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Abstract: Decidualization is essential to the establishment of pregnancy in rodents and primates.
Laminin A5 (encoding by Laminin α5) is a member of the laminin family, which is mainly expressed
in the basement membranes. Although laminins regulate cellular phenotype maintenance, adhesion,
migration, growth, and differentiation, the expression, function, and regulation of laminin A5
during early pregnancy are still unknown. Therefore, we investigated the expression and role of
laminin A5 during mouse and human decidualization. Laminin A5 is highly expressed in mouse
decidua and artificially induced deciduoma. Laminin A5 is significantly increased under in vitro
decidualization. Laminin A5 knockdown significantly inhibits the expression of Prl8a2, a marker
for mouse decidualization. Progesterone stimulates the expression of laminin A5 in ovariectomized
mouse uterus and cultured mouse stromal cells. We also show that progesterone regulates laminin
A5 through the PKA-CREB-C/EBPβ pathway. Laminin A5 is also highly expressed in human
pregnant decidua and cultured human endometrial stromal cells during in vitro decidualization.
Laminin A5 knockdown by siRNA inhibits human in vitro decidualization. Collectively, our study
reveals that laminin A5 may play a pivotal role during mouse and human decidualization via the
PKA-CREB-C/EBPβ pathway.
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1. Introduction

Embryo implantation and decidualization are crucial processes for pregnancy estab-
lishment in primates and rodents and coordinated by ovarian hormones, growth factors,
cytokines, and transcription factors [1]. During decidualization, the fibroblast-like endome-
trial stromal cells begin to proliferate and differentiate into round epithelial-like decidual
cells [2,3]. The decidual tissue promotes uterine remodeling and maternal vasculature
development, which are vital for embryonic survival and growth [3,4]. However, the
molecular mechanism underlying decidualization is still unclear.

Basement membranes (BMs) are self-assembled and thin sheets of the specialized
extracellular matrix and play essential roles in animal growth and development [5–7]. BMs
are usually found at the interface between connective tissue and parenchyma in peripheral
nerve axons, endothelium, muscle cells, and epithelia [8,9]. The major constituents of BMs
are fibrous-forming proteins, such as laminin, collagen IV, nidogen, and heparan-sulphate
proteoglycans [10–13]. Minor components include fibulin, agrin, collagen XVIII, and
SPARC [14–17]. Previous studies show that embryo implantation triggers a spatiotemporal
expression of BMs [18]. In addition, BMs regulate uterine differentiation during embryo
implantation [19–22].
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Laminins are trimeric proteins with α, β, and γ chains [23]. It has been shown that
laminins regulate cellular phenotype maintenance, adhesion, migration, growth, and differen-
tiation in vivo and in vitro [24,25]. Mammalian genomes encode five α chains, four β chains,
and three γ chains, of which only 16 of the 60 possible laminin isoforms have been confirmed
in mammals [26]. The laminin chains show cell- and tissue-specific distribution. The laminin
α1 chain is expressed in the embryonic stage and vanishes from the majority of BMs during
development to the adult [27]. The heterotrimers containing the α5 chain, particularly laminin
α5β1γ1 and α5β2γ1, are the most common isoforms in the adult tissues [27,28]. In mice,
laminin α5 null embryos die before embryonic day 17 [29], laminin β2 null embryos develop
normally but die between postnatal days 15 and 30 [30], and laminin γ1 deficiency leads
to embryonic lethality owing to endoderm differentiation failure [31,32]. A previous study
showed that silencing of Laminin C1 (coded by laminin γ1) impedes uterine decidualization
and cytoskeletal remodeling [21]. However, the expression, function, and regulation of laminin
A5 (encoding by Laminin α5) during early pregnancy are still unknown.

In this study, we found that laminin A5, B2 (coded by laminin β2), and C1 are strongly
expressed in mouse decidua. Laminin A5 regulates mouse decidualization through the
progesterone-PKA-CREB-C/EBPβ pathway. Laminin A5 is also expressed in human
decidua and knockdown of LAMININ A5 impairs human decidualization.

