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% Check for updates Over 75% of failed pregnancies involve implantation defects. Growth factor
receptor-bound protein 2 (GRB2) is an adaptor protein involved in signal
transduction and cell communication. Here we show that the expression of
GRB2 protein is lower in endometrium of infertile women with endometriosis
compared to controls. Our mouse endometriosis model revealed that endo-
metriosis development results to GRB2 loss in the eutopic endometrium. To
understand the role of GRB2 in the uterus, we generated mice with conditional
ablation of Grb2 in the Pgr positive cells (Grb2"*). Grb2”* mice were infertile
due to implantation failure. Although ovarian functions were normal, Grb2¥¢
mice had a non-receptive endometrium due to progesterone resistance and
dysregulation of steroid hormone and FOXA2 signaling pathways. Further-
more, our results were supported by findings of GRB2 attenuation in primary
human endometrial stromal cells from women with endometriosis. Our results
demonstrate that GRB2 is critical for endometrial receptivity and
decidualization.

including EGF. During implantation, changes in the expression of
adhesion molecules, cytokines, and transcriptional factors are
dependent upon E2 and P4. Because of the complexity and dynamic

Six percent of women under 44 are infertile, 12% have difficulty getting
pregnant or carrying pregnancies to term, and over 75% of failed
pregnancies involve implantation defects’. Even the most successful

treatments, such as assisted reproductive technologies, still lead to
frequent implantation failures. Uterine receptivity, implantation, and
decidualization are critical in supporting embryonic growth. These
events are regulated by the coordinated actions of estrogen (E2) and
progesterone (P4) that are produced and secreted by the ovary.
E2 stimulates uterine epithelial cell proliferation, and P4 suppresses E2-
induced proliferation. E2 and P4 act on the endometrium and myo-
metrium directly through their cognate nuclear receptors, the pro-
gesterone receptor (PGR) and estrogen receptors (ESR1 and ESR2),
respectively, and indirectly by stimulation of various growth factors

nature of implantation, these molecular changes are still not fully
understood.

In rodents, E2 promotes proliferation of epithelial cells in the
endometrium to initiate the preparation for pregnancy on gestation
day 0.5 (GD 0.5). Subsequently, P4 inhibits E2-induced proliferation of
uterine epithelial cells and stimulates stromal cell proliferation on GD
3.5%°. Rapid induction of the cytokine leukemia-inhibitory factor (LIF)
by nidatory estrogen with elevated P4 levels is a critical step for uterine
receptivity* . The blastocyst attaches to the uminal epithelium on GD
4.5, and implantation occurs followed by decidualization of the
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surrounding stroma®’. During decidualization, uterine stromal cells
undergo proliferation and differentiation into large epithelioid
decidual cells, which creates a local environment permissive to
implantation and supportive of the embryo. Similar to the mouse, the
steroid hormones E2 and P4 are critical for the regulation of human
endometrium including proliferation, secretion, and menstrual shed-
ding. Defective stromal cell decidualization can result in pregnancy
complications including pregnancy loss and miscarriage in mice and
human’.

Uterine glands and their secretory products are likely critical
regulators of blastocyst implantation, uterine receptivity, and con-
ceptus growth and development in both mice and humans®. During
pregnancy, uterine glands present in the endometrium surrounding
the embryo implantation site and develop decidua®®. Defective
development of uterine glands can be causing pregnancy loss®.
Forkhead box a2 (FOXA2), a member of FoxA family transcription
factors, has important roles in the uterine function and implantation™.
Foxa2 is only found expressed in the glandular epithelium of the
uterus™ and loss of expression defects endometrial gland develop-
ment resulting in the loss of uterine glands". Therefore, FOXA2-
deficient mice lack of Lif secretion and thus are infertile''*; however,
the upstream regulators of FOXA2 are not completely understood in
relation to their uterine functions.

Growth factor receptor-bound protein 2 (GRB2) is an adapter
protein critical for the regulation of cell survival, proliferation, differ-
entiation, and metabolism". GRB2 directly binds EGFR and activates
ERK1/2 and AKT in a Ras-dependent manner"”. Abnormal expression of
GRB2 promotes tumor malignancies by activating both PI3K/AKT and
EGFR/ERK pathways'®". In contrast, downregulation of GRB2 protein
expression induced cell growth inhibition's. EGFR and ERK1/2 critically
regulate endometrial function during early pregnancy”?°. EGFR plays
important roles in epithelial cell proliferation/differentiation and
stromal cell decidualization during early pregnancy. However, the role
of GRB2 in implantation and decidualization has not been studied.

Here, we show that the amount of GRB2 is decreased in endo-
metrium from infertile women with endometriosis. We used uterine-
specific Grb2 knock-out mice and primary human endometrial stromal
cells to demonstrate that GRB2 is necessary for implantation and
decidualization. Our uterine-specific Grb2 knock-out mice display a
non-receptive endometrium due to dysregulation of ovarian steroid
hormone signaling as well as FOXA2 signaling.

Results

The levels of GRB2 protein are diminished in endometrium from
infertile women with endometriosis

We examined the levels of GRB2 proteins in endometrium from fertile
women (n=19) and infertile women with and without endometriosis
(n=18 and n =13, respectively) using immunohistochemistry (Fig. 1a).
Our immunohistochemistry result revealed strong expression of GRB2
in the endometrial epithelial and stromal cells from control group
endometrium at secretory stage. However, the expression of GRB2
proteins was significantly decreased in the epithelial cells (p <0.001
and p<0.01, respectively) and stromal cells (p<0.001 and p<0.01,
respectively) of the eutopic endometrium from infertile women with-
out and with endometriosis compared to controls (Fig. 1a). These
results suggest that GRB2 deficiency may be associated with female
infertility. To investigate the effect of Grb2 loss in endometriosis and
pregnancy, we generated a mouse model with Grb2 conditionally
ablated in Pgr-positive cells (Pgr™* Grb2”; Grb2*?). Ablation of Grb2 in
the uterus was confirmed by Western blot and immunohistochemical
analyses (Fig. 1b, c). Our Western blot result showed a remarkable
decrease of GRB2 protein in the whole uteri of Grb2*¥ mice compared
to control (Grb2”) mice (Fig. 1b). Immunohistochemical analysis vali-
dated that GRB2-postivite cells were undetectable in the uterine
epithelial and stromal cells of female Grb2** at GD 3.5 (Fig. 1c).

To determine whether Grb2 deficient endometrial tissues exhibit
different behavior when transplanted into an endometriosis model in
mice, we performed endometriosis induction with normal GRB2-
positive endometrium (Pgr™*Rosa26™™%* control) and endometrium
that lacks GRB2 (Pgr** Grb2” Rosa26™"™"*; Grb2* Rosa26™™%*), While
GFP-positive endometriotic lesions were detected in mice with normal
GRB2-positive endometrium, we could not detect any endometriotic
lesions in mice with Grb2 deficient endometrial tissues (Fig. 1d). We
also determine whether GRB2 expression is attenuated after endo-
metriosis development. GRB2 was significantly lower in epithelial
(p<0.05 and p <0.05, respectively) as well as stromal cells (p <0.05
and p<0.001, respectively) of the eutopic endometrium from mice
with endometriosis compared to the sham control group at 1 month
and 3 months after endometriosis induction (Fig. 1e). Thus, our results
suggest that endometriosis development and progression are asso-
ciated with a loss of GRB2 in the eutopic endometrium that may result
in infertility.

