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The regulation mechanisms involved in matrix metalloprotei-
nase (MMP) expression and the motility of human endometrial
and decidual stromal cells (ESCs and DSCs, respectively) during
decidualization remain unclear. DSCs show significant increased
cell motility and expression of FOS-like 1 (FOSL1) and MMP1,
MMP2, and MMP9 compared with ESCs, whereas lack of decidu-
alization inducers leads to a rapid decrease in FOSL1 and MMP1
and MMP9 expression in DSCs in vitro. Therefore, we hypoth-
esized that a link exists between decidualization inducers and
FOSL1 in up-regulation of motility during decidualization.
Based on the response of ESCs/DSCs to different decidualiza-
tion systems in vitro, we found that progesterone (P4) alone had
no significant effect and that 17�-estradiol (E2) significantly
increased cell motility and FOSL1 and MMP1 and MMP9
expression at the mRNA and protein levels, whereas 8-bromo-
cAMP significantly decreased cell motility and FOSL1 and
MMP9 expression in the presence of P4. In addition, we showed
that E2 triggered phosphorylation of estrogen receptor 1
(ESR1), which could directly bind to the promoter of FOSL1 in
ESCs/DSCs. Additionally, we also revealed silencing of ESR1
expression by siRNA abrogated E2-induced FOSL1 expression
at the transcript and protein levels. Moreover, silencing of
FOSL1 expression by siRNA was able to block E2-induced
MMP1 and MMP9 expression and cell motility in ESCs/DSCs.
Taken together, our data suggest that, in addition to its
enhancement of secretory function, the change in MMP expres-
sion and cell motility is another component of the decidualiza-
tion of ESCs/DSCs, including estrogen-dependent MMP1 and
MMP9 expression mediated by E2–ESR1–FOSL1 signaling.

Characterized by endometrial stromal cell (ESC)3 decidual-
ization, vascular reconstruction, immune cell recruitment, and

plentiful molecule production, decidualization of the endome-
trium plays an important role in successful pregnancy (1–3).
Initiated by postovulatory changes in steroid hormones, de-
cidualization of human ESCs continues after establishment of
pregnancy, and ESCs are transformed into gestation-specific
decidual stromal cells (DSCs). Decidualization transforms
morphological and biochemical features, including increased
cell volume, expanded cytoplasm, accumulation of glycogen
and lipid droplets, and, most importantly, increased secretory
function (1). Moreover, in addition to recognized decidualiza-
tion products such as prolactin (PRL), ESCs and DSCs secrete
various matrix metalloproteinases (MMPs) to degrade extra-
cellular matrix components and activate growth factors, con-
tributing to cyclical breakdown and regeneration of the endo-
metrium as well as decidua remodeling (4, 5). DSCs in
particular have been reported to be a rich source of MMPs at
the human fetal–maternal interface, in addition to invasive tro-
phoblasts and natural killer cells (6, 7). Studies have suggested
that increased MMP expression is implicated in vasodilation,
placentation, and uterine expansion during normal rat preg-
nancy, whereas decreased expression of MMPs has been asso-
ciated with abnormal uteroplacental and vascular remodeling
because of collagen deposition in hypertensive pregnancy (8, 9).
Abnormal uterus MMP expression/activity in preeclampsia
patients has been observed to be involved in the pathogenesis of
preeclampsia (10 –12). Moreover, production of MMPs indi-
cates an intrinsically motile and invasive capacity of ESCs/
DSCs, and previous reports have revealed the necessity of ESC
motility for embryo implantation and encapsulation (13, 14).
This evidence indicates the importance of MMP expression as
well as its migration and invasion ability in ESCs/DSCs for
reproductive health; however, its underlying regulation mech-
anisms have remained unclear. Active protein 1 (AP-1), a
menagerie of dimeric– basic region–leucine zipper proteins
that belong to the Jun and Fos subfamilies, is implicated as a
regulator in cell proliferation, invasion, and differentiation and
contributes to transactivation or repression of gene expression
by binding to the promoters of its target genes in a sequence-
specific manner (15, 16). In addition, some AP-1 members have
been found to be expressed in the endometrium and placenta
(17). Moreover, the promoters in the majority of human MMP
genes contain an AP-1– binding site at approximately �70 bp,
and AP-1 has been widely reported to regulate MMP expression
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in several cell types (18). A previous study has suggested that
myometrial AP-1 drives the production of MMP3 and MMP10,
resulting in preterm labor in mice (19). Therefore, AP-1 prob-
ably regulates MMP expression, migration, and invasion of
human ESCs/DSCs. In this study, we found significantly
increased MMP and FOS-like 1 (FOSL1, also known as FOS-
related antigen 1 (FRA-1), a member of the Fos family) expres-
sion in DSCs compared with ESCs. Moreover, cultures without
decidualization inducers experienced a rapid decrease in the
FOSL1 and MMP1 and MMP9 expression in DSCs in vitro.
Therefore, we hypothesized that a link exists between decidu-
alization inducers and FOSL1 in dramatic up-regulation of
MMP1 and MMP9 and cell motility. In this study, we explored
whether FOSL1 mediates promotion of MMP1 and MMP9
expression and cell motility of ESCs/DSCs via decidualization
inducers and potential molecular mechanisms.

