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Introduction
Uterine spiral artery remodeling is an adaptive process in preg-
nancy, during which smooth muscle cells (SMCs) in the vessel 
wall are lost and luminal endothelial cells (ECs) are replaced by 
invading placental trophoblasts (1, 2). This vascular remodeling 
process results in rheological and physiological changes that are 
essential for steady uteroplacental blood flow with reduced veloci-
ty to support the growing fetus (3). Preeclampsia, characterized by 
hypertension and proteinuria in pregnancy, is a major disease that 
increases the risk of maternal and fetal mortality (2, 4, 5). A defec-
tive uteroplacental interface and impaired spiral artery remodel-
ing play a central role in the pathogenesis of preeclampsia (4, 6–8).

Decidualization, a transforming event in the pregnant uter-
us, plays a critical role in spiral artery remodeling (9). It occurs 
before placental trophoblast invasion (10–12). Defective decidu-
alization has been associated with impaired spiral artery remod-
eling and preeclampsia (13–15). In preeclamptic women, low plas-
ma levels of insulin growth factor–binding protein-1 (IGFBP1), 
a decidualization marker, have been reported (14). In culture, 
endometrial stromal cells from preeclamptic women often fail to 
respond to decidualization induction (15). Gene profiling studies 
have also revealed poor decidualization in uterine tissues from 

preeclamptic women (15, 16). It remains unclear, however, how 
decidualization and spiral artery remodeling are coordinated at 
the molecular and cellular levels.

Atrial natriuretic peptide (ANP) is a hormone that regulates 
salt-water balance and vascular homeostasis (17–21). ANP is syn-
thesized as a precursor that is converted to active ANP by corin, 
a transmembrane serine protease (22–24). In mice, corin defi-
ciency abolishes ANP activation (25, 26). Both corin and ANP are 
expressed in the pregnant uterus (27–31). In mice, corin or ANP 
deficiency impairs trophoblast invasion and spiral artery remodel-
ing, leading to a preeclampsia-like phenotype (27, 28, 32). CORIN 
variants impairing corin function have been identified in pre-
eclamptic women (27, 33, 34). To date, how the corin/ANP path-
way regulates spiral artery remodeling in the pregnant uterus has 
not been elucidated.

In this study, we used mouse models to investigate the role 
of ANP in decidualization during pregnancy. We also conduct-
ed series of biochemical and functional experiments in cultured 
human endometrial stromal cells (HESCs) and uterine SMCs 
and ECs to understand the mechanism underlying the interplay 
among those cells. Our results reveal an important role of ANP in 
regulating sequential molecular and cellular events in decidual-
ization and spiral artery remodeling in the pregnant uterus.

Results
Uterine decidualization is impaired in Nppa–/– and Corin–/– mice. 
We analyzed 2 decidualization markers, uterine prolactin and 
IGFBP1 (35), in Nppa–/– mice, in which the Nppa gene (encoding 
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/– placentas (Figure 1B). In Western blotting, uterine prolactin and 
IGFBP1 levels in Nppa–/– females with Nppa+/– placentas were high-
er than those in Nppa–/– females with Nppa–/– placentas, but lower 
than those in Nppa+/– females with Nppa–/– placentas (Figure 1C). 
These results indicate that while placental ANP is required for nor-
mal decidualization, uterine ANP is more important than placen-
tal ANP in this process.

ANP promotes decidualization in cultured HESCs. To verify the 
role of ANP in uterine decidualization, we cultured HESCs, a com-
mon model for studying decidualization in vitro (37). Upon induc-
tion to undergo differentiation, decidualized HESCs (dHESCs) 
expressed high levels of prolactin and IGFBP1 (Figure 1D). Addi-
tion of recombinant ANP to the differentiation medium further 
elevated prolactin and IGFBP1 levels, whereas such an effect was 
not observed if ANP was added to non-differentiation medium 
(Figure 1D). We next measured pro-ANP/ANP antigen in the con-
ditioned medium (CM) from cultured human villous trophoblasts 
(HVTs), human uterine smooth muscle cells (HUtSMCs), human 
uterine microvascular endothelial cells (HUtMECs), HESCs, and 

pro-ANP) was disrupted, and Corin–/– mice, in which ANP acti-
vation was abolished (25). In non-pregnant WT, Nppa–/–, and 
Corin–/– mice, uterine prolactin and IGFBP1 protein levels were 
similar, as shown by Western blotting (Figure 1A). When the mice 
became pregnant after mating with males of the same genotype, 
uterine prolactin and IGFBP1 levels increased, as measured at 
gestational day (GD) 12.5 (Figure 1A). The levels, however, were 
lower in Nppa–/– and Corin–/– mice than in WT mice (Figure 1A). 
Consistently, mRNA levels of prolactin gene family members 
were also lower in pregnant Nppa–/– mouse uteri than in WT uteri 
(Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI151053DS1). These 
results indicate a role of the corin/ANP pathway in promoting 
uterine decidualization in mice.

ANP is expressed in the uterus and placenta (30, 36). To dis-
tinguish the role of uterine versus placental ANP in uterine decid-
ualization, we mated Nppa–/– females with Nppa+/– males and 
Nppa+/– females with Nppa–/– males, resulting in Nppa–/– uteri with 
Nppa+/– or Nppa–/– placentas and Nppa+/– uteri with Nppa+/– or Nppa–

