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to the Cip/Kip family that includes p21
Cip1

, p27
Kip1

, and

p57
Kip2

. The amino-terminal domain of p21 is necessary

for the inhibition of cyclin/CDK activity, and its carboxy-

terminal domain is associated with proliferating cell nuclear

antigen (PCNA), an accessory factor for DNA polymerase

� (5). The binding of p21 with PCNA can inhibit DNA repli-

cation without affecting DNA repair (6). In response to DNA

damage, p21 expression is induced and the cell cycle is

arrested (7,8). Elevated expression of p21 is also found in

cells undergoing differentiation (9). However, increased p21

expression is not necessarily linked to growth arrest. Expe-

rimental evidence shows that p21 can be induced in response

to growth signals, such as serum and growth factors (10,11).

The heperproliferation in the epidermis of E6/E7 transgenic

mice is accompanied by increased levels of p21, cyclin D1,

CDK2, CDK4, and CDK6 (12). The assembly of CDK4 with

the D types of cyclin and the activity of cyclin D–associated

kinase can be promoted by p21 (13). Therefore, p21 may act

not only as a cell-cycle inhibitor, but also as a positive regu-

lator of the cell cycle.

p21 has been detected in human and mouse uterus (14–

17). It was found that terminally differentiated endometrial

epithelial cells exhibited variable expression of p21, and

that endometrial hyperplasias and endometrial adenocarci-

nomas showed decreased expression of p21 (14). It seems

that p21 may play a negative role in regulating uterine cell

proliferation. However, there was no clear pattern related

to the hormonal regulation of cell proliferation and the expres-

sion of p21 in the uterus during the menstrual cycle (14,15).

Recently, it has been reported that androgen stimulates cell

proliferation and upregulates p21 gene expression in pro-

static epithelial cells (18,19), suggesting a positive role for

p21 in cell proliferation by sex steroid in its target organ. The

administration of estrogen in adult ovariectomized (OVX)

mice and rats stimulates cell proliferation specifically in

uterine epithelial cells, but the coadministration of proges-

terone (P
4
) suppresses its effect (20–22). In the present study,

we used immunostaining to investigate p21 expression and

cell proliferation in the uterus under the influences of ova-

rian steroids. Our results show that estrogen stimulates and

P
4
 inhibits p21 expression specifically in uterine epithe-

lium and that its expression is well correlated with DNA syn-

thesis and mitosis.

p21Waf1/Cip1 was originally identified as an inhibitor of
the cell cycle. Recent evidence suggests that it can act
as a positive regulator of the cell cycle under the influ-
ence of some growth stimulators. We investigated the
effects of ovarian steroids on the expression of p21, DNA
synthesis, and mitosis in the uterus. Capsules containing
17�����-estradiol (E2) were subcutaneously implanted in
ovariectomized mice that were sacrificed on different
days. Their uteri were collected for p21 immunohis-
tochemical staining. To study mitosis and DNA synthe-
sis, colchicine and bromodeoxyuridine (BrdU) were
injected into mice 3 or 5 h before sacrifice. The results
showed that p21 expression, BrdU incorporation, and
the mitotic index in uterine luminal epithelium increased
1 to 2 d after E2 stimulation and then declined to basal
levels between d 3 and 6. Furthermore, cotreatment with
progesterone (P4) and E2 suppressed both p21 expres-
sion and the DNA synthesis stimulated by E2 alone in
uterine epithelial cells. Our results show that estrogen
stimulates p21 expression and cell proliferation in uter-
ine luminal epithelium and that cotreatment with P4 pre-
vents both effects, suggesting that p21 may act as a pos-
itive cell-cycle regulator.

Key Words: p21; proliferation; uterus; estrogen.

Introduction

The progression of the cell cycle is regulated by cyclins

and their associated cyclin-dependent kinases (CDKs)

(1,2). Different cyclin/CDK complexes are activated at

specific stages of the cell cycle. The activities of the cyclin-

CDK complexes are in turn constrained by the CDK inhibi-

tors, which include the INK4 and Cip/Kip families (1,2).

p21
Waf1/Cip1

, the first CDK inhibitor identified (3,4), belongs
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Results

Figure 1 shows the immunostaining of p21 in mouse

uterine epithelium after estrogen treatment. No p21 immu-

noreactivity was detected in OVX mice (Fig. 1A). The estro-

gen treatment induced a marked increase in the expression

of p21 in uterine luminal epithelium 1 to 2 d after the hor-

monal stimulus (Fig. 1B,C), which decreased after 3–6 d of

treatment with 17�-estradiol (E
2
) (Fig. 1D). The effects of

estrogen appeared to be epithelium specific since similar

responses were also observed in the glandular epithelium

(data not shown). Because it has been reported that p21 is

induced in response to cell injury (23), the small intestine

from an X-ray-irradiated mouse was used to confirm the

immunostaining of p21 (Fig. 1F).