Results

MMP1, MMP2, and MMP9 expression, migration, and
invasion ability of ESCs/DSCs

Primary ESCs isolated from the secretory endometrium
and DSCs isolated from early-pregnancy decidua were identi-
fied as stromal cells based on their fusiform appearance,
observed under an optical microscope, and their cell-specific

expression, determined via immunofluorescence (IF) staining:
vimentin-positive (mesenchyme origin–specific, green) and
cytokeratin 7–negative (epithelial cell–specific, red) (Fig. 1A).
Moreover, compared with ESCs, DSCs had a larger size with
abundant cytoplasm, as seen under an optical microscope.
DSCs also had significantly higher expression of MMP1,
MMP2, and MMP9 than ESCs at both the protein and mRNA
levels, as detected by western blot (WB) (Fig. 1, B and C), quan-
titative real-time PCR (qRT-PCR) of the isolated cells (Fig. 1D),
and immunocytochemistry (IHC) of the endometrium/decidua
(Fig. 1, E and F). To identify the migration and invasion ability of
ESCs/DSCs, we employed a wound-healing and invasion assay in
vitro. DSCs showed an approximate 3-fold increase in the length of
wound closure (Fig. 1, G and H) and an approximate 2-fold increase
in the number of invaded cells (Fig. 1, I and J) compared with ESCs.

FOSL1 expression in ESCs/DSCs

We found an �3-fold increase in the FOSL1 proteins of
DSCs compared with ESCs, as investigated by IHC of the endo-
metrium/decidua (Fig. 2, A and B) and IF (Fig. 2, C and D) and
WB of the isolated cells (Fig. 2, E and F). Consistent with pro-
tein expression, we found significantly higher mRNA expres-
sion in DSCs compared with ESCs via qRT-PCR assay of the
isolated cells (Fig. 2G).

Figure 1. MMP1, MMP2, and MMP9 expression, migration, and invasion ability of ESCs/DSCs. A, primary stromal cells isolated from secretory endome-
trium (n � 3�5/group) and early pregnancy decidua (n � 3�5) were identified as stromal cells based on their fusiform appearance, observed via an optical
microscope and immunofluorescence staining: vimentin-positive (mesenchyme origin–specific, green) and cytokeratin 7–negative (epithelial cell–specific,
red) DAPI, 4,6-diamidino-2-phenylindole. These isolated cells were analyzed via Western blotting and quantitative real-time PCR to investigate the expression of
MMP1, MMP2, and MMP9. B, and C, Western blot of ESCs/DSCs and its quantitative representation. D, relative mRNA expression. E and F, immunocytochemistry
of the secretory endometrium and decidua against MMP1, MMP2, and MPP9 and quantitative representation of the average optical density (AOD) of each
protein. Primary ESCs and DSCs were subject to wound healing and an invasion assay in vitro to explore their migration and invasion ability. G, photographs
recorded at 0 and 48 h following application of the wound. The length of wound closure is equal to the difference in wound area divided by the height of the
wound after converting to micrometers by scale. H, quantitative representation. I and J, the invaded cells in the invasion assay were recorded photographically
after 48 h (I), and the quantitative representation of the number of invaded cells is shown (J). **, p � 0.01; error bars represent standard error of the mean. The
data presented are from three independent experiments.
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FOSL1, MMP, PRL, and IGFBP1 expression, migration, and
invasion ability of ESCs/DSCs during decidualization in vitro

First, we observed the expression of FOSL1; MMP1, MMP2,
and MMP9; PRL, and insulin-like growth factor-binding pro-
tein 1 (IGFBP1) in DSCs during 96-h culturing in vitro without
a decidualization inducer after isolation from the decidua.
Investigated via qRT-PCR and WB, FOSL1 and MMP1 and
MMP9 rapidly decreased, whereas MMP2, PRL, and IGFBP1
remained stable at both the mRNA and protein levels (Fig. 3,
A–C). Second, we investigated the response of ESCs/DSCs to
different decidualization inducers in vitro. Primary ESCs/DSCs
isolated from tissue were immediately subjected to three differ-
ent decidualization systems in vitro for 48 h as follows: proges-
terone (P4, 1 �M), 17�-estradiol (E2, 0.1 �M) along with P4 (1
�M), and 8-Bromoadenosine 3�,5�-cyclic monophosphate
(8-Br-cAMP, 0.5 mM) along with P4 (1 �M). A culture with a
basic medium-containing vehicle served as the control. As illus-
trated by quantitative representation of the length of wound
closure and the number of invaded cells (Fig. 3, D and E), both
cell migration and invasion of ESCs/DSCs showed a significant
increase induced by E2 � P4, a decrease induced by 8-Br-cAMP
� P4, and no change by P4 alone compared with vehicle, as
investigated via wound healing (Fig. 3, F and K) and invasion
assays (Fig. 3, G and L) in vitro. Then we examined the expres-
sion of FOSL1; MMP1, MMP2, and MMP9; PRL, and IGFBP1 in
ESCs/DSCs via qRT-PCR and WB. The results from qRT-PCR
(Fig. 3, H and M) and WB and their quantitative representation

(Fig. 3, I, J, N, and O) revealed that the expression of FOSL1 and
MMP9 in ESCs/DSCs showed a consistent change with cell
migration and invasion; their expression was increased by E2 �
P4, decreased by 8-Br-cAMP � P4, and not affected by P4 com-
pared with vehicle at both the mRNA and protein levels. How-
ever, only E2 � P4 significantly affected MMP1 expression of
ESCs/DSCs and was seen as up-regulation at both mRNA and
protein levels, whereas the other treatments did not affect its
expression. Additionally, the decidualization systems did not
affect MMP-2 expression of ESCs/DSCs compared with vehi-
cle. PRL and IGFBP1, as two recognized decidual markers, are
widely used to measure secretory function during decidualiza-
tion. In all decidualization systems, only 8-Br-cAMP � P4 sig-
nificantly induced/increased IGFBP1 expression of ESCs/DSCs
after 48-h culture, and the other treatments failed to affect
IGFBP1 and PRL expression of ESCs/DSCs after 48-h culture.

