MLH1, anti-MSH2, and
anti-MSH6 antibodies were used as primary antibodies (dilution1:50;
Santa Cruz Biotechnology, Inc., Dallas, TX). After deparaffinization
and a microwave treatment, each section was incubated with the
primary antibody at 4'C overnight.

After washing, sections were visualized using the Histofine MAX-
PO kit (Nichirei, Tokyo, Japan) and diaminobenzidine. Staining with a
rabbit IgG-Isotype control antibody (Abcam, Cambridge, UK) was
used as a negative control. Normal human colon tissue was used as a
positive control. Immunoreactivity was evaluated according to the
intensity of staining by three independent reviewers (R.A., TM., and
Y.Y.), and described as ‘weak’, ‘moderate’, and “strong” because the
staining pattern of these MMR proteins was largely homogeneous with
limited heterogeneity.

Statistical analysis

All statistical analyses were conducted using the SPSS Statistics
system (IBM, Armonk, NY). The significance of differences was
examined using the Mann-Whitney U test, Kruskal-Wallis test, and
Fisher’s exact test where appropriate. A P value of less than 0.05 was
considered significant.

Results

Serum E2 levels

Of 29 mice, serum E2 levels were measured using the ECLIA assay
in 15 mice. In these 15 mice, 7 showed E2 less than the lower cut-off
value (9.0 pg/ml). Therefore, the E2 level of these 7 mice was
tentatively regarded as 4.5 pg/ml for quantitative analyses. Accordingly,
10 mice showed low serum E2 levels, 11 showed intermediate E2 levels,
and 8 showed high E2 levels. The serum E2 level of each mouse with
the route of administration and dose of E2 were summarized in Figure
2.
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Figure 2: Routes and dose of estradiol (E2) administration, and
serum E2 levels of 37 mice. SC: Subcutaneous; OVX: Ovariectomy;
*: all dots “<9.00 pg/ml” were described as dots for 4.50 pg/ml.

Endometrial histology and serum E2 levels

The macroscopic figures of extirpated uteri and histological findings
of corresponding endometrial tissues were shown in Figure 3. In
control mice after ovariectomy, uteri were small and thin (Figures 3A
and 3E) and endometrial epithelia were atrophic. E2-treated mice had
larger and heavier uteri than control mice with a normal endometrial
morphology (Figures 3B and 3F), and they often had hyperplastic
(Figures 3C and 3G) or carcinomatous regions (Figures 3D and 3H).
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Figure 3: Macroscopic figures of resected uteri (A-D) and
corresponding photomicrographs (E-H).A and E: an atrophic
uterus and endometrium; B and F: a normal uterus and normal
endometrium; C and G: the uterus is enlarged, and the
endometrium is hyperplastic; D and H: the uterus is very swollen
and shows endometrial carcinoma with deep myometrial invasion
(arrow).

Of 29 mice, 8 had atrophic endometria, 8 had normal endometria, 8
had endometrial hyperplasia, and 5 had endometrial carcinoma
(Figure 4). Of 8 mice with endometrial hyperplasia, 2 had intermediate
E2 levels and the remaining 6 had high E2 levels. Of 5 mice with
endometrial carcinoma, one had a high E2 level (18.9 pg/ml), whereas
the remaining 4 had intermediate E2 levels. The mean E2

concentrations (+ standard deviation) of mice with atrophic, normal,
hyperplastic, and carcinomatous endometria were 0.2 + 0.3 pg/ml, 3.8
+ 4.6 pg/ml, 190.0 + 262.1 pg/ml, and 6.7 + 8.2 pg/ml, respectively. The
mean E2 level was significantly higher in endometrial hyperplasia than
in atrophic, normal and carcinomatous endometria(P<0.05).The
incidence of endometrial carcinoma was 19.0 % in the moderate and
low E2 groups and 12.5% in the high E2 group (Table 1). However, this
difference was not significant. The incidence of hyperplasia in the high
E2 group (75.0 % wvs. 9.5%) and that of atrophic endometria in the
moderate and low E2 groups (38.0% vs. 0%) significantly differed.
These results indicated that an intermediate E2 level is suitable for the
development of endometrial carcinoma, and high E2 levels induced
endometrial hyperplasia rather than carcinoma.

Fig. 4
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Figure 4: Graphic demonstration of endometrial morphology and
the mean serum E2 level of each mouse. #1:Significantly different
(p<0.05) from Normal, Hyperplasia, and Carcinoma; #2:
Significantly different (p<0.05) from Atrophy and Hyperplasia; #3:
Significantly different (p<0.05) from Atrophy, Normal, and
Carcinoma; #4:Significantly different (p<0.05) from Atrophy and
Hyperplasia; ":All dots “<9.00 pg/ml” were described as dots for 4.5
pg/ml; " There are two dots for 0.06pg/ml.