2. Results
2.1. Spatiotemporal Expression of Laminin A5, B1, B2, and C1 in the Mouse Uteri during Early
Pregnancy

Given that heterotrimers α5β1γ1 and α5β2γ1 are the most common isoforms in
the adult tissues [27,28], we examined the expression of Laminin A5, B1, B2, and C1 in
mouse uteri during early pregnancy. Laminin A5, B2, and C1 mRNA expression was
strongly up-regulated from days 4 to 8 of pregnancy (Figure 1A). The mRNA levels of
Laminin A5, B2, and C1 in implantation sites were significantly higher compared with
inter-implantation sites from days 5 to 8 of pregnancy (Figure 1B). However, the mRNA
level of Laminin B1 only increased on days5 (Figure 1A), and significantly down-regulated
in implantation sites compared with inter-implantation sites from days 5, 6, and 8 of
pregnancy (Figure 1B). To show the tissue localization, immunofluorescence was performed
to examine the temporal and spatial distribution of laminin A5, B2, and C1 in mouse uteri.
During the preimplantation period (days 1 and 4), laminin A5, B2, and C1 were mainly
localized in the basement membrane of the uterine epithelium and endothelium (Figure 1C).
Laminin A5 signals disappeared at the basement membrane underlying luminal epithelium
at implantation sites on day 5 of pregnancy might be evidence that the embryo will be
implanted through epithelial cells (Figure 1C). Similar disappearance of both laminin B2
and C1 was also observed at implantation sites (Figure 1C). Laminin A5 and B2 staining
was increased in decidua on days 6 to 8 of pregnancy, whereas laminin C1 was strongly up-
regulated in decidua from days 5 to 8 (Figure 1C). These results suggested that heterotrimer
α5β2γ1 is the dominant isoform during decidualization.

Among laminin α5, β2, and γ1, the regulation and role of laminin C1 during mouse
decidualization was previously reported [21]. Because laminin A5 was strongly expressed
in decidual cells from days 6 to 8, we chose laminin A5 for further analysis. The artificial
decidualization model was used to examine whether laminin A5 expression was dependent
on embryos. Both laminin A5 protein and mRNA levels were significantly increased
in deciduoma (Figure 2A,B). Compared to the uninjected uterine horn, laminin A5 was
strongly expressed in decidual cells at the oil-induced uterine horn (Figure 2C).
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Figure 1. Laminin A5, B1, B2, and C1 expression in mouse uteri during early pregnancy. (A) RT‐

qPCR analysis of Laminin A5, B1, B2, and C1 mRNA expression from days 4 to 8 of pregnancy. (B) 

RT‐qPCR analysis of Laminin A5, B1, B2, and C1 mRNA levels in mouse uteri at both implantation 

sites (is) and inter‐implantation sites (ni) from days 5 to 8 of pregnancy. (C) Immunofluorescence of 

laminin A5, B2, and C1 proteins from days 1 to 8 of pregnancy. *, embryo; EN, endothelium; GE, 

glandular epithelium; LE, luminal epithelium. Scale bar = 100μm. Bars represent mean ± SD (* p‐

value < 0.05, ** p‐value < 0.01, *** p‐value < 0.001, **** p‐value < 0.0001). NS, not significant. 

Figure 1. Laminin A5, B1, B2, and C1 expression in mouse uteri during early pregnancy. (A) RT-qPCR
analysis of Laminin A5, B1, B2, and C1 mRNA expression from days 4 to 8 of pregnancy. (B) RT-qPCR
analysis of Laminin A5, B1, B2, and C1 mRNA levels in mouse uteri at both implantation sites (is)
and inter-implantation sites (ni) from days 5 to 8 of pregnancy. (C) Immunofluorescence of laminin
A5, B2, and C1 proteins from days 1 to 8 of pregnancy. *, embryo; EN, endothelium; GE, glandular
epithelium; LE, luminal epithelium. Scale bar = 100µm. Bars represent mean ± SD (* p-value < 0.05,
** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001). NS, not significant.
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Figure 2. Laminin A5 expression during artificial decidualization. (A) RT-qPCR analysis of Laminin
A5 mRNA level. (B) Western blot analysis of laminin A5 protein level. (C) Laminin A5 immunofluo-
rescence. EN, endothelium; GE, glandular epithelium; LE, luminal epithelium. Scale bar = 100µm.
Bars represent mean ± SD (** p-value < 0.01, *** p-value < 0.001).