Grb2 loss results in female infertility

We examined the expression of GRB2 to determine the cell-specific
and temporal expression profiles of GRB2 in uteri of pregnant wild-
type female mice from GD 0.5 to 7.5 using immunohistochemistry
analysis. Our immunohistochemistry showed dynamic expressions of
GRB2 proteins during early pregnancy (Fig. 2a). GRB2 proteins were
weakly detected in uterine stromal cells of wild-type mice at GD 0.5.
The levels of GRB2 proteins gradually increased from GD 2.5 to GD 3.5.
At implantation stage GD 4.5, we detected strong GRB2 expression in
decidual cells surrounding implantation sites. At GD 5.5, stromal cells
underlying the implantation chamber differentiate into epithelioid
cells to form the primary decidual zone (PDZ)”. GRB2-positive cells
were detected in the PDZ at GD 5.5, but the intensity was decreased in
the PDZ at GD 7.5. In contrast to the dynamic changes in the stroma,
GRB2 expression was consistently strong in luminal and glandular
epithelial cells from GD 0.5 to GD 4.5. These results suggest that GRB2
may play an important role during early pregnancy.

To explore the functional role of uterine Grb2 in pregnancy, we
performed a fertility test where female Grb2” and Grb2* mice were
mated with wild-type male mice, and their litters and pups were
examined for 6 months (n=5). Grb2” control mice gave birth to an
average of 4.37 + 0.24 litter per mouse and an average of 6.19 + 0.28
pups per litter, whereas all Grb2® mice were sterile (Table 1). The
results of the fertility test suggest that Grb2 plays an important role in
pregnancy.

Because of reported Cre recombinase expression within the
pituitary, ovary, uterus, and mammary gland of the Pgr** mouse?, we
reasoned that Grb2*? infertility might result from ovarian defects. To
determine whether Grb2*¥ mice had any ovarian phenotypes, we
examined levels of serum E2 and P4 as well as ovarian histology (n=>5).
The serum level of E2 and P4 showed no significant difference between
Grb2” (E2=7.87 +0.94 pg/ml and P4=8.01+1.20 ng/ml) and Grb2?
(E2=6.85+0.95pg/ml and P4=6.48+1.01ng/ml) mice at GD 3.5
(Supplementary Fig. 1a). Grb2*¥ mice showed normal ovarian mor-
phology comparable to Grb2” mice (Supplementary Fig. 1b). These
results suggest that Grb2%? female mice have normal ovarian functions
and that the infertility of Grb2?¢ female mice results from uterine
dysfunction.

Grb2" female mice fail to support pregnancy past implantation
To determine the cause of infertility in Grb2*¢ mice, ultrasound ima-
ging was used to monitor pregnancy in Grb2” and Grb2** mice during
early pregnancy. The embryos were detected in Grb2” but not Grb2%?
mice at GD 5.5, 7.5, and 9.5 by ultrasonography (Supplementary
Fig. 2a), and the 3D reconstructions were generated to reveal the shape
and size of implantation sites (Supplementary Fig. 2b). The sizes of
embryos in Grb2” mice gradually increased during early pregnancy,
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Fig. 1| The expression of GRB2 was decreased in the endometrium of women
with endometriosis and women without endometriosis. a Representative image
of GRB2 immunohistochemistry in the endometrium from infertile women with
endometriosis (n = 18), infertile women without endometriosis (n = 13) compared
to controls (n =19) at mild-secretory stage. The quantification of GRB2 immuno-
histochemistry in the stroma and epithelial cells of endometrium from women with
endometriosis, women without endometriosis and control. The results represent
the mean + SEM. **p =0.0002, **p = 0.0033, **p =0.0007, **p=0.0086 by Ordin-
ary one-way ANOVA test. b, ¢ The ablation of GRB2 in the uterus were confirmed by
Western blot analysis (n=3 per genotype) and immunohistochemistry in the uteri
of Grb2” and Grb2¥* mice at GD 3.5 (n=>5 per genotype). d Representative fluor-
escence photomicrographs and average total number of endometriotic sites in
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Grb2” and Grb2 mice by induced endometriosis based on m7/mG mice (n=5 per
genotype). Endometriotic lesions were visualized by GFP expression in the outside
of uterus. White arrow indicates endometriotic lesions. The results represent the
mean = SEM by two-tailed unpaired t-test. e Inmunohistochemistry GRB2 analysis
from uteri of the endometrium from 1 month and 3 months after endometriosis
induction and Sham mice at GD 3.5 (n =6 per genotype and time point). Semi-
quantitative analysis of GRB2 levels in the epithelium and stroma in the stroma and
epithelial cells endometrium from 3 months after endometriosis induction and
Sham mice at GD 3.5. The results represent the mean + SEM. *p = 0.0334,
*p=0.0234 and *p=0.0384, *p = 0.0445, **p < 0.0001 by Ordinary one-way
ANOVA test. Source data are provided in the Source Data file.

the average sizes being 2.19 + 0.34 mm?® at GD 5.5, 6.86 + 0.83 mm?® at
GD 7.5 and 24.87 +1.3 mm? at GD 9.5 (Supplementary Fig. 2c). How-
ever, we could not detect any embryos in Grb2*“ mice at GD 5.5, GD 7.5,
or GD 9.5 (Supplementary Fig. 2d). Our results suggest that Grb2
mice were infertile due to early pregnancy loss.

Grb2?? mice exhibit implantation defects

In order to determine the cause of early pregnancy loss in Grb2% mice,
female Grb2” and Grb2¥* mice were examined at implantation stage GD
4.5. Implantation sites were visualized by intravenous injection of Chi-
cago blue (Fig. 2b; n=6). Although Grb2” mice revealed normal

8.29 +0.49 implantation sites, Grb2%? mice did not show any Chicago
blue-stained implantation sites (Fig. 2b). Next, our histological analysis
revealed that embryos in Grb2” mice were attached to the luminal epi-
thelium and surrounded by decidualized cells in (Fig. 2c). However, H&E
staining for Grb2% mice revealed two groups of implantation sites in the
uteri of (Fig. 2c). In group #1 (n=3), the uterine lumen was not closed,
and the embryos were free-floating within the uterine lumen. (Fig. 2c). In
group #2 (n = 3), the uterine lumen was closed; however, the blastocysts
were loosely affixed to the luminal epithelium and decidual cells were
not observed (Fig. 2c). We performed IHC for prostaglandin-
endoperoxide synthase 2 (PTGS2; COX2), a decidualization marker®,
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Fig. 2 | Implantation defect and altered PTGS2 expression in Grb2" mice at
GD 4.5. a Representative image of GRB2 immunohistochemistry in the uterine
tissue from GD 0.5 to GD 7.5 (n =5 per time point). b Visualizations of implantation
sites by Chicago Sky Blue 6B dye in Grb2” and Grb2" uteri at GD 4.5 (n=6 per

genotype) after intravenous injection of Chicago Sky Blue 6B dye. ¢ Hematoxylin
and eosin analysis of implantation sites from uteri of Grb2” (i-iii) and Grb2" (iv-ix)
mice at GD 4.5. d Immunohistochemistry PTGS2 analysis from uteri of Grb2” (i and
ii) and Grb2¥ (jii-vi) mice at GD 4.5 (n=3).