ESR1 mediated E2-induced FOSL1 expression in ESCs/DSCs in
vitro

To investigate the regulatory role of E2 in regulating FOSL1
expression, we observed the expression profile of FOSL1 at dif-
ferent E2 concentrations (10, 100, and 1000 nM). The WB and
qRT-PCR results indicated that the mRNA and protein expres-
sion of FOSL1 in ESCs was significantly promoted by E2 in a
dose-dependent manner and that 0.1 �M was the optimal con-
centration (Fig. 4, A and B). As the predominant estrogenic
acceptor in the human endometrium with high expression (17),

Figure 2. FOSL1 expression in ESCs/DSCs. The protein expression of FOSL1 in ESCs/DSCs was analyzed via immunocytochemistry staining of the secretory
endometrium and early pregnancy decidua (n � 3�5) as well as immunofluorescence and Western blotting of the isolated primary cells (n � 3�5). A and B,
immunocytochemistry against tissue FOSL1 and quantitative representation of the average optical density (AOD) of FOSL1. C and D, immunofluorescence of
cells against FOSL1 and vimentin and quantitative representation of the average gray value of FOSL1. E and F, Western blot of cells and its quantitative
representation. G, mRNA expression of FOSL1 in ESC/DSC was analyzed via quantitative real-time PCR of the isolated cells. **, p � 0.01; error bars represent
standard error of the mean. The data presented are from three independent experiments.
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estrogenic acceptor 1 (ESR1) may mediate estrogen-induced
FOSL1 expression. First we detected the phosphorylated pro-
tein and total protein of ESR1 via WB in ESCs/DSCs stimulated
by E2 after overnight starvation (Fig. 3, C and D). The WB
results showed that p-ESR1/ESR1 levels were significantly
increased by E2 and reached a peak 15 min after administration.
We then considered the possibility that the FOSL1 gene is a
direct target of ESR1 regulation during human ESC/DSC
decidualization. The putative ESR1-binding site in the FOSL1
promoter was predicted by the JASPAR database, and ChIP
analysis was performed to examine ESR1 occupancy at the can-
didate site in ESCs/DSCs after 48-h culture with E2 � P4. As
expected, significant recruitment of ESR1 was seen for the
FOSL1 promoter in ESCs and DSCs. In addition, DSCs showed
significantly higher recruitment compared with ESCs (Fig. 4, F
and G). Moreover, we verified mediation of ESR1 in E2-induced
FOSL1 expression via ESR1 mRNA deletion. Knockdown of
ESR1 was carried out via a 24-h pretreatment of ESR1 siRNA-1
and -2 transfection, and NC siRNA transfection served as the
negative control. Then the cells were stimulated with 0.1 �M E2
in the presence of 1 �M P4 for 48 h to detect ESR1 and FOSL1

expression via qRT-PCR and WB. As shown in the results from
qRT-PCR ( Fig. 3, H and K) and WB ( Fig. 3, I and L) and their
quantitative representation (Fig. 3, J and M), ESCs/DSCs
transfected with ESR1 siRNA-1 and -2 exhibited a remarkable
decrease in ESR1 mRNA and protein expression, whereas
transfection with NC siRNA did not affect ESR1 expression at
the transcript and protein levels. Moreover, a decrease in ESR1
expression led to a consistent decline in FOSL1 expression in
ESCs and DSCs. These findings indicated that ESR1 signaling
mediated E2-induced FOSL1 expression in decidualizing stro-
mal cells.

Silence of FOSL1 represses E2-induced MMP1 and MMP9
expression, migration, and invasion of ESCs/DSCs in vitro

Based on siRNA-mediated knockdown of mRNA expression,
we next addressed the role of FOSL1 in E2-induecd MMP1 and
MMP9 expression, migration, and invasion of ESCs/DSCs.
ESCs were stimulated with 0.1 �M E2 along with 1 �M P4, and
cells incubated with 1 �M P4 alone served as the control.
Knockdown of FOSL1 was carried out with 24-h pretreatment
of FOSL1 siRNA-1 and -2 transfection, and NC siRNA trans-