To examine whether p21 is a positive regulator in estro-

gen-stimulated uterine epithelium, the changes in DNA

synthesis and mitosis in the uterus after estrogen stimulation

were investigated. Concomitant with the increased expres-

sion of p21, both the bromodeoxyuridine (BrdU) labeling

index and the mitotic index in uterine luminal epithelium

increased 1 to 2 d after hormonal stimulation. Also consis-

tent with the changes in p21 expression, the BrdU labeling

and mitotic indexes decreased with continuous treatment

of E
2
 for 3–6 d (Fig. 2). We also examined the changes of

other cell-cycle regulatory proteins, including G1-phase

Fig. 1. Immunostaining of p21 in uterine luminal epithelium under estrogen treatment. OVX mice were implanted with E
2
 capsules and

sacrificed at (A) 0, (B) 1, (C) 2, or (D) 3 d after E
2
 treatment. (E) Negative control: E

2
-treated uterine section immunostained with normal

rabbit IgG; (F) positive control: strong expression of p21 was detected in the epithelial nuclei of the small intestine of the irradiated mice.

Bar = 100 µm.
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cyclin D1 and S-phase cyclin A, in the uterus after the stim-

ulus of estrogen. In OVX mice, no cyclin D1 or A could be

detected in the nuclei of the uterus (Fig. 3A,C); however,

cyclin D1, cyclin A, and p21 were detected in the nuclei of

uterine epithelial cells 2 d after estrogen treatment (Fig. 3B,

D,F). These results show a perfect temporal correlation between

p21 expression and different indices of cell proliferation.

It has been reported that estrogen stimulates and P
4
 inhib-

its uterine epithelial cell proliferation (20,22). We postu-

lated that if p21 acts as a positive regulator of the cell cycle,

then cotreatment with P
4
 and E

2
 should inhibit E

2
-stimu-

lated p21 expression. Thus, the expression of p21 was fur-

ther analyzed in uteri treated with E
2
, P

4
, or both. The results

showed that E
2
 stimulated p21 expression and DNA synthe-

sis while P
4
 alone had no effect. As expected, the cotreat-

ment suppressed the E
2
-induced expression of p21 and DNA

synthesis in luminal epithelial cells (Fig. 4).

Discussion

Estrogen has been shown to stimulate cell proliferation,

to upregulate the expression of cell-cycle regulatory proteins

(including cyclins D1, E, and A), and to increase the activi-

ties of related CDK in the uterus (21,22,24). In the present

study, we report that, specifically in mouse uterine epithe-

lial cells, estrogen stimulates an expression of p21 that is

accompanied by epithelial cell proliferation. Concomitant

inhibition in E
2
-stimulated p21 expression and cell prolif-

eration was observed in the presence of P
4
 or continuous E

2

treatment.

Although immunostaining has demonstrated the expres-

sion of p21 in the uterus of diethylstilbestrol (DES)-treated

neonatal mice and in uterine stromal cells during decidual-

ization (16,17), Western blotting failed to detect p21 in the

estrogen-treated adult uterus of OVX rats and mice (22,25).

In the present study, we used immunostaining to demonstrate

that there was a cell-type-specific expression of p21 induced

by estrogen in the mouse uterus. Estrogen stimulated p21

expression specifically in uterine epithelial cells, whereas P
4

suppressed estrogen-induced p21 expression. Interestingly,

the expression of p21 in ovarian steroid-treated uteri corre-

lated well with uterine epithelial cell proliferation. It has been

reported (25) that estrogen stimulated the expression of the

cell-cycle inhibitor p27
Kip1

 in the rat uterus. Immunohisto-

chemical evidence further showed that p27
Kip1

 expression

was restricted to the stroma where cell proliferation did not

occur; however, the expression of cyclin D1 was predomi-

nant in the epithelium (26). This suggests that cyclin D may

mediate the mitogenic effect of estrogen in epithelial cells

and that p27
Kip1

 may prevent the same effect in the stroma.

Our results that a perfect temporal and spatial correlation

exists among p21, cyclin D1, and DNA synthesis in the epi-

thelium under E
2
 stimulation suggest that p21 may indeed

act as a positive regulator of the cell cycle.