Nature Communications | (2025)16:2192


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57173-2

Table 1| Fertility test of Grb2¥? mice

Number of mice tested Number of litters Number of pups Average of pups/litter Average number of litter/mouse
Grb2™ 5 27 167 6.19+0.28 4.37+0.24
Grb2d 5 0 0 0 0

Grb2 mice produced a normal number of litters and pups/litter over a 6-month period of mating, but Grb2¥® mice were infertile (n =5).
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Fig. 3 | Dysregulation of FOXO1 and PGR at the implantation sites of Grb2"*

mice at GD 4.5. aImmunohistochemistry analysis of FOXOI from the uteri of Grb2”
(i and ii) and Grb2™ (iii-vi) mice at GD 4.5. b Semi-quantitative analysis of FOXO1
levels in the epithelium of Grb2” and Grb2** mice at GD 4.5 (n=5 per group). The
results represent the mean + SEM. ***p < 0.0001, ***p < 0.0001, and **p = 0.0033 by
Ordinary one-way ANOVA test. ¢ Inmunohistochemistry analysis of PGR from the
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uteri of Grb2” (i and ii) and Grb2¥ (jii-vi) mice at GD 4.5. d Semi-quantitative
analysis of PGR levels in the epithelium and stroma of Grb2” and Grb2** mice at GD
4.5 (n=5 per group). The results represent the mean + SEM. **p < 0.0001,
*p=0.0125, and *p = 0.0163 by Ordinary one-way ANOVA test. Source data are
provided in the Source Data file.

to examine decidualization at implantation sites. Grb2” mice showed
strong PTGS2 staining in the decidual cells surrounding the embryos
(Fig. 2d). However, we could not observe any PTGS2 expression in
luminal epithelium and implantation sites in Group #1 or #2 of Grb2¥¢
mice (Fig. 2d). These results show Grb2** mice were infertile due to
defective embryo implantation and decidualization.

Grb2* mice exhibit dysregulation of PGR/FOX01 and EGFR/ERK
signaling in implantation

PGR and FOXO1 are important transcription factors regulating epi-
thelial integrity and decidualization during implantation, and they are
expressed reciprocally to each other**. We assessed the expression of
FOXOL1 and PGR in the implantation sites of Grb2” and Grb2** mice at
GD 4.5 (Fig. 3; n=5). FOXOL1 proteins were strongly expressed in the
nuclei of luminal epithelial cells in Grb2” mice (Fig. 3a, b). However, the
expression of FOXO1 was significantly decreased (p<0.001 and

p <0.001, respectively) in both Group #1 and Group #2 of Grb2*? mice
compared to control (Fig. 3a, b). Importantly, the localizations of
FOXO1 were mainly in cytoplasm instead of nuclear. Moreover, its
expression in Group #1 was significantly 2.6 times lower (p < 0.01) than
in Group#2 (Fig. 3b). The nuclear expression of FOXO1 proteins at
implantation sites of controls coincides with PGR loss in luminal epi-
thelium and strong expression of PGR in stroma (Fig. 3c, d). However,
the levels of nuclear PGR in luminal epithelium were highly increased in
both Group #1 and Group #2 of Grb2** mice compared to controls
(Fig. 3d). In contrast to luminal epithelium, stromal PGR protein was
significantly decreased in both Group #1 and Group #2 of Grb2”* mice
compared to control mice (Fig. 3d; p<0.001 and p<0.05, respec-
tively). Moreover, its expression in Group #2 was significantly higher
(p<0.05) than in Group#1 (Fig. 3d). Our IHC results suggest that the
dysregulation of PGR and FOXOL1 at implantation sites causes implan-
tation failure of Grb2” mice.
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Grb2"" mice exhibit decidualization defects

Decidualization is a process of stromal differentiation during embryo
implantation®. However, it is difficult to examine the effect of GRB2
loss on decidualization during early pregnancy because Grb2** mice
have implantation failure. To investigate the role of Grb2 in decid-
ualization, we applied a mouse artificial decidualization model in
Grb2* mice. Ovariectomized female Grb2” and Grb2“* mice were
hormonally and physically stimulated to artificially induce decid-
ualization, mimicking an invading embryo in the left horn of the
uterus. The other uterine horn was left unstimulated as a control.
Although Grb2” mice displayed a decidual uterine horn that respon-
ded well to this artificial induction, Grb2%* mice displayed a defect of
decidual response (Fig. 4a). The weight ratio of stimulated to control
horn was significantly decreased (p<0.001) in Grb2”® mice
(.06 +0.07, n=4) compared to Grb2” mice (16.42+1.74, n=5)
(Fig. 4a). Histological analysis confirmed that the stimulated uterine
horn from control mice showed enlarged, cuboidal decidual cells, but
the Grb2" mice did not detect decidual cells in the stimulated uterine
horns (Fig. 4b). Further, the expression of the known decidualization
markers, bone morphogenetic protein 2 (Bmp2) (p < 0.001), follistatin
(Fst) (p<0.001), FK506-binding protein 5 (FkbpS) (p<0.01), and
wingless-related mouse mammary tumor virus integration site 4
(Wnt4) (p <0.01), were significantly decreased in the decidual uterine
horn of Grb2** mice compared to the decidual uterine horn of Grb2”
(n=4) (Fig. 4¢).

Infertile women with endometriosis display markedly reduced
decidualization and impaired uterine receptivity”’. Therefore, we
examined GRB2 levels in primary human endometrial stromal cells
(hESCs) from women with or without endometriosis using RT-qPCR.
GRB?2 levels were significantly lower (p < 0.001) in hESCs from women
with endometriosis compared to controls (Fig. 4d). hESCs can be cul-
tured in vitro and treated with a hormone cocktail of E2, P4, and cAMP
(EPC) to induce decidualization®. To determine the effect of GRB2
attenuation on human decidualization, we combined this system with
a siRNA loss of function approach in control hESCs. The GRB2 knock-
down efficiency was assessed by RT-qPCR before inducing decid-
ualization, confirming that GRB2 mRNA levels were significantly
decreased in hESCs treated with GRB2 siRNA compared with non-
targeting pool siRNA (Fig. 4d). hESC transfected with a non-targeting
pool of control siRNA and treated with EPC showed robust induction
of classic decidual markers /IGFBPI and PRL (Fig. 4d). Conversely, in
cells transfected with GRB2 siRNA, the induction of these markers was
significantly reduced compared to the control (Fig. 4d). These results
indicated that GRB2 plays an important role for decidualization in mice
as well as hESCs.

Mice with Grb2 conditional deletion in the uterine epithelium
showed normal fertility

Uterine epithelial-stromal crosstalk is crucial for implantation and
decidualization’. GRB2 proteins are strongly expressed in uterine epi-
thelial and stromal cells at pre-implantation stage. To examine the role
of Grb2 in uterine epithelium, we conditionally ablate Grb2 in the adult
mouse endometrial endometrium by crossing Ltf“** and Grb2” mice.
Lef Grb2” mice displayed Grb2 deletion in the luminal and glandular
epithelium, while retaining Grb2 expression in the stroma in contrast to
Grb2”® mice (Supplementary Fig. 3a). To assess overall fecundity,
control Grb2” and Ltf”*Grb2” females were mated with wild-type male
mice (n=5). Grb2” and Ltf*Grb2” mice had normal number of pups
with an average of 5.89+0.078 and 5.71+0.079 pups per litter,
respectively (Supplementary Fig. 3b). Ltf Grb2” mice revealed normal
ovarian functions including ovulation, fertilization and histology
(Supplementary Fig. 3c, d). We also monitored pregnancy and embryo
growth in Ltf*Grb2” mice using high frequency ultrasound. Normal
sizes and numbers of embryos were detected at GD 5.5, GD 7.5, and GD
9.5 in both Grb2” and Ltf*'Grb2” mice (Supplementary Fig. 4a).