Figure 1. ANP promotes decidualization in pregnant mice and cultured HESCs. (A) Western blotting of prolactin (PRL) and IGFBP1 in uteri from non-preg-
nant (NP) and pregnant (GD12.5) WT, Nppa–/–, and Corin–/– mice. GAPDH was used as a control. Quantitative data from 4 experiments are shown in bar 
graphs. (B) Strategy to generate mice with or without uterine ANP (uANP) and placental ANP (pANP). (C) Western blotting of uterine PRL and IGFBP1 in 
mice with or without uANP and pANP. Quantitative data from 4 experiments are shown in bar graphs. (D) Prolactin and IGFBP1 levels in the conditioned 
medium (CM) from HESCs cultured in non-differentiation (HESC) or decidualization (dHESC) medium with or without ANP. (E) Pro-ANP/ANP levels in the 
CM from cultured human villous trophoblasts (HVTs), human uterine SMCs (HUtSMCs), human uterine microvascular ECs (HUtMECs), HESCs, and dHESCs. 
(F) Prolactin levels in the CM from HESCs cultured in non-differentiation (HESC) or decidualization (dHESC) medium with or without HVT-derived CM. 
Quantitative data (mean ± SD) were analyzed by 1-way ANOVA (A and D–F) or Kruskal-Wallis test (C). In D and F, *P < 0.05 and **P < 0.01 for comparisons 
between HESC and dHESC or HESC+ANP and dHESC+ANP at the same time points; †P < 0.05 for comparisons between dHESC and dHESC+ANP at the 
same time points (n = 3 per group).
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intravascular trophoblasts were observed in the proximal decidua 
(Figure 2A, panels I and II). In deeper decidual layers, where intra-
vascular trophoblasts were barely detected (Figure 2A, panel III) 
or undetected (Figure 2A, panel IV), vWF-positive ECs were not 
detected on the lumen. Moreover, there were no detectable inter-
stitial trophoblasts in surrounding tissues. In contrast, the endo-
thelium was mostly intact in the distal decidua (Figure 2A, panel 
V). These results are consistent with previous reports (2, 38) indi-
cating that during spiral artery remodeling, EC loss occurs before 
interstitial or intravascular trophoblast invasion.

To verify these results, we examined serial transverse uter-
ine sections from WT mice at GD12.5. Spiral arteries in the 
proximal decidua had trophoblasts (cytokeratin) but not ECs 
(vWF) and SMCs (α-smooth muscle actin [SMA]) (Figure 2B, top 
row). (vWF is also present in plasma, and some vWF staining 
was found in residual blood clots in the artery and the tissue.) In 
sections from a middle decidual layer, where trophoblasts were 

dHESCs. (The ELISA assay used in this experiment does not dis-
tinguish pro-ANP from ANP.) High levels of pro-ANP/ANP anti-
gen were detected in the CM from HVTs, but not from HUtSMCs, 
HUtMECs, HESCs, and dHESCs (Figure 1E). When the CM from 
HVTs was added to the differentiation medium in HESCs, prolac-
tin levels were increased, whereas such an effect was not observed 
if the HVT-derived CM was added to the non-differentiation medi-
um in HESCs (Figure 1F). Together with the findings in Nppa–/–  
and Corin–/– mice, these results indicate that ANP promotes uter-
ine decidualization and that in addition to uterine ANP, placental 
ANP also contributes to this process.

Sequential SMC and EC death in remodeling of spiral arteries. As 
reported previously (27), ANP deficiency impairs trophoblast inva-
sion and uterine spiral artery remodeling in mice. To understand 
cellular dynamics during spiral artery remodeling, we stained 
GD12.5 uterine sections from WT mice with cytokeratin (for tro-
phoblasts) and von Willebrand factor (vWF) (for ECs). Invading 

Figure 2. Uterine spiral artery remodeling and trophoblast invasion in pregnant mice. (A) Placental and decidual tissues from WT mice were collected 
at GD12.5. Longitudinal sections were stained for cytokeratin (CK) (blue) for trophoblasts and vWF (red) for ECs. Selected areas in the decidua are shown 
in a high original magnification (×400). Left panel shows lower original magnification (×100). (B) Transverse sections from proximal, middle, and distal 
decidual layers were stained for vWF (brown; left column) for ECs, SMA (brown; middle column) for SMCs, and CK (blue; right column) for trophoblasts. 
Images from a high original magnification (×400) are shown. (C) Coimmunofluorescent staining of transverse sections for vWF (red) and SMA (green) in 
middle (top row) and distal (middle row) decidual layers and the myometrium (bottom row). Images from a high original magnification (×400) are shown. 
(D) Staining of cleaved caspase-3 in uteroplacental sections from GD12.5-WT mice. Selected areas in the decidua are shown in a high original magnification 
(×400). Isotype-matched immunoglobulin (Ig) was used as a control. (E) Western blotting of caspase-3 fragments in uterine tissues from non-pregnant 
and GD12.5-WT mice (3 mice per group).

https://www.jci.org
https://doi.org/10.1172/JCI151053


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(20):e151053  https://doi.org/10.1172/JCI1510534

spiral arteries in uterine sections from GD12.5-WT mice (Figure 
2D). Western blotting also detected abundant cleaved caspase-3 
fragments in GD12.5, but not non-pregnant, uterine tissues from 
WT mice (Figure 2E).

dHESCs secrete TRAIL to induce apoptosis in uterine SMCs. Decid-
ual cells are active in secreting bioactive factors (39–41). To under-
stand the mechanism underlying uterine SMC and EC death in the 
decidua, we tested the effect of dHESC-derived CM on uterine 
SMCs. Reduced viability (Figure 3A) and increased apoptosis (Fig-
ure 3B) were observed when HUtSMCs were incubated with the CM 
from dHESCs compared with that from non-differentiated HESCs. 
Increased caspase-3 activity (Figure 3C) and cleaved caspase-3 
fragments (Figure 3D) were also found in HUtSMCs treated with 
dHESC-derived CM. These results support the idea that dHESCs 
may secret proapoptotic factor(s) to cause HUtSMC death.

