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Sequential activation of uterine epithelial IGF1R
by stromal IGF1 and embryonic IGF2 directs
normal uterine preparation for embryo
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Embryo implantation in both humans and rodents is initiated by the attachment of a blastocyst to the uterine epithelium. For blastocyst
attachment, the uterine epithelium needs to transform at both the structural and molecular levels first, and then initiate the interaction
with trophectoderm. Any perturbation during this process will result in implantation failure or long-term adverse pregnancy outcomes.
Endocrine steroid hormones, which function through nuclear receptors, combine with the local molecules produced by the uteri or
embryo to facilitate implantation. The insulin-like growth factor (IGF) signaling has been reported to play a vital role during pregnancy.
However, its physiological function during implantation remains elusive. This study revealed that mice with conditional deletion of Igf1r
gene in uteri suffered from subfertility, mainly due to the disturbed uterine receptivity and abnormal embryo implantation.
Mechanistically, we uncovered that in response to the nidatory estrogen on D4 of pregnancy, the epithelial IGF1R, stimulated by the stro-
mal cell-produced IGF1, facilitated epithelial STAT3 activation to modulate the epithelial depolarity. Furthermore, embryonic derived IGF2

could activate both the epithelial ERK1/2 and STAT3 signaling through IGF1R, which was critical for the transcription of Cox2 and normal
attachment reaction. In brief, our data revealed that epithelial IGF1R was sequentially activated by the uterine stromal IGF1 and embry-
onic IGF2 to guarantee normal epithelium differentiation during the implantation process.
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Introduction
In both humans and rodents, the process of embryo implanta-

tion involves the intimate interaction between the trophectoderm
and uterine epithelium (Wang and Dey, 2006). Genetic studies
have shown that inappropriate transformation of the epithelium

barrier is one critical cause for implantation failure (Daikoku et al.,
2011; Li et al., 2015; Sun et al., 2016). Uterine epithelium allows
embryos to attach only in a limited time period, defined as the im-
plantation window when the uteri are in receptivity. In mice, driven

by the ovarian steroid hormones, the uteri remain prereceptive on
D1–D3 (D1¼ the day that the vaginal plug was detected), turn
into receptivity on D4 of pregnancy, and then become refractory to
implantation by D5 (Wang and Dey, 2006). The major ovarian hor-
mones that specify uterine receptivity are estrogen (17b-estradiol,
E2) and progesterone (P4), whose functions are primarily executed

by the nuclear estrogen receptor (ER) and progesterone receptor
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(PR), respectively (Zhang et al., 2013). On D1 of pregnancy, the
preovulatory estrogen surge stimulates intense proliferation of
uterine epithelial cells. On D4, the raising level of P4 together with
preimplantation nidatory estrogen surge induces rapid differentia-
tion of epithelia and proliferation of stroma, which is required for
an optimal environment for blastocyst implantation (Lim and
Wang, 2010). Ovariectomy conducted in D4 morning before the
secretion of preimplantation estrogen results in delayed implanta-
tion, which could be terminated with E2 injection leading to blasto-
cyst activation and the transition of uteri from the neutral state to
receptive state. However, the precise mechanism by which the D4

nidatory estrogen transforms uterine epithelial cells to adapt to
blastocyst attachment remains elusive.

Various locally produced signaling factors, including cyto-
kines, growth factors, homeobox transcription factors, together
with ovarian hormones, function during the establishment of
uterine receptivity and embryo attachment through autocrine,
paracrine, and/or juxtracrine manners (Norwitz et al., 2001;
Lim et al., 2002; Paria et al., 2002). Insulin-like growth factor 1

(IGF1) is usually regarded as an estrogen-responsive gene that
promotes cell proliferation in uterine epithelia in the nonpreg-
nant mice (Murphy and Ghahary, 1990; Zhu and Pollard, 2007).
A recently reported mouse model using Pgr-cre to delete the
uterine Igf1 gene suggested that uterine-derived IGF1 is essen-
tial for female fertility, but not for uterine growth in response to
estrogen (Hewitt et al., 2019). However, the manner of regula-
tion and underlying mechanism for IGF1 signaling during peri-
implantation are still unclear (Richards et al., 1996; Hewitt
et al., 2010, 2019).

In this study, we adopted the Pgr-cre mice to explicitly delete
the uterine Igf1r to explore the function of the IGF signaling during
the implantation. We found that the absence of uterine Igf1r af-
fected the pregnancy rate mainly due to the compromised uterine
epithelial transformation, further impairing embryo implantation.
On D4 of pregnancy with the nidatory estrogen exposure, both the
endometrium and the blastocyst increase the expression of IGF
ligands, which act orderly on the epithelial IGF1R to activate down-
stream signaling in the epithelium. First, IGF1, produced by the
uterine stroma in response to nidatory estrogen, activated the epi-
thelial STAT3 pathway, which modulates the expression of cellular
junction molecules to confer the uterine epithelium depolarity.
Thereafter, IGF2, produced by the late blastocyst, could be re-
ceived by the epithelium, activating the ERK1/2 and STAT3 signal-
ing to initiate the attachment reaction. In summary, we found that
the epithelial IGF1R, activated sequentially by the uterine IGF1

and embryonic IGF2, was indispensable for the epithelial differen-
tiation and normal uterine preparation for embryo implantation.

Results
IGF1R expression in the peri-implantation mouse uteri

To better understand the function of the IGF signaling in early
pregnancy, we first assessed the expression levels of IGF ligands
and receptors in the uteri. The spatiotemporal profiles of uterine

IGF1R were examined by in situ hybridization (ISH) and immuno-
histochemistry (IHC). On D1 of pregnancy, IGF1R was exclusively
expressed in the uterine epithelium and sustained in the epithe-
lium during the receptive phase. On D5, IGF1R expression levels
were high in epithelial cells while low in stromal cells (Figure 1A).
Alongside uterine decidualization progression, IGF1R remained
in both the residual epithelial and stromal compartments
(Figure 1B). The quantification of protein levels depicted a similar
pattern, as the expression of IGF1R increased with the establish-
ment of uterine receptivity, peaking at the implantation stage
(Figure 1B). ISH results for the ligands showed that Igf1 was
strongly expressed in the stroma, particularly in the subepithelial
stromal cells on D4, then decreased obviously, and showed a low
level in the peripheral stromal region toward the myometrium
from D5 onwards (Figure 1C). In contrast, Igf2 ligand was almost
undetectable in the uteri in D4 morning but exhibited a rising ex-
pression in the embryos, especially the trophoblast cell directly
contacting with the uteri from D5 to D6 of pregnancy (Figure 1D).

