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Early growth response gene 1 (Egr1), a zinc finger transcriptional factor, plays an important role in regulating cell
proliferation, differentiation and angiogenesis. Current data have shown that Egr1 is involved in follicular development,
ovulation, luteinization and placental angiogenesis. However, the expression, regulation and function of Egr1 in mouse
uterus during embryo implantation and decidualization are poorly understood. Here we showed that Egr1 was strongly
expressed in the subluminal stroma surrounding the implanting blastocyst on day 5 of pregnancy. Injection of Egr1
siRNA into the mouse uterine horn could obviously reduce the number of implanted embryos and affect the uterine
vascular permeability. Further study found that Egr1 played a role through influencing the expression of
cyclooxygenase-2 (Cox-2), microsomal prostaglandin E synthase 1 (mPGES-1), vascular endothelial growth factor (Vegf),
transformation related protein 53 (Trp53) and matrix metallopeptidase 9 (Mmp9) genes in the process of mouse
embryo implantation. Growth hormone (GH) and insulin-like growth factor 1 (IGF-1) might direct the expression of Egr1
in the uterine stromal cells. Under in vivo and in vitro artificial decidualization, Egr1 expression was significantly
decreased. Overexpression of Egr1 downregulated the expression of decidual marker decidual/trophoblast PRL-related
protein (Dtprp) in the uterine stromal cells, while inhibition of Egr1 upregulated the expression of Dtprp under in vitro
decidualization. Estrogen and progesterone could regulate the expression of Egr1 in the ovariectomized mouse uterus
and uterine stromal cells. These results suggest that Egr1 may be essential for embryo implantation and decidualization.

Introduction

Implantation is a crucial step in the establishment of preg-
nancy and requires a functional embryo at the blastocyst develop-
mental stage and a synchronized transformation of uteri into a
receptive stage.1-5 Inadequate or inappropriate implantation can
result in an increase of the risk of early pregnancy loss.5 Thus
implantation failure is considered a major cause of infertility in
healthy women.3,6 For the couples undergoing in vitro fertiliza-
tion and embryo transfer cycles, implantation rates remain disap-
pointingly low, probably owing to non-synchronization of
blastocyst activation with uterine receptivity.2-4 Although molec-
ular and genetic evidences have provided valuable insights into
the mechanisms of implantation with respect to ovarian hor-
mones, cytokines, growth factors, adhesion molecules and tran-
scription factors, there is limited information regarding the
nature of implantation.1-4

Early growth response 1 (Egr1), also referred to as NGFI-
A, Zif268, TIS8, or krox-24, was a zinc finger transcription
factor and originally identified in quiescent fibroblasts as an
immediate-early gene that was induced by serum.7-9 This fac-
tor was subsequently shown to be rapidly activated by various
extracellular stimuli, such as growth factors, cytokines, hor-
mones and environmental stresses.8-10 Simultaneously,

activated Egr1 could recognize and bind the GC-rich consen-
sus sequence GCG(T/G)GGGCG in the promoter region of
various target genes, and regulate cell proliferation, differenti-
ation and apoptosis in the nervous system, immune system,
cardiovascular system, reprodu-ctive system, etc.8,9,11-13 Accu-
mulating data had shown that Egr1 was expressed in the
granulosa and thecal cells of ovarian follicles, corpus luteum,
and the expression was elevated in the granulosa cells of fol-
licles after hCG or FSH treatment, in the corpus luteum dur-
ing PGF2a-induced luteolysis in vivo and in PGF2a-treated
luteal cells in vitro.14-18 Egr1-deficient female mice were
infertile due to lack of mature follicles, ovulation and luteini-
zation.12,18 These evidences indicated that Egr1 might play a
central role in the control of ovarian function. However, the
functions of Egr1 on embryo implantation and decidualiza-
tion are still unknown. Only several studies found that Egr1
was expressed in the uterus of human, mouse and rat.19-21

According to our (unpublished) microarray data, Egr1 expres-
sion was increased fold 12 at implantation sites compared to
inter-implantation sites. Therefore, we hypothesized that
Egr1 might be important for mouse implantation and
decidualization. The purpose of this study is to investigate
the expression, regulation and function of Egr1 gene in
mouse uterus during the peri-implantation period.
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Results

Egr1 mRNA
expression during early
pregnancy

In situ hybridization
was used to examine the
spatial distribution of
Egr1 mRNA in mouse
uterus. A low level of
Egr1 mRNA signal was
detected in the uteri
from days 1 to 4 of preg-
nancy (Fig. 1B). On day
5 of pregnancy when
embryo implanted, Egr1
mRNA signal was
strongly observed in the
subluminal stroma
immediately surrounding
the implanting blastocyst
(Fig. 1C). Once the
DIG-labeled Egr1 anti-
sense probe was replaced
with DIG-labeled Egr1
sense probe, there was no
corresponding signal in
the uterus on day 5 of
pregnancy (Fig. 1A). On
days 6-8 of pregnancy,
Egr1 mRNA was
expressed in the decidua,
and its expression scope
was expanded along with
the development of
decidua (Fig. 1D–F). In
addition, Egr1 mRNA
was found in the
embryos from days 6
to 8 of pregnancy by in
situ hybridization
(Fig. 1D–F).