We examined whether dHESCs express FAS ligand (FASLG), 
TNF-related apoptosis-inducing ligand (TRAIL), and TNF, 
which are major mediators in apoptosis. Compared with those 
in non-differentiated HESCs, FASLG and TNFSF10 (encoding 
TRAIL) mRNA levels (Figure 3E) and FASLG and TRAIL protein 

about to enter the spiral artery, there was little vWF and SMA 
staining on the vessel wall (Figure 2B, second row). In sections 
from a deeper middle decidual layer, vWF staining was positive 
on most of the lumen, whereas little SMA and no cytokeratin 
staining was found in the vessel (Figure 2B, third row). In the 
distal decidua, vWF and SMA staining was on nearly the entire 
lumen and vessel wall, respectively, whereas cytokeratin was 
negative (Figure 2B, bottom row).

We also did costaining of vWF and SMA in similar transverse 
sections. In sections from the middle decidua, vWF staining was 
on most of the vessel lumen, whereas only residual SMA stain-
ing was in the vessel wall (Figure 2C, top row). In contrast, both 
vWF and SMA staining was on the entire vessel lumen and wall, 
respectively, in the distal decidua (Figure 2C, middle row) and 
the myometrium (Figure 2C, bottom row). The results from these 
complementary immunostaining experiments are consistent, 
indicating that during spiral artery remodeling, the loss of SMCs 
and ECs, probably due to apoptosis, occurs in a sequential manner 
before intravascular trophoblast invasion. Consistently, staining 
of cleaved caspase-3 (an apoptosis marker) was positive around 

Figure 3. dHESC-mediated apoptosis in uterine SMCs. (A) Viability of HUtSMCs incubated with the CM from HESCs or dHESCs for different times (n = 5 
per group). (B) Apoptosis in SMCs treated with HESC- or dHESC-derived CM for 48 hours was analyzed with flow cytometry. Percentages of early, late, and 
total apoptotic cells were measured (n = 5 per group). (C) Caspase-3 activity in SMCs treated with HESC- or dHESC-derived CM for 48 hours was examined 
with a fluorogenic assay. Data in relative fluorometric units (FLU) are presented (n = 5 per group). (D) Western blotting of caspase-3 fragments in SMCs 
treated with HESC- or dHESC-derived CM for 48 hours (n = 3 per group). (E) Quantitative real-time PCR analysis of FASLG and TNFSF10 mRNA levels in 
HESCs and dHESCs (n = 5 per group). (F) Western blotting of FASLG and TRAIL in HESCs and dHESCs. Quantitative data are shown in bar graphs (n = 3 
per group). (G and H) SMCs were incubated with CM from HESCs or dHESCs without (–) or with (+) immunodepletion of TRAIL (G) or FASLG (H) with an 
antibody (Ab) or control immunoglobulin (Ig). After 48 hours, cell viability was measured. All quantitative data are mean ± SD and were analyzed by 1-way 
ANOVA (A, G, and H) or Student’s t test (B, C, E, and F). *P < 0.05, **P < 0.01.
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Unexpectedly, reduced viability (Figure 4D), increased apop-
tosis (Figure 4E), and high caspase-3 activity (Figure 4F) were 
found when HUtMECs were incubated with CM from SMCs 
that were pretreated with dHESC-derived CM, suggesting that 
dHESCs may induce EC death indirectly via an SMC-dependent 
mechanism. Indeed, HUtMECs became sensitive to TRAIL-in-
duced death after incubation with CM from SMCs pretreated with 
dHESC-derived CM (Figure 4G). In real-time PCR (Figure 4H) 
and Western blotting (Figure 4I), upregulation of TNFRSF10A 
and TNFRSF10B mRNA levels and TRAIL receptor 1 and 2 pro-
tein levels was observed when HUtMECs were incubated with 
CM from SMCs that were pretreated with dHESC-derived CM. 
Such upregulation was not observed when HUtMECs were incu-
bated with control medium or CM from SMCs, HESCs, dHESCs, 
or SMCs pretreated with HESC-derived CM (Figure 4, H and I). 
These results suggest that when exposed to dHESC-derived CM, 
SMCs may release factor(s) that upregulate TRAIL receptor in 
ECs, thereby subjecting ECs to TRAIL-induced death.

The MAPK/ERK pathway is involved in TRAIL receptor upreg-
ulation in ECs. The MAPK/ERK pathway activation has been 
reported to upregulate TRAIL receptor (42). We tested binime-
tinib, a MAPK/ERK signaling inhibitor (43), in our experiments. 

levels (Figure 3F) were increased in dHESCs, whereas TNF mRNA 
levels were not significantly changed (Supplemental Figure 2). To 
examine the potential role of FASLG and TRAIL in dHESC-me-
diated HUtSMC death, we used antibodies to deplete FASLG and 
TRAIL in dHESC-derived CM. Immunodepletion of TRAIL (Fig-
ure 3G), but not FASLG (Figure 3H), from dHESC-derived CM 
prevented HUtSMC death. Increased death was also observed 
when cultured HUtSMCs were treated with recombinant TRAIL 
(Supplemental Figure 3). These results indicate that TRAIL secret-
ed from dHESCs is likely responsible for inducing apoptosis in 
uterine SMCs.

SMCs treated with dHESC-derived CM upregulate TRAIL recep-
tor in ECs. We next tested whether dHESC-derived CM induces 
EC death. The viability of HUtMECs did not change significantly 
in the presence of CM from undifferentiated HESCs or dHESCs 
(Figure 4A) or recombinant TRAIL (Figure 4B). In real-time 
PCR (Supplemental Figure 4) and Western blotting (Figure 4C), 
TNFRSF10A and TNFRSF10B (encoding TRAIL receptors 1 and 
2, respectively) mRNA levels and TRAIL receptor 1 and 2 protein 
levels were high in HUtSMCs but low or undetectable in HUt-
MECs, which may explain the apparent resistance of HUtMECs to 
TRAIL-induced death.