Figure 3. FOSL1, MMP, PRL, and IGFBP1 expression, migration, and invasion ability of ESCs/DSCs during decidualization in vitro. Primary DSCs (n �
3�5) were cultured with basic medium without decidualization inducers for 12, 48, and 96 h. Cells were harvested to investigate the expression of FOSL1;
MMP1, MMP2, and MMP9; PRL, and IGFBP1 via quantitative real-time PCR and Western blotting. A, mRNA expression. B and C, protein expression and its
quantitative representation. F, G, K, and L, primary ESCs (n � 3�5) and DSCs were cultured or subjected to a wound-healing assay (F and K) and invasion assay
(G and L) in three different decidualization systems in vitro for 48 h as follows: 1 �M P4, 0.1 �M E2 along with 1 �M P4, and 0.5 mM 8-Br-cAMP (cAMP) along with
1 �M P4. A basic medium– containing vehicle served as the control. D and E, quantitative representation of the length of wound closure and number of invaded
cells. Expression of FOSL1; MMP1, MMP2, and MMP9; PRL, and IGFBP1 was investigated via quantitative real-time PCR and Western blotting. H and M, mRNA
expression of ESCs (H) and DSCs (M). I, J, N, and O, Western blot of ESCs and DSCs (I and N, respectively) and their quantitative representation (J and O,
respectively). *, p � 0.05; **, p � 0.01; error bars represent standard error of the mean. The data presented are from three independent experiments.
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fection served as the negative control. These treated cells were
subjected to 48-h wound healing (Fig. 5A) and invasion assays
(Fig. 5B) or harvested for mRNA and protein testing after 48-h
culture. As shown in Fig. 5, E, and F, E2 � P4 significantly
promoted cell migration and invasion of ESCs compared with
P4 alone, as seen by the length of wound closure and number of
invaded cells. Transfection with NC siRNA did not affect E2 �
P4 –induced increase in cell migration and invasion, whereas
transfection with ESR1 siRNA-1 and -2 abrogated this increase.
Similarly, as detected via qRT-PCR (Fig. 5G), IF (Fig. 5, I, top
row, and J), and WB (Fig. 5, K and L), E2 � P4 stimulation led to
a significant increase in MMP1 and MMP9 and FOSL1 expres-
sion at both the mRNA and protein levels in ESCs compared
with P4 alone. Transfection with NC siRNA did not affect their

expression, whereas transfection with ESR1 siRNA-1 and -2
inhibited E2-induced FOSL1 mRNA and protein expression,
which was accompanied by a decrease in MMP1 and MMP9
expression at both the transcript and protein levels. As for
DSCs, after 24-h transfection with FOSL1 siRNA-1 and -2 or
NC siRNA, cells were subjected to 48-h wound healing (Fig. 5C)
and invasion (Fig. 5D) assays or additional 48 h of culture in
vitro with 0.1 �M E2 � 1 �M P4 to sustain decidualization.
Similar to ESCs, FOSL1 siRNA-1 and -2 transfection signifi-
cantly decreased the length of wound closure and the number
of invaded cells (Fig. 5, E and F) as well as mRNA (Fig. 5H) and
protein (Fig. 5, I, bottom row, J, M, and N) expression of FOSL1
and MMP1 and MMP9, whereas NC siRNA pretreatment did
not cause significant changes in DSCs. However, mRNA and

Figure 4. ESR1 mediated E2-induced FOSL1 expression in ESCs/DSCs in vitro. A and B, primary ESCs (n � 3�5) were cultured with different doses of
17�-estradiol (0, 10, 100, and 1000 nM) in the presence of 1 �M progesterone for 48 h, and the mRNA and protein levels of FOSL1 were analyzed via quantitative
real-time PCR (A) and Western blotting (B), respectively. C and D, after overnight starvation with serum-free medium, primary ESCs and DSCs (n � 3�5) were
stimulated with serum-free medium containing 0.1 �M 17�-estradiol, and the total protein and phosphorylated protein of ESR1 were detected via Western
blotting 0, 5, 15, and 30 min after administration. The possibility that the FOSL1 gene is a direct target of regulation by ESR1 during human ESC/DSC
decidualization was investigated by ChIP. The putative ESR1-binding site in the FOSL1 promoter was predicted by the JASPAR database. ESR1 occupancy at the
candidate site in ESCs/DSCs was detected after 48-h culture with 1 �M progesterone and 0.1 �M 17�-estradiol. E, the sonicated DNA fragments ranged from 200
bp to 1000 kb and were tested by agarose gel electrophoresis. PCR amplification formed the input control. F and G, ChIP with an ESR1 antibody and rabbit IgG
were analyzed via agarose gel electrophoresis (F), and the relative recruitment was normalized to the signals obtained from the input DNA (G). Moreover, we
verified mediation of ESR1 in estrogen-induced FOSL1 expression via ESR1 mRNA deletion. Expression of ESR1 mRNA was silenced by transfecting siRNA specific
to human ESR1 for 24 h. Then cells were stimulated with 0.1 �M 17�-estradiol and 1 �M progesterone for 48 h to detect ESR1 and FOSL1 expression via
quantitative real-time PCR and Western blotting. H and K, mRNA expression of ESCs (H) and DSCs (K). I, J, L, and M, Western blot of ESCs (I) and DSCs (L) and their
quantitative representation (J and M, respectively). *, p � 0.05; **, p � 0.01; error bars represent standard error of the mean.
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protein expression of MMP2 in ESCs/DSCs remained stable
with all treatments. These results suggested that E2-induced
MMP1 and MMP9 expression, migration, and invasion dur-
ing decidualization depended on FOSL1.

Discussion

The regulation mechanisms involved in MMP expression
and the motility of ESCs/DSCs during decidualization remain
unclear. Our work provided more evidence of the MMP expres-
sion profile and its promotion of migration and invasion in
stromal cells during decidualization from the luteal phase

to early pregnancy. We found significant up-regulation in
MMP1, MMP2, and MMP9 expression, migration, and inva-
sion of human DSCs compared with ESCs. These findings sug-
gest that reorganization of MMP expression, migration, and
invasion in stromal cells is an essential step in decidualization
during early pregnancy, an important period for placenta
formation.