To quantify Egr1
mRNA expression, real-
time PCR was per-
formed. A significantly
higher level of Egr1
expression was detected on day 5 of pregnancy, although Egr1
expression was seen through days 1-8 (Fig. 2).

Egr1 mRNA expression during pseudopregnancy
To determine whether Egr1 expression was dependent on

embryos, in situ hybridization was performed to examine Egr1
expression during pseudopregnancy. Egr1 mRNA was weakly
expressed in the uteri from days 1 to 5 of pseudopregnancy
(Fig. 3A and B). Real-time PCR results showed that Egr1 mRNA

expression was gradually enhanced in the uteri from days 1 to 5 of
pseudopregnancy and reached a peak on day 5 of pseudopregnancy
(Fig. 4A).

Egr1 mRNA expression during delayed implantation and
activation

In order to see whether Egr1 expression was dependent on
activation status of blastocyst, a delayed implantation model was

Figure 1. In situ hybridization of Egr1 expression in mouse uteri during early pregnancy on days 3 (B), 5 (C), 6 (D), 7 (E),
and 8 (F). No hybridization signals were seen in mouse uterus on day 7 of pregnancy when DIG-labeled Egr1 sense
probe was used to replace the antisense probe as a negative control (A). D stands for day of pregnancy. Asterisks indi-
cate embryo. Bar D 60 mm.
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used. Under delayed implantation, Egr1 mRNA was barely
detectable in mouse uterus (Fig. 3C). When delayed implanta-
tion was terminated by estrogen treatment and embryo
implanted, Egr1 mRNA was strongly expressed in the subluminal
stromal cells surrounding the implanting blastocyst (Fig. 3D).
However, a relatively high level of Egr1 mRNA expression was
found in the delayed uterus compared with the activated implan-
tation uterus by real-time PCR (Fig. 4B).

Egr1 mRNA expression under artificial decidualization
To address whether Egr1 expression in decidua was dependent

on the presence of embryos, we examined its expression under
artificially induced decidualization in vivo. After the pseudopreg-
nant uterine horn was induced to be artificially decidualized by
injecting sesame oil into the uterine lumen, Egr1 mRNA signal
was detectable in the decidualized cells and uninjected control
uterus (Fig. 3E and F). By real-time PCR analysis, Egr1 expres-
sion was decreased in decidualized uterus compared with the con-
trol uterus (Fig. 4C).

Egr1 mRNA expression under in vitro decidualization
Primary stromal cells isolated from mouse uteri on day 4 of

pregnancy were treated with the combination of estrogen and
progesterone to induce in vitro decidualization. It has been
shown that decidual/trophoblast PRL-related protein (Dtprp) is
a reliable marker for decidualization in mice. In our study, the
expression of Dtprp was significantly elevated from 24 to 96 h of
culture,22 indicating that our system for in vitro decidualization
was successful. On the contrary, Egr1 expression was significantly
declined from 24 to 96 h after in vitro decidualization (Fig. 4D).

Regulation of steroid hormone on Egr1 mRNA expression
As estrogen and progesterone were essential for embryo

implantation and decidualization, ovariectomized mice were
used to examine whether Egr1 expression was regulated by ovar-
ian steroid hormones. The in situ hybridization results showed
that Egr1 mRNA signal was detected in the uterine glandular epi-
thelium of ovariectomized mice (Fig. 5A). After the ovariecto-
mized mice were treated with estrogen, Egr1 mRNA was mainly
localized in the luminal and glandular epithelium and its expres-
sion reached the highest level at 6 h (Fig. 5B–E). The similar
expression pattern was also observed in the mice treated with pro-
gesterone or a combination of estrogen and progesterone
(Fig. 5F–I). Additionally, estrogen could induce the expression
of Egr1 mRNA in the uterine stromal cells at 3 h (Fig. 5B). By
real-time analysis, Egr1 mRNA expression was increased in ovari-
ectomized mice uterus after injection of estrogen, reached a peak
at 3 h, then declined and reached the lowest level at 24 h
(Fig. 6A). Injection of progesterone resulted in a decline in uter-
ine Egr1 mRNA level which reached a nadir at 3 h (Fig. 6B).
After a combined injection of estrogen and progesterone, the
Egr1 expression pattern in uterus was similar to those of estrogen
treatment alone (Fig. 6C).

In the in vitro cultured stromal cells, Egr1 mRNA expression
was gradually decreased after treatment of progesterone and

reached the minimum at 24 h (Fig. 6E). After pretreatment with
progesterone receptor antagonist RU486, a significantly higher
level of Egr1 expression was detected at 24 h compared with that
treated by progesterone only (Fig. 6F). Estrogen treatment
resulted in an increase of Egr1 mRNA level in uterine stromal
cells at 3 h and followed by a decline reaching a nadir at 24 h
(Fig. 6D). Moreover, the inhibitory effect of estrogen on Egr1
was rescued by the addition of estrogen receptor (ER) antagonist
ICI 182,780 (Fig. 6F).