Mice with uterine Igf1r deletion show compromised fertility due
to impaired embryo attachment

Next, females with conditional uterine inactivation of Igf1r
(Igf1rd/d) were generated by crossing the Igf1r-floxed (Igf1rf/f)
mice with PR-driven Cre recombinase mice. The evidence
showed that Igf1r was effectively deleted in Igf1rd/d uteri at
both mRNA (Figure 2A) and protein (Figure 2B) levels. Then, fer-
tility of Igf1rf/f and Igf1rd/d females was assessed during a 6-
month continuous breeding trial by mating with the wild-type
(WT) males. We found that >85% of Igf1rd/d plug-positive mice
produced litters less than three (Figure 2C). To ascertain the
stage-specific causes accounting for this evident infertility, we
first analyzed the implantation status. The implantation status
from D4.5 to D5 was examined by the blue dye method, and
the number of implantation sites was significantly reduced in
the Igf1rd/d mice on both D4.5 and D5 (Figure 2D and E). Cox2

(Ptgs2) and Bmp2, induced by the attachment reaction, are crit-
ical for embryo implantation (Das et al., 1994; Lim et al., 1997;
Paria et al., 2001; Lee et al., 2007). The induced expression of
both Cox2 and Bmp2 was defective in Igf1rd/d uterine cells sur-
rounding the blastocyst on D5 (Figure 2F–H). Although some
embryos displayed the blue band reactions, we found that
some implanted embryos in knockout mice failed to develop
normally when detecting the postimplantation embryo develop-
ment. It seems like the growth of implanted fetus was restricted
by the residual epithelium in knockout uteri, since the cytoker-
atin-positive epithelium surrounding the embryo failed to be
eliminated and the PL-1-positive embryonic trophoblast cells
could not penetrate the endometrium properly (Supplementary
Figure S1). All the results revealed that the Igf1r deletion in
uteri impaired the normal embryo implantation.

Since IGF1R was mainly expressed in the uterine epithelium
with a relatively lower level in stroma before the implantation,
we intended to explore whether the defective implantation was

Uterine IGF1R is indispensable for implantation | 647

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab034#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab034#supplementary-data


due to the epithelium IGF1R-mediated cell-autogenous func-
tion. Ltf-Cre mouse model was utilized to specifically delete the
uterine epithelial Igf1r (Daikoku et al., 2014). The Igf1rf/f/Ltf-
Cre mice demonstrated a reduced number of implantation sites
(Supplementary Figure S2A and B), and the sharply decreased
expression of Cox2 represented a less transformation of lumi-
nal epithelium (LE) (Supplementary Figure S2C), clarifying that
the uterine epithelial IGF1R was vital for epithelial differentia-
tion to support normal embryo implantation.

Less differentiated epithelium for implantation in the absence
of uterine IGF1R

In mice, embryo implantation requires the uteri to enter a re-
ceptive state, precisely controlled by the steroid hormones E2

and P4. Since the Pgr-cre was also active in the developing cor-
pus luteum, and IGF1R was widely expressed in the mouse
ovary (Baumgarten et al., 2017), we pondered whether the lev-
els of ovarian steroid secretion were influenced. The results
showed that Igf1rd/d females exhibited comparable circulating
levels of P4 and E2, accompanied by the regular expression of
key steroid biosynthetic enzymes P450Scc and 3b-HSD in the
corpus luteum as those in Igf1rf/f females (Supplementary
Figure S3A and B). Meanwhile, considering both E2 and P4 act-
ing through their respective nuclear receptors, we examined
the mRNA and protein levels of ERa and PR in the D4 uteri but
did not find significant difference (Figure 3A and B). Moreover,
the expression levels of P4–PR responsive genes, such as Ihh,
Nr2f2, Hand2, and Hoxa10, were comparable between IGF1R-
deficient and control uteri in D4 morning (Figure 3C).

Figure 1 Spatiotemporal expression of IGF signaling components in mouse uteri during peri-implantation. (A) ISH (left) and IHC (right) of
IGF1R in D1–D8 uteri. Scale bar, 200 lm. (B) Western blotting analysis of IGF1R in uteri from D1 to D8. b-actin serves as a loading control.
(C and D) ISH of Igf1 and Igf2 mRNA in the uteri during early pregnancy. Scale bar, 100 lm. Bl, blastocyst; Le, luminal epithelium; Ge, glan-
dular epithelium; S, stroma; Em, embryo; Myo, myometrium.
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Figure 2 Uterine IGF1R is indispensable for embryo implantation. (A) qPCR analysis for IGF1R mRNA level in Igf1rf/f and Igf1rd/d uteri on D1.
***P<0.001. (B) IHC of IGF1R in uteri on D1. Scale bar, 100 lm. (C) Average litter sizes in Igf1rf/f and Igf1rd/d females. ***P< 0.001.
(D) The gross morphology of implantation sites in Igf1rf/f and Igf1rd/d mice visualized by blue dye reaction. Black arrowheads indicate the
implantation sites. (E) Average number of implantation sites (IS) in Igf1rf/f and Igf1rd/d mice. *P< 0.05. (F) Relative mRNA levels of marker
genes in Igf1rf/f and Igf1rd/d uteri on D5. The values are normalized to Gapdh and indicated as mean ±SEM, n¼ 3. *P<0.05. (G) IHC of
Cox2 in D5 uteri with the blastocyst. Scale bar, 50 lm. (H) ISH of Bmp2 mRNA in D5 uteri. Scale bar, 50 lm. Le, luminal epithelium; Ge,
glandular epithelium; S, stroma; Bl, blastocyst.
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Figure 3 Epithelial differentiation in Igf1rd/d uteri is defective in response to nidatory estrogen. (A) Relative mRNA levels of uterine Esr1 and
Pgr in Igf1rf/f and Igf1rd/d mice on D4. The values are normalized to Gapdh and indicated as mean ±SEM, n¼ 3. (B) IHC staining of ERa and
PR in D4 Igf1rf/f and Igf1rd/d uteri. Scale bar, 100 lm. (C) Relative mRNA expression of P4 downstream genes in D4 Igf1rf/f and Igf1rd/d uteri.
The values are normalized to Gapdh and indicated as mean ±SEM, n¼3. (D–G) Relative mRNA levels for estrogen target genes in Igf1rf/f