2.2. Effects of Laminin A5 on the Mouse In Vitro Decidualization

To examine whether laminin A5 was involved in mouse decidualization, in vitro decid-
ualization was performed. Under in vitro decidualization, laminin A5 mRNA and protein
levels were significantly induced (Figure 3A,B). To investigate the role of laminin A5 during
decidualization, the efficiency of Laminin A5 siRNA was examined. Although all three
siRNA sequences could remarkably down-regulate Laminin A5 mRNA levels compared
with negative control, siLaminin A5-1 showed the most inhibitory effect (Figure 3C). Thus,
siLaminin A5-1 was chosen for further analysis. Prolactin family 8, subfamily A, member 2
(Prl8a2) is a reliable marker for in vitro decidualization in mice [33]. Compared to control,
laminin A5 and Prl8a2 expression were significantly suppressed by Laminin A5 siRNA
under in vitro decidualization (Figure 3D,E). These results suggested that laminin A5 might
play a key role during mouse decidualization.
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Figure 3. Regulation and function of laminin A5 during mouse in vitro decidualization. (A) RT-
qPCR analysis of Laminin A5 mRNA level. (B) Western blot analysis of laminin A5 protein level.
(C) RT-qPCR analysis on the effect of Laminin A5 siRNAs on Laminin A5 mRNA level in stromal
cells. (D) Western blot analysis of laminin A5 protein level after decidualized stromal cells were
treated with Laminin A5 siRNA. (E) Effects of Laminin A5 siRNA on Prl8a2 expression. Bars rep-
resent mean ± SD (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001). EP,
17β-estradiol + progesterone; NC, negative control.

2.3. Laminin A5 Regulation by Progesterone

Progesterone and estrogen are essential for mouse and human decidualization [34,35].
When uterine stromal cells were treated with 17-β-estradiol or progesterone, 17β-estradiol
had no detectable effects on Laminin A5 level, while progesterone significantly stimulated
Laminin A5 expression (Figure 4A). Western blot also showed that laminin A5 protein level
was increased by progesterone (Figure 4B). Progesterone induction of laminin A5 expression
was blocked by RU486, a progesterone receptor antagonist (Figure 4C,D). In addition,
ovariectomized mice were used to examine whether progesterone regulates laminin A5
expression in vivo. Western blot showed that progesterone significantly increased laminin
A5 expression, which was abrogated by RU486 (Figure 4E). These results suggested that
progesterone could stimulate laminin A5 expression.
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Figure 4. Progesterone regulation of laminin A5 in uterine stromal cells. (A) RT-qPCR analysis of
Laminin A5 levels after stromal cells were treated with 1 mM progesterone or 10 nM 17β-estradiol
for 72 h. (B) Western blot analysis of laminin A5 protein levels after stromal cells were treated with
progesterone or 17β-estradiol for 72 h. (C) Effects of RU486 on progesterone-stimulated Laminin A5
expression. (D) Western blot analysis on the effect of RU486 on progesterone-stimulated laminin A5
protein level. (E) Western blot analysis of effects of RU486 on progesterone induction on laminin A5 ex-
pression in ovariectomized mouse uteri. Bars represent mean± SD (* p-value < 0.05, ** p-value < 0.01,
*** p-value < 0.001). P4, progesterone; E2, 17β-estradiol.

2.4. Progesterone Regulates Laminin A5 Expression through the cAMP-PKA Pathway

cAMP is a critical player during human decidualization primarily via the cAMP-
protein kinase A (PKA) signaling pathway [36]. Progesterone can promote intracellular
cAMP levels in uterine stromal cells [37]. Therefore, we examined whether cAMP-PKA is
involved in progesterone regulation on laminin A5. Progesterone induction on laminin A5
expression was abrogated by PKA inhibitor H89 (Figure 5A,B). Both laminin A5 mRNA and
protein levels were significantly up-regulated by cAMP analog dibutyryl cAMP (db-cAMP),
which was suppressed by PKA inhibitor H89 (Figure 5C,D). Our data suggested that the
cAMP-PKA signaling pathway mediates progesterone stimulation on laminin A5.
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Figure 5. Progesterone regulates laminin A5 through the cAMP-PKA signal. (A) RT-qPCR analysis
of effects of PKA inhibitor H89 on progesterone-induced Laminin A5 expression. (B) Western blot
analysis of effects of H89 on progesterone-induced laminin A5 expression in stromal cells. (C) RT-
qPCR analysis on effects of H89 on cAMP-induced Laminin A5 expression after stromal cells were
treated with dB-cAMP. (D) Western blot analysis of effects of H89 on cAMP-induced laminin A5
expression. Bars represent mean ± SD (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001).

