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SUMMARY

We evaluated the contribution of organic anion transporting polypeptide 2A1
(OATP2A1/SLCO2A1), a high-affinity carrier for prostaglandins (PGs), to the
parturition process. At gestational day (GD) 15.5, OATP2A1 is co-localized with
15-hydroxy-PG dehydrogenase in the mouse placental junctional zone and facili-
tates PG degradation by delivering PGs to the cytoplasm. Slco2a1 (+/�) females
mated with Slco2a1 (�/�) males frequently showed elevated circulating proges-
terone at GD18.5 and delayed parturition. Progesterone receptor inhibition by
RU486 treatment at GD18.5 blocked the delay of parturition. In the junctional
zone, PGE2 stimulated placental lactogen II (PL-II) production, resulting in higher
expression of PL-II in Slco2a1 (�/�) placenta at GD18.5. Indomethacin treatment
at GD15.5 suppressed the PL-II overproduction at GD18.5 in Slco2a1 (�/�) em-
bryo-bearing dams, which promoted progesterone withdrawal and corrected
the delayed parturition. These results suggest that extracellular PGE2 reduction
by OATP2A1 at mid-pregnancy would be associated with progesterone with-
drawal by suppressing PL-II production, triggering parturition onset.

INTRODUCTION

Pre-term (<37 weeks of gestation) and post-term (>42 weeks of gestation) deliveries are leading causes of

prenatal death and morbidity worldwide (Liu et al., 2015; Saigal and Doyle, 2008; Challis et al., 2000; Min-

akami and Sato, 1996). Prostaglandins (PGs), especially PGF2a and PGE2, have a uterotonic action in partu-

rition and thus have been used clinically for induction of labor (Khan et al., 2008). In rodents, uterine PGF2a
production is induced via COX-1, and PGF2a circulates to the ovary and binds to PGF2a receptor to initiate

corpus luteum regression, i.e., luteolysis (Sugimoto et al., 1997). Since progesterone is mainly produced by

the corpus luteum, luteolysis reduces the circulating level of progesterone at late pregnancy (Malassine

et al., 2003). Progesterone withdrawal, due to the decline of circulating progesterone levels, triggers

COX-2 expression in the uterus, and COX-2-derived PGE2 and PGF2a promote uterine myometrial contrac-

tion and cervical ripening (Tsuboi et al., 2003), resulting in induction of labor. Therefore, autocrine/para-

crine signaling by PGs is an important determinant of the timely onset of labor.

SLCO2A1, encoding organic anion transporting polypeptide (OATP) 2A1, also known as PG transporter, is

a high-affinity carrier for prostanoids (Kanai et al., 1995) and is thus capable of regulating autocrine/para-

crine signaling by PGs. In the lung, OATP2A1 mediates the transport of extracellular PGE2 into alveolar

epithelial cells, reducing extracellular PGE2 levels (Chang et al., 2010; Nakanishi et al., 2015). PGE2 in utero

plays a critical role in maintaining patency of the fetal ductus arteriosus (Thorburn, 1992), and a fall in PGE2

level after birth triggers its closure (Coggins et al., 2002). In Slco2a1-deficient neonates, the ductus arterio-

sus fails to close after birth owing to the lack of pulmonary uptake of PGE2 (Chang et al., 2010). In vitro study

has demonstrated that co-expression of OATP2A1 with 15-hydroxy-PG dehydrogenase (15-PGDH), a PG-

degrading enzyme, accelerates the reduction of extracellular PG levels: PG inactivation involves active up-

take into cells via OATP2A1 followed by cytoplasmic oxidation via 15-PGDH (Nomura et al., 2004). These

findings indicate that OATP2A1 plays a central role in controlling extracellular PGE2 concentration and

thus in signaling via the PGE2 receptor. In mice and humans, SLCO2A1 mRNA is ubiquitously expressed

across tissues but is most abundantly expressed in the placenta (Cheng et al., 2005; Kraft et al., 2010).

The placenta has the ability to produce large amounts of PGE2 (Okazaki et al., 1981; Helliwell et al.,
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2006; Inagaki et al., 2017), and secretion of placental PGE2 into the fetal circulation has been proposed to

maintain patency of the fetal ductus arteriosus (Thorburn, 1992). Nevertheless, the role of OATP2A1-medi-

ated PG disposition in the placenta remains to be established.

In rat placenta, 15-PGDH is highly expressed in the junctional zone (Mark et al., 2013), which is positioned

between the labyrinth and the maternal decidua. The junctional zone secretes placental lactogens (PLs)

into the maternal circulation (Simmons et al., 2008). PL-I/Prl3d and PL-II/Prl3b1 are considered to induce

the production of progesterone in rodent luteal cells (Galosy and Talamantes, 1995; Thordarson et al.,

1997; Zhong et al., 1997) and thus are proposed to be associated with the onset of parturition. This idea

is supported by the fact that mice deficient in Nrk, a Ser/Thr kinase, show hyperproliferation of the junc-

tional zone and delayed parturition of dams (Denda et al., 2011). Disruption of Sirh7/Ldoc1, a long terminal

repeat retrotransposon, in mice likewise causes delayed parturition and overgrowth of the junctional zone

with overproduction of PL-I (Naruse et al., 2014). It has been reported that the addition of PGE2 and PGF2a
increases corticotropin-releasing hormone secretion from cultured human placental cells (Petraglia et al.,

1987). Thus, we hypothesized that, assuming OATP2A1 is localized in the junctional zone of the placenta,

the manipulation of PG disposition by OATP2A1 affects placental endocrine function and thereby influ-

ences the timing of parturition.