Egr1 mRNA expression in the oocytes and preimplantation
embryos

The RT-PCR was performed to examine the expression of
Egr1 and Gapdh in the mouse oocytes and embryos at the stages
of zygote, 2-cell, 4-cell, 8-cell, morula and blastocyst, respec-
tively. Gapdh was used to normalize cDNA preparations. The
predicted 452 bp fragment was seen with Gapdh primers. How-
ever, no Egr1 mRNA was detected in the oocytes and preimplan-
tation mouse embryos (data not shown).

Effects of Egr1 on embryo implantation
To see whether Egr1 was required for mouse embryo implan-

tation, intrauterine blocking treatments were performed by
siRNA injection. First, we synthesized Egr1 siRNA duplexes and
nonspecific scrambled siRNA, transfected the uterine stromal
cells and examined the expression of Egr1 gene by real-time
PCR. The results showed that Egr1 siRNA 1, 2 or 3 could sup-
press the expression of Egr1 mRNA in uterine stromal cells com-
pared with scrambled siRNA, and Egr1 siRNA 3 showed
obvious inhibition effect (Fig. 7A). Therefore, Egr1 siRNA 3
was selected to knock down Egr1 gene in the following study.
Moreover, the efficacy of Egr1 siRNA 3 in inhibiting the

Figure 2. Real-time PCR analysis of Egr1 expression in mouse uterus on
days 1-8 during pregnancy. Data are shown mean § SEM. Different let-
ters on two bars show a significant difference between these two
groups.
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expression of Egr1
mRNA in vivo was also
confirmed. Egr1
mRNA level in the
uteri injected with Egr1
siRNA were remark-
ably lower than that in
the contralateral horn
treated with scrambled
siRNA (Fig. 7B). Like-
wise, the number of
implantation sites on
day 5 of pregnancy was
significantly reduced
after the intrauterine
injection of Egr1-spe-
cific siRNA on day 3 of
pregnancy compared to
that of scrambled
siRNA group (Fig. 7C
and D).

Effects of Egr1 on
vascular permeability

Because endometrial
vascular permeability
has been considered as a
marker for embryo
implantation,23 intra-
uterine blocking treat-
ments were used to
examine whether Egr1
could regulate the vas-
cular permeability of
mouse implantation
sites. After the intrauter-
ine injection of Egr1-
specific siRNA, vascular
permeability of the
implantation sites on
day 5 of pregnancy was
significantly declined
compared to that of
scrambled siRNA group
(Fig. 7E).

Regulation of GH
and IGF-1 on Egr1
mRNA expression

It has been shown that growth hormone (GH) and insulin-like
growth factor 1 (IGF-1) are involved in the process of embryo
implantation.1,4,25 Therefore, cultured uterine stromal cells were
treated with GH (100 ng/ml) or IGF-1 (100 ng/ml) to observe
the effects of GH and IGF-1 on Egr1 expression. The results
showed that GH and IGF-1 could stimulate the expression of
Egr1 mRNA in the uterine stromal cells (Fig. 8A).

Effects of Egr1 on decidualization
To investigate the effects of Egr1 on decidualization, we

observed the effects of Egr1 on the expression of decidual/tropho-
blast PRL-related protein (Dtprp) which was an established molec-
ular marker for decidualization. After pc-Egr1 transfection, Egr1
mRNA expression was significantly increased in the uterine stro-
mal cells compared with control (Fig. 9A), indicating that Egr1
overexpression plasmid was available. However, overexpression of

Figure 3. In situ hybridization of Egr1 expression in mouse uteri. (A) Day 3 of pseudopregnancy (PD3). (B) Day 5 of pseu-
dopregnancy (PD5). (C) Delayed implantation (Delay). (D) Activation of delayed implantation by estrogen (Activation). (E)
Uninjected uterine horn of control (Control). (F) Uterine horn under artificial decidualization (Decidualization). Asterisks
indicate embryo. Bar D 60 mm.
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Egr1 downregulated the expression of Dtprp gene in the uterine
stromal cells (Fig. 9B). After the intrauterine injection of Egr1
siRNA, Dtprp expression was upregulated at implantation sites
compared with control (Fig. 9C). Interestingly, Dtprp mRNA
level did not show any obvious change in the uterine stromal cells
after transfection with Egr1 siRNA (Fig. 9D). However, Dtprp
mRNA level was significantly elevated when the uterine stromal
cells were firstly induced for in vitro decidualization for 24 h, fol-
lowed by Egr1 siRNA transfection (Fig. 9F). The similar results
were also observed in the uterine stromal cells firstly transfected
with Egr1 siRNA, followed by treatment with a combination of
estrogen and progesterone for 24 h (Fig. 9H). In addition, inhibi-
tion of Egr1 with siRNA could decrease its expression under in
vitro decidualization (Fig. 9E and G).