2.5. CREB-C/EBPβ Mediates the Stimulation of Progesterone on Laminin A5 Expression

Transcription factor CCAAT enhancer-binding protein β (C/EBPβ) is critical for mouse
decidualization in mice and directly controls the Laminin C1 gene [21]. Furthermore, it
has been shown that cAMP induction of Ass1 and Dio3 transcription through the PKA-
CREB (cAMP-response element-binding protein) pathway [38,39]. In addition, in activated
primary macrophage, CREB mediated induction of C/EBPβ expression [40]. Therefore, we
were wondering whether CREB-C/EBPβ signaling is involved in regulating laminin A5.
When ovariectomized mice were treated with progesterone, the protein levels of p-C/EBPβ
LAP and p-CREB expression were significantly increased, which were abrogated by RU486
(Figure 6A and Figure S1A,B). The protein levels of p-C/EBPβ LAP and p-CREB were also
induced by progesterone treatment in cultured mice stromal cells, which were significantly
suppressed by RU486 (Figure 6B and Figure S1C,D). In cultured stromal cells, progesterone
induction on the levels of laminin A5, p-C/EBPβ LAP, and p-CREB were abrogated by
KG-501, an inhibitor of CREB (Figure 6C,D and Figure S1E–G). To further investigate
whether C/EBPβ is involved in progesterone induction on laminin A5 expression, stromal
cells were transfected with C/EBPβ-LIP overexpression plasmid, which is inhibitory form
of C/EBPβ. Progesterone induction on laminin A5 expression was evidently reduced by
C/EBPβ-LIP (Figure 6E and Figure S1H). C/EBPβ siRNA was also used to confirm this
regulation. RT-qPCR showed that C/EBPβ siRNA significantly down-regulated C/EBPβ
mRNA level (Figure 6F). Progesterone stimulation on laminin A5 and p-C/EBPβ LAP
expression was suppressed by C/EBPβ siRNA (Figure 6G,H and Figure S1J,K). However,
C/EBPβ siRNA had no effect on progesterone up-regulation of p-CREB (Figure 6H and
Figure S1L). Our results indicated that progesterone should promote laminin A5 expression
through the CREB-C/EBPβ pathway.
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Figure 6. CREB-C/EBPβ mediates progesterone induction on laminin A5 expression. (A) Western blot
analysis of effects of RU486 on progesterone induction on p-CREB and p-C/EBPβ-LAP expression in
ovariectomized mouse uteri. (B) Western blot analysis of effects of RU486 on progesterone induction
on p-CREB and p-C/EBPβ-LAP expression in cultured stromal cells. (C) RT-qPCR analysis on effects
of CREB inhibitor KG-501 on progesterone induction of Laminin A5 expression in stromal cells.
(D) Western blot analysis on effects of KG-501 on progesterone induction of laminin A5, p-CREB, and
p-C/EBPβ-LAP expression. (E) Western blot analysis on the effect of C/EBPβ-LIP overexpression on
progesterone induction of laminin A5 expression. (F) RT-qPCR analysis of C/EBPβ mRNA levels after
stromal cells were treated with C/EBPβ siRNA. (G) RT-qPCR analysis of effects of C/EBPβ siRNA
on progesterone induction of Laminin A5 expression. (H) Western blot analysis of effects of C/EBPβ

siRNA on progesterone induction of laminin A5, p-CREB, p-C/EBPβ-LAP expression. Bars represent
mean± SD (* p-value < 0.05, **** p-value < 0.0001). 3.1, empty pcDNA 3.1 (+) vector; LIP, C/EBPβ-LIP
overexpression plasmid.