and Igf1rd/d uteri in D4 morning and evening. *P<0.5. (H) ISH of Msx1 in Igf1rf/f and Igf1rd/d uteri in D4 morning and evening. Scale bar,
200 lm. (I) IHC of Mucin1 in D4 morning and evening. Scale bar, 100 lm. (J) qPCR analysis for mRNA levels of adherent junctional and tight
junctional members in D4.5 uteri. *P< 0.05. (K) Immunofluorescence analysis of uterine CLDN1 (red) expression at the indicated time.
Nuclei were stained with DAPI (blue). Scale bar, 100 lm. Le, luminal epithelium; Ge, glandular epithelium; S, stroma; Bl, blastocyst.
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Based on the P4 priming, the D4 nidatory estrogen induces
the uterine differentiation into a receptive state, which includes
epithelium depolarity and the dynamic gene expression
(Daikoku et al., 2011; Zhang et al., 2013). We found that sev-
eral nidatory estrogen-responsive genes, including Wnt7b,
Coch, Msx1, and Mucin1 (Muc1), exhibited aberrant expression
changes from D4 morning to evening in Igf1rd/d uteri, compared
with the Igf1rf/f control (Figure 3D–G). The ISH data confirmed
an abnormal, persistent epithelial expression of Msx1 in the
D4.5 knockout uteri (Figure 3H). The same observation was
found for the Mucin1 protein (Figure 3I), which had disap-
peared in control D4.5 epithelium but remained an aberrantly
high expression in the Igf1rd/d epithelium. The LIF signaling
was reported to be a mediator of the nidatory estrogen for
downregulating Msx1 (Daikoku et al., 2011). We found that
both the expression level and gland localization of Lif mRNA
were similar in Igf1rf/f and Igf1rd/d uteri on D4 (Supplementary
Figure S4), implying that the abnormal expression of Msx1

resulting from the IGF1R deficiency was not due to the defective
Lif expression.

Msx1 is crucial for embryo implantation and regulates the
programming of epithelial cell polarity (Daikoku et al., 2011).
Since we had observed the abnormally expressed Msx1, we
wondered whether the deletion of IGF1R likewise affected epi-
thelial differentiation. The quantification of mRNA expression
depicted that while the adherens junction molecules,
E-Cadherin (Chd1) and b-catenin (Ctnnb1), were comparable
between the Igf1rf/f and Igf1rd/d epithelia, the tight junction
molecules, such as Claudin 1 (Cldn1), Cldn3, and Cldn4, were
significantly higher in Igf1rd/d epithelia after exposed to the D4

morning estrogen (Figure 3J). Consistently, the downregulation
of epithelial CLDN1 protein was observed in the control uteri
from D4 morning to evening, which was not occurred in the ab-
sence of Igf1r (Figure 3K), revealing that the failure of epithelial
cell depolarity in the Igf1rd/d uteri.

Nidatory estrogen-induced IGF1 activates the IGF1R–STAT3

cascade in the epithelium
STAT3 was reported to regulate the expression of epithelial

cell junction complex and direct the epithelial differentiation
for implantation (Pawar et al., 2013). We examined the dynamic
expression of uterine phosphorylated active STAT3 in relation
with the D4 nidatory estrogen. As shown in Figure 4A, in D4

morning (08:00), the active STAT3 was low in the epithelium.
Next, STAT3 was activated in the epithelium over time, consis-
tent with the timing of D4 nidatory estrogen production. To
more precisely explore the relationship between the D4 nida-
tory estrogen and STAT3 activation, pregnant mice were ovari-
ectomized in D3 night and given exogenous estrogen in D4

morning. The immunoblotting and immunostaining data sug-
gested that exogenous estrogen could induce epithelial STAT3

phosphorylation with peak activation after 4 h (Figure 4B;
Supplementary Figure S5A). Consistently, on D4.5, when the

D4 nidatory estrogen had challenged the uteri, active STAT3

phosphorylation positive staining was observed in the Igf1rf/f

epithelium but not in the Igf1rd/d epithelium (Figure 4C), which
was further confirmed by the immunoblotting data (Figure 4D).
These results implied that IGF1R-mediated signaling was vital
for STAT3 activation in D4.5 uteri.

Since the canonical activation of IGF1R requires the IGF1 or
IGF2 ligand, then we explored whether these ligands were in-
duced in response to estrogen. As mentioned above, exoge-
nous estrogen was given in D4 morning to the pregnant mice
that were ovariectomized in D3 night. The quantitative real-
time polymerase chain reaction (qPCR) analysis showed that
Igf1, but not Igf2, was rapidly induced by this E2 treatment at
4 and 8 h (Figure 4E and F), similar with the response of Lif to
estrogen (Supplementary Figure S5B). Consistently, this estro-
gen-induced IGF1 was accompanied with the STAT3 activation
at 8 h after the E2 treatment in control uteri, which was
significantly blocked in the absence of uterine Igf1r
(Figure 4G). Furthermore, the cell junction molecules CLDN1

and CLDN7 were gradually downregulated in the control epi-
thelium after E2 treatment, which was not occurred in the
Igf1rd/d epithelium (Figure 4H and I). These data suggested
that in the absence of Igf1r, the D4 nidatory estrogen-induced
STAT3 activation and epithelial cell differentiation was
defective.