It is generally thought that p21 retards G1-phase progres-

sion and acts as a cell-cycle inhibitor; however, recent evi-

dence suggests that p21 can also be a positive regulator of

the cell cycle (27). Both p21 and p27 have been shown to

form complexes with cyclin D–CDK4 in proliferating cells

and to increase the kinase activity of these complexes (13).

In p21/p27 double-null primary mouse embryonic fibro-

blasts, the assembly of cyclin D–CDK4 was impaired, but the

progression of the cell cycle was not disturbed in these cells

(28). It seems, then, that the formation of cyclin D–CDK4-

p21/p27 complexes may not be necessary for cell-cycle

progression. Muraoka et al. (29), however, reported that the

association of cyclin D1 with CDK4 and the nuclear local-

ization of cyclin D1 were impaired and cell proliferation

decreased in p27
�/�

 mammary epithelial cells. Weiss et al.

(30) demonstrated that the transfection of vascular smooth

muscle cells with antisense of p21 resulted in inhibition of

platelet-derived growth factor–stimulated DNA synthesis

and cell proliferation. These data support the role of p21

Fig. 2. (A) Effects of estrogen on percentage of BrdU-labeling

index, (B) mitotic index, and (C) p21-positive cells in uterine lumi-

nal epithelium. OVX mice were implanted with E
2
 capsules and

sacrificed at 0, 1, 2, 3, 4, 5, and 6 d after hormonal treatment. The

BrdU-labeling index, the mitotic index, and the percentage of

p21-positive cells were determined as described in Materials and

Methods. *p < 0.05 compared with d 0.
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and p27 in the activation of cell-cycle progression. In a

recent study, p21 and cyclin D3 were found to coexpress in

decidualizing uterine stroma cells that exhibit a high per-

centage of polyploidy (17). The correlation between p21/

cyclin D3 expression and increased polyploidy in decidual-

izing stroma is consistent with the idea that p21 may act as

a positive regulator for the entry of cells from G1 to S phase.

Identification of the mechanisms that p21 may contribute to

the estrogen-stimulated uterine epithelial cell proliferation

awaits further investigation.

The p21 gene is regulated by diverse signals that may

induce growth arrest, differentiation, and proliferation. p53-

dependent regulation of p21 is critical for the response to

DNA damage (31). Androgen, a mitogen for prostatic epithe-

lial cells, has been shown to stimulate the p21 gene through

an androgen response element (18). Moreover, transcription

factor Sp1 has been reported to mediate androgen respon-

siveness (32), and to be involved in the expression of several

estrogen-regulated genes, including cyclin D1 (33,34). The

induction of cyclin D by E
2
 in ZR75 breast cancer cells in-

volved nuclear ER�/Sp1 interaction (34). Because p21 pro-

moter contains six Sp1-binding sites (35), there is a strong

possibility that the interaction of ER and Sp1 may be involved

in estrogen-stimulated p21 expression.

In conclusion, our results show that estrogen stimulates

the expression of p21, cyclin D1, and cyclin A specifically

in mouse uterine epithelial cells. Estrogen-stimulated p21

expression was accompanied by mitosis and DNA synthe-

Fig. 3. Changes in expression of p21, cyclin D1, and cyclin A in uterine luminal epithelium after E
2
 treatment. OVX mice received the

E
2
 capsule. After 2 d, animals were sacrificed and their uteri collected for immunostaining of (A, B) cyclin D1, (C, D) cyclin A, and (E,

F) p21. (A, C, E) OVX uteri; (B, D, F) 2 d after E
2
 treatment. Bar = 100 µm.
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sis, while the cotreatment of progesterone inhibited them

all. The expression of p21 with cell proliferation in uterine

epithelium indicates that p21 may act as a positive regulator

for cell-cycle progression in uterine luminal epithelial cells.

The mechanisms by which estrogen regulates p21 expres-

sion warrant further study.

Materials and Methods

Animals

Female C57BJ/6NCrj (B6) mice 8–10 wk old were obtained

from our university’s animal center and maintained on stan-

dard chow and water ad libitum in animal facilities illumi-

Fig. 4. Immunostaining of p21 and BrdU in response to E
2
 and P

4
 treatment in mouse uterus. OVX mice received different treatments

for 2 d and were injected intraperitoneally with BrdU 5 h before sacrifice. Their uteri were removed for the immunostaining of (A) p21

and (B) BrdU. Vehicle = with capsules containing oil; E
2
 = with capsules containing E

2
; P

4
 = with injection of P

4
, 1 mg/(mouse.d); E

2

+ P
4
 = with E

2
 capsules and injection of P

4
. Bar = 100 µm.