We next determined whether progesterone-PKA-CREB-C/EBPβ-laminin A5 is in-
volved in mouse decidualization. When stromal cells were treated with progesterone, the
expression of Prl8a2 was significantly induced, which was abrogated by RU486 (Figure 7A).
In addition, progesterone induction on Prl8a2 expression was remarkably reduced by H89,
KG501, C/EBPβ siRNA, and Laminin A5 siRNA, respectively (Figure 7B–E). Our results
indicated that laminin A5 should mediate the regulation of the progesterone-PKA-CREB-
C/EBPβ on mouse decidualization.
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Figure 7. PKA-CREB-C/EBPβ-laminin A5 pathway mediated the effects of progesterone on decidu-
alization. (A) Effects of RU486 on progesterone induction of Prl8a2 mRNA level. (B) Effects of H89 on
progesterone induction of Prl8a2 expression. (C) Effects of KG501 on progesterone induction of Prl8a2
expression. (D) Effect of C/EBPβ siRNA on progesterone induction of Prl8a2 mRNA level. (E) Effect
of Laminin A5 siRNA on progesterone induction of Prl8a2 mRNA level. Bars represent mean ± SD
(** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001).

2.6. Expression and Function of Laminin A5 during Human Decidualization

Immunofluorescence was used to investigate the expression of laminin A5 in human
first-trimester decidua. Laminin A5 signals were detected in decidual cells and basement
membranes of uterine glands BMs, in which uterine glands were confirmed by CK18
(Figure 8A). Insulin growth factor binding protein 1 (IGFBP1), a reliable marker for hu-
man decidualization [41], was also detected in decidual cells (Figure 8A). When human
stromal cells were induced for decidualization, the level of LAMININ A5 protein was sig-
nificantly increased. The transcription factor Forkhead Box O1 (FoxO1), a reliable marker
for human in vitro decidualization [42], was also obviously increased under human in vitro
decidualization (Figure 8B). To investigate whether laminin A5 participates in regulating
human decidualization, LAMININ A5 siRNA was used. RT-qPCR showed that the No. 2
fragment of Laminin A5 siRNAs was the most effective sequence for inhibiting LAMININ
A5 expression (Figure 8C). Under in vitro decidualization, the IGFBP1 mRNA level was
significantly repressed by Laminin A5 siRNA transfection (Figure 8D). Our data suggested
that LAMININ A5 may be involved in human decidualization.
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Figure 8. Expression and function of laminin A5 during human decidualization. (A) Immunoflu-
orescence of laminin A5, CK18, and IGFBP1 expression in the human first-trimester decidua. GE,
glandular epithelium. Scale bar = 100 µm. (B) Western blot analysis of laminin A5 and FoxO1 protein
levels after human stromal cells were induced for in vitro decidualized with MPA and db-cAMP for
6 days. (C) RT-qPCR analysis of LAMININ A5 mRNA level after human stromal cells were treated
with LAMININ A5 siRNAs. (D) Effects of LAMININ A5 siRNA on IGFBP1 mRNA level under in vitro
decidualization. Bars represent mean± SD (** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001).
Dec, db-cAMP + MPA.

3. Discussion

Our study first identified that laminin A5, B2, and C1 are strongly expressed in mouse
decidua from days 5 to 8 of pregnancy, indicating that laminin α5β2γ1 may be involved in
mouse decidualization. Although a previous study showed that silencing of Laminin C1
impedes mouse decidualization [21], the expression, regulation, and function of laminins
A5 and B2 during mouse decidualization remains undefined. In this study, we showed
that laminin A5 mediates progesterone regulation of decidualization through PKA-CREB-
C/EBPβ pathway.