Furthermore, the number of implantation sites were no different
between Ltf*'Grb2” and Grb2” mice using Chicago blue at GD 4.5, GD
5.5 and GD 9.5 mice (Supplementary Fig. 4b). In addition, both Grb2”
and Ltf* Grb2” mice revealed normal decidual responses by artificial
decidualization experiment (Supplementary Fig. 4c). These results
demonstrated that epithelial Grb2 ablation does not impair implanta-
tion and decidualization.

Grb2 loss results in a non-receptive endometrium due to dys-
regulation of ovarian steroid hormone signaling

Loss of epithelial E2 action is essential for implantation at the secretory
phase in all eutherian mammal species studied®*2. Proliferation is
markedly reduced in epithelial cells at the peri-implantation stage for
embryo attachment***, We examined expression of Ki67, a prolifera-
tion marker, at GD 3.5, which marks the pre-implantation stage’
(Fig. 5a). While cell proliferation in the luminal epithelium was sig-
nificantly increased (p<0.001) in Grb2* mice (95.21+1.91 %) com-
pared to control Grb2” mice (3.99 +1.58 %), cell proliferation in the
stroma was significantly decreased (p<0.001) in Grb2 mice
(7.49 +3.04 %) compared with Grb2” mice (63.77 +4.59 %). Next, we
investigated whether Grb2 ablation caused excess E2 signaling. The
expression of Clca3, Ltf, and Muc-1, E2 target genes, were significantly
increased (p<0.01, p<0.05, and p<0.001, respectively) in Grb2"¢
mice compared to control mice (Fig. 5b). We also detected a significant
decrease (p<0.01) of ESRI levels in stromal cells of Grb2** mice
compared to control Grb2” mice but not in epithelial cells (Fig. 5c).
These results demonstrate that E2 activity is enhanced in uterine epi-
thelial cells of the Grb2%* mice.

Defective P4 action is the primary cause of the defects in
ESR1 downregulation, and has been called P4 resistance®. Next,
we used RT-gPCR and immunohistochemistry to assess expression
of P4 target genes and PGR in Grb2*? mice. mRNA levels of P4
target genes /li3ra2, Fst, Areg, and Lrp2 were significantly down-
regulated (p <0.01, p<0.001, p<0.01, and p<0.001, respectively) in
Grb2*¥ mice compared to control mice (Fig. 5d). Interestingly, stromal
PGR expression was significantly reduced (p<0.001) in Grb2"?
mice compared to control mice (Fig. 5e). However, the expression
of epithelial PGR did not change in Grb2%¢ mice (Fig. 5e). Moreover,
expression of the stromal markers, vimentin and COUP-TFII, was sig-
nificantly decreased (p<0.001 and p<0.001, respectively) in the
stromal cells of Grb2** mice compared to control mice (Fig. 5f, g).
These results suggest that GRB2 loss results in a non-receptive
endometrium due to dysregulation of ovarian steroid hormone
signaling.

Grb2 regulates the E2/P4-related as well as EGF-related genes

To identify the signaling pathways that Grb2 regulates at pre-implan-
tation, we performed RNA-seq analysis in the uterine tissue of Grb2”
and Grb2* mice at GD 3.5. Our transcriptomic analysis identified 2243
differentially expressed genes (DEGs) (fold change > 2, p<0.05 and
FDR < 0.05) including 917 upregulated genes and 1326 down-regulated
genes in the uterus of Grb2? mice compared with Grb2” mice (Sup-
plementary Data 1). Upstream regulator analysis by Ingenuity Pathway
Analysis (IPA) showed that major altered pathways in the Grb2%? uterus
included 17f-estradiol/ESR1, progesterone/PGR, STAT3, FOXOI, and
EGF/EGFR signaling (Fig. 6a). Our pathway analysis by IPA identified
508 differentially expressed E2-related genes (Supplementary Data 2)
and 191 differentially expressed P4-related (Supplementary Data 3)
genes in Grb2%? uteri compared with Grb2” uteri (Fig. 6b). Importantly,
246 EGF/EGFR-related genes were identified in Grb2”* mice compared
with Grb2” mice (Fig. 6¢ and Supplementary Data 4). Because EGFR
critically regulates endometrial function and decidualization during
early pregnancy”, and GRB2 interacts with EGFR to activate Ras and its
downstream kinases, ERK1/2", we validated our transcriptomic results
using RT-qPCR. Our RT-qPCR results revealed that the mRNA
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Fig. 4 | Decidualization defects in Grb2? mice and hESCs. a A decrease of the
stimulated/control uterine weight ratio in Grb2” and Grb2"* mice at decidualization
day 5 (n=5 for Grb2” and n =4 for Grb2%¥ mice). The results represent the

mean + SEM. **p = 0.0001 by two-tailed unpaired t-test. b Hematoxylin and eosin
(H&E) staining in control and stimulated horn of Grb2” and Grb2*“ mice at decid-
ualization day 5. ¢ RT-qPCR analysis for the expression of decidualization marker
genes, Bmp2, Fst, FkbpS, and Wnt4, in the uteri of Grb2” and Grb2?“ mice (n=4 per
genotype). The results represent the mean + SEM. **p < 0.0001, ***p <0.0001,
*p < 0.0001, **p < 0.0001, *p = 0.0435, *p = 0.0045, *p = 0.0034, *p = 0.0042 by

Day0 Day1 Dayb Day0 Dayl Dayb

Ordinary one-way ANOVA test. d The expression of GRB2 in hESCs from control
women without (Ctrl) and with (Eosis) endometriosis (n=22 per group). The
expression of GRB2, IGFBPI1, and PRL levels in hESCs and after silencing with siRNA
in decidualized HESCs. Each treatment was performed with at three biological
replicates (n=3 per group and time point). The results represent the mean + SEM.
*#p=0.0001, *p = 0.0085, *p=0.0200, **p=0.0035, ***p=0.0004, and

**p <0.0001, by Ordinary one-way ANOVA test. Source data are provided in the
Source Data file.

expression of £gfr was significantly (p < 0.05) decreased (-1.78-fold) in
the Grb2" mice compared to the Grb2” mice (Fig. 6d). The levels of
Erbb2 and Erbb3 mRNA were significantly (p<0.05 and p<0.001,
respectively) increased (2.38-fold and 2.98-fold) in the Grb2%® mice
compared to the Grb2” mice, respectively. In addition, the expression

of Egf mRNA was no different between Grb2%? (1.82 + 0.26) and Grb2”
mice (1.51+0.28) (Supplementary Fig. 5). The expression of ERBB2
protein was not different in the uterus of both Grb2” and Grb2** mice
(Supplementary Fig. 5) but EGFR protein level was remarkably
decreased in the epithelial and stromal cells of Grb2* mice (Fig. 6d).
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Mice lacking Egfr in the uterus failed to maintain and process
decidualization during implantation”. Therefore, we next examined
the expression of EGFR proteins at implantation sites of Grb2” and
Grb2* mice at GD 4.5 (Fig. 6e, f). While EGFR proteins were strongly
expressed at stromal cells near implantation sites of Grb2” mice, it was
not detected at luminal epithelium. The levels of stromal EGFR
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proteins were significantly (p<0.001 and p<0.001, respectively)
reduced in both Group #1 and Group #2 of Grb2%* mice compared to
control (Fig. 6f). However, the levels of epithelial EGFR proteins were
significantly (p<0.05 and p<0.05, respectively) increased in both
Group #1 and Group #2 of Grb2*¥ mice compared to control. Fur-
thermore, pERK1/2 proteins were strongly expressed in stromal cells
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Fig. 5 | Loss of Grb2 in uterine results in non-receptive endometrium due to
progesterone resistance. a Immunohistochemistry of Ki67 analysis in the uteri of
Grb2” and Grb2" mice at GD 3.5 (n=5 per genotype). The results represent the
mean = SEM. **p <0.0001 and ***p < 0.0001 by two-tailed unpaired t-test. b RT-
qPCR analysis for E2 target genes, Clca3, Ltf, and Muc-1, in the uteri of Grb2” and
Grb2”* mice at GD 3.5 (n=4 per genotype). The results represent the mean + SEM.
**p=0.0063, *p=0.0221, and **p =0.0006 by two-tailed unpaired t-test.