By observing the MMP expression profile of DSCs during
96-h culture without a decidualization inducer after isolation
from the decidua, we found a rapid decline in MMP1 and
MMP9 expression, which may indicate dependence of MMP1

Figure 5. FOSL1 deletion represses E2-induced MMP1 and MMP9 expression, migration, and invasion ability of ESCs/DSCs in vitro. The role of FOSL1 in
the estrogen-induced MMP1 and MMP9 expression, migration, and invasion of ESC/DSC was investigated by siRNA-mediated knockdown of mRNA expression.
Primary ESCs (n � 3�5) were stimulated with 0.1 �M 17�-estradiol along with 1 �M progesterone, and cells incubated with 1 �M progesterone alone served as
the control. Primary DSCs (n � 3�5) were incubated with 0.1 �M 17�-estradiol and 1 �M progesterone to sustain decidualization. Knockdown of FOSL1 was
carried out with 24-h pretreatment of FOSL1 siRNA-1 and -2 transfection, and NC siRNA transfection served as the negative control. A–D, 48-h wound-healing
and invasion assays of ESCs (A and B) and DSCs (C and D) were employed to explore migration and invasion ability, respectively. E and F, quantitative
representations of the length of wound closure and invaded cell number. Expression of FOSL1 and MMP1, MMP2, and MMP9 was analyzed via quantitative
real-time PCR, immunofluorescence, and Western blotting. G and H, relative RNA expression of ESCs and DSCs. I and J, immunofluorescence against FOSL1 of
ESCs/DSCs and quantitative representation of the average gray value. K–N, Western blot of ESC/DSC and its quantitative representation. *, p � 0.05; **, p � 0.01;
error bars represent standard error of the mean.

E2-induced FOSL1 regulates motility of human ESCs/DSCs

J. Biol. Chem. (2020) 295(8) 2248 –2258 2253



and MMP9 expression on a decidualization inducer. We found
that P4 alone could not change both MMP expression and cell
motility, as detected by different decidualization systems with
the above inducer. In the presence of P4, E2 caused a significant
increase in MMP1 and MMP9 expression, motility, and inva-
sion of ESCs/DSCs, but 8-Br-cAMP � P4 induced a dramatic
decrease in MMP9 expression, migration, and invasion of
ESCs/DSCs. These findings were similar to those of a previous
report on endometriosis (20); P4 was unable to stimulate migra-
tion of ESCs in healthy women, whereas E2 could stimulate
motility of ESCs in both healthy women and endometriosis
patients. Consistent with previous reports on the regulation of
MMP expression by E2 in rodent/mice uteri (21–24), our find-
ings indicate that estrogen signaling operates as a key mediator
in MMP expression, migration, and invasion in ESCs/DSCs
during decidualization rather than cAMP and progesterone
signaling. Moreover, estrogen was necessary to induce or main-
tain the motility function of decidualization in ESCs/DSCs, and
the system of E2 combined with P4 was suitable for an in vitro
study of motility function during decidualization.

cAMP is a universal second messenger that plays an impor-
tant role in intracellular signal transduction, including inva-
sion, and exerts positive or negative regulation of MMP expres-
sion in different cell lines (25–27). Our findings provide new
evidence of cAMP in down-regulation of MMP expression in
ESCs/DSCs. We also found that cAMP led to a decrease in both
MMP9 and FOSL1 in ESCs/DSCs, indicating that FOSL1 was
probably involved in cAMP signaling. However, the decrease in
FOSL1 expression in cAMP-treated cells did not affect expres-
sion of MMP1. This phenomenon reveals that the regulation of
gene expression in ESCs/DSCs during decidualization is a com-
prehensive result of multiple factors, and much remains to be
explored.

In addition, we found stable expression of PRL and IGFBP1 in
DSCs during 96-h culture in vitro without an inducer. This
stable PRL expression was consistent with a previous report of a
human primary DSC culture without steroid hormones in vitro
(28). PRL and IGFBP1 expression in different systems was sim-
ilar to previous reports as well; E2 � P4 requires 7–10 days or
more to induce PRL/GFBP1 secretion in human ESCs (29, 30),
whereas cAMP � P4 requires 2 days to induce IGFBP1 secre-
tion and 4 days to induce PRL secretion (31). These findings
indicate that, compared with expression of PRL and IGFBP1,
MMP1 and MMP9 expression of ESCs/DSCs have a faster
response and higher dependence on the presence of E2.

As AP-1 family members, JUN, FOS, and FOSL1 have been
widely reported to regulate MMP1 and MMP9 in several cell
types (32–35). In particular, expression of JUN, FOS, and
FOSL1 has been reported to increase by E2 (but not other AP-1
members) and decrease by antiestrogen tamoxifen to mediate
MCF-7 cell proliferation (36). However, expression of JUN and
FOS in human endometrium has been reported to be down-
regulated during pregnancy (37). Therefore, we focused on
observing FOSL1 expression in ESCs/DSCs. Similar to the MMP1
and MMP9 expression profiles, DSCs showed significant ele-
vation in FOSL1 expression compared with ESCs and a dra-
matic decline in FOSL1 expression in vitro when cultured
without a decidualization inducer. In addition, the FOSL1