Regulation of cAMP and H89 on Egr1 mRNA expression
Because the elevated intracellular cAMP levels and sustained

activation of the protein kinase A (PKA) pathway are essential for

decidualization,26 we treated the uterine stromal cells with cAMP
analog 8-bromoadenosine-cAMP (8-Br-cAMP, 500 mM) and
PKA inhibitor H-89 (10 mM) to examine the effects of cAMP
and H-89 on Egr1 expression. The results showed that Dtprp
mRNA expression was gradually increased after 8-Br-cAMP
treatment and reached the peak level at 24 h.24 However, Egr1
mRNA level was obviously unchanged in the uterine stromal cells
treated by 8-Br-cAMP (Fig. 8B) and similar result was also
observed after H89 treatment (data not shown).

Regulation of Egr1 on Cox-2, mPGES-1, Vegf, Trp53 and
Mmp9 mRNA expression

In the in vitro cultured stromal cells, overexpression of
Egr1 could raise the expression of cyclooxygenase-2 (Cox-2),
microsomal prostaglandin E synthase 1 (mPGES-1), vascular
endothelial growth factor (Vegf), transformation related protein
53 (Trp53) and matrix metallopeptidase 9 (Mmp9) genes
(Fig. 10A). On the contrary, inhibition of Egr1 with the

Figure 4. Real-time PCR analysis of Egr1 expression in mouse uteri. (A) Real-time PCR analysis of Egr1 expression in mouse uterus on days 1-5 of pseudo-
pregnancy. Different letters on 2 bars show a significant difference between these 2 groups. (B) Real-time PCR analysis of Egr1 expression in mouse
uterus during delayed implantation and activation. (C) Real-time PCR analysis of Egr1 expression in mouse uterus under artificial decidualization.
(D) Real-time PCR analysis of Egr1 expression in in vitro decidualization of uterine stromal cells. Asterisks denote significance (P < 0.05) from the control
group. E stands for estrogen; P stands for progesterone.
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intrauterine injection of Egr1-specific siRNA could result in a
decline in uterine Cox-2, mPGES-1, Vegf, Trp53 and Mmp9
mRNA levels at implantation sites (Fig. 10B). The similar results
were also found in the cultured uterine stromal cells after trans-
fection with Egr1 siRNA (Fig. 10C).

Discussion

Egr1 is necessary for normal reproductive development and
function.12,27 However, it remains unknown whether Egr1 is
crucial for embryo implantation and decidualization. The present
study was undertaken to investigate the expression and regulation
of Egr1 in mouse uterus during the peri-implantation period in
order to provide insight into the physiological function of Egr1
during embryo implantation and decidualization. Our results
showed that Egr1 mRNA was strongly detected in the subluminal
stroma surrounding the implanting blastocyst on day 5 of preg-
nancy, but not in the uterus on day 5 of pseudopregnancy. The
similar expression pattern was also observed in the estrogen-

activated implantation sites rather than in the progesterone-
primed delayed implantation uterus. These results suggest that
Egr1 might be important for mouse embryo implantation and its
expression at the implantation site was dependent upon the pres-
ence of active blastocysts. However, Egr1 mRNA was not
expressed in the mouse preimplantation embryos. After intrauter-
ine injection of Egr1 siRNA, the number of implantation sites
was markedly reduced, which further confirmed the effect of
Egr1 on mouse embryo implantation. Previous study found that
Egr1 acted as a transcription factor through the binding to GC-
rich elements in the promoter region of target genes.8,9 In human
melanoma A375-C6 cells, Egr1 directly bound to the promoter
of Trp53 gene and enhanced the expression of Trp53 which was
critical for blastocyst implantation because the number of
implantation sites was significantly reduced in Trp53-deficient
female mice.28,29 In this study, Trp53 expression was upregulated
by Egr1 overexpression in the uterine stromal cells and downre-
gulated by Egr1 siRNA at implantation sites and in the uterine
stromal cells, indicating that Egr1 might regulate the process of
embryo implantation through influencing the expression of

Figure 5. In situ hybridization of Egr1 expression in ovariectomized mouse uteri after injection of estrogen, progesterone or a combination of estrogen
and progesterone for 0 (control), 3, 6, 12 and 24 h. Bar D 60 mm.
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Figure 6. Hormonal regulation of Egr1 expression. (A) Real-time PCR analysis of Egr1 expression in ovariectomized mouse uterus after estrogen treat-
ments for 0, 1, 3, 6, 12 and 24 h. Different letters on 2 bars show a significant difference between these 2 groups. (B) Egr1 expression in ovariectomized
mouse uterus after injection of progesterone. (C) Egr1 expression in ovariectomized mouse uterus after injection of estrogen plus progesterone. (D) Egr1
expression in uterine stromal cells after estrogen treatments for 0, 3, 6, 12 and 24 h. (E) Egr1 expression in uterine stromal cells after progesterone treat-
ments for 0, 3, 6, 12 and 24 h. (F) Egr1 expression after stromal cells were treated with estrogen or both estrogen and ICI 182,780, progesterone or both
progesterone and RU486 for 24 h. Asterisks denote significance (P< 0.05) from the control group.
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Trp53. Simultaneously, Egr1 transactivated the promoter of the
Mmp9 gene in HeLa cells and induced the transcription of
Mmp9 which was also expressed in the subluminal stromal cells
surrounding the implanting blastocyst on day 5 of pregnancy
and thought to be a key mediator for matrix degradation during
implantation.1,30,31 The present results found that Egr1 might

also modulate the expression of Mmp9 gene during mouse
embryo implantation.