Serum E2 level Atrophy | Normal Hyperplasia | Carcinoma
Less than 10 pg/ml 8 (38.0%) | 7 (33.3%) | 2(9.5%) 4 (19.0%)
More than 10 pg/ml 0 (0%)" 1(12.5%) | 6 (75.0%)" 1(12.5%)

“: Significantly lower incidence from less than 10 pg/ml. (p<0.05)

“: Significantly higher incidence from less than 10 pg/ml. (p<0.05)

Table 1: Serum E2 level and endometrial morphology of each case.

The expression of MMR proteins in mouse endometrial
epithelia

The immunohistochemical expression of MLH1 was mainly
observed in the cytoplasm, while that of MHH2 and MSH6 was in the
nucleus (Figure 5). In MLHI staining, mean serum E2 levels in the
strong staining intensity group were significantly higher than in the
“weak” and ‘moderate” staining groups (P=0.0061 and P=0.0025). In
MSH?2 staining, the mean serum E2 level was higher in the strong
staining group but was not significantly different. Although a clear
statistical relationship between histological types and E2 levels was not
detected, normal or atrophic epithelia often showed weak staining for
these proteins, whereas hyperplastic epithelia frequently exhibited
strong staining (Figure 5). The moderate expression of MLH1 and
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MSH2 and strong expression of MSH6 were observed in one mouse
with endometrial carcinoma containing elevated E2 levels (18.9 pg/
ml).

Fig. 5
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Figure 5: Upper: Representative photomicrographs of the MMR
protein immunostaining of endometrial tissues. All three cases were
endometrial hyperplasia with elevated E2 levels and strong MMR
protein expression. Lower: Graphic demonstration of the
immunohistochemical expression of MMR proteins (described as
weak, moderate or strong) and serum E2 levels. Mice with strong
MLHI1 expression showed higher serum E2 levels than those with
weak or moderate MLH1 expression with a significant difference (*:
p<0.05).

Discussion

Although endometrial carcinoma is regarded as an estrogen-
dependent tumor, the actual roles of estrogen, particularly its
concentration-related effects, on the genesis of this malignancy remain
unclear.The present study showed that most MNU-induced
endometrial carcinomas were observed in mice with intermediate
serum E2 levels, whereas mice with high E2 levels often exhibited
endometrial hyperplasia, a precursor of endometrial adenocarcinoma.
These results indicate that intermediate E2 levels are preferable for the
development of endometrial carcinoma, while elevated or excessive
levels of E2 suppressed carcinogenesis, suggesting the “biphasic” role of
estrogen on the genesis of endometrial carcinoma.

Several studies reported a role for estrogen in carcinogenesis;
however, their conclusions are still somewhat uncertain. In human
studies [13-19], serum E2 levels in postmenopausal women with
endometrial carcinoma were slightly higher than those in healthy
postmenopausal women. However, the baseline E2 levels in both
groups were low, i.e., approximately 10~20 pg/ml, and the difference in
E2 values in both groups were largely less than 5 pg/ml. The biological
significance of this small difference appears to be unclear considering
that normal E2 may markedly fluctuate from approximately 5 pg/ml to
higher than 300 pg/ml during a woman life. In addition, serum E2
levels in premenopausal women with endometrial carcinoma were
slightly lower than in healthy controls [13].

The role of E2 is also controversial in mouse models. Several studies
demonstrated the carcinogenic effects of estrogen. For example, Niwa
et al. showed that the frequency of MNU-induced mouse endometrial
carcinoma was increased by the oral intake of E2 [11]. Newbold et al.
reported that a subcutaneous injection of E2 and 4-hydroxyestradiol
into neonatal mice induced endometrial carcinoma in 7% and 66% of
injected mice [20]. Vilgelm et al. found that the number of endometrial
carcinoma lesions in Pten-/+ mice was reduced by the administration