expression of ESCs/DSCs showed a consistent change with
migration and invasion in decidualization systems in vitro:
increased by E2 and decreased by cAMP. Moreover, FOSL1
expression showed a significant increase induced by E2 in a
dose-dependent manner. These findings indicate involvement
of FOSL1 in regulation of E2 in terms of its migration and inva-
sion in ESCs/DSCs. This hypothesis was verified in all subse-
quent experiments. Our results indicated that E2 triggered acti-
vation of ESR1, a predominant estrogenic acceptor in human
endometrium/decidua (17), and that inhibition of ESR1 expres-
sion via siRNA attenuated E2-induced FOSL1 expression in
ESCs/DSCs. Moreover, we also found that ESR1 specifically
and strongly binds to the FOSL1 gene primer. This finding is
similar to that of a previous study, which reported that ESR1
regulates FOSL1 expression by binding to the FOSL1 promoter
in mouse uterine stroma (23). In addition, our work provides
direct evidence of FOSL1 as a downstream target of ESR1 in
human primary ESCs/DSCs. Via siRNA-mediated mRNA dele-
tion, our work verified positive regulation of FOSL1 in MMP1
and MMP9 expression of ESCs/DSCs at the transcript level;
E2-induced FOSL1 expression facilitated MMP1 and MMP9
expression at the transcript and protein levels, and migration,
invasion, and deletion of FOSL1 expression by siRNA represses
this promotion. FOSL1 has been shown to directly induce
MMP1 and MMP9 promoter activity in human breast cancer
cell lines (38) and occupy MMP9 promoter regions in tropho-
blast cells (39). Therefore, it is plausible that FOSL1 may func-
tion in a similar fashion in ESCs/DSCs. However, more studies
are needed to validate this hypothesis.

Taken together, our data reveal a novel pathway mediated by
reorganization of MMP1 and MMP9 expression, migration,
and invasion in human ESCs/DSCs during decidualization,
highlighting the key regulatory role of E2 and suggesting that
FOSL1 expression induced by E2–ESR1 signaling may be a key
transcription factor. Studies in animal models have found that
release of bioactive factors induced by ischemic/hypoxic pla-
centas, which target MMPs in the extracellular matrix, con-
tribute to altered uteroplacental and vascular remodeling (8,
40–42). Therefore, MMPs and their meditators could be poten-
tial targets for drug development in pathological pregnancy
(43). Our findings are of great significance in revealing that
FOSL1, as an E2-induced decidualization meditator of ESCs/
DSCs involved in MMP expression, migration, and invasion,
may be a probable target and that E2, as a common obstetric
and gynecological drug, may be administrated for treatment of
embryo implantation failure and placental dysplasia because of
its regulation of MMP expression, migration, and invasion
of ESCs/DSCs. Future studies are needed to address the mech-
anisms by which FOSL1 regulates the MMPs of ESCs/DSCs as
well as those by which MMPs, in turn, affect decidua remodel-
ing, embryo implantation, and placental formation.

Experimental procedures

Reagents

Progesterone (dissolved with absolute ethanol), 17�-estra-
diol (dissolved with absolute ethanol), and 8-Br-cAMP (dis-
solved with 1� PBS) were from Sigma-Aldrich (St. Louis, MO).
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Antibodies against human MMP-1, MMP-2, and MMP-9;
IGFBP1; cytokeratin 7; vimentin; and �-actin were from Cell
Signaling Technology (Danvers, MA). Antibodies against
human estrogen receptor 1 (ESR1), p-ESR1, FOSL1, and PRL
were from Abcam (Cambridge, MA). All primers were from
Sangon Biotech (Shanghai, China). FOSL1 and ESR1 siRNA
was from Genepharma (Shanghai, China).

Tissue collection

Normal decidua samples were obtained from healthy women
aged 20 –35 years with a gestational age of 6 –7 weeks (Depart-
ment of Obstetrics and Gynecology, Renji Hospital). All
patients underwent elective first-trimester pregnancy termina-
tion upon the patients’ own request without medical reasons.
Endometrial tissues were obtained from patients aged 20 – 46
years undergoing sterilization or hysterectomy for benign con-
ditions. Patients had regular menstrual cycles and had received
no hormonal medication in the past 3 months. Samples were
obtained during the mid-secretory stage of the menstrual cycle,
as confirmed by histological examination. All patients provided
signed consent forms for tissue collection. This study was
approved by the Human Research Ethics Committee of the
School of Medicine of Shanghai Jiaotong University.

Isolation of human primary ESCs/DSCs

Human endometria and deciduae were collected under ster-
ile conditions and immediately transported to the laboratory in
ice-cold DMEM/F-12 (HyCloneTM, Invitrogen). The obtained
deciduae were pooled, washed in Ca2�Mg2�-free 1� PBS, and
minced into 1- to 2-mm pieces. The minced tissues were
digested by 0.1% g/ml collagenase type II (Sigma) in a sterile
centrifuge tube in a 37 °C water bath with gentle shaking for 15
min, followed by a repeated cycle of 15-min digestion. To
remove the undigested tissue and epithelial cells, the cell sus-
pension was successively filtered through sterile 100- and 200-
mesh wire sieves for DSCs and more 400-mesh wire sieves for
ESCs. The filtered suspension was centrifuged at 450 � g for 3
min. After the supernatant was discarded, the cell pellets were
resuspended in DMEM/F-12 containing 10% FBS (Gibco), 100
IU/ml penicillin, and 100 mg/ml streptomycin at 37 °C in a
humidified environment with 5% CO2. After 6 h in the culture,
primary stromal cells adhered to the wall. The medium was
changed, and the suspended cells, such as leukocytes and eryth-
rocytes, were aspirated. Both ESCs and DSCs were �98% pure,
as assessed by cytokeratin (negative) and vimentin (positive).