Increased vascular permeability and angiogenesis are essential
for successful implantation.1,2,32 After the intrauterine injection
of Egr1 siRNA, vascular permeability of implantation sites on
day 5 of pregnancy was significantly declined, demonstrating

Figure 7. Effects of Egr1 on embryo implantation and vascular permeability. (A) Effects of Egr1 siRNAs on Egr1 mRNA expression in the uterine stromal
cells. After transfection with control siRNA, Egr1 siRNA 1, siRNA 2 or siRNA 3, Egr1 mRNA expression was determined by real-time PCR. (B) Effects of Egr1
siRNA on Egr1 mRNA expression at the implantation sites. After intrauterine injection of control siRNA (Con-siRNA) or Egr1 siRNA, Egr1 mRNA expression
was determined by real-time PCR. (C, D) Effects of Egr1 on embryo implantation. After the intrauterine injection of control siRNA (left-side uterine horn)
or Egr1 siRNA (right-side uterine horn), the number of implantation sites was evaluated. Arrows show the implantation sites. n stands for the total num-
ber of intrauterine-injected mice. (E) Effects of Egr1 on vascular permeability of implantation sites. Different letters on two bars show a significant differ-
ence between these 2 groups.
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that Egr1 might affect the vascular permeability during mouse
embryo implantation. Numerous data declared that endometrial
vascular permeability and angiogenesis were profoundly influ-
enced by prostaglandins (PGs) which were the product of a cas-
cade of enzymes such as Cox and PG synthases.23,33 Cox-2 was
an inducible rate-limiting enzyme in the biosynthesis of PGs and
could convert arachidonic acid into PGH2, a common precursor
of all PGs.1,33 The targeted disruption of Cox-2 in mice led to
the failure of implantation.34 In RAW 264.7 cells, Egr1 overex-
pression was able to increase the luciferase activity driven by
Cox-2 promoter.35 Likewise, overexpression of Egr1 could also
elevate the expression of Cox-2 in uterine stromal cells while
inhibition of Egr1 with siRNA could decrease its expression.
Intrauterine injection of Egr1 siRNA could also result in a
decline in Cox-2 mRNA level at implantation sites. mPGES-1
was a terminal prostanoid synthase and could catalyze the isomer-
ization of PGH2 to PGE2 which was essential for mouse implan-
tation.1,33,36 Egr1 bound to the proximal GC box in the
mPGES-1 promoter region and facilitated its expression.35,37

During embryo implantation, Egr1 might also stimulate the
expression of mPGES-1 gene. Further studies found that Cox-2
and mPGES-1 could promote angiogenesis via the Vegf gene
which was a key factor involved in endometrial vascular perme-
ability and angiogenesis.32,36,38,39 Inhibition of Vegf could sig-
nificantly reduce the number of implantation sites.38 The
evidence presented in this study demonstrated that Egr1 might
also regulate the expression of Vegf gene in the uterine stromal
cells and at implantation sites. Taken together, these results sug-
gest that Egr1 might direct vascular permeability and angiogene-
sis by affecting the expression of Cox-2, mPGES-1 and Vegf
genes during mouse embryo implantation.

Uterine stromal cell decidualization is a prerequisite for suc-
cessful embryo implantation.1-4 On days 6-8 of pregnancy,
Egr1 mRNA signal was observed in the decidua. The similar
result was also found in decidualized cells under artificial
decidualization. However, real-time PCR results showed that
Egr1 mRNA was lowly expressed under in vivo and in vitro
decidualization. These results imply that Egr1 can inhibit the
process of mouse decidualization. Indeed, inhibition of Egr1
could stimulate the expression of decidual marker Dtprp under
in vitro decidualization while overexpression of Egr1 could
reduce the expression of Dtprp, which further verify the effect
of Egr1 on decidualization. Additionally, cAMP might regulate
the decidualization of endometrial stromal cells in a time-depen-
dent manner.26,40 Increased intracellular cAMP by forskolin
treatment is sufficient to mediate induction of Egr1 in granulosa
cells.15 Mutation of the proximal putative cAMP response ele-
ment of Egr1 promoter resulted in a significant decrease in the
Egr1 transcription while activation of the cAMP system could
increase Egr1 promoter activity.41,42 However, Egr1 mRNA
expression level was not obviously changed in the uterine stro-
mal cells treated by cAMP analog 8-Br-cAMP. The reason was
likely that Egr1 might be modified by cAMP at stages later than
24 h after 8-Br-cAMP treatment.