In the tumor, the tumor cells must penetrate the basement membrane during metas-
tasis and invasion. Our results showed that the disappearance of laminin A5 from the
subepithelial basement membrane at the implantation site might be evidence that the
embryo will be implanted through invading basement membrane. Signal transducer and
activator of transcription 3 (STAT3), a marker of mouse uterine receptivity, is crucial for
embryo implantation and decidualization [43]. Laminin α5β2γ1 enhances colorectal cancer
cell self-renewal through STAT3 activation [44]. The results suggest that laminin α5β2γ1
may regulate the STAT3 activation during decidualization. Mesenchymal-epithelial tran-
sition (MET) is involved in decidualization, in which stromal cells enhance E-cadherin
expression and transdifferentiate into epithelial-like decidual cells [2,45]. During decidu-
alization, laminins are highly expressed in human and mouse decidua [46–48]. Laminins
bind laminin-specific receptors to maintain the integrity of epithelium [49]. Recent reports
suggest that laminins regulate MET in Drosophila [50]. Therefore, laminin α5β2γ1 might
be involved in MET.

Progesterone–progesterone receptor signaling is required for decidualization [35,51].
Progesterone can maintain the decidual response under artificial decidualization [52]. In
our study, laminin A5 expression is stimulated by progesterone, which was impeded by
PR antagonist RU486. Both mouse and human in vitro decidualization are suppressed by
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Laminin A5 siRNA, suggesting that laminin A5 should be an important regulator during
progesterone-induced decidualization.

The concentration of cAMP in the uterine lumen increases following artificially and
blastocyst-induced decidualization [53,54]. In addition, cAMP can induce implantation of
the embryos which are in the dormant state [55]. The intracellular cAMP concentration in
uterine stromal cells is significantly increased by progesterone [37]. It is shown that cAMP
is a strong inducer of human decidualization [36]. Our previous studies also showed that
progesterone induced decidualization via cAMP-PKA signaling [38,39]. Previous studies
have revealed that cAMP-PKA signaling is important for human decidualization [36,56].
In this study, H89 abolishes progesterone induction of laminin A5 expression. Prl8a2, a
marker of mouse decidualization, is also inhibited by H89, suggesting that cAMP-PKA
signaling is involved in regulating progesterone on laminin A5 expression.

CREB is a significant mediator for decidualization evoked by cAMP in the mouse
uterus [57]. C/EBPβ is a transcription factor that has been reported as a crucial regulator
of mouse decidualization in response to progesterone [58,59]. Ablation of C/EBPβ in
female mice resulted in impaired decidualization and infertility [21]. A previous study
showed that CREB controls C/EBPβ LAP transcription [60]. In macrophages, CREB
mediated induction of C/EBPβ expression [40]. In this study, progesterone induction
on laminin A5 is abolished by KG-501, C/EBPβ LIP, or C/EBPβ siRNA. C/EBPβ siRNA
significantly inhibited the induction of progesterone on p-C/EBPβ expression. However,
C/EBPβ siRNA did not affect progesterone up-regulation of p-CREB, suggesting that
CREB-C/EBPβ signaling should mediate progesterone regulation of laminin A5 expression
during mouse decidualization. Based on our in silico analysis, there is a potential C/EBPβ
binding site in the laminin A5 promoter. C/EBPβ might bind to laminin A5 promoter
and promote laminin A5 expression. A previous study also showed that laminin C1 is
transcriptionally regulated by C/EBPβ during mouse decidualization [21].

In conclusion, we showed that laminin A5 is highly expressed in decidua on days 5
to 8 of mouse pregnancy. Laminin A5 might act downstream of PKA-CREB-C/EBPβ to
mediate the effects of progesterone on the decidualization of uterine stromal cells (Figure 9).
Further deciphering the function of laminin A5 may provide the basis to improve fertility
during pregnancy.
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4. Materials and Methods
4.1. Animals

Sexually mature ICR mice were used in this study and housed in a light and temperature-
controlled SPF environment (12 h light). All mouse protocols were approved by the Insti-
tutional Animal Care and Use Committee of South China Agricultural University. Female
mice were bred overnight with fertile or vasectomized males to induce pregnancy or pseu-
dopregnancy (vaginal plug = day 1). Implantation sites on days 5 and 6 of pregnancy were
identified by tail vein injections of 100 µL of 1% Chicago Sky Blue 6B (Sigma-Aldrich, St.
Louis, MO, USA).

To determine the effects of progesterone on laminin A5, p-CREB, and p-C/EBPβ,
female mice were ovariectomized and rested for 14 days to remove ovarian steroid hor-
mones. Then, ovariectomized mice were subcutaneously injected with progesterone
(1 mg/100 µL/mouse in sesame oil). Control mice were injected with 100 µL sesame
oil (Sigma-Aldrich). Artificial decidualization was induced by injecting 10 µL of sesame oil
into one uterine horn on day 4 of pseudopregnancy. The uteri were collected on days 8.