Blastocyst-derived IGF2 is a potential ligand for uterine
epithelial IGF1R during the attachment

Apart from IGF1 expression in uteri, we also noticed another
ligand, IGF2, mainly expressed by the trophoblast cell, most
out layer of the embryo directly interacting with uteri during
peri-implantation (Figure 1C and D). Initially, we quantified Igf2
expression in the blastocyst. The qPCR results illustrated that
the expression of Igf2 mRNA exhibited a rapid increase in the
blastocyst from D4 morning to evening (Figure 5A), with the
blastocyst acquiring an implantation competence. The in-
creased protein expression of IGF2 was further confirmed by
immunofluorescence. IGF2 was slightly expressed in the tro-
phectoderm in D4 morning and was later dramatically in-
creased with the embryo attachment by D4 evening (Figure 5B).
These implied that accompanied with the initiation of attach-
ment, the blastocyst upregulated Igf2, which might communi-
cate with the uterine epithelium during the attachment through
the epithelial IGF1R.

We then intended to explore the function of this potential
crosstalk mediated by IGF2–IGF1R during embryo attach-
ment. First, blastocysts, incubated with specific anti-IGF2

antibodies to block the function of embryo-secreted IGF2 pro-
tein, were transferred into pseudopregnant receptive uteri.
The number of implantation sites in the IGF2 antibody-treated
group displayed an evident reduction compared to the con-
trol group (Figure 5C and D). In implantation sites with faint
blue dye reaction induced by few IGF2-blocked blastocysts,
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Figure 4 Nidatory estrogen-induced IGF1 activates the STAT3 pathway to regulate the epithelial transformation. (A) IHC of uterine p-STAT3

(Y705) in different time points on D4. Scale bar, 100 lm. (B) Immunostaining of uterine p-STAT3 (Y705) in response to E2 treatment after
ovariectomy on D3. Scale bar, 50 lm. (C) Immunostaining of uterine p-STAT3 (Y705) in Igf1rf/f and Igf1rd/d mice on D4.5. Scale bar,
100 lm. (D) Western blotting analysis for p-STAT3 (Y705) and total STAT3 in D4.5 uteri. (E and F) qPCR analysis for Igf1 and Igf2 mRNA ex-
pression in WT mouse uteri in response to E2 treatment after ovariectomy on D3. The values are normalized to gapdh and indicated as
mean ±SEM, n¼ 3. (G) Western blotting analysis for expression levels of p-STAT3 (Y705) and STAT3 proteins in Igf1rf/f and Igf1rd/d mouse
uteri in response to E2 treatment. (H and I) Immunostaining of CLDN1 (red) and CLDN7 (red) in Igf1rf/f and Igf1rd/d uteri. Nuclei were stained
with DAPI (blue). Scale bar, 50 lm. White arrow indicates the sustained location in Igf1rd/d uteri. Le, luminal epithelium; S, stroma; Ge,
glandular epithelium; Bl, blastocyst.
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Cox2 was absent in the LE with a weakly expression in the
stroma around those blastocysts (Figure 5E). To further prove
the vital function of the embryonic IGF2, agarose beads were
coated with IGF2 recombinase protein and transferred into
the pseudopregnant uteri on D4. The IGF2-coated beads
could mimic the embryos to induce implantation-like reaction
as visualized by the blue bands (Figure 5F). Similar with the
observation in the embryo-induced attachment reaction, the
Cox2 signal was noticed in the LE and sub-epithelium stroma
surrounding the IGF2-coated beads on D5, while the LE cells
around the bovine serum albumin (BSA)-covered beads did
not exhibit obvious Cox2 expression (Figure 5G). These
results indicated that embryonic IGF2 actively participated in
the normal blastocyst attachment.

The embryonic derived IGF2 activates the ERK1/2 and STAT3

signaling for blastocyst attachment
Since STAT3 was active in the whole epithelia in D4 uteri af-

ter the estrogen exposure, it was speculated that the embry-
onic derived IGF2 probably induced additional downstream
effectors to initiate the attachment reaction around the embryo
just in implantation sites. We detected other well-known IGF
downstream signaling, including the ERK1/2 and AKT path-
ways. Based on the IHC approach, we only recognized a tran-
sient ERK1/2 activation in the epithelium around the blastocyst
in D4 evening (Figure 6A).

The pseudopregnant uteri, injected intraluminally with IGF2

recombinase proteins on D4, resulted in upregulation of the
phosphorylated ERK1/2 and Cox2 induction in the whole

Figure 5 Embryo-derived IGF2 facilitates embryo implantation. (A) qPCR analysis for Igf1 and Igf2 mRNA expression in the blastocysts in D4

morning and evening. The values are normalized to Gapdh and indicated as mean ± SEM, n¼3. *P< 0.05. (B) Immunofluorescence analy-
sis for IGF2 localization in the blastocysts in D4 morning and evening. Scale bar, 40 lm. (C) Blue dye reaction to detect the implantation
status of blastocysts with different treatments. Black arrowheads indicate the implantation sites. (D) Average number of implantation sites
(IS) in control and IGF2-specific antibody-blocked groups. ***P<0.001. (E) Immunostaining of Cox2 in uterine sections of implantation
sites from control and blocking antibody-treated groups. Scale bar, 100 lm. (F) Morphology of uteri with transferred beads coated with BSA
or IGF2 recombinase protein. The implantation-like sites were visualized by blue dye reaction at 24 h after the transfer. Black arrowheads
indicate the implantation-like sites induced by IGF2-coated beads. (G) Immunostaining of uterine Cox2 induced by IGF2-coated beads or
BSA-treated beads. Black arrow points the Cox2 signaling in the epithelium. Scale bar, 50 lm. ICM, inner cell mass; Te, trophectoderm; Bl,
blastocyst; Be, beads.
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Figure 6 IGF2–IGF1R signaling-induced Cox2 expression requires both ERK1/2 and STAT3 activation. (A) IHC of uterine p-ERK1/2 protein at
indicated time points from D4 to D5 of pregnancy. Scale bar, 100 lm. (B) Immunostaining of Cox2, p-ERK1/2, and p-STAT3 (Y705) in the
uteri after IGF2 recombinase protein treatment. Scale bar, 100 lm. (C) Western blotting analysis for different proteins with the lysates of ep-
ithelial cells of WT mice in response to E2 treatment. (D) Western blotting for D4.5 uterine lysates utilizing pERK1/2, ERK1/2, p-STAT3