It has been showed that Egr1 could be immediately stimulated
by ovarian estrogen and progesterone which were essential for

embryo implantation and decidualization.3,4,19,43-45 Estrogen
could simulate the expression of Egr1 in the rodent uterus, breast
and endometrial cancer cells.19,21,43,44 In the Egr1 promoter
region, there were two estrogen response element half-sites, and
estrogen might transactivate Egr1 promoter.44,46,47 In this study,
Egr1 mRNA was highly expressed in the uterine luminal epithe-
lium of ovariectomized mice by in situ hybridization after estro-
gen injection. However, real-time PCR result showed that Egr1
mRNA expression was gradually decreased from 6 to 24 h after
estrogen injection. The discrepancies suggested that Egr1 was
also expressed in the other cell constituents of uterus where estro-
gen might inhibit the expression of Egr1 gene. Indeed, estrogen
treatment resulted in a decline of Egr1 mRNA level in the uterine
stromal cells from 6 to 24 h. Moreover, the inhibitory effect of
estrogen on Egr1 was rescued by the addition of ER antagonist
ICI 182,780. ERa and ERb could induce transcriptional activa-
tion of the Egr1 promoter in co-transfection experiments.46

These results suggest that estrogen regulation on Egr1 might be
mediated by ER. Likewise, progesterone could upregulate the
expression of Egr1 mRNA in the uterine luminal epithelium of

Figure 8. Effects of GH, IGF-1 and 8-Br-cAMP on Egr1 expression in the
uterine stromal cells. (A) Egr1 expression in the uterine stromal cells
treated with GH or IGF-1. Asterisks denote significance (P<0.05) from the
control group. (B) Egr1 expression in the uterine stromal cells after 8-Br-
cAMP treatment.
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Figure 9. Effects of Egr1 on Dtprp expression. (A) Egr1 mRNA expression following Egr1 overexpression. (B) Effects of Egr1 overexpression on Dtprp
mRNA expression. (C) Effects of Egr1 siRNA on Dtprp mRNA expression. After intrauterine injection of Egr1 siRNA, Dtprp mRNA expression was deter-
mined by real-time PCR. (D) Effects of Egr1 siRNA on Dtprp mRNA expression in the uterine stromal cells. After transfection with Egr1 siRNA, Dtprp
mRNA expression was determined by real-time PCR. (E, F) Effects of Egr1 siRNA on Egr1 and Dtprp mRNA expression. After Egr1 siRNA was transfected in
uterine stromal cells which were induced for in vitro decidualization for 24 h, Egr1 and Dtprp mRNA expression was determined by real-time PCR.
(G, H) Effects of Egr1 siRNA on Egr1 and Dtprp mRNA expression. After transfection with control siRNA (Con-siRNA) or Egr1 siRNA for 6 h, the stromal cells
were induced for in vitro decidualization for 24 h. Different letters on 2 bars show a significant difference between these 2 groups.
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ovariectomized mice and downregulate its expression in the uter-
ine stromal cells. Simultaneously, Egr1 was also induced by GH
which was a major regulator in the physiology of female repro-
duction, including regulation of oocyte maturation and fertiliza-
tion, early embryo development, implantation, fetal/placental
growth and development, and litter size.25,48-51 In poor-progno-
sis patients undertaking IVF, GH supplementation could
improve oocyte quality, implantation and pregnancy productivity
rates.52 This result showed that GH could modulate the expres-
sion of Egr1 in the uterine stromal cells. Moreover, the effects of
GH on female reproduction were mediated by IGF-1.25,51

Indeed, IGF-1 could also enhance the expression of Egr1 in the
uterine stromal cells. This data was consistent with those of previ-
ous studies in the cardiac fibroblasts, SH-SY5Y cells and vascular
smooth muscle cells.53-55

In conclusion, Egr1 may play an important role during mouse
embryo implantation and decidualization.

Materials and Methods

Animals
Matured mice (Kunming White strain) were caged in a con-

trolled environment with a cycle of 14L:10D. All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee of Jilin University. To confirm reproducibility of
results, at least three mice per group were used in each stage or
treatment in this study.

Pregnancy and pseudopregnancy
Adult female mice were mated with fertile or vasectomized

males of the same strain to induce pregnancy or pseudopregnancy
by co-caging, respectively (day 1 D day of vaginal plug). On days
14, pregnancy was confirmed by recovering embryos from the
oviducts or uterus. The implantation sites on day 5 were identi-
fied by intravenous injection of 0.1 ml of 1% Chicago blue
(Sigma, St. Louis, MO) in 0.85% sodium chloride.

Artificial induced decidualization
Artificial decidualization was induced by intraluminally infus-

ing 25 ml of sesame oil into one uterine horn on day 4 of pseudo-
pregnancy, while the contralateral uninjected horn served as a
control. The uteri were collected on day 8 of pseudopregnancy.
Decidualization was confirmed by weighing the uterine horn and
by histological examination of uterine sections.