Figure 4. Apoptosis and TRAIL receptor upregulation in human uterine ECs. (A and B) Viability of HUtMECs treated with HESC- or dHESC-derived CM (A) 
or recombinant TRAIL (20 ng/mL) (B) over time (n = 5 per group). (C) Western blotting of TRAIL receptor (R) 1 and 2 in HUtSMCs and HUtMECs (n = 3 per 
group). (D–F) Viability (D), apoptosis (E), and caspase-3 activity (F) in HUtMECs incubated with CM from SMCs without (SMC CM) or with pretreatment of 
CM from HESCs (HESC+SMC CM) or dHESCs (dHESC+SMC CM). In E and F, incubation time was 48 hours. (G) TRAIL was added to HUtMECs treated with 
control (Ctr) medium or CM from SMCs pretreated with dHESC-derived CM. EC viability was measured (n = 5 per group). (H and I) TNFRSF10A and TNFRS-
F10B mRNA (H) and TRAIL receptor (R) 1 and 2 protein (I) levels were analyzed by real-time PCR and Western blotting, respectively, in HUtMECs treated 
with Ctr medium or CM from SMCs, HESCs, and dHESCs or SMCs pretreated with CM from HESCs or dHESCs. All quantitative data are mean ± SD and were 
analyzed by 1-way ANOVA (A, B, and D–H). *P < 0.05; **P < 0.01.
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In the presence of binimetinib, upregulation of TRAIL receptors 
1 and 2 was blocked in HUtMECs that were incubated with CM 
from SMCs pretreated with dHESC-derived CM (Figure 5A). The 
results suggest that SMCs exposed to dHESC-derived CM may 
release MAPK/ERK–stimulating factor(s), which in turn upregu-
late TRAIL receptor in ECs.

To identify such factor(s), we fractionated, based on molecular 
masses, the CM from SMCs pretreated with dHESC-derived CM 
and tested the TRAIL receptor–upregulating activity in HUtMECs. 
We found that the activity was present in fractions with molecu-
lar masses less than 100, less than 50, and less than 30 kDa, but 
not in the fraction with molecular masses less than 10 kDa (Figure 
5B). The results indicate that factor(s) with molecular mass(es) of 
10–30 kDa in the CM from SMCs are responsible for upregulating 
TRAIL receptor in HUtMECs.

SMC-derived cyclophilin B upregulates TRAIL receptor in ECs. 
SMCs have been reported to release several factors under oxi-
dative stress, and one of the factors is cyclophilin B, a 24 kDa 
protein that activates the MAPK/ERK pathway (44, 45). When 
we immunodepleted cyclophilin B in the CM from SMCs treat-
ed with dHESC-derived CM, the TRAIL receptor–upregulating 
activity was diminished (Figure 5C). When we treated HUt-
MECs with increasing concentrations of recombinant cyclo-
philin B, TRAIL receptor 1 and 2 protein levels were increased 
in a dose-dependent manner (Figure 5D). We also detected 
increased cyclophilin B expression and release in HUtSMCs 
treated with dHESC-derived CM (Figure 5E). Similarly, when 
HUtSMCs were treated with TRAIL, increased cyclophilin B 
expression and release were observed (Figure 5F). Moreover, 
when HUtMECs were treated with cyclophilin B (Figure 5G) or 

Figure 5. SMC-derived cyclophilin B upregulates TRAIL receptor in uterine ECs. (A) HUtMECs were incubated with control (Ctr) medium, or CM from SMCs 
without or with pretreatment of CM from HESCs or dHESCs in the presence (+) or absence (–) of binimetinib (Binim; 1 μM) for 48 hours. TRAIL-R1 and -R2 
were analyzed by Western blotting. (B) Western blotting of TRAIL-R1 and -R2 in HUtMECs treated with unfractionated (Total) or fractionated CM with 
proteins of different molecular masses. (C) Cyclophilin B (CyPB) was depleted with an antibody (Ab) from SMC-derived CM. Western blotting was done for 
TRAIL-R1 and -R2 in HUtMECs treated with SMC-derived CM with (+) or without (–) CyPB depletion. (D) Western blotting of TRAIL-R1 and -R2 in HUtMECs 
treated with recombinant CyPB for 48 hours. (E and F) Uterine SMCs were treated with Ctr medium or CM from HESCs or dHESCs (E) or recombinant TRAIL 
(100 nM) (F) for 24 hours. Western blotting was done to examine CyPB in the CM (top) and cell lysates (bottom). Ponceau S–stained albumin in CM and 
GAPDH in lysates were controls. (G and H) Western blotting of phosphorylated (p) and total p44/42 MAPK in HUtMECs treated with recombinant CyPB 
(G) or different CM (H). (I) Western blotting of CyPB in non-pregnant (NP) and pregnant (GD12.5) uteri from WT mice. (J) CyPB staining in uterine sections 
from GD12.5-WT mice. Isotype-matched immunoglobulin (Ig) was a control (n = 3 per group). Selected areas of top panels (original magnification, ×40) are 
shown in lower panels (original magnification, ×400). Data are representative of at least 3 experiments.

https://www.jci.org
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the CM from SMCs preincubated with dHESC-derived CM (Fig-
ure 5H), increased phosphorylation of p44/42 MAPK (ERK1/2) 
was detected by Western blotting. Western blotting also detect-
ed high cyclophilin B levels in GD12.5 uteri compared with those 
in non-pregnant uteri in WT mice (Figure 5I). In immunohisto-
chemistry, strong cyclophilin B staining was detected around 
spiral arteries in GD12.5 uterine sections (Figure 5J). These 
results suggest that cyclophilin B released from apoptotic SMCs 
may play an important role in TRAIL receptor upregulation and 
subsequent TRAIL-mediated apoptosis in ECs.