(Y705), and STAT3 antibodies. (E) Immunostaining of uterine p-ERK1/2 and Cox2 in Igf1rf/f and Igf1rd/d mice on D4.5. Scale bar, 200 lm.
(F) Immunostaining of p-STAT3 (Y705) in Igf1rf/f and Igf1rd/d uteri on D5. Scale bar, 200 lm. (G) Immunostaining of p-ERK1/2 and Cox2 in
the uteri from both control and U0126-treated mice on D4.5. U0126, a MEK inhibitor, was intraperitoneally injected at 18:00 on D4. Scale
bar, 100 lm. (H) Immunostaining of p-STAT3 (Y705) and Cox2 in the uteri on D5 from both control and U0126-treated mice. Scale bar,
100 lm. Le, luminal epithelium; Bl, blastocyst; S, stroma.
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uterine epithelia as revealed by the IHC analysis (Figure 6B).
The IGF2 treatment also induced STAT3 phosphorylation in the
epithelium, which was further confirmed by the immunoblotting
assay (Figure 6C). Interestingly, when the mice were pretreated
with the ERK1/2 inhibitor U0126, not only the IGF2-induced
ERK1/2 activation was blocked, but also the STAT3 activation
was downregulated, suggesting the potential crosstalk be-
tween the ERK1/2 and STAT3 signaling (Supplementary Figure
S6). Furthermore, defective ERK1/2 and STAT3 phosphorylation
was observed in the knockout uteri (Figure 6D–F). To exclude
the primary effects of aberrantly differentiated epithelium
caused by the defective IGF1R–STAT3 signaling in response to
stromal IGF1 as mentioned above, pharmacological approaches
were utilized to explore the function of ERK1/2 and STAT3 acti-
vation in the attachment. Intraperitoneal injection of U0126 ef-
ficiently inhibited the activation of ERK1/2, and also blocked
Cox2 expression in the epithelium (Figure 6G). Similarly, STAT3

inhibitor treatment, which was conducted in the afternoon of
D4 when the stromal IGF1 had activated STAT3 through IGF1R,
also led to the disappearance of Cox2 expression in the epithe-
lium (Figure 6H). All these data proved that there existed an in-
teraction between ERK1/2 and STAT3, and both active ERK1/2

and STAT3 signals were essential for attachment reaction.

ERK1/2 and STAT3 synergistically regulate Cox2 expression
To further explore the molecular basis of the coordination be-

tween ERK1/2 and STAT3 for regulating Cox2 expression, physi-
cal interaction was first examined in vivo. The Duolink in situ
proximity ligation assay (PLA) was adopted to detect ERK1/2–
STAT3 colocalization in uterine tissues. The density of the posi-
tive signals, which indicated an interaction between ERK1/2

and STAT3, gradually increased in the LE from D4 morning to
D4 midnight with the blastocyst attached to the epithelium
(Figure 7A), indicating that STAT3 and ERK1/2 were in close
proximity at a molecular level within the LE cells around the
attached embryo. Moreover, we adopted the mVenus-based bi-
molecular fluorescence complementation (BiFC) assay to
achieve the detection and visualization of the interaction be-
tween ERK1/2 and STAT3 in endometrial Ishikawa cells. The ex-
pression levels of STAT3-VC155 and ERK1-VN173 were
comparable with those of endogenous proteins (Figure 7B). The
mVenus-based BiFC fluorescence was seen in cells transfected
with STAT3-VC155 and ERK1-VN173 (Figure 7C), suggesting the
interaction between ERK1 and STAT3.

Next, we tested how the interacted ERK1/2 and STAT3 regu-
lated Cox2 expression. Previous studies had proved that STAT3

could bind directly to the Cox2 promoter (Li et al., 2018). We
performed ChIP–qPCR assay to determine the STAT3 binding on
the Cox2 promotor. The IGF2-stimulated D4 uterine epithelial
cells were utilized, which exhibited Cox2 expression in the
whole epithelial layer (Figure 6B) and provided enough cells
feasible with the ChIP assay. We determined a strong binding
of STAT3 on the promoter region, specifically on this region

(�214/�3 bp) of the Cox2 gene (Figure 7D), indicating that
STAT3 bounded to the Cox2 promoter in vivo.

Furthermore, we tested whether STAT3 could mediate the
transactivation of Cox2 via the promotor luciferase reporter
assay. It was noticed that a Cox2 promoter reporter including
fragment P1 (�214/�3 bp) displayed a response in a STAT3

dose-dependent manner (Figure 7E–G), consistent with the
most enrichment of this fragment in the ChIP assay. The inS3-
54A18, an inhibitor of the STAT3 DNA-binding activity, or the
ERK1/2 inhibitor UO126 could abolish the Cox2 promoter frag-
ment (�214/�3 bp)-regulated luciferase activity (Figure 7G).
Therefore, it seemed that STAT3 cooperated with the ERK1/2

pathway for regulating Cox2 expression in the LE by directly
binding to its promoter region.