Steroid hormonal treatments
Mature female mice were ovariectomized and, after 2 weeks,

given a single sc injection of estrogen (100 ng/mouse) or proges-
terone (2 mg/mouse). Uteri then were collected at 1, 3, 6, 12
and 24 h after steroid treatment. All steroids were dissolved in
sesame oil and injected subcutaneously. Controls received the
vehicle only (0.1 ml/mouse).

Figure 10. Regulation of Egr1 on Cox-2, mPGES-1, Vegf, Trp53 and
Mmp9 expression. (A) Effects of Egr1 overexpression on Cox-2, mPGES-1,
Vegf, Trp53 and Mmp9 expression. After transfected with control plas-
mid (empty pcDNA3.1 vector) or Egr1 overexpression plasmid (pc-Egr1)
in the uterine stromal cells, the expression levels of Cox-2, mPGES-1,
Vegf, Trp53 and Mmp9 were determined by real-time PCR. (B) Effects of
Egr1 siRNA on Cox-2, mPGES-1, Vegf, Trp53 and Mmp9 expression at
implantation sites. After intrauterine injection of Egr1 siRNA, the expres-
sion of Cox-2, mPGES-1, Vegf, Trp53 and Mmp9 was determined by real-
time PCR. (C) Effects of Egr1 siRNA on Cox-2, mPGES-1, Vegf, Trp53 and
Mmp9 expression in the uterine stromal cells. After transfected with Egr1
siRNA, the expression of Cox-2, mPGES-1, Vegf, Trp53 and Mmp9 was
determined by real-time PCR. Asterisks denote significance (P < 0.05)
from the control group.
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Collection of mouse oocytes and preimplantation embryos
Mature female mice were superovulated with an intraperito-

neal injection of 5 IU equine chorionic gonadotrophin followed
by administration of 5 IU hCG at 48 h later. Mature oocytes
were collected from the oviduct by puncturing the ampulla at
13 h after hCG administration. In order to collect preimplanta-
tion embryos, the female mice were caged with fertile male mice
after hCG injection. The embryos at the stages of zygote, 2-cell,
4-cell, 8-cell, morula and blastocyst were recovered by flushing
oviducts or uterus at 23, 42, 54, 68, 80, and 92 h post-hCG
injection. Oocytes and zygotes were digested with 300 IU hyal-
uronidase in Dulbecco’s phosphate-buffered saline (D-PBS) to
remove cumulus cells. All the oocytes and embryos were washed
5 times by D-PBS, and then treated with TPIPYPE reagent with
an addition of 100 mg yeast tRNA (Boehringer Mannheim) into
each group as a carrier RNA. A total of 100 oocytes or embryos
at each stage were used for RNA extraction in each group.

In situ hybridization
Total RNAs from the mouse uteri were reverse-transcribed

and amplified with Egr1 primers. Egr1 forward primer 50-
CCCAGTGGCTACCTCCTACC and reverse primer 50-
CCTGGGAGAAAAGGTCGCTG were designed according to
Mus musculus early growth response 1 gene (GenBank accession
number NM_007913). The amplified fragment (259 bp) of
Egr1 was cloned into pGEM-T plasmid (pGEM-T Vector Sys-
tem 1, Promega, Madison, WI) and verified by sequencing.
Egr1-containing plasmid was amplified with the primers for T7
and SP6 to prepare templates for labeling. Digoxigenin (DIG)-
labeled antisense and sense cRNA probes were transcribed in
vitro using a DIG RNA labeling kit (Roche Diagnostics GmbH,
Mannheim, Germany).

Frozen sections (10 mm) were mounted on 3-aminopropyl-
triethoxy-silane (Sigma)-coated slides and fixed in 4% parafor-
maldehyde solution in PBS. Hybridization was performed as
described previously.24 Sections were counterstained with 1%
methyl green in 0.12 M glacial acetic acid. The sense probe was
also hybridized and served as a negative control. There was no
detectable signal from sense probes.

Real-time PCR
Total RNAs from mouse uteri or cultured cells were isolated

using TRIPURE reagent according to the manufacturer’s instruc-
tions (Roche) and reverse-transcribed into cDNA using M-MLV
reverse-transcriptase (Promega). Reverse transcriptase was per-
formed at 42�C for 60 min with 2 mg total RNA in 25 ml vol-
ume. For real-time PCR, cDNA was amplified using FS
Universal SYBR Green Real Master (Roche) on BIO-RAD
CFX96TM Real Time Detection System. The conditions used
for real-time PCR were as follows: 95�C for 3 min, followed by
40 cycles of 95�C for 15 sec and 60�C for 1 min. All reactions
were run in triplicate. The result was analyzed using CFX Man-
ager Software. After analysis using the 2¡DDCt method, data
were normalized to Gapdh expression. Primer sequences for real-
time PCR were listed in Table 1.