¢ Immunohistochemistry of ESR1 analysis in the uteri of Grb2” and Grb2** mice at
GD 3.5 (n =5 per genotype). The results represent the mean + SEM. ** p=0.0014 by
two-tailed unpaired t-test. d RT-qPCR analysis for P4 target genes, /l13ra2, Fst, Areg,

and Lrp2, in the uteri of Grb2” and Grb2¥* mice at GD 3.5 (n=4 per genotype). The
results represent the mean = SEM. **p = 0.0015, **p = 0.0009, **p = 0.0019 and
**p < 0.0001 by two-tailed unpaired t-test. € Inmunohistochemistry of PGR ana-
lysis in the uteri of Grb2” and Grb2* mice at GD 3.5 (n =5 per genotype). The results
represent the mean + SEM. **p < 0.0001 by two-tailed unpaired t-test.
fImmunohistochemistry of stromal maker protein COUP-TFIl and g Vimentin in the
uteri of Grb2” and Grb2%¥ mice at GD 3.5 (n=5 per genotype). The results represent
the mean + SEM. ** p <0.0001, and ** p < 0.0001 by two-tailed unpaired t-test.
Source data are provided in the Source Data file.

near implantation sites of Grb2” mice, while they were very weakly
detected in luminal epithelium. The levels of stromal pERK1/2 proteins
were significantly (p <0.001 and p <0.001, respectively; 3.6-fold and
12.9-fold, respectively) decreased in both Group #1 and Group #2 of
Grb2*# mice compared to control (Fig. 6e, f). These results revealed
that GRB2 loss causes dysregulation of ovarian steroid E2/P4 signaling
as well as EGFR/ERK signaling in the uterus.

Next, we examined whether tert-Butylhydroquinone (TBHQ), an
ERK1/2 activator, rescues the phenotypes of Grb2 deficient mice. Grb2”
and Grb2% mice were treated daily with TBHQ for 1 week (50 mg/kg via
intraperitoneal injection). Unfortunately, TBHQ resulted in implanta-
tion failure of control and Grb2? mice (Supplementary Fig. 6). Our
previous study showed that the expression of ERK1/2 signaling mole-
cules are dynamically regulated during early pregnancy and play a
critical role in decidualization®. In addition, we examined the effect of
UO0126, an ERK1/2 inhibitor, during early pregnancy. Control mice were
treated with vehicle or U0126 (150 pmol/kg one time/week via intra-
peritoneal injection) for 1 month and then ultrasound imaging was
performed to monitor pregnancy. U0126-treated mice showed a sig-
nificant decrease (p=0.0088) in the number of implantation sites
compared to vehicle group at GD 9.5 (Fig. 7a—c). Therefore, our results
suggest that ERK1/2 signaling molecules should be tightly regulated for
implantation and decidualization during early pregnancy.

Grb2 is critical for endometrial gland development and function
in mouse uterus

Endometrial glands expressing FOXA2 play an important role in the
implantation process®’*. Therefore, we examined gland formation and
function in Grb2% mice. Grb2¥* mice (8.67 +1.67) had significantly fewer
endometrial glands compared to controls at GD 3.5 (26.67 +2.11, 3.0-
fold, p<0.001; Fig. 8a). IHC analysis revealed a significant reduction
(p<0.001) of FOXA2, a glandular specific marker, in glands of Grb2¥
mice compared to control mice (Fig. 8b). In order to understand the
molecular dysregulation in glands of Grb2% mice, we utilized our tran-
scriptomic data from GD 3.5 Grb2*® mouse uteri to compare the dys-
regulated genes to those dysregulated in Pgr*Foxa2” (Foxa2™) uteri at
GD 3.5%. Out of a total of 2,243 genes differentially expressed due to
Grb2 loss, 593 (26.44%) were also differentially expressed in Foxa2¥
mice (Fig. 8c, Supplementary Data 5). Further, a clustering heatmap of
the 593 genes identified 343 down-regulated genes in both Grb2* and
Foxa2™ mice (Fig. 8d). Importantly, the levels of Lif and several gland-
ular epithelium-specific genes (Prss29, Spink3, Ttr, Wfdc3) were sig-
nificantly reduced in the uteri of both Foxa2® and Grb2" mice
compared to controls (Fig. 8e). However, the uterine weight and the
expression of FOXA2 were not different (p = 0.4213) in the uteri of 3-4-
week-old Grb27 mice (1.52+0.19) compared to the Grb2” mice uteri
(1.74 £ 0.16) (n=4) (Supplementary Fig. 7).

Discussion

Our study reveals that the expression of GRB2 is decreased in eutopic
endometrium from infertile women with endometriosis compared to
controls. Uterine epithelial-stromal crosstalk is crucial for implantation
and decidualization’. GRB2 proteins are strongly expressed in uterine
epithelial and stromal cells at the pre-implantation stage. However,

Lef*Grb2” mice revealed normal uterine functions. Interestingly,
GRB2 knock-down in hESC resulted in a significant reduction of
decidual markers IGFBP1 and PRL compared to the control (Fig. 4d)
and stromal PGR expression was only significantly reduced in Grb2?
mice compared to control mice (Fig. 5e). Moreover, expression of the
stromal markers, vimentin and COUP-TFII, was significantly decreased
in the stromal cells of Grb2%¢ mice compared to control mice
(Fig. 5f, g). Our results suggest that stromal GRB2 plays a critical
function for regulation of receptive endometrium and ovarian steroid
hormone signaling.

GRB2 binds to EGFR for various biological processes by activating
PI3K/AKT and ERK/MAPK pathways'®”. Our RNA-seq analysis identified
246 dysregulated EGFR-related genes in the uterus of Grb2%® mice
compared to control. EGFR is critical for endometrial function during
early pregnancy”. EGFR is expressed in the stroma surrounding the
implanting blastocyst”*%, However, the expressions of EGFR and
pERK1/2 were remarkably decreased in the uterus of Grb2%* mice at
implantation sites of GD 4.5. The defective decidualization responses
of eutopic and ectopic endometrial stromal cells in endometriosis
patients®*° are similar to those observed in Grb2*¢ mice as well as
hESCs from women without disease with the knock-down of GRB2.
Importantly, endometrial epithelium-specific Grb2 knockout mice
(Ltf*Grb2") exhibited normal implantation and decidualization. Our
results suggest that the attenuation of GRB2 in infertile women with
endometriosis causes infertility due to implantation failure based on
evidence from Grb2”* mice. However, the molecular mechanism of
GRB2 attenuation in the etiology and pathophysiology of
endometriosis-related infertility will require further study.