ANP enhances TRAIL expression in dHESCs and dHESC- 
mediated SMC death. Given the role of ANP in uterine decidu-
alization and the role of dHESC-derived TRAIL in SMC death 
indicated in our experiments, we next examined the effect of 
ANP on TRAIL expression in dHESCs and dHESC-mediated  
SMC death. When ANP was added to differentiation, but 
not non-differentiation, medium, TRAIL protein levels were 
increased in dHESCs (Figure 6A). Consistently, decreased 

viability, higher caspase-3 activity (Figure 6B), and increased 
apoptosis (Supplemental Figure 5) were observed when HUt-
SMCs were incubated with CM from dHESCs that were pre-
treated with ANP, compared with CM from dHESCs without 
ANP pretreatment or from non-differentiated HESCs with 
or without ANP pretreatment. We did not observe significant 
changes in viability when HUtMECs were cultured with CM 
from HESCs or dHESCs with or without ANP pretreatment 
(Figure 6C). In contrast, decreased viability was observed when 
HUtMECs were exposed to CM from SMCs that were pretreat-
ed with CM from dHESCs with or without ANP pretreatment 
(Figure 6D). These results indicate an important role of ANP 
in upregulating TRAIL in decidualized endometrial cells, which 
induces apoptosis in SMCs and, indirectly, in ECs.

Uterine TRAIL level is reduced in pregnant Nppa–/– mice. To ver-
ify our findings, we examined uterine TRAIL levels in mice. By 
Western blotting, we found that uterine TRAIL levels were unde-
tectable in non-pregnant WT, Nppa–/–, and Corin–/– mice, but the 

Figure 6. ANP upregulates TRAIL in dHESCs and uteri in pregnant mice. (A) Western blotting of TRAIL in HESCs and dHESCs cultured without (–) or with (+) 
recombinant ANP (1 nM). Quantitative data are shown in the bar graph (n = 5 per group). (B) Viability (top) and caspase-3 activity (bottom) in uterine SMCs 
treated with CM from HESCs or dHESCs without (–) or with (+) ANP pretreatment (n = 5 per group). (C) Viability of HUtMECs treated with CM from HESCs 
or dHESCs without (–) or with (+) ANP pretreatment (n = 3 per group). (D) Viability of HUtMECs treated with CM from SMCs that were incubated with CM 
from HESCs or dHESCs without (–) or with (+) ANP pretreatment (n = 3 per group). (E) Western blotting of uterine TRAIL in non-pregnant (NP) or pregnant 
(GD12.5) WT, Nppa–/–, and Corin–/– mice. Quantitative data are shown in the bar graph (n = 4 per group). (F) TRAIL staining in GD12.5 uteri from WT, Nppa–/–, 
and Corin–/– mice. Immunoglobulin (Ig) was a control. (G) A proposed model. ANP enhances decidualization and upregulates TRAIL in uterine stromal cells. 
TRAIL induces SMC death (†), leading to cyclophilin B (CyPB) release, which in turn upregulates TRAIL receptor (TRAILR) in ECs, causing EC death (†) in spiral 
arteries. All quantitative data are mean ± SD and were analyzed by 1-way ANOVA (A, B, D, and E) or Kruskal-Wallis test (C). *P < 0.05; **P < 0.01.
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TRAIL-dependent apoptosis is an important mechanism in 
eliminating poorly decidualized stromal cells in the pregnant 
uterus (55). In our study, incubation with the CM from dHESCs, 
but not non-differentiated HESCs, caused apoptosis in uterine 
SMCs. The apoptosis was prevented when TRAIL, but not FASLG, 
was immunodepleted from the dHESC-derived CM. Consistent 
with findings in previous gene analysis (56), we showed that 
TNFSF10 mRNA and TRAIL protein levels were increased in 
dHESCs. These results indicate that TRAIL from decidualized 
endometrial stromal cells is likely a key factor that causes SMC 
death in spiral arteries.

Unlike vascular SMCs, ECs are resistant to FAS-mediated 
apoptosis (57). Consistently, no apparent apoptosis occurred when 
HUtMECs were incubated with dHESC-derived CM or recombi-
nant TRAIL. The resistance to TRAIL-mediated apoptosis is likely 
due to low levels of TRAIL receptor on HUtMECs, as indicated in 
our study. Previously, TRAIL receptor was detected in different 
stromal cell populations in uterine tissues from pregnant women 
(56). It appears that selective TRAIL receptor expression is a key 
mechanism in regulating apoptosis in the pregnant uterus.

The observation of the sequential loss of SMCs and ECs sug-
gests that apoptotic SMCs may be part of the mechanism in EC 
death. Indeed, treatment of CM from SMCs preincubated with 
dHESC-derived CM increased TRAIL receptor levels and caused 
apoptosis in HUtMECs. Previously, MAPK/ERK signaling was 
shown to increase TRAIL receptor 1 (also called death receptor 4) 
levels in cancer cells (42). TRAIL-induced apoptosis is known to be 
associated with reactive oxygen species (ROS) generation (58, 59). 
It has been reported that upon ROS stimulation, vascular SMCs 
release factors, such as heat shock protein 90-α and cyclophilin B, 
that activate the MAPK/ERK pathway (45). Similarly, cyclophilin 
B binding to its cell surface receptor, CD147, enhances MAPK/
ERK signaling in human hepatic cancer cells (44).

In our study, the SMC-derived TRAIL receptor–upregulating 
activity was found in a fraction with proteins of approximate-
ly 10–30 kDa. In experiments with binimetinib, cyclophilin B 
immunodepletion, and recombinant cyclophilin B treatment, we 
identified cyclophilin B as a likely factor from SMCs that upreg-
ulated TRAIL receptor in uterine vascular ECs. We also showed 
that ANP treatment increased TRAIL levels in dHESCs and that 
in TRAIL-treated HUtSMCs, cyclophilin B expression and release 
were increased. Moreover, low uterine TRAIL levels were found 
in pregnant Nppa–/– and Corin–/– mice. Together, these results sug-
gest that ANP promotes decidualization and TRAIL expression in 
endometrial stromal cells, thereby causing SMC death and cyclo-
philin B release in spiral arteries. Cyclophilin B in turn enhances 
ERK signaling and TRAIL receptor expression in ECs, leading 
to TRAIL-induced apoptosis. This mechanism could explain the 
observed sequential SMC and EC death in remodeling of uterine 
spiral arteries.