of a pure ERa antagonist, suggesting a positive role of estrogen in
tumorigenesis [21]. Jeong et al. reported that the knockout of MIG6, a
pivotal downstream molecule in the progestin-induced growth
suppression of endometrial carcinoma cells, resulted in the
development of endometrial carcinoma following the addition of E2
[22]. In contrast, Joshi et al. showed that Pten-/+ mice developed
endometrial carcinoma, whereas the simultaneous knockout of ERa
resulted in a higher incidence of endometrial carcinoma, suggesting
that endometrial carcinogenesis is independent of estrogen and ERa
[23]. Moreover, Saito et al. reported that Pten conditional knockout
mice in the endometrium using the Cre-loxP system developed
endometrial carcinoma; however, the tumor formation was suppressed
by the addition of E2 [24]. This discrepancy may be due in part to
methodological differences. In addition, the genetically engineered
mice used in these studies may have aberrant MMR systems, which
potentially influence the possible relationship between estrogen and
MMR. Therefore, the mouse model used in this study has an advantage
because it has an intact MMR system. Another important factor is the
concentration of E2. Physiological serum levels of E2 in mice
reportedly range between from 1 and 10 pg/ml [12]. However, none of
the above-described animal studies examined the concentration of E2
in each mouse used. In the present study, we measured serum E2 levels
in each mouse and directly evaluated the effects of serum levels of E2
on tumorigenesis. Consequently, the present study clearly indicated
that endometrial carcinoma often occurs in intermediate E2 levels, and
elevated E2 suppressed the genesis of endometrial carcinoma, but
induced endometrial hyperplasia. This is the first mouse study to
demonstrate the concentration-related risk of E2 on endometrial
carcinoma.

The present study also showed that the expression of MMR proteins
in the endometrial epithelium increased in mice with elevated serum
E2 levels. We previously reported that the increased expression of
MMR correlated with MMR functions in vitro [10]. Therefore, the
elevated immunohistochemical expression of MLH1 and MSH2, which
are pivotal for MMR functions, in mice with elevated E2 levels appears
to indicate improved MMR function. This result may explain the
reduced incidence of cancer in mice with high E2 levels.

Collectively, the concentration-dependent risks of E2 observed in
this mouse model are similar to our previous findings using human
cultured cells [10]; we revealed that the expression of the MMR protein
and its functions were up-regulated by E2 in cultured normal
endometrial glandular cells. We then classified endometrial glandular
cells into three groups according to E2 levels and proliferative activity.
The first group was characterized by high (>80 pg/ml) serum E2 levels
with elevated proliferative activity and strong MMR protein
expression, as observed in young women with normal menstruation.
The second group was defined by relatively low (20~80 pg/dl) E2 levels
with low proliferative activity and low MMR protein expression, as
observed in perimenopausal or early postmenopausal women. The
third group had low E2 (<20 pg/ml) levels with no proliferative activity
and no MMR protein expression, as observed in late postmenopausal
women. The incidence of endometrial cancer is the highest in the
second group, i.e., the “intermediate” E2 level group. Potential cancer
risks due to active proliferation in the first group were neutralized by
strong MMR functions. In the third group, endometria become
atrophic and intrinsic cancer risks were low irrespective of the MMR
status. Proliferating endometrial epithelial cells without MMR activity
were often observed in the second group, and these cells were
considered to be cancer “high risk” cells. Based on these findings, we
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proposed a range of intermediate “cancer-prone’, E2 levels. The results
obtained in the present mouse study support our previous findings.

MNU is a potent chemical carcinogen [25,26] and is widely used to
induce mutations and carcinomas [27]. In this mouse endometrial
carcinoma model, carcinoma developed within a relatively short time
period (20-30 weeks); thus, this model is convenient for the analysis of
endometrial carcinogenesis. In previous studies using this model, the
frequency of endometrial carcinoma development was approximately
40 % [11,28,29], which was higher than in the present result (5/29, 17
%). This may be due to differences in the route and dose, and duration
of E2 administration, or the effects of progesterone in mice with
ovaries. MNU reportedly evokes not only various types of DNA
damage [25-27], but also MSI and subsequent point mutations [30-32].
A previous study reported that an intraperitoneal injection of MNU
into CD mice resulted in the development of thymic lymphoma and
systemic MSI [30], suggesting that MNU impairs MMR function. In
the present study, the elevated expression of MMR proteins was often
observed in mice with elevated serum E2 levels. Therefore, the E2-
induced MMR protein may have counteracted MNU-induced
carcinogenesis in mouse endometrial carcinoma, resulting in the
formation of endometrial hyperplasia. In the present study, one mouse
with elevated E2 levels developed endometrial carcinoma. In this
mouse, the expression of MMR proteins was moderate or strong,
suggesting that the carcinogenic effects of MNU and E2 overrode the
protective effects of MMR proteins. Although the exact mechanisms
currently remain unknown, this mouse may represent endometrial
carcinoma that occurs in young women with normal estrogen levels
and normal menstrual cycle.

Conclusion

The present study demonstrated that adequate E2 levels are needed
for the development of endometrial carcinoma, whereas elevated E2
levels may suppress endometrial carcinogenesis possibly by the up-
regulation of MMR functions. These results suggest a biphasic role for
estrogen in endometrial carcinogenesis and indicate the importance of
low-chronic or unopposed estrogen exposure in human endometrial
carcinogenesis.
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