Our previous results showed that mice lacking Egfr expression
(Pgr*Egf’’ mice) are severely subfertile' as we observed in Grb2?
mice. Early pregnancy failure and implantation site demise is a key
factor in subfertility of both female Grb2% and Pgr*Egf¥’’ mice. They
have the same phenotype that pregnancy demise occurred shortly
after blastocyst implantation due to defects in decidualization. Modest
reductions in litter size observed in the absence of uterine Erbb2 or
Erbb3 indicates that they may facilitate EGFR signaling as dimerizing
partners but do not play a critical role in pregnancy individually'.
While Egf expression was not changed in Grb2%? mice, Erbb2 and Erbb3
were significantly increased in Grb2% mice. These results suggest that
Grb2 targets EGF signaling to regulate uterine function.

Grb2** mice exhibited aberrant activation of epithelial prolifera-
tion and a decrease in stromal proliferation. Activation of epithelial
proliferation at the pre-implantation stage leads to implantation fail-
ure in several mutant mouse studies**>. Moreover, the aberrant acti-
vation of epithelial proliferation is found in the endometrium of
infertile women with endometriosis*>**. In contrast, increased stromal
cell proliferation is a crucial step for normal uterine receptivity® and is
considered to be an initiator of decidualization*. In the Grb2%* uterus
on GD 4.5, the expression of PTGS2 was significantly reduced in the
stromal cells surrounding the embryo at failed implantation sites. This
finding suggests that endogenous decidualization was disrupted at the
molecular level by loss of GRB2.

The regulation of P4 and E2 is critical for the regulation of the
molecular and cellular events leading to the uterine receptivity for
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Fig. 6 | Transcriptome profile of the uteri in Grb2” and Grb2"? mice at GD 3.5.
a GO terms of the upregulated genes in the uteri of Grb2?“ mice compared with that
of Grb2” mice from RNA-seq data. b Heatmap of E2-related genes and P4-related

genes in the uterus of Grb2” and Grb2%¢ mice at GD 3.5. ¢ Heatmap of uterine EGFR-
related genes and d RT-qPCR and immunohistochemistry analysis of EGFR in the

uteri of Grb2” and Grb2”? mice at GD 3.5 (n = 4 per genotype). The results represent
the mean + SEM. *p = 0.0221 by two-tailed unpaired t-test. e Immunohistochemistry

analysis of EGFR and pERK1/2 in the uteri of Grb2” and Grb2% mice at GD 4.5.

f Semi-quantitative analysis of EGFR and pERK1/2 levels in the uteri of Grb2” and
Grb2¥ mice at GD 4.5 (n=5 per genotype). The results represent the mean + SEM.
***p <0.0001, **p < 0.0001, *p=0.0300, *p =0.0455, **p <0.0001, and

***p < 0.0001 by Ordinary one-way ANOVA test. Source data are provided in the
Source Data file.
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at GD 9.5. ¢ Mice treated with U0126 shows a decreased number of implantation
sites compared with mice treated with vehicle at GD 9.5 (n=5 per treatment). The
results represent the mean + SEM. **p = 0.0088 by two-tailed unpaired t-test.
Source data are provided in the Source Data file.

implantation®’. P4 suppresses E2 action on epithelial proliferation and
promotes stromal cell proliferation to prepare uterine receptivity for
implantation and decidualization*®, Loss of E2 action is essential for the
implantation at the secretory phase in all eutherian mammal species*.
The imbalance of P4 and E2 action is found in the endometrium of
women with endometriosis*’. Grb2? mice revealed dysregulation of
PGR and ESR1 in uterine stroma at GD 3.5. As a result, the expression of
P4 target genes were significantly reduced, while E2 target genes were
significantly upregulated in Grb2** mice. Failure to downregulate
ESR1 signaling is a sign of a homeostasis imbalance in both endome-
triosis and infertility*®, and is likely the cause of excessive proliferation
in the endometrium of women with endometriosis™.

Interestingly, we found that the number of uterine glands was
significantly decreased in the uterus of Grb2** mice. Uterine glands are
critical for implantation and decidualization as reported in uterine
Foxa2-deleted mice (Foxa2¥%)"*. FOXA2 is explicitly expressed in the
glandular epithelium of uterus in both mice and human®>*3, FOXA2 was
decreased in eutopic endometrium from women with endometriosis*.
In Foxa2*® mice, the absence of uterine glands led to severe defects of
implantation and decidualization®->. We observed that the expression
of FOXA2 was significantly decreased in the glandular epithelium in
the uterus of Grb2% mice. Grb2* and both FOXA2-deficient mouse
models (Foxa2™ and Ltf“*Foxa2”) are infertile due to defects in
embryo attachment on GD 4.5"-*. Furthermore, our comparative
analysis of transcriptomic data from Grb2%" and Foxa2”® mice
confirmed the molecular impact of uterine Grb2 loss on FOXA2-
regulated genes.

In conclusion, our findings demonstrate that GRB2 plays a critical
role for the successful progression of early pregnancy. As we observed
attenuation of GRB2 in human eutopic endometrium from infertile
women with endometriosis, loss of Grb2 in the mouse uterus resulted
in infertility due to implantation and decidualization defects. Inter-
estingly, the ablation of Grb2 in the uterus impaired uterine gland

function normally supported by FOXA2. Therefore, our studies sug-
gest a conceptual framework for understanding abnormal endometrial
homeostasis, with implications for the diagnosis and treatment of a
non-receptive endometrium in early pregnancy loss.

Methods

Study design

The main objective of this study was to evaluate the role of GRB2 in
infertility. First, the expression of GRB2 was assessed in eutopic
endometrium of infertiie women with or without endometriosis
compared to fertile women. To determine whether endometriosis
affects GRB2 expression, GRB2 protein expression were examined in a
mouse model of endometriosis. Subsequently, we determine that
impact of Grb2 ablation on the infertility implantation, and decid-
ualization in Grb2** and littermate control mice. Finally, tran-
scriptomic analysis was applied to dissect the molecular mechanisms
of Grb2 in the uterus. The control and treatment groups and the
number of biological replicates (sample sizes) for each experiment are
specified in the figure legends. The number of animals for each study
type were determined by the investigators on the basis of previous
experience with the standard disease models that were used or from
pilot studies. Animals were randomly allocated to the control and
treatment groups and housed together to minimize environmental
differences and experimental bias. Analysis of endpoint readouts was
carried out in a blinded fashion.

Ethics statement and declarations
The institutional review boards of University of Missouri, Wake Forest
University, and University of North Carolina approved this study. The
Institutional Animal Care and Use Committee at University of Missouri
approved all experiments relating to mice.

All animal experiments were approved by the University of Mis-
souri Animal Care and Use Committee. Mice were housed and bred in a
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designated animal care facility at University of Missouri with controlled
humidity and temperature conditions and a 12 h light/dark cycle.