Impaired spiral artery remodeling, including incomplete loss 
of SMCs and ECs, is a major pathological feature in preeclampsia, 
a disease known to be associated with endothelial dysfunction 
(60). Our findings of a potential role of ANP in decidualization and 
TRAIL-mediated SMC and EC death should encourage more stud-
ies to verify the role of uterine TRAIL and related molecules in spiral 
artery remodeling in other animal models and to examine whether 

levels were increased in all 3 strains of mice at GD12.5 (Figure 6E). 
Compared with that in pregnant WT mice, uterine TRAIL levels in 
pregnant Nppa–/– and Corin–/– mice were much lower (Figure 6E). 
In immunohistochemistry, TRAIL staining was stronger in uterine 
sections from GD12.5-WT mice, compared with that from GD12.5- 
Nppa–/– and Corin–/– mice (Figure 6F and Supplemental Figure 6), 
which is consistent with the findings in cultured dHESCs (Figure 
6A). Together, our results indicate an important ANP function 
in promoting uterine decidualization and upregulating TRAIL in 
decidualized stromal cells, which leads to vascular SMC death and 
cyclophilin B release. SMC-derived cyclophilin B in turn upregu-
lates TRAIL receptor in ECs, thereby causing TRAIL-mediated EC 
death in spiral arteries (Figure 6G).

Pro-ANP processing and gene expression in HVTs and placentas. 
In cultured human villous trophoblast (HVTs), we showed that 
WT corin converted pro-ANP to ANP whereas the corin mutant 
S472G, identified in preeclamptic women (27), had no detectable 
pro-ANP processing activity (Supplemental Figure 7). By quan-
titative real-time PCR, we found reduced TNFSF10 and CORIN 
mRNA levels in preeclamptic placentas compared with those in 
normal controls. In contrast, NPPA and PPIB (encoding cyclophil-
in B) mRNA levels were higher in preeclamptic placentas, whereas 
TNFRSF10A and TNFRSF10B mRNA levels were similar between 
preeclamptic and normal placentas (Supplemental Figure 8). 
These results suggest that there may be alterations of corin/ANP 
and TRAIL pathways in preeclamptic placentas and that the ANP- 
and TRAIL-mediated mechanism may be more important in the 
uterus than in the placenta in regulating spiral artery remodeling.

Discussion
In pregnancy, uterine corin and ANP promote trophoblast inva-
sion and spiral artery remodeling (27, 46), but the underlying 
mechanism remains unclear. In this study, we identified an 
important ANP function in enhancing uterine decidualization. By 
analyzing mice lacking either uterine or placental ANP, we found 
that both uterine and placental ANP is required for decidualiza-
tion, but that lacking uterine ANP had a greater detrimental effect 
on decidualization. These results are consistent with previous 
findings that uterine corin is more important than placental corin 
in promoting trophoblast invasion and spiral artery remodeling in 
mice (27).

Decidualization is essential for embryo implantation, tropho-
blast invasion, and spiral artery remodeling (9, 35). Both endome-
trial stromal cells and invading trophoblasts are known to secrete 
proapoptotic factors, including FASLG, TNF, and TRAIL (47–51). It 
has been shown that trophoblast-derived FASLG, TNF, and TRAIL 
induce arterial SMC and EC apoptosis in vitro and in in vivo mod-
els (52–54). In immunostaining to examine cell dynamics during 
spiral artery remodeling, we found that the loss of SMA and vWF 
staining, which may reflect the loss of vascular SMCs and ECs, 
respectively, occurred in a sequential manner. Importantly, the 
cell loss was detected in vascular segments where no interstitial 
or intervascular trophoblast invasion was observed. These results 
indicate that the initial cell death in spiral arteries is likely medi-
ated by factors from decidual stromal cells, but not trophoblasts. 
Undoubtedly, subsequent invading trophoblasts could further 
enhance uterine tissue and vascular remodeling.
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Cell viability. Cell viability was measured in HUtSMCs and HUt-
MECs that were incubated with CM from HESCs or dHESCs or 
recombinant TRAIL (BioLegend, 752904) over time. After washing, 
a solution from the CellTiter-Blue Cell Viability Assay kit (Promega, 
G8080) was added. Cell viability was analyzed, according to the man-
ufacturer’s instructions.

Apoptosis detection. Cells were detached with trypsin-EDTA 
(VWR, 45000-658) treatment, centrifuged at 110g for 8 minutes, 
and washed twice with ice-cold PBS. The cells were resuspended in 
binding buffer (BioLegend, 640914), added to a solution with annexin 
V–FITC and propidium iodide (BioLegend, 421301), and subjected to 
analysis by flow cytometry (Becton Dickinson LSR II). The data were 
analyzed by FlowJo software (BD Biosciences).

Caspase-3 activity assay. Cells were cultured in 96-well plates. 
Apo-ONE caspase-3 reagent (100 μL; Promega, G7792) was add-
ed to each well. Wells without cells were included as controls. The 
plates were placed on a shaker for 30 seconds and incubated at room 
temperature for 4 hours. Fluorescent signals in the wells were mea-
sured with a plate reader (Becton Dickinson LSR II) with excitation 
(499 nm) and emission (521 nm) wavelengths. The data were ana-
lyzed by FlowJo software.