Decidualization in vitro

Three common decidualization systems (29, 31) were used in
vitro as follows. For the P4 method, ESCs were cultured with
basic medium containing 1 �M P4. For the E2 � P4 method,
ESCs were cultured with basic medium containing 0.1 �M E2
and 1 �M P4. For the 8-Br-cAMP � P4 method, ESCs were
cultured with basic medium containing 0.5 mM 8-Br-cAMP and
1 �M P4. Basic medium– containing vehicle served as a control.
The basic medium was DMEM/F-12 containing 2% FBS, 100
IU/ml penicillin, and 100 mg/ml streptomycin.

Wound healing assay

Human stromal cells with or without pretreatment were
seeded into 6-well plates at a density of 2 � 105 cells/well to
ensure that the cells reached confluence by the next day. After
6 h, the medium was changed to new serum-free decidualiza-
tion medium to starve the cells overnight. Confluent monolayer
stromal cells were scratched with a 200-ml sterile pipette tip the
next day. The cell debris was washed away with 1� PBS, and the
remaining cells were cultured with fresh serum-free decidual-
ization medium for an additional 48 h. Wound width was mon-
itored by phase-contrast microscopy at regular intervals. The
extent of cell migration was assessed by calculating wound clo-
sure. As shown in Figs. 1, G and I, wound closure was equal to
the difference in wound area divided by the height of the wound
after conversion to micrometers by scale.

Invasion assay

Human stromal cells with or without pretreatment were sus-
pended in a free serum medium at a density of 5 � 104 cells/ml.
A 200-�l cell suspension was placed into the upper chamber (8
�m, Corning) precoated with Corning� Matrigel� Matrix
(Corning) diluted with DMEM/F-12 at 1:6. Then 600 �l of var-
ious decidualization media, supplemented with 2% FBS, were
added to the lower chamber. After incubation for 48 h at 37 °C,
the cells in the upper chambers were carefully removed. The
cells that had invaded through the membrane were fixed with
4% paraformaldehyde and stained with 0.1% crystal violet. The
invaded cells were counted using an IX71 inverted microscope
(Olympus, Tokyo, Japan) at �200 magnification.

Western blotting

Whole-cell extracts were prepared from human primary
stromal cell cultures undergoing different treatments. Briefly,
the cells were washed with an ice-cold balanced solution and
lysed with radioimmune precipitation assay buffer (Sigma-
Aldrich) containing a protease inhibitor mixture, PMSF (0.1
mg/ml), and a phosphatase inhibitor (1:1000, Sigma-Aldrich)
for 30 min on ice. This was followed by centrifugation at 12,000
rpm for 10 min to remove cell debris. 20 –50 �g of the protein
extract was analyzed via SDS-PAGE and transferred to a poly-
vinylidene difluoride membrane (Sigma-Aldrich). The mem-
brane was blocked with 5% albumin in Tris-buffered saline with
0.1% Tween 20 for 1 h at room temperature, followed by incu-
bation with a primary antibody against FOSL1; p-FOSL1; ESR1;
p-ESR1; PRL; IGFBP1; MMP1, MMP2, and MMP9 or �-actin.
The blot was then incubated with the corresponding IRDye
800CW-conjugated secondary antibody for 60 min at room
temperature. Signals were visualized using the Odyssey IR
Imaging System (LI-COR Biosciences, Lincoln, NE).

Quantitative real-time PCR

RNA was extracted using the TaKaRa MiniBEST Universal
RNA Extraction Kit (Takara, Otsu, Japan) according to the
manufacturer’s instructions. RNA concentrations were mea-
sured by NanoDrop ND-1000 (Thermo Scientific, Waltham,
MA). mRNA was synthesized into complementary DNA via the
PrimeScript RT Reagent Kit (Takara) according to the manufac-
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turer’s instructions. Then qRT-PCR was performed using
QuantStudio test development software (Life Technologies)
with PrimeScriptTM RT Master Mix (Perfect Real Time,
Takara). The data were analyzed using the 2-		CT method.
�-Actin was used for data normalization, and the results were
expressed as -fold change of the control group. The sequences
of the primers were as follows: FOSL1, CCGCTGCTGCTGC-
TACTCTTG (reverse) and GAACCTGAGGCACTGCA-
CACC (forward); ESR1, GTCTGCCAGGTTGGTCAGT-
AAGC (reverse) and ATGGTCAGTGCCTTGTTGGATGC
(forward); MMP1, TCCCAGTCACTTTCAGCCCA (reverse)
and GTGTCTCACAGCTTCCCAGC (forward); MMP2, CAC-
CACGGATCTGAGCGATGC (reverse) and GCCTCTCCT-
GACA TTGACCTTGG (forward); MMP9, AGGGCACTGC-
AGGATGTCATA (reverse) and ACGACGT CTTCCAGTAC-
CGAG (forward); PRL, GTGGATGATTCGGCACTTCA-
GGAG (reverse) and GCAGATGGCTGATGAAGAGTCTCG
(forward); IGFBP1, GTTGGTGACATGGAGAGCCTTCG
(reverse) and AGCACGGAGATAACTGAGGAGGAG (for-
ward). �-Actin was used as an endogenous reference gene.