4.2. Collection of Human Decidual Samples

Human decidual tissues were collected from women aged 31–38 years old who under-
went elective terminations of early pregnancy (8–10 gestational weeks) in Women’s Hospital,
School of Medicine Zhejiang University (Hangzhou, China) with informed consent. All
procedures involving human decidual samples were approved by the Ethical Committee
of Women’s Hospital, School of Medicine, Zhejiang University (File no. 20180192).

4.3. Isolation and Treatment of Mouse Endometrial Stromal Cells

Mouse endometrial stromal cells were isolated and treated as previously described [43].
In brief, mouse uteri on day 4 were split longitudinally and digested with 6 mg/mL
dispase II (Roche Applied Science, Indianapolis, IN) and 1% trypsin (Amresco, Cleveland,
OH) in HBSS (Sigma-Aldrich). After luminal epithelial cells were removed by rinsing,
the remaining uteri were digested with 0.15 mg/mL collagenase I (Invitrogen, Houston,
TX, USA). The collected stromal cells were cultured with DMEM/F12 (Sigma-Aldrich)
containing 10% charcoal-treated FBS (cFBS; Biological Industries, Cromwell, Israel). To
induce in vitro decidualization, mouse stromal cells were treated with 1 mM progesterone
(Sigma-Aldrich) and 10 nM 17β-estradiol (Sigma-Aldrich) in DMEM/F12 (Sigma-Aldrich)
containing 2% cFBS (Biological Industries).

4.4. Culture and Treatment of Human Endometrial Stromal Cells

The immortalized human endometrial stromal cells line (T HESCs, ATCC CRL-4003)
was purchased from ATCC (Manassas, VA). Human stromal cells were cultured with
DMEM/F12 (Sigma-Aldrich) containing 10% cFBS (Biological Industries). To induce in vitro
decidualization, stromal cells were treated with 500 µM db-cAMP (dibutyryl cAMP sodium
salt, Sigma-Aldrich) and 1 µM medroxyprogesterone acetate (MPA, Absin, Shanghai, China)
as previously described [61].

4.5. siRNA Transfection

The siRNAs for mouse Laminin A5, C/EBPβ, and human LAMININ A5 were designed
and synthesized by Ribobio Co., Ltd. (Guangzhou, China). Cells were transfected with
each siRNA according to the Lipofectamine 2000 instructions (Invitrogen). After being
transfected for 6 h, the stromal cells were induced for in vitro decidualization. These siRNA
sequences were listed in Table 1.
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Table 1. Primers and siRNA sequences used in this study.

Gene Species Sequence (5’-3’) Application Accession Number Product Size

Rpl7 Mouse GCAGATGTACCGCACTGAGATTC
ACCTTTGGGCTTACTCCATTGATA RT-qPCR NM_011291.5 129 bp

Prl8a2 Mouse AGCCAGAAATCACTGCCACT
TGATCCATGCACCCATAAAA RT-qPCR NM_010088 119 bp

Laminin A5 Mouse AGCAAGGCGATCCAAGTGTT
TTGAGGTCCACGTACTTGCC RT-qPCR NM_001081171.2 242 bp

Laminin B1 Mouse GCGCTGAACAATAGCTGCTC
AATAAGCCCCTTCAGGCACC RT-qPCR NM_008482.3 241 bp

Laminin B2 Mouse CTGGTGACCAACCGAGAGAC
CAGCGCAGTAGCAGGTCATA RT-qPCR NM_008483.3 128 bp

Laminin C1 Mouse CGGAGTTTGTTAATGCCGCC
TCGGCCTGGTTGTTGTAGTC RT-qPCR NM_010683.2 187 bp

