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The uterus plays a critical role in pregnancy and steroid hormones, and both estrogen (E2) and pro-
gesterone (P4) especially play important roles in the cross-talk between embryos and uterus to support
the pregnancy. E2 stimulates uterine growth during early pregnancy to prepare for implantation of
embryos. This cross-talk during the implantation period involves hormones (E2 and P4) and growth
factors, including insulin-like growth factor-I (IGF-I). In the uterus of a pregnant pig, the action of
E2 is mediated by estrogen receptor-o (ER-a). The expression of ER-a was much higher in early preg-
nancy than in mid- and late- pregnancy, suggesting E2 secretion from embryos enhances transcription
of ER-a during early pregnancy. In order to prove whether IGF-I is an E2 target gene, quantitative
real-time PCR was performed on ovariectomized murine uterus with E2 and/or P4 treatment(s).
Increased IGF-I mRNA expression was observed with E2 treatment, however, it was not significantly
induced by P4 treatment, which clearly demonstrates that, in mice, E2 depends on the activation of
uterine IGF-I gene expression. The expression of IGF-I in the uterus of pigs was much higher in early
pregnancy than in mid- and late- pregnancy and these data exhibited the same expression pattern
with the ER-a gene expression in the uterus. It suggests that a positive co-relationship between IGF-I
and ER-a expression exists in the uterus, and that both gene expressions of IGF-1 and ER-a are regu-
lated by E2. It further suggests that uterine the IGF-I gene expression might be initiated by E2 se-
creted from embryos to increase ER-u gene expression, and that this increased ER-a further stimulates

the expression of IGF-I in the uterus during early pregnancy.
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Introduction

In mammals, the survival of a species depends upon the
establishment and maintenance of pregnancy. Successful
pregnancy requires the orchestration of complex and precise
interactions between the embryo(s) and maternal uterus and
ovary. The embryonic-maternal cross—talk during pregnancy
involves hormonal and biochemical factors as well as
cell/tissue interactions between the uterus and embryos.
Combined actions of steroid hormones, especially estrogen
(E2) and progesterone (P4) are critical factors for the uterus
receptive and successful pregnancy. E2 secretion from em-
bryos, which is known as a signal for maternal recognition
of pregnancy occurs at peri-implantation in pigs [1] and the
pre-surge of E2 stimulates uterine epithelial cell proliferation
during early pregnancy in mice [15].

E2 secretion from embryos is coincident with the tempo—
rally high expression of insulin-like growth factor-I (IGF-I)
in the porcine uterus [5,17]. Local and temporally regulated
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expressions of IGF-I in the uterus and embryo secretion of
E2 at peri-implantation suggest an autocrine/paracrine
role(s) for IGF-T and E2 in the orchestration of maternal and
embryonic interactions for growth and differentiation [3,7,
12]. Although IGF-I is known to be a mediator of estro-
gen-induced uterine growth, there is only limited informa-
tion available regarding the molecular mechanism(s) respon-
sible for the transcriptional regulations of IGF-I by E2 in the
uterus during pregnancy. The objectives of this study is to
elucidate the molecular mechanisms involved in transcrip-
tional regulation of IGF-I and ER-a by E2 in the uterus using
two animal systems. Due to technical difficulties of ovar-
iectomy in pig, mouse was used ovariectomy for the removal
of endogenous E2 and P4 and then E2 and P4 were treated
to see the effects of both steroid hormones on the expression
of the IGF-I gene in the uterus.

Materials and Methods

Animals and  tissue
cultures

preparation and  primary  cell

For technical reason, ovariectomy was only performed in
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mice, not in pigs. Groups of wild-type mice were ovariec—
tomized, and 2 weeks later, these mice were injected with
control, E2 (0.1 pg/mouse), P4 (1 mg/mouse), or E2 plus
P4 for 4 hr, 24 hr or 48 hr (Sigma-Aldrich, St. Louis, MO).
The injections were repeated every 12 hr for the 24 hr and
48 hr and then sacrificed to collect uterus. Pigs were bred
at estrus (day 0) and were slaughtered on the indicated days
of pregnancy and uterus and other tissues were removed.
Uterus was collected from day (d) 12 pregnant pigs, and
its three major cell types were isolated by differential cen-
trifugation after enzymatic digestion including trypsin and
collagenase. In brief, a sterilized 38 uM stainless steel sieve
(Thomas Scientific, Newark, NJ) was used for the separation
of the cells. Stromal (St) cells passed through the sieve with
the filtrate, while glandular epithelial (GE) cells were
retained. Luminal epithelial (LE) cells were pelleted from
low speed centrifugation (800x g, 7 min) [16]. GE, LE and
St cells were maintained for the primary cell cultures and
cells were used after reaching 80% of confluence.