Human endometrium samples

The human endometrial samples used to examine GRB2 expression
patterns were obtained from Wake Forest University and University of
North Carolina. Written informed consent was obtained from all par-
ticipants. The study design and conduct complied with all relevant
regulations regarding the use of human study participants and was
conducted in accordance with the criteria set by the Declaration of
Helsinki. Control endometrial tissues were laparoscopically negative
for endometriosis and had not been on any hormonal therapies for at
least 3 months prior to surgery. Histologic dating of endometrial
samples was done on the basis of the criteria of Noyes et al.>* and
confirmed by subsequent histopathological examination by an
experienced fertility specialist (B.A.L.). Normally cycling women with-
out infertility who were free of hormones for at least 60 days served as
fertile controls. Tubal ligation was a source for normal subjects as it
allows us to rule out endometriosis laparoscopically. All
endometriosis-related infertility cases were undergoing endometrial
sampling prior to surgical removal of endometriosis. All patients did
not have uterine leiomyoma and adenomyosis. To investigate GRB2
amounts in the endometrium from women, 18 infertile women with
endometriosis, 13 infertile women without endometriosis and 19

control eutopic endometrium were used. Samples used for immuno-
histochemistry were fixed in 10% buffered formalin prior to embed-
ding in paraffin wax.

Animals and tissue collection

Mice were housed and bred in a designated animal care facility at the
University of Missouri with controlled humidity (30-70%) and tem-
perature conditions (68-79 °F) and a 12 h light/dark cycle. Grb2 con-
ditional knockout mice were generated crossing Pgr*? or Ltf¥*°
males with female mice carrying the Grb2” allele (Pgr™* Grb2”; Grb2"7).
All control (Grb2"), Pgr*Grb2”, and Ltf"** Grb2” mice were mixed
background C57BL/6J and 129S1/SvimJ strains and 8-12-week-old
female mice from. were used for all experiments. For the early preg-
nancy study, female Grb2” and Grb2** were mated with C57BL/6 male
mice, and uterine samples from pregnant mice were obtained at dif-
ferent days of pregnancy. The morning of vaginal plug is designated as
GD 0.5. Uteri were collected at GD 3.5 and 4.5, and implantation sites
were visualized on GD 4.5 by intravenous injection of 1% Chicago Sky
Blue 6B dye (Sigma-Aldrich, St. Louis, MO). Fertility was assessed by
mating female Grb2” and Grb2“* mice with wild-type C57BL/6 male
mice for 6 months. The number of litter and pups born during that
period was recorded. U0126 was purchased from Selleck (Pennsylva-
nia, USA) and tert-Butylhydroquinone (TBHQ) was purchased from
MedChemExpress (New Jersey, USA). For ERK inhibitor and activator
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study, U0126 and TBHQ were dissolved in solution 5% DMSO + 40%
PEG400 +45% Saline +5% Tween80. For UO0126 treatment study,
female control mice at 8 weeks old were received with either vehicle
(PBS) and U0126 (150 pmol/kg) every week by intraperitoneal (i.p)
injection for 2 weeks. For TBHQ treatment study, Grb2” and Grb2*¢
mice were daily received with TBHQ (50 mg/kg) by intraperitoneal (i.p)
injection for 1 week. After the last injection, mice were mated with wild-
type male mice. Vevo F2 LAZR-X ultrasound system was used at GD 5.5,
7.5, and 9.5. Uterine tissues were collected at the time of dissection and
immediately either fixed with 4% (vol/vol) paraformaldehyde for his-
tology or immunohistochemistry or snap frozen and stored at -80 °C
for RNA/protein extraction. The levels of progesterone and estrogen in
serum were measured by the University of Virginia Center for Research
in Reproduction Ligand Assay and Analysis Core.

Induction of endometriosis in mouse

The endometriosis was induced in 8-week-old female control
(Pgr*Rosa26™™C) and Grb2*¥ Rosa26™™° mice which have condi-
tional double-fluorescent Cre reporter gene had daily 1pg/ml of E2
injection for 3 days and then autologous endometriosis induction were
performed®’. After 1 month post endometriosis induction, the mice
were euthanized, and endometriotic lesions were counted under
fluorescence microscope.

Reverse transcription-quantitative PCR

1ug of RNA was used for reverse transcription with MMLV Reverse
Transcriptase (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions. mRNA expression levels of genes of interest
were measured by real-time PCR TaqMan or SYBR green analysis using
an Applied Biosystems StepOnePlus system (Applied Biosystems,
Foster City, CA, USA). The mRNA quantities were normalized against
the housekeeping gene, 60S ribosomal protein L7. Analysis of mRNA
expression was first undertaken by the standard curve method, and
results were corroborated by cycle threshold values assessing gene
expression. Primer sequences used in these studies are shown in
Supplementary Table 1.

Histology and immunostaining
Histology and immunohistochemistry analyses were performed as
previously described***®,

For immunohistochemistry, dewaxed hydrated paraffin-
embedded tissue sections were blocked with 10% normal goat serum
in PBS (pH 7.5) and then incubated with primary antibody diluted in
10% normal goat serum in PBS (pH 7.5) overnight at 4 °C anti-GRB2
(1:2000 dilution; ab32037; Abcam), anti-PTGS2 (1:500 dilution;
160106; Cayman), anti-FOXOL1 (1:500 dilution; CS-2880; Cell Signaling),
anti-PGR (1:2000 dilution; CS-8757S; Cell Signaling), anti-EGFR (1:500
dilution; CS-2646; Cell Signaling), anti-ERBB2 (1:1000 dilution; CS-
4290S; Cell Signaling), anti-pERK (1:500 dilution; CS-4370; Cell Sig-
naling), anti-COUP-TFII (1:1000 dilution; PP-H7147-10; Perseus Pro-
teomics), anti-Vimentin (1:1000 dilution; ab92547; Abcam), anti-
FOXA2 (1:1000 dilution; WRAB-FOXA2; Seven Hills BioReagent), anti-
Ki67 (1:1000 dilution; BD550609; BD Pharmingen), anti-ERa (1:1000
dilution; sc-8002; Santa Cruz). On the next day, the sections were
incubated with the appropriate species specific HRP-conjugated sec-
ondary antibody (2 pg/ml; Vector Laboratories) for 1h at room tem-
perature. Immunoreactivity was detected using the Vectastain Elite
DAB kit (Vector Laboratories). A semi-quantitative grading system (H-
score) was used to compare the immunohistochemical staining
intensities as previously described”. The overall score ranged from
0 to 300.

Western blot analysis
Proteins were extracted using lysis buffer (10 mM Tris-HCI (pH 7.4),
150 mM NaCl, 2.5mM EDTA, and 0.125% Nonidet P-40 (vol/vol))

supplemented with both a protease inhibitor cocktail (Roche, India-
napolis, IN) and a phosphatase inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO). Ten micrograms of total protein was electrophoresed via
8% SDS-PAGE gels and transferred into a polyvinylidene difluoride
membrane (Millipore Corp., Bedford, MA, USA). Membrane was
blocked with Casein (0.5% w/v) in PBS with 0.1% Tween 20 (v/v; Sigma-
Aldrich) prior to exposure to anti-GRB2 (1:20,000 dilution; CS-3972;
Cell Signaling) antibody. Total f-Actin (1:20,000 dilution;
SAB5600204; Sigma) levels were examined for loading controls.
Immunoreactivity was visualized by incubation with a horseradish
peroxidase-linked secondary antibody (anti-Rabit IgG (1:5000 dilution;
PI-9500; Vector Laboratories)) followed by exposure to Electro-
chemiluminescence reagents (ECL) according to the manufacturer’s
instructions (GE Healthcare Biosciences).