Discussion
As the first barrier for embryo attachment, the uterine epithe-

lium needs to transform appropriately to accept the embryo.
The transition of uterine LE from a nonreceptive to a receptive
phase is accompanied by altered expression and redistribution
of the catenins, claudins, and E-cadherin in uterine epithelial
junctional complexes (Pawar et al., 2013). Under normal condi-
tions, Msx1 is significantly expressed in D4 morning and re-
markably downregulated with blastocyst attachment by D4

evening. During this process, E2 has been proved to inhibit
Msx1 expression on D4 (Daikoku et al., 2011). Msx gene partici-
pates in the alteration of epithelial cell junction proteins during
embryo implantation. Uterine double deletion of Msx1/2 led to
the upregulation of CLDN1 (a tight junction protein) and small
proline-rich (Sprr2) protein (a major component of cornified
envelopes in keratinized epidermis) (Sun et al., 2016). In our
study, we observed abnormal sustained Msx1 expression and
disordered distribution of cell junction molecules in Igf1rd/d

mouse uteri in D4 evening. The uterine Msx1 expression was
sustained in the delayed implantation model, which is critical
for the viability of dormant blastocyst (Cha et al., 2013). The
observation of this study, combined with previous evidence,
suggested that downregulation of epithelial Msx1 is prereq-
uired for normal embryo implantation.

A previous paper reported that even though E2 reduced Msx1

expression in WT uteri, it failed to do so in Lif knockout mice
(Daikoku et al., 2011). Thus, we tested the Lif expression by
qPCR and found that it showed no difference from D4 to D5

(Supplementary Figure S3). In the uteri, LIF primarily activates
the JAK–STATs pathways (Auernhammer and Melmed, 2000;
Chen et al., 2000). The LIFR antagonist can inhibit tyrosine
phosphorylation of STAT3 in the LE and lead to a reduced im-
plantation rate (Mohamet et al., 2009). Previous papers have
also reported that in Lif-deficient and gp130-mutant mice, uter-
ine epithelia are incapable of responding to embryo implanta-
tion due to dysregulation of STAT3 signaling (Stewart et al.,
1992; Ernst et al., 2001). In this study, we found that in Igf1r
knockout mouse model, the activation of STAT3 in the LE was
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defective, with the regular glandular expression of LIF.
Therefore, a scenario was depicted as that the stromal cell-pro-
duced IGF1 synergized with the glandular epithelium-secreted

LIF to guarantee the STAT3 activation in the D4 epithelium and
subsequently directed the downstream events preparing the re-
ceptive epithelium to interact with the embryo.

Figure 7 STAT3 and ERK1/2 synergistically regulate Cox2 expression. (A) Fluorescence images of Duolink in situ PLA using rabbit anti-
ERK1/2 antibody and mouse anti-STAT3 antibody at the indicted time on D4. White arrowheads indicate multiple positive PLA signals (red
spots). White arrow points noisy signal. The nuclei were labeled with DAPI (blue). Scale bar, 200 lm. Le, luminal epithelium; B, blastocyst.
(B) Western blotting analysis for the expression of BiFC constructs. GAPDH served as the loading control. (C) BiFC assays to evaluate inter-
actions between ERK1 and STAT3. Images were acquired 36 h after transfection. Scale bar, 5 lm. (D) ChIP–qPCR analysis for the enrichment
of STAT3 in the Cox2 promoter. IgG was used as control. *P< 0.05. (E) Schematic illustration of luciferase reporter constructs with different
inserts. (F) Western blotting analysis for STAT3 in 293T cells transfected with increasing amounts of STAT3-expressing constructs. (G) Dual-
luciferase reporter assay utilizing the Cox2 promoter-driven reporter combined with different plasmids. The compound inS3-54A18, an
inhibitor for DNA-binding activity of STAT3, was used at 10 lM. U0126 was used at 10 lM to inhibit the activation of ERK1/2. After 36 h of
culture, cell lysates were assayed for firefly and Renilla luciferase activity. The data are expressed as fold induction of luciferase activity rel-
ative to the promoter alone, and data presented are the mean of three independent experiments performed in duplicate. **P< 0.01.
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STAT3 directs cellular remodeling that alters the organization
of epithelial junctional complexes during implantation (Pawar
et al., 2013). A recent report utilizing the mouse model with the
Ltf-Cre-induced STAT3 deletion also verified the cell-autono-
mous function of STAT3 in the uterine epithelium (Hiraoka
et al., 2020). Before the implantation occurs, the epithelium in-
tegrity primarily depends on the status of adherent and tight
junctions, which form a continuous seal of junctional com-
plexes (Singh and Aplin, 2009). There is evidence proving that
STAT3 signaling is vital for suppressing the expression of
CLDN1, CLDN3, and CLDN4 transcripts within the implantation
window, and it also downregulates a- and b-catenin, which may
contribute to the redistribution of E-cadherin away from lateral
junctional complexes during implantation (Pawar et al., 2013).
Here, we checked the localization of critical molecules of both
tight and adherent junctions, and the results indicated that
CLDN1 was altered apparently in the epithelium. The molecular
relationship between the STAT3 and epithelial transformation
needs further exploration.

It has been reported that E2 regulates uterine epithelial cell
proliferation through stromal cell-derived IGF1, and adding
specific IGF1R inhibitor PPP blocked uterine epithelial cell prolif-
eration induced by E2 (Zhu and Pollard, 2007). However, uterine-
specific knockout of IGF1 did not influence uterine growth in
response to E2. Rather, it decreased the pregnancy rate of female
mice (Hewitt et al., 2019), in consistence with our study that
uterine IGF1R deletion caused defective epithelial depolarization
and thus abnormal pregnancy. Other growth factors, such as fi-
broblast growth factor (FGF) members, have also been demon-
strated to attend the epithelial cell proliferation (Nallasamy
et al., 2012). Based on these reports, we surmise that many
grow factors, such as IGF and FGF signaling, are involved in E2-in-
duced epithelial proliferation, and the uterine-localized IGF1–
IGF1R signaling is more important for epithelial differentiation
preparing for the embryo implantation. Besides IGF1R, whether
the other IGF receptor IGF2R, which displays a low affinity with
IGF ligands, also functions during this process needs further ex-
ploration (Martin-Kleiner and Gall Troselj, 2010).