Estrogen and p21 in Uterine Epithelium / Lai et al.238 Endocrine

nated between 6:00 AM and 6:00 PM. All procedures were

performed in accordance with the animal center’s guidelines

on the handling and training of laboratory animals. For the

study of hormonal control of the uterus, mice were OVX at

least 2 wk before being subcutaneously implanted with silas-

tic capsules containing E
2
, (25 µg/mL dissolved in sesame

oil), prepared according to the procedures described by

Cohen and Milligan (36). After different time intervals,

animals were sacrificed and their uteri removed. In another

set of experiments, OVX mice were divided into four groups:

control, E
2
 treated, P

4
 treated, and E

2
/P

4
 treated. The control

group received capsules containing sesame oil, and the P
4

group was injected daily with progesterone (1 mg/[mouse.d]).

The E
2
-treated mice were implanted with E

2
 capsules and

the E
2
/P

4
-treated group received E

2
 capsules and daily injec-

tions of progesterone. The treatments of ovarian steroids

generated plasma E
2
 and P

4
 concentrations similar to those

in early pregnancy (37).

Measurement of Mitotic and BrdU Labeling Indexes

The mice were treated with BrdU and colchicine accord-

ing to previously described procedures (38). In brief, the mice

were injected intraperitoneally with 5-bromo-2'-deoxy-

uridine (cell proliferation kit; Amersham, Piscataway, NJ)

5 h before sacrifice, and subcutaneously with colchicine (0.5

mg/100 g of body wt) (Sigma-Aldrich, St. Louis, MO) 3 h

before sacrifice. The uterus was removed and fixed in 4%

formalin solution and embedded in paraffin. To measure

the mitotic index, tissue sections were stained with hematoxy-

lin and eosin, and the cells undergoing mitosis were counted.

A minimum of 800 cells per tissue was counted, and the re-

sults were expressed as a percentage (mitotic cells/total cells

counted).

BrdU Staining

Tissue sections were deparaffinized, rehydrated, and

then heated with 10 mM citrate buffer (pH 6.0) in a 640-W

microwave oven for 10 min. After blocking with 3% H
2
O

2

in phosphate-buffered saline (PBS) and washing with PBS,

a monoclonal anti-BrdU antibody (Amersham) was added

and incubated for 1 h at room temperature. After washing

in PBS, sections were treated with peroxidase anti–mouse

IgG (Amersham) for 30 min. Color development was achieved

by incubation with an aminoethyl cabazole substrate kit

(Zymed, South San Francisco, CA). For quantitative analy-

sis, sections were randomly chosen and BrdU-immunore-

active cells were counted at a minimum of 800 cells for each

tissue. The results were expressed as a percentage (BrdU-

immunoreactive cells/total cells counted).

Immunohistostaining of p21, Cyclin D1, and Cyclin A

Tissue sections 5-µm thick on poly-L-lysine-coated slides

were dewaxed through xylene, passed through 100% etha-

nol, and then incubated with 2% H
2
O

2
 in methanol. After

being passed through a graded series of ethanol to distilled

water, they were heated with 10 mM citrate buffer (pH 6.0)

in a microwave oven for 30 min. After being blocked with

10% goat serum and washed with PBS, primary rabbit

polyclonal antibody for p21 (1:100 dilution with 10% goat

serum; Oncogene, Cambridge, MA), cyclin D1 (1:200 dilu-

tion; Santa Cruz Biotechnology, Santa Cruz, CA), or cyclin

A (1:200 dilution; Santa Cruz) was added to the slides and

incubated at 4ºC overnight. After washing in PBS, tissue

sections were incubated for 1 h with goat antirabbit antibody

diluted in 5% mouse serum for p21, cyclin D1, or cyclin A

immunostaining. After three washings with PBS, slides were

incubated with an avidin-biotin complex reagent contain-

ing horseradish peroxidase (Vector, Burlingame, CA) in PBS,

and color development was achieved by incubation with

the aminoethyl cabazole substrate kit. The tissue sections

were counterstained with hematoxylin. The quantitative anal-

ysis of p21-positve cells was performed as described for BrdU

staining.

Statistical Analyses

Values are expressed as the mean ± SEM of at least four

animals. The statistical significance of difference among

respective groups was evaluated by analysis of variance fol-

lowed by the Sheffe test.
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