Western blotting. Cell lysates were prepared with lysis buffer 
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% (vol/vol) 
NP-40, 1% sodium deoxycholate, 0.1% SDS, and 2% (vol/vol) prote-
ase inhibitor cocktail (Thermo Fisher Scientific, 78442). To analyze 
uterine proteins in pregnant mice, tissues underlying the individual 
implantation sites were dissected out, added to tubes containing the 
lysis buffer (0.5 mL buffer/100 mg tissue) and three 5-mm stainless 
steel beads (Qiagen, 69989), homogenized with TissueLyser II (25 
Hz, 1 minute; Qiagen), and centrifuged (15,000g, 10 minutes) at 4°C. 
The supernatant was transferred to a new tube. Proteins in CM, cell 
lysates, and tissue homogenates were separated by 4%–20% gradi-
ent SDS-PAGE and transferred onto PVDF (Bio-Rad, 1620177) mem-
branes. The primary and secondary antibodies used in Western blot-
ting are listed in Supplemental Table 1. As a protein loading control, 
GAPDH was verified with an antibody (MilliporeSigma, MAB3740). 
After the ECL Western blotting substrate (Thermo Fisher Scientific, 
32109) was applied, the membranes were exposed to x-ray films. The 
intensity of protein bands was quantified using Gel-Pro Analyzer 4.0 
software (Media Cybernetics).

Real-time PCR and quantitative real-time PCR. Total RNAs were 
isolated from tissues and cells using TRIzol reagent (Invitrogen, 
15596018), PureLink RNA kit (Invitrogen, 12183018A), or DirectZol 
mRNA kit (Zymo Research, R2052). RNA purity and concentration 
were determined using a spectrometer (Thermo Fisher Scientific, Nan-
odrop 2000c). mRNAs were used to make cDNAs using iScript cDNA 
Synthesis kit (Bio-Rad, 1708891) for real-time PCR and quantitative 
real-time PCR. Quantitative real-time PCR was done using QuantStu-
dio 5 (Thermo Fisher Scientific, A28574) with SYBR Green Master Mix 
(Bio-Rad, 1708882; Midwest Scientific, BEQPCR-S or BEQPCRLR). 
The gene-specific primers used are listed in Supplemental Table 2.

Mice. Corin–/– mice were generated and characterized as reported 
previously (25, 62). Nppa–/– mice (B6.129P2-Nppatm1Unc/J), originally 
from The Jackson Laboratory, were described in our previous studies 
(27). Nppa+/– mice were generated by mating of Nppa–/– and C57BL/6J 
WT mice. Female mice (3–4 months old) were mated and checked for 
vaginal plugs to establish gestation timing. The day when a plug was 

defects in ANP and TRAIL pathways contribute to preeclampsia 
in humans. It is worth pointing out that decidualization occurs in 
the late secretory phase of the human menstrual cycle, which does 
not happen in mice. Further studies will be important to examine 
whether TRAIL-dependent EC loss occurs during the menstru-
al cycle in humans. Findings from such studies may provide new 
mechanistic insights into menstruation-associated disorders.

In summary, uterine decidualization, trophoblast invasion, 
and spiral artery remodeling are important processes in pregnan-
cy (9, 35, 61). Defects in these processes are major contributing 
factors in preeclampsia (4, 6–8, 14). In this study, we uncover a 
novel ANP function in promoting uterine decidualization and a 
TRAIL-mediated mechanism to eliminate SMCs and ECs in spiral 
arteries. These uterine cellular changes are expected to facilitate 
trophoblast invasion, both interstitially and intravascularly. Invad-
ing trophoblasts could provide additional factors, including ANP, 
to enhance decidualization and spiral artery remodeling. Thus, 
our results highlight a key role of ANP in a reciprocal mechanism 
that regulates the interplay among multiple cell types at the utero-
placental interface.

Methods
Cell culture. Human uterine smooth muscle cells (HUtSMCs) (Pro-
moCell, C-12576) were cultured in SMC growth medium (PromoCell, 
C-22062) with 1% penicillin. Human uterine microvascular endotheli-
al cells (HUtMECs) (PromoCell, C-12296) were cultured in EC growth 
medium (PromoCell, C-22020). Human villous trophoblasts (HVTs) 
(ScienCell, 7120) were cultured in trophoblast medium (ScienCell, 
7121). HESCs, a transformed cell line (ATCC, CRL-4003), were cultured 
in DMEM and Ham’s F-12 medium (Sigma-Aldrich, D2906) (1:1) with 
10% charcoal-dextran–stripped FBS (Life Technologies, A3382101), 3.1 
g/L glucose, 1 mM sodium pyruvate, 1.2 g/L sodium bicarbonate, 1% 
ITS (insulin, human transferrin, and selenous acid) with premix univer-
sal culture supplement (Thermo Fisher Scientific, CB40352), and 500 
ng/mL puromycin (Thermo Fisher Scientific, ICN19453925). All the 
cells were cultured at 37°C in humidified incubators with 5% CO2.

Induction of decidualization in HESCs. Cultured HESCs (~90% 
confluence) were induced to undergo decidualization in DMEM/F-12 
medium with 1 μM medroxyprogesterone acetate (Acros Organics, 
AC461120010), 10 nM estradiol (Sigma-Aldrich, E2758), and 0.2 mM 
8-bromo-cAMP (Thermo Fisher Scientific, AAJ64469MF). HESCs 
with the regular DMEM/F-12 medium, described above, were used as 
undifferentiated controls. To examine the effect of ANP on HESCs, 
recombinant ANP (10 nM; MilliporeSigma, 0523030005M) was add-
ed to differentiation and non-differentiation medium. At different 
time points, the CM was collected and measured for prolactin and 
IGFBP1 with ELISA (Thermo Fisher Scientific, DPRL00 and DY871-
05). To examine the effect of HESC-derived medium on SMCs and 
ECs, human uterine SMCs and ECs were cultured in 96- or 6-well 
plates for 24 hours. After washing with PBS, CM, which was incubat-
ed with HESCs or dHESCs for 24 hours, was added to SMCs or ECs 
(0.1 mL/well and 1 mL/well for 96- and 6-well plates, respectively). 
After 24 or 48 hours at 37°C, cell viability, apoptosis, caspase-3 activ-
ity, and gene/protein expression were examined, as described below. 
In a subset of experiments, CM from SMCs pretreated with dHESC- or 
HESC-derived CM for 24 hours was incubated with ECs to examine 
the effect on cell death and gene/protein expression.
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en (27), and R801A, lacking the catalytic activity (33), were trans-
fected into the cells using PolyJet mixtures (SignaGen Laboratories, 
SL100688). Both recombinant pro-ANP and corin contained a C-ter-
minal V5 tag. After 24 hours at 37°C, the CM was collected and cell 
lysates were prepared, as described above. Pro-ANP and ANP frag-
ments in the CM and corin protein in lysates were examined by West-
ern blotting using an HRP-conjugated anti-V5 antibody (Thermo Fish-
er Scientific, R96125), as described previously (33).