Pregnancy is a dialogue process between the maternal uteri
and fetus. IGF2, another ligand for the IGF1R, has been
reported to play a vital role in fetal growth, while the altered ex-
pression of IGF2 has been determined to be related to fetal
growth disorders (Constância et al., 2002). Building on a previ-
ous report that IGF2 was upregulated in the implanted embryo
(Rappolee et al., 1992; Hardy and Spanos, 2002), we also
found that IGF2 rapidly increased in trophectoderm before blas-
tocyst attachment. The attachment would induce Cox2 expres-
sion in the epithelium and underlying stroma around the
blastocyst. This gave us a hint that as a secretory molecule of
the embryo, IGF2 might regulate uterine gene expression, such
as Cox2, in a paracrine manner.

We then detected the downstream signals of IGF and uncov-
ered that the ERK1/2 signal was transiently activated in the
presence of an embryo or uterine infused with IGF2 protein.
Consistently, though normal embryos were observed in the

IGF1R knockout uteri, there were no ERK1/2 activation or Cox2

expression in the epithelium around the embryos. A previous
study showed that HB-EGF was readily upregulated in the blas-
tocyst, transitioning from dormancy to an activated state
(Hamatani et al., 2004). Also, beads soaked in IGF1, as well as
beads coated with HB-EGF, could elicit an implantation-like re-
sponse when transferred into the pseudopregnant mice (Paria
et al., 2001). This report implied that with a local high concen-
tration of IGF signal, either IGF1 or IGF2 could induce an implan-
tation-like reaction in the uterine epithelium, and the ERK1/2

might be a common downstream signal of these growth factors.
In the uterine receptivity, it was found that the STAT3 activation
is critical for the epithelial depolarity, and we also wonder the
function of STAT3 signal during the attachment reaction. For
this purpose, we utilized STAT3 inhibitor in WT mice in D4 late
afternoon when uterine IGF1 and LIF had activated STAT3. It
demonstrated that the activation of STAT3 was also indispens-
able for the epithelial Cox2 expression. Based on these results,
we uncovered that ERK1/2 and STAT3 synergistically induced
the epithelial Cox2 expression.

How does ERK1/2 influence STAT3 activity? A previous paper
reported that ERK1/2 inhibition resulted in a decrease in the
phosphorylation level of p-STAT3 (S727), but no significant
change in p-STAT3 (Y705) level (Le et al., 2016). Additionally,
ERK2 phosphorylated STAT3 on serine-containing peptide and
decreased its tyrosine phosphorylation induced by EGF treat-
ment (Jain et al., 1998). Here, we found that p-STAT3 (Y705)
was present in the LE after the treatment with IGF2 recombi-
nase protein (Supplementary Figure S5), indicating no mutually
exclusive actions of these two different phosphorylation sites
of STAT3 during implantation. However, the mechanism for
the in vivo interaction and coordination between STAT3 and
ERK1/2 in the uterine epithelium needs to be further explored.

In brief, in this study, we uncovered a stage-dependent func-
tion of epithelial IGF1R to guarantee the normal implantation.
As depicted in Figure 8, in the morning of D4, E2 elicites uterine
stromal IGF1 to activate STAT3 in the epithelium in a paracrine
way, thus promoting the whole epithelial transformation for the
arrival of the embryos. Afterwards, the attached embryo
secretes IGF2, which acts on the local epithelia to induce the
attachment reaction, such as Cox2 expression, via the synergis-
tic ERK1/2 and STAT3 pathways.

Materials and methods
Animals, hormone treatments, and tissue collection

All experiments were conducted according to the approved
guidelines of the Animal Welfare Committee of Research
Organization (X200811) of Xiamen University. Female mice car-
rying floxed Igf1r (Igf1rf/f) were obtained from Jackson Lab
(Dietrich et al., 2000), and crossed with PRCre/þ or LtfCre/þ

mice. Implantation sites were visualized by a routine blue dye
method (Paria et al., 1993). WT and knockout female mice were
ovariectomized in the evening of D3 and then treated with a
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single dose of E2 along with P4 (2 mg in sesame oil) in D4 morn-
ing. For each treatment group, at least four mice were used at
each time point. Uteri were collected and fixed in 10% formalin
before IHC analysis or frozen in the liquid nitrogen.

Isolation of mouse uterine epithelial cells
Uterine horns were excised, trimmed of fat, and dissected

longitudinally to expose uterine lumen. Dissected horns were
then cut into 4- to 5-mm-long pieces and washed in Hanks bal-
anced salt solution (HBSS) as previously reported (Ramathal
et al., 2010). Uterine tissue pieces were placed into HBSS con-
taining 25 g/L trypsin (Sigma, T8003) for 1 h at room tempera-
ture, followed by separation by tweezers. Trizol was used to
lyse tissues for RNA extraction.

Measurement of E2 and P4 levels
Mouse blood samples were collected on D4 of pregnancy.

Serum levels of E2 and P4 were measured by radioimmunoassay.

qPCR analysis
Total RNA was isolated from uterine cells by standard Trizol-

based protocols and converted to cDNA as described previ-
ously (Zhang et al., 2019). The cDNA was amplified by qPCR to
quantify gene expression using gene-specific primers and

SYBR Green. Analysis of variance single-factor analysis was
conducted on the grouped means to determine statistical sig-
nificance at a significance level of P<0.05. All primers for
qPCR are listed in Supplementary Table S1. Assays were per-
formed at least three times with each in duplicate.

Immunostaining
The 10% neutral buffer formalin-fixed tissue was processed

for paraffin embedding, sectioned in 5 lm thickness, and
performed immunostaining using IGF1R, Muc1, p-STAT3,
STAT3, p-ERK1/2, Ki67, Cox2, 3b-HSDII, CYP11A1, and p-AKT
antibodies, respectively. The signal was developed with DAB
solution and counterstained with Mayer’s hematoxylin. For
immunofluorescence staining, 4% formaldehyde-fixed frozen
tissue section (10 lm) was incubated with anti-Claudin 1 and
anti-Claudin 7, respectively. Specific secondary antibodies
were used to detect the antigen and 4

0,60-diamidino-2-phenyl-
indole (DAPI) was applied to identify the cell nucleus.