Ultrasound imaging

To examine the size of embryo during the early pregnancy, the Vevo F2
LAZR-X small animal ultrasound system (FUJIFILM VisualSonics Inc.,
Toronto, Canada), a non-invasion high resolution imaging tool, was
used at GD 5.5, 7.5 and 9.5. Mice were anesthetized using isoflurane and
positioned supine on a heated imaging stage with the face toward the
scientist. ECG, body temperature, and respiratory physiology were
always controlled. Eye creme was put on mice’s eyes to protect and
maintain the physiological ocular welfare. The hair on the abdomen
was removed with commercial hair removal cream. Then pre-warmed
ultrasound gel was applied directly onto the depilated skin. First, the
transducer 47 MHz (MS550D-0421) was used to identify the bladder as
reference point. B-Mode or brightness mode was used to render a two-
dimensional gray scale image of anatomical structures. A motor was
attached to the transducer to translate the transducer from the left to
the right side of the abdomen with step sizes of scanning (10 um). The
acquired 2D images were processed with Vevo Lab software (Fujifilm,
VisualSonics, version 5.5.1) to reconstruct and analysis the 3D volume
of implantations to obtain transverse, sagittal, and coronal repre-
sentations of implantations.

Artificial decidualization response

To test the uterine response to an artificial decidual stimulus, female
Grb2” and Grb2* mice were ovariectomized at 6 weeks of age, allowed
to recover for 2 weeks as described previously study®. Then mice were
subjected to the following hormonal regimen: 100 ng of E2 per day for
3 days; 2 days rest; then three daily injections of 1 mg of P4 plus 6.7 ng
of E2. To induce artificial decidualization, the left uterine horn was
mechanically stimulated by scratching the full length of the anti-
mesometrial side with a burred needle 6 h following the third P4 and E2
injection. The other horn was left unstimulated as a control. Daily
injections of P4 (1 mg/mouse) + E2 (6.7 ng/mouse) were continued for
5 days to maximize the decidual response. Then, mice were sacrificed
on day 5. The uteri were then excised, weighed, and fixed in 4% par-
aformaldehyde for histological analysis. For RNA or protein extrac-
tions, uterine tissues were collected and immediately frozen in dry ice.

hESC culture and in vitro decidualization

Human primary endometrial stromal cells (hESCs) were isolated from
pure endometrial tissue by collagenase digestion’*“*%%, Briefly, endo-
metrial tissue was minced and digested twice at 37 °C in buffered saline
supplemented with 0.5% collagenase (Sigma-Aldrich, St. Louis, MO)
and 0.002% DNase (Sigma-Aldrich, St. Louis, MO). Then endometrial
tissues were filtered through 70 um sterile sieves to exclude epithe-
lium. The remaining hESCs were cultured at 37°C in 5% CO2, and
incubated with RPMI-1640 phenol red-free medium (Gibco, Grand
Island, NY) contained 0.1 mM sodium pyruvate (Gibco, Grand Island,
NY), 10% fetal bovine serum (FBS; Gibco, Grand Island, NY), and 1%
penicillin streptomycin (P/S; Gibco, Grand Island, NY). Small interfer-
ing RNA (siRNA) of GRB2 (L-019220-00-0020, Dharmacon, Lafayette,
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CO) was used for the knock-down of GRB2 gene expression and non-
targeting scrambled siRNA (NC1486135, Dharmacon) was used as a
control. Transfection of hESC were conducted using lipofectamine
2000 (Invitrogen, Carlsbad, CA) based on the manufacturer’s
instructions. In brief, after 4 h of serum starvation, hESCs were incu-
bated in serum-free media with transfection complex for 6 h before
replacing with growth media and incubating for 2 days before in vitro
decidualization induction. To induce in vitro decidualization, hESC
were incubated with differentiation media contained OPTI-MEM
medium (Gibco) with 2% FBS depleted of steroids by pretreatment
with dextran-coated charcoal (CSFBS; Gibco), 10 nM 173-estradiol (E2;
Sigma-Aldrich, St. Louis, MO), 1pM medroxyprogesterone acetate
(Sigma-Aldrich), 50 uM Cyclic adenosine monophosphate (cAMP;
Sigma-Aldrich), and 1% Penicillin and streptomycin (P/S; Gibco). Dif-
ferentiation media were replaced every 2 days until the 6 days.

RNA-sequencing analysis

Total RNA was extracted from the uterine tissues using the RNeasy
total RNA isolation kit (Qiagen, Valencia, CA). NanoDrop was used to
determine RNA purity and for an initial estimate of RNA concentration.
For RNA-Seq, 500 ng of total RNA were used. RNA-Seq libraries were
prepared by the Van Andel Genomics Core using the KAPA mRNA
Hyperprep kit (v4.17) (Kapa Biosystems, Wilmington, MA, USA). RNA
was sheared to 300-400 bp. Prior to PCR amplification, cDNA frag-
ments were ligated to IDT for lllumina unique dual adapters (IDT DNA
Inc). Quality and quantity of libraries were assessed using a combina-
tion of Agilent DNA High Sensitivity chip (Agilent Technologies, Inc.)
and QuantiFluor® dsDNA System (Promega Corp., Madison, WI, USA).
Individually indexed libraries were pooled and 50 bp, paired end
sequencing was performed using an Illumina NovaSeq6000 sequencer
and S2, 100 cycle sequencing kit (Illumina Inc., San Diego, CA, USA).
Each library was sequenced to an average raw depth of 50 M reads.
Base calling was done by lllumina RTA3 and output of NCS was
demultiplexed and converted to FastQ format with Illumina Bcl2fastq
v1.9.0. The raw reads were initially filtered by removing low quality
reads (average quality scores <20) and aligned to the mm39 genome
using Star 2.7.9a. The differentiated expressions of genes (DEGs)
were determined by the exact test of EdgeR®*. The DEGs were deter-
mined as maximum counts >1; fold change of >2 (upregulated) or <-2
(down-regulated), FDR<0.05. The Principle Component Analysis
(PCA) map were generated by plotMDS in EdgeR®*. The expressions of
DEGs were normalized, scaled, clustered to generate the heatmap
using the ComplexHeatmap package®. The significantly enriched
pathways and upstream regulators based on the DEGs were identified
using Ingenuity pathway analysis (IPA, Qiagen). The dotplot was gen-
erated by Tidyverse package®.

Comparative transcriptomic analysis

Comparisons of GD 3.5 Grb2¥? to GD 3.5 Foxa2¥® uterine dysregulated
genes were performed by comparing differentially expressed genes
determined between differentially expressed genes of Grb2¥* mice
with differentially expressed genes determined by previously repor-
ted transcriptomics analysis of Foxa2*¥ mice publicly available from
the GEO database (GSE48339)*. The differentially expressed gene
lists of Foxa2”® mice used for comparative transcriptomics were
prepared by original authors of the studies according to their pub-
lished methods of analysis*®. Duplicate genes present in the gene lists
(due to the presence of multiple array probes for some genes) were
removed based on GeneBank ID or gene symbol. Briefly, the tran-
scriptome of Grb2¥ at GD 3.5 overlapped with Foxa2%“ transcriptome
at GD 3.5.

Statistical analysis
To assess statistical significance of parametric data, the Student’s t-test
was used for data with only two groups. For data containing more than

two groups, one-way ANOVA was used, followed by Tukey’s post hoc
test for multiple comparisons. All data are presented as means + SEM.
p <0.05 was considered statistically significant. All statistical analyses
were performed using the Instat package from GraphPad (San
Diego, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in the
NCBI Gene Expression Omnibus database under accession code
GSE260505 and previously reported transcriptomics analysis of
Foxa2™ mice is publicly available under accession code GSE48339%,
The all data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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