C/EBPβ Mouse GACAAGCTGAGCGACGAGTA
TGCTTGAACAAGTTCCGCAG RT-qPCR NM_001287738.1 197 bp

IGFBP1 Human CCAAACTGCAACAAGAATG
GTAGACGCACCAGCAGAG RT-qPCR NM_001013029 87 bp

RPL7 Human CTGCTGTGCCAGAAACCCTT
TCTTGCCATCCTCGCCAT RT-qPCR NM_000971 194 bp

LAMININ A5 Human AGTGCCAGTCCTGTAACTGC
GATAGGTGCCATCCAGGCTC RT-qPCR NM_005560.6 99 bp

NC - CTCCGAACGTGTCACGT siRNA

Laminin A5 Mouse GCGACTGTGAGTCAGACTT siRNA

C/EBPβ Mouse GAGCGACGAGUACAAGAUG siRNA

LAMININ A5 Human GCCTCGTGCTGTTGTATGA siRNA

4.6. C/EBPβ LIP Overexpression

The overexpression plasmid of C/EBPβ LIP was obtained from Addgene (#12561,
Watertown, MA, USA) and the pcDNA3.1 (+) vector was obtained from Invitrogen. Trans-
fection of overexpression plasmid was performed according to the Lipofectamine 2000
instruction (Invitrogen).

4.7. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

RT-qPCR was performed as previously described [43]. Total RNAs were extracted
using AG RNAex Pro Reagent (Accurate Biotechnology, Hunan, China) and reverse-
transcribed into cDNA with HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co.,
Ltd., Nanjing, China). RT-qPCR was performed using ChamQ SYBR qPCR Master Mix
(Vazyme Biotech Co., Ltd.) on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The primer sequences used for RT-qPCR are listed in Table 1. The fold
change of gene expression was analyzed by 2−∆∆CT method and normalized to Rpl7.

4.8. Immunofluorescence

Immunofluorescence was performed as previously described [62]. In brief, frozen
uterine sections (10 µm) were cut and fixed in freshly prepared 4% paraformaldehyde in
PBS for 30 min. After being permeabilized with 0.1% Triton X-100 in PBS for 15 min and
blocked with 10% horse serum (Zhongshan Golden Bridge, Beijing, China) at 37 ◦C for 1 h,
sections were incubated with primary antibody for anti-laminin A5 (ab184330, Abcam, MA,
USA), anti-laminin B2 (05-206, Sigma-Aldrich), anti-laminin C1 (ab233398, Abcam), anti-
CK18 (sc-6259, Santa Cruz Biotechnology, Dallas, TX, USA), or anti-IGFBP1 (sc-55474, Santa
Cruz Biotechnology) overnight at 4 ◦C. After washing with PBS, sections were incubated
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with 488- or 594-conjugated second antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) at 37 ◦C for 30 min. The section was then counterstained with
4′,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Sigma-Aldrich), and mounted
with an antifading mounting medium (Solarbio Life Sciences, Beijing, China).

4.9. Western Blot

Western blot was performed as previously described [63]. In brief, tissues or cultured
cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.25% sodium
deoxycholate and 1% Triton X-100). The protein concentrations of lysate samples were
measured by BCA kit (Thermo Fisher Scientific, Waltham, MA, USA). Protein samples were
separated by 10% SDS/PAGE gels and transferred onto PVDF membranes (Merck KGaA,
Darmstadt, Germany). After blocking with 5% nonfat milk (BBI Life Sciences, Shanghai,
China) for 1 h at 25 ◦C, the membranes were incubated at 4 ◦C overnight with primary
antibody for anti-laminin A5 (ab184330, Abcam), anti-P-C/EBPβ (3084S, Cell Signaling
Technology, MA), anti-P-CREB (9198S, Cell Signaling Technology), anti-CREB (9197S, Cell
Signaling Technology), anti-FoxO1 (2880S, Cell Signaling Technology), or anti-α-tubulin
(2144S, Cell Signaling Technology). After washing, the membranes were incubated with the
HRP-conjugated secondary antibody (1:5000, Invitrogen) for 1 h. The signals were detected
with ECL chemiluminescent kit (Merck KGaA).

4.10. Statistical Analysis

All experiments were repeated at least three times independently. The data were pre-
sented as the mean ± standard deviation (SD). The differences between the two groups were
compared by Student’s t-test. One-way ANOVA test followed by Newman–Keuls test was
performed for multiple comparisons. p < 0.05 was considered to be statistically significant.
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