Embryo immunostaining
The zona pellucida was removed using acid Tyrode’s solution

(Sigma) described previously (Lin et al., 2017). Embryos were
fixed in 4% paraformaldehyde (PFA) in phosphate-buffered sa-
line (PBS) with 0.1% Tween 20 and 0.01% Triton X-100

Figure 8 A diagram displays the sequential role of IGF1R signaling during the implantation. Nidatory estrogen peak at D4 morning induces
the expression of stromal IGF1, which is involved in activating the epithelial STAT3 via a paracrine manner for depolarizing the uterine epi-
thelium. On D4.5, the upregulated IGF2 from the late blastocyst acts on epithelial cells, synergistically activating both the ERK1/2 and
STAT3 signaling to induce Cox2 expression for attachment.
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overnight at 4
�C, permeabilized in 0.5% Triton X-100 in PBS for

15 min, and blocked in 10% fetal bovine serum in PBS for 1 h.
The anti-IGF2 antibody was used as a primary antibody.

Beads transfer into the pseudopregnant mice
The preparation of IGF2-carrying beads and transferring

beads into uteri lumen were performed as previously described
(Paria et al., 2001). Affi-Gel Blue Gel (Bio-Rad; 100–200 mesh,
no. 153-7302) beads about the size of a blastocyst were
washed six times with sterile PBS and then incubated with IGF2

recombinase protein (100 ng/ll) (R&D Systems, 792) or similar
concentrations of BSA, in 20 ll PBS at 37

�C for 1 h. After incu-
bation, beads were washed in PBS several times and used im-
mediately. Siliconized pipette tips and dished were used for
handling IGF2. Loaded beads (7 beads/horn) were transferred
into one uterine horn of D4 pseudopregnant mice. Mice were
sacrificed on D5. Uteri without blue bands were flushed to re-
cover beads.

Duolink PLA in uterine tissue
Uterine sections (10 lm) deposited on glass slides and pre-

treated concerning fixation, retrieval, blocking, and incubation
with primary ERK1/2 and STAT3 antibodies were used for IHC at
room temperature for overnight. After washing in 1� Wash
Buffer at room temperature twice, the slides were incubated
with secondary antibodies (PLA probe PLUS and MINUS, conju-
gated with oligonucleotides) in a preheated humidity chamber
for 1 h at 37

�C and then washed in 1� Wash Buffer A at room
temperature twice. Enzymatic ligation depending on the prox-
imity of PLA probe PLUS and MINUS was performed for 30 min
at 37

�C. After washing the slides in 1� Wash Buffer at room
temperature twice, circle amplification was performed with po-
lymerase for 100 min at 37

�C. After the final washes with 1�
Wash Buffer B and nuclear counterstaining, the processed
slides were viewed using a Leica fluorescence microscope.

BiFC assay
Venus N-terminal (1–173 amino acid residues) was in frame

fused with the ERK1, and Venus C-terminal (174–328 amino
acid residues) was in frame fused with the STAT3. The correct
expression of fusion proteins was confirmed by immunoblot-
ting. Both the N-terminal and C-terminal fused plasmids were
cotransfected into Ishikawa cells. Twenty-four hours after the
transfection, the immunofluorescence signal for Venus protein
was detected using the fluorescence microscope.

Luciferase reporter assay
Cells grown to 50%–70% confluence were transfected with

vectors using LipofectamineTM
3000 transfection reagent

(Invitrogen), with 50 ng pRL-TK vector as an internal standard,
for a dual-luciferase assay (firefly and Renilla luciferases).
Luciferase activity was measured at 48 h using a dual-lucifer-
ase reporter assay kit (Promega). Results were shown as rela-
tive luciferase activity. The primer sequences for constructing
the vectors are listed in Supplementary Table S2. All experi-
ments were repeated three times in triplicate.

ISH
ISH was performed as previously described (Tang et al.,

2015). Frozen sections (10 lm) were mounted onto poly-L-ly-
sine-coated slides and fixed in 4% PFA solution in PBS at 4

�C.
Mouse-specific cRNA probes for Igf1r, Igf1, Igf2, Bmp2, and Lif
were used for hybridization. Cryo-sections hybridized with
sense probes were served as negative controls. Primer sequen-
ces to amplify the templates for probe are listed in
Supplementary Table S3.

Western blotting
Western blotting analysis was performed as previously de-

scribed (Ran et al., 2017). Antibodies against IGF1R, p-STAT3

(Y705), STAT3, p-ERK1/2, ERK1/2, AKT, Claudin 1, Claudin 7,
and b-actin were used. b-actin served as a loading control.

ChIP–qPCR
ChIP analyses were performed as previously described

(Zhang et al., 2019). The binding of STAT3 to the Cox2 promotor
was assessed by ChIP assay using epithelial cells in the IGF1-
infused uteri. In brief, the cells were fixed with formaldehyde
for 10 min at room temperature, and the chromatin was soni-
cated using the BioruptorVR Pico sonication device (Diagenode)
to fragment the DNA–protein complex. This supernatant was
then complexed overnight at 4

�C with the STAT antibody, and
then incubated with protein A/G beads to pulldown the com-
plex. After several washes, the resulting protein/DNA com-
plexes were subjected to cross-link reversal and DNA
extraction. Specific primers were used to detect immunopreci-
pitated chromatin fragments, as well as input chromatin, using
the qPCR assay (Supplementary Table S4).

Confocal microscopy
Fluorescent images were obtained using a confocal laser-

scanning microscope (FV1000; Olympus).

Statistical analysis
Statistical analysis was performed with the SPSS11.5

program. A comparison of means was performed using the in-
dependent-sample Student’s t-test. The data are shown as
mean ±SEM.
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