RNA isolation, RT-PCR and
PCR

Total RNA was isolated from uterus of pigs at specific

quantitative  real~time

days of pregnancy and mice at specific times after steroid
treatment using Trizol reagent from Life Technologies
(Gaithershurg, MD). Expression levels of mRNA for IGF-I
were measured by RT-PCR using porcine samples. For the
quantitative real-time RT-PCR for the mouse uterus,
TagMan analysis were performed using the ABI Prism 7700
Sequence Detector System (PE Applied Biosystems, Foster
City, CA). For IGF-T and 18S rRNA, pre-validated probes
and primers were purchased from Applied Biosystems.
RT-PCRs were performed using One-step RT-PCR Universal
Master Mix reagent and TagMan Gene Expression Assays
(Applied Biosystems, Foster City, CA). All real-time PCRs
were done by using the three independent RNA sets and
mRNA quantities were normalized against 18S rRNA using
ABI rRNA control reagents. Polymerase chain reaction (PCR)
(30 sec at 950C, 30 sec at 550C, and 1 min at 720C, and 30
cycles) was performed with 0.2 pl of first cDNA strand pre-
viously synthesized from total RNA. The sequences of each
primer used for RT-PCR of IGF-I mRNA were as follows:
forward primer (F): 5'- ATGCACATCACATCCTCTTGG- 3/,
which is exon I-specific and reverse primer (R): 5'- CATCT
CCAGCCTCCTCAGATC -3, which is exon IV-specific. The
sequences of each primers used for RT-PCR were as follows:

specific for ER-a: (F): 5~ ATTGGTCTTGTCTGGCGCTCC -3
and (R): 5'- GGTCATAGAGGGGCACCACGT -3', and spe-
cific for glyceraldehyde 3- phosphate dehydrogenase
(GAPDH) for an internal RT-PCR control : (F): 5'- AAGTGG
ACATTGTCGCCAT -3’ and (R): 5~ TCACAAACATGGGGG
CATC -3'.

Results and Discussion

The expression of ER-a in the uterus during
pregnancy

The ovarian steroid hormone estrogen (E2) is a critical
regulator of the female reproduction and most of the physio-
logical roles of E2 are mediated by cognate nuclear receptors,
one of two estrogen receptor (ER) forms, ER-a or ER-p,
which are encoded by two separate genes [819]. ER is
known as the nuclear receptor, which acts as transcription
factor [2,18].

In order to examine gene expression of ER-a in the por-
cine uterus during pregnancy, RT-PCR analysis was
performed. The orders of expressions of the pig ER-a gene
transcripts were day (d) 12 cycling >> d 12 pregnant (Px)
>>d 60 Px > d 90 Px uterus (Fig. 1), where d 12 is a peri-im-
plantation period and d 60 and d 90 are mid- and late- preg-
nancy, respectively. These results indicate that pre-surge of
E2 in cycling uterus and E2 secretion from embryos during
early pregnancy enhanced transcription of ER-a in the
uterus. In contrast, the expression of ER-a at mid- or late-
pregnancy was not observed or minimal. These results imply
that P4 from corpora lutea (CL) in pregnant animal dimin-
ished ER-a expression in the mid- or late- pregnant uterus.
It also explains why the expression of ER-a in d 12 cycling
uterus is much higher than the expression in d 12 pregnant
uterus. As pregnancy progresses, the concentration of P4,
secreted from the newly formed CL, in pregnant uterus is
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Fig. 1. The expression pattern of ER-a in the uterus during the
early- (d 12), mid- (d 60) and late- (d 90) pregnancy and
in the cycling (d 12) in pig. (Px and Cycle represent preg-
nant and cycling, respectively).



higher than the cycling uterus and higher level of P4 dimin-
1shed ER-a expression in early pregnancy compared with cy-
cling uterus. In contrast, the expression of ER- in the uterus
was not observed at any stages of pregnancy (Data not
shown). Gene ablation studies have demonstrated that the
ER-o is a primary regulator of uterine function for the E2.
Out of two estrogen receptors, ER-a and ER-p, only ER-a
is a functional in the uterus [8,19], while ER-p is a functional
in the ovary [9].