Human placental tissues. Human placental samples from women 
with normal pregnancy (n = 10) and with preeclampsia (n = 11) were 
collected and stored at –80°C at the Suzhou Municipal Hospital affil-
iated with Nanjing Medical University in China. Participant charac-
teristics are listed in Supplemental Table 3. Placental gene expression 
was analyzed by quantitative real-time PCR, as described above.

Statistics. Analyses were conducted using Prism 9 software 
(GraphPad Software). The normality of data distribution was analyzed 
by the Anderson-Darling test. Comparisons were made by 2-tailed 
Student’s t test (between 2 groups) and ANOVA and Tukey’s post 
hoc analysis (among multiple groups) or nonparametric Mann-Whit-
ney test (between 2 groups) and Kruskal-Wallis test (among multiple 
groups). Results are presented as mean ± SD. Fisher’s exact test was 
used to compare categorical data. A P value less than 0.05 was consid-
ered significant.

Study approval. The study in mice was approved by the Cleveland 
Clinic Institutional Animal Care and Use Committee (2018-1964). All 
procedures were conducted according to the approved protocol and in 
accordance with the NIH guidelines for the ethical treatment and han-
dling of animals in research. The study involving human tissues was 
approved by the ethics committee of the Suzhou Municipal Hospital 
(2019-118) and conducted in accordance with the Declaration of Hel-
sinki. All participants provided written informed consent.
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observed was defined as GD0.5. At different times, mice were eutha-
nized by CO2 inhalation followed by cervical dislocation. Tissues were 
isolated for further experiments.

Histology and immune staining. Mouse uterine and placental tis-
sues were fixed in 4% paraformaldehyde, dehydrated in ethanol, and 
embedded in paraffin. Sections were cut (10 μm in thickness). Immu-
nohistochemistry was done with antibodies against SMA (1:200; Cell 
Signaling Technology, 19245T) (Supplemental Table 1), vWF (1:100; 
Thermo Fisher Scientific, PA5-16634), pan-cytokeratin (1:100; Cell 
Signaling Technology, 4545S), cleaved caspase-3 (1:200; Cell Signal-
ing Technology, 9661T), TRAIL (1:150; R&D Systems, AF1121), and 
cyclophilin B (1:200; Thermo Fisher Scientific, MAB5410-SP). Iso-
type-matched immunoglobulin was used as a control. Secondary anti-
bodies included HRP- or alkaline phosphatase–conjugated anti-rabbit 
(Cell Signaling Technology, 8114p) and anti-mouse (Thermo Fisher 
Scientific, 31320) antibodies that were detected with substrate kits 
(Vector Laboratories, SK-4800 and SK-5400). Stained sections were 
examined under a light microscope (Olympus BX51). In studies with 
mouse embryos, tissue samples from at least 3–4 mice per group and at 
least 2 implant sites per mouse were used. In serial sections, the posi-
tion of the maternal artery and the depth of the trophoblast invasion 
site were used as a guide. At least 4–6 sections from the center of the 
placenta of each embryo were used for immunohistochemical anal-
ysis. To quantify staining intensity, images were analyzed by ImageJ 
software (NIH).

Protein fractionation. The CM was collected from uterine SMCs 
that were pretreated with dHESC-derived CM. Fifteen milliliters of 
CM was added to each Amicon Ultra filter device (MilliporeSigma) with 
different molecular weight cutoff values (100 kDa, UFC910024; 50 
kDa, UFC905024; 30 kDa, UFC903024; and 10 kDa, UFC901024). 
The devices were centrifuged at 4000g for 20 minutes. The fractioned 
CM was collected and tested on HUtMECs for TRAIL receptor–upreg-
ulating activity.

Cyclophilin B analysis. Human recombinant cyclophilin B (25–100 
nM; Sigma-Aldrich, SRP6066) or control vehicle was incubated with 
HUtMECs at 37°C for 48 hours. Cell lysates were prepared for Western 
blotting of TRAIL receptor. In another set of experiments, HUtMECs 
were incubated with cyclophilin B or different types of CM at 37°C for 
30 minutes. Cell lysates were prepared for p44/42 MAPK (ERK1/2) 
phosphorylation analysis by Western blotting. For cyclophilin B expres-
sion and release from HUtSMCs, the cells were treated with recombi-
nant human TRAIL (100 nM; BioLegend, 752904) or CM from HESCs 
or dHESCs for 48 hours. The CM and cell lysates were prepared as 
described above. Cyclophilin B in the CM and cell lysates was examined 
by immunoprecipitation and Western blotting (63) with an anti–cyclo-
philin B antibody (1 μg/mL; Thermo Fisher Scientific, MAB5410SP).

Pro-ANP processing in HVTs. HVTs were cultured in 6-well plates, 
as described above. Plasmids expressing human pro-ANP and corin 
WT or mutants including S472G, identified in preeclamptic wom-
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