RT-PCR
Total RNAs were extracted from preimplantation embryos

with TRIPURE reagent, digested with RQ1 DNase I and
reverse-transcribed into cDNA with M-MLV Reverse Transcrip-
tase (Promega). The amplified PCR fragments for Egr1 were sep-
arated in 1.5% agarose gel electrophoresis and stained with
ethidium bromide, and the bands were quantitated by optical
density using the UVP laboratory imaging and analysis system
(UVP, Inc., Upland, CA). The band densities for Egr1 were nor-
malized to Gapdh expression. The PCR primers for mouse
Gapdh were as follows: forward primer 50-ACCACAGTC-
CATGCCATCAC and reverse primer 50-TCCACCACCC
TGTTGCTGTA.

Isolation of uterine stromal cells and in vitro decidualization
Uterine stromal cells from day 4 of pregnancy were isolated

and cultured as previously described.22 Uterine stromal cells were
induced for in vitro decidualization with fresh medium supple-
mented with progesterone (1 mM) and estrogen (10 nM) in
DMEM-F12 with 2% charcoal-treated FBS (Biological Indus-
tries Ltd., Kibbutz Beit Hemeek, Israel).

Steroid hormonal treatments in vitro
Cultured stromal cells were treated with 100 nM of progester-

one, or 0.1 nM of estrogen, respectively. For further studies, cells
were pretreated with RU486 (1 mM), or ICI 182,780 (100 nM)
for 2 h before the addition of progesterone or estrogen, respec-
tively. Then cells were collected at 3, 6, 12, and 24 h for further
quantitative analysis by real-time PCR. All steroids and antago-
nists were dissolved in ethanol. Controls received the vehicle
only.

Plasmid construction and transfection
Full-length Egr1 cDNA fragment was amplified by PCR from

the uterus of pregnancy mouse using the following primers with
Hind III/xhoI restriction sites: 50-AAGCTT (Hind III) ATGG-
CAGCGGCCAAGGCCGAGA; 50-CTCGAG (xhoI) TTAG-
CAAATTTCAATTGTCCTGG. The amplified product was
purified and cloned into pGEM-T vector. Both pGEM-T-Egr1
and pcDNA3.1 vector were cut by Hind III/xhoI (TaKaRa,
Dalian, China) at 37�C for 1h, and then the fragment was ligated
into pcDNA3.1 with T4 ligase (Promega) at 4�C overnight to
construct pcDNA-Egr1 (pc-Egr1). An empty pcDNA3.1 expres-
sion vector was served as control.

Transfection of uterine stromal cells was performed according
to the manufacturer’s protocol for lipofectamine 2000 (Invitro-
gen). After transfection with control plasmid (empty pcDNA3.1
vector) or pc-Egr1 plasmid, stromal cells from day 4 pregnancy
mice were collected at 24 h.

RNA interference
The small-interfering RNA (siRNA) duplexes for targeting

Egr1 as well as a scrambled sequence (control siRNA duplex,
negative control) were designed and synthesized by GenePharma.
The sequences were shown as follows: Egr1 siRNA 1 sense: 50-
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GGACAAGAAAGCAGACAAATT, antisense: 50-UUUGU-
CUGCUUUCUUGUCCTT; Egr1 siRNA 2 sense: 50-CUGA-
CAUCGCUCUGAAUAATT, antisense: 50-UUAUUCAGAG
CGAUGUCAGTT; Egr1 siRNA 3 sense: 50-UCCAGCUG-
CUUCAUCGUCUTT, antisense: 50- AGACGAUGAAGCAG-
CUGGATT; nonspecific scrambled siRNA (negative control)
sense: 50-UUCUCCGAACGUGUCACGUTT, antisense: 50-
ACGUGACACGUUCGGAGAATT. Transfections for siRNA
were performed according to Lipofectamine 2000 protocol. After
transfection with Egr1 siRNA, uterine stromal cells from day 4
of pregnancy mice were collected or induced for in vitro decidu-
alization for 24 h. Meanwhile, Egr1 siRNA was also transfected
in the uterine stromal cells which were treated with a combina-
tion of estrogen and progesterone for 24 h.

For treatment of early pregnant mice with siRNA, mice were
anesthetized on day 3 of pregnancy and given an intrauterine
injection with the Egr1 siRNA suspension contained 10 mM
Egr1 siRNA, 10% Lipofectamine 2000 and 50% physiological
saline, while the contralateral uterine horn received equal volume
of scrambled siRNA suspension. On day 5 of pregnancy, implan-
tation sites were visualized after tail vein injection of Chicago
blue dye solution before the mice were killed and uteri were
excised. Numbers of implantation sites were recorded.

Measurement of vascular permeability of mouse
implantation sites

Vascular permeability was assayed as described previously.23

Briefly, the implantation sites on day 5 were identified by intrave-
nous injection of 1 ml of 1% (w/v) Chicago blue solution in
0.85% (w/v) NaCl. The same weight of implantation sites were
collected in 200 ml formamide. The optical density at 620 nm
was measured after 120 h extraction.

Statistics
Values were reported as mean § SEM. The significance of dif-

ference was analyzed by one-way ANOVA or paired t-test using
the SPSS software program (SPSS Inc., Chicago). The differences
were considered significance at P < 0.05.
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