Transcriptional
uterus

regulation of IGF-I by E2 in the

In mice, pre-ovulatory E2 surge stimulates uterine pro—
liferation during early pregnancy [15]. In pigs, E2 secretion
from embryos occurs at peri-implantation period [1,12]. The
treatment of E2 stimulates DNA synthesis, especially in epi—
thelial cells of the uterus in early pregnancy [10,14]. One
of the genes identified as a target for regulation by the E2
in the uterus is insulin-like growth factor-1 IGF-I) [6,17].
IGF-1 is a key regulator of cellular growth- and differ-
entiation, and is synthesized in a variety of tissues [11].
Although the liver is considered to be the main source of
circulating IGF-I, the local actions of IGF-I have been studied
in many tissue including uterus [6,17]. Embryonic secretion
of E2 and temporal high expression of IGF-I in the uterus
occurs at peri-implantation period in the pig [17]. The in-
creased IGF-I mRNA in the uterus further induces ex-
pression of embryonic aromatase, which is an enzyme re-
sponsible for the synthesis of E2 [6,12].

In order to examine the role of E2 in uterine IGF-I gene
expression in the mouse, quantitative real-time PCRs were
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Fig. 2. Regulation of the IGF-T expression by estrogen (E2), pro-
gesterone (P4) or E2+P4 (EP) in mouse uterus by quanti-
tative real-time RT-PCR analysis. The results represent
the meanzSE of three independent RNA sets and IGF-I
mRNA quantities were normalized by 18S rRNA.
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performed using ovariectomized mice to remove endoge-
nous E2 and P4. The maximally increased IGF-I mRNA tran-
scripts in the mouse uterus was observed after 4 hours E2
treatment and the increased IGF-I mRNA transcripts were
still observed after 48 hours continuous E2 treatment (Fig.
2). However, slightly increased IGF-I gene expression by P4
treatment at 4 hours was observed. Furthermore, the com-
bined treatment of E2 plus P4 markedly inhibited tran-
scription of IGF-I compared with E2 treatment only. These
results clearly demonstrate estrogen dependent activation of
IGF-I gene expression in the uterus.

In order to examine IGF-I mRNA abundance in the uterus
of pigs during pregnancy, RT-PCR was performed using ute—
rus RNA samples. The expression of IGF-I mRNAs was
greater in the uterus of pigs at peri-implantation than later
stages of pregnancy, and the expression of IGF-I transcript
was higher at d 60 (mid pregnancy) than d 90 (late preg-
nancy). (Fig. 3). These data mimicked the expression pattern
of the ER-a gene (Fig. 1) and expressions of the ER-a and
IGF-1 were higher in early pregnancy than mid pregnancy
and expression of late pregnancy was the lowest (d 12 Px
> d 60 Px > d 90 Px). It suggests that there is a very strong
positive co-relationship between IGF-I and ER-a expressions
in the uterus during pregnancy. It suggests that both IGF-1
and ER-a gene expressions are E2 dependent. Both mice with
null mutations of the IGF-T [13] or ER-o [4] are infertile and
these mice possess an infantile uterus that suggests the in-
volvement of IGF-I and ER-u in the local growth and differ-
entiation of the uterus.

It is known that E2 surge stimulates uterine epithelial cell
proliferation during early pregnancy and as pregnancy pro-
gresses, P4 secreted from corpora lutea, initiates uterine stro-
mal cell proliferation [10,15]. In order to examine the IGF-I
gene expressions from different cell types of early pregnant
uterus, three major cell types were isolated and primary cul-
tures of glandular epithelial (GE), luminal epithelial (LE), and
stromal (St) cells were used for RT-PCR analysis. Interestingly,
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Fig. 3. The expression pattern of IGF-I in the uterus during
pregnancy. RT-PCR was done by using the three in—-
dependent RNA sets of the early- (d 12), mid- (d 60)
and late- (d 90) pregnancy (Px).
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Fig. 4. The expression pattern of IGF-T in different cell types from
early pregnant (d 12) uterus. Three major cell types of
the uterus were isolated and primary cultures of glan-
dular epithelial (GE), luminal epithelial (LE), and stromal
(St) cells were used for RT-PCR analysis. RT-PCR was
done by using two independent RNA sets of samples.
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the expression of IGF-I message was greater in LE cells than
in St cells and the lowest in GE cells, demonstrating cell
type—specific expression of this gene (Fig. 4). It suggests that
IGF-I is required for E2 induced luminal epithelial cell pro-
liferation, which is most outside layer of the uterus.
Hence, these studies were performed to elucidate molec-
ular mechanism of E2 in the regulation of uterine IGF-I gene
expression, The IGF-1 gene expression in the uterus can be
initiated by estrogen acting through its own receptor (ER-a)
and increase ER-a gene expression and this increased ER-a
can function as a transcriptional factor to stimulate the local

gene expression of IGF-I in the uterus.
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