Immunohistochemistry

Briefly, paraffin-embedded endometria and decidua were
sectioned and mounted on slides. The sections were rehydrated
and washed in 1� PBS for 20 min and then incubated in a
blocking solution containing 10% normal goat serum for 30 min
before overnight incubation with a primary antibody against
human MMP1, MMP2, and MMP9 and FOSL1 at 4 °C. Immuno-
staining was performed using the Avidin-Biotin Kit for Rabbit Pri-
mary Antibodies (Invitrogen). Sections were counterstained with
hematoxylin, mounted, and examined under a bright field. Brown
deposits indicated sites of positive immunostaining. The average
optical density of each protein was identified via Image J software.

Immunofluorescence

The cells were fixed in 4% paraformaldehyde for 15 min at
room temperature. After being rinsed three times in 1� PBS for
5 min each, the cells were blocked and permeabilized in block-
ing buffer (1� PBS, 5% normal serum, and 0.3% Triton X-100)
for 60 min at room temperature. Thereafter, the cells were
incubated overnight with a primary antibody against human
cytokeratin, vimentin, and FOSL1 diluted in an antibody dilu-
tion buffer (1� PBS, 2% BSA, and 0.3% Triton X-100) at 4 °C,
followed by 60-min incubation with a fluorochrome-conju-
gated secondary antibody at room temperature. Finally, after
4�,6-diamidino-2-phenylindole staining, the stained cells were
observed and photographed under an inverted microscope
(Axio Vert.A1, Carl Zeiss, Jena, Germany). The fluorescence
intensity of each protein was recorded via a microscope as a
gray value in the digital photograph. The average gray value of
the proteins was determined using ImageJ software.

ChIP

ChIP was performed using a commercial ChIP assay kit
(Merck Millipore, Billerica, MA) according to the manufac-
turer’s instructions. Briefly, primary stromal cells isolated from
a tissue were cultured for 48 h with 0.1 �M E2 and 1 �M P4. Then
the chromatin was cross-linked by adding 1% formaldehyde for

10 min at room temperature, followed by addition of 1 M glycine
for 5 min. The cross-linked chromatin was sonicated to obtain
DNA fragments ranging from 200 bp to 1000 kb. One-tenth of
the sonicated lysates was taken out as the input control. Immu-
noprecipitation was performed overnight at 4 °C with the ESR1
antibody, and rabbit IgG was used as a nonspecific control. The
immune complexes were further precipitated using protein
G/A–agarose washed with buffers, followed by elution of the
protein–DNA complexes. Reverse cross-linking was then per-
formed at 65 °C for 4 h, and the DNA was purified using spin
columns. Quantitative PCR was performed on these purified
DNA samples. The putative ESR1-binding site in the FOSL1
promoter was predicted using the JASPAR database (44), and
the sequences of the primers were as follows: forward, AGGC-
AGGAGAATCCCTTTAGC; reverse, CCCACAAAATAGC-
ACGAAAGAA. The PCR amplification products were ana-
lyzed via agarose gel electrophoresis. Relative recruitment was
normalized to the signals obtained from the input DNA.

siRNA transfection

siRNA specifically against ESR1 and FOSL1 and NC siRNA
were transiently transfected into ESCs or DSCs using a
RFectTM transfection reagent (Changzhou Bio-generating
Biotechnology, Changzhou, Jiangsu, China) according to the
manufacturer’s instructions. Briefly, primary stromal cells were
seeded into 6-well plates at a density of 2 � 105 cells/well and
reached 80%–90% confluence overnight. Then the medium was
changed to 2500 �l of antibiotic-free DMEM/F12 containing
2% FBS/well. The 10 �l of transfection reagent and 2 �l of
siRNA (10 nM) were diluted in 250 �l of Opti-MEMTM medium
(Sigma-Aldrich), and then a diluted transfection reagent was
gently added to the diluted siRNA. After incubation for 15 min
at room temperature, the 500 �l of siRNA–transfection reagent
complex was added to the cell wells. After 24-h incubation, the
cells were subject to wound healing and invasion assays with
fresh decidualization medium to investigate the motile and
invasion ability or cultured for an additional 48 h with fresh
decidualization medium to extract their mRNA and protein for
qRT-PCR and Western blotting. The sequences of the siRNAs
involved were as follows. FOSL1 siRNA-1, 5�-CUAGCACAA-
UUUGCACUAATT-3� (sense) and 5�-UUAGUGCAAAUUG-
UGCUAGTT-3� (antisense); FOSL1 siRNA-2, 5-�-GCUCAUC-
GCAAGAGUAGCATT-3� (sense) and 5-�-UGCUACUCUU-
GCGAUGAGCTT-3� (antisense); ESR1 siRNA-1, 5-�-GGAG-
AAUGUUGAAACACAATT-3� (sense) and 5�-UUGUGUUU-
CAACAUUCUCCTT-3� (antisense); ESR1 siRNA-2, 5�-GGG-
CUCUACUUCAUCGCAUTT-3� (sense) and 5�-AUGCG-
AUGAAGUAGAGCCCTT-3�.

Statistical analysis

All statistical analyses were performed using SPSS version
22.0 (IBM Corp., Armonk, NY). All experiments were per-
formed at least three times in independent trials. The results are
expressed as mean 
 S.E. for the three independent experiments.
Statistical analysis was conducted by comparing the means of the
control and experimental sets using one-way analysis of variance.
A value of p � 0.05 was considered statistically significant.
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