Our aims in this work are to investigate the role of OATP2A1 in placental PG disposition and to evaluate the

effect of Slco2a1 deficiency on placental endocrine function and the timing of parturition. The upregulation

of COX-1 expression in the uterus, triggering progesterone withdrawal occurs at gestational day (GD) 16.5

in C57/BL6 mice (Tsuboi et al., 2000), and therefore, in this study, we mainly analyzed phenotypes in

Slco2a1-deficient pregnant mice at GD15.5 (mid-pregnancy), the day before progesterone withdrawal,

and at GD18.5 (late pregnancy), the day prior to parturition.

RESULTS

OATP2A1 Is Predominantly Expressed in Spongiotrophoblasts of Mouse Placenta

To investigate the distribution of Slco2a1mRNA in the placenta, sections obtained at GD 15.5 were hybrid-

ized with antisense RNA probe for Slco2a1. As shown in Figure 1A, Slco2a1 is predominantly expressed in

the junctional zone of fetal-derived placenta. In the junctional zone, which is composed of spongiotropho-

blasts, glycogen trophoblast cells, and parietal trophoblast giant cells, staining of serial sections showed

that the distribution of Slco2a1-positive cells (Figure 1A i and ii) coincides with the distribution of Prl8a8

(Figure 1A iii and iv), a spongiotrophoblast marker (Simmons et al., 2008), strongly suggesting that Slco2a1

mRNA is localized in spongiotrophoblast cells of the junctional zone. In addition, Slco2a1 was weakly de-

tected in parietal trophoblast giant cells (Figure 1A ii). Intense staining of OATP2A1 protein in the placenta

at GD15.5 was selectively observed in the junctional zone (Figure 1B), in accordance with the distribution of

Slco2a1mRNA (Figure 1A). Intense signals of 15-PGDH protein were detected in the maternal decidua and

the junctional zone (Figure 1B). Double immunofluorescence staining showed that OATP2A1 (red) and 15-

PGDH (green) were co-localized in spongiotrophoblasts of the junctional zone, and staining for OATP2A1

at the plasma membrane was diminished in placental sections prepared from Slco2a1 (�/�) mice (Fig-

ure 1C). These results support the idea that 15-PGDH degrades PGE2 after it has been taken up into spon-

giotrophoblasts via OATP2A1. Placentas of Slco2a1 (�/�) mice were morphologically indistinguishable

from those of wild-type littermates at both GD15.5 and GD18.5 (Figure S1). Moreover, there was essentially

no difference in fetal or placental weight between wild-type and Slco2a1 (�/�) littermates (Figure S2).

We next quantified the absolute expression levels of OATP2A1 in the plasmamembrane-enriched fractions

from the uterus and three major zones of placenta (i.e., maternal decidua, junctional zone, and labyrinth) by

detecting peaks of OATP2A1-derived peptides using LC-MS/MS. The absolute expression level of

OATP2A1 protein in the junctional zone was more than 10 fmol/mg protein at GD15.5, which far exceeds

that in any other tissue examined, and was consistently about 10 fmol/mg protein or more from GD13.5

to GD18.5 (Figure 1D). No signal peak was observed in the plasma membrane-enriched fraction from

the junctional zone of Slco2a1 (�/�) mouse placenta (Figure S3).

OATP2A1 Is Involved in PG Degradation in Spongiotrophoblasts of Mouse Placenta

To examine the function of OATP2A1 in the junctional zone, isolated explants of each placental zone at

GD15.5 and GD18.5 were prepared for [3H]PGE2 uptake study. In the junctional zone of Slco2a1 (�/�)

mice, the uptake of [3H]PGE2 was significantly lower than that of wild-type littermates at both GD15.5
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(Figure 2A) and GD18.5 (Figure 2B), indicating that OATP2A1 mediates the uptake of extracellular PGE2

into spongiotrophoblasts of the junctional zone. In the decidua and the labyrinth, there was no significant

difference of [3H]PGE2 uptake between wild-type and Slco2a1 (�/�) littermates (Figure 2).

We next measured endogenous concentrations of PGs in the homogenate of the junctional zone. PGE2 and

PGF2a levels in Slco2a1 (�/�) mice junctional zone at GD15.5 tended to be lower; this may reflect a decline

in intracellular concentrations owing to the lack of uptake via OATP2A1. There was a moremarked effect on

the concentrations of 13,14-dihydro-15-keto PGE2 and 13,14-dihydro-15-keto PGA2, which are stable me-

tabolites of PGE2 generated by 15-PGDH (Figure 3A). Similarly, the level of 13,14-dihydro-15-keto PGF2a, a

stable metabolite of PGF2a generated by 15-PGDH, was also decreased in the junctional zone of Slco2a1

(�/�) placenta (Figure 3A). These results suggest that the uptake of PGE2 and PGF2a via OATP2A1

Figure 1. Placental Expression of OATP2A1

(A) In situ hybridization of Slco2a1 (purple, i) and Prl8a8 (purple, iii) in serial sections of GD15.5 mouse placenta. Prl8a8 is used as a marker of

spongiotrophoblasts. (ii) and (iv) are enlarged views of (i) and (iii), respectively. De, decidua; Jz, junctional zone; La, labyrinth; SpT, spongiotrophoblasts;

GlyT, glycogen trophoblast cell; P-TGC, parietal trophoblast giant cell. Scale bars, 300 (i and iii) and 100 (ii and iv) mm.

(B) Immunofluorescence of OATP2A1 (red) and 15-PGDH (green) in the mouse placenta at GD15.5. Scale bars, 120 mm.

(C) Double immunofluorescence of OATP2A1 with 15-PGDH in the placental junctional zone of GD15.5 wild-type (left) and Slco2a1 (�/�) placenta (right).

Scale bars, 30 mm.

(D) (Left) The absolute expression levels of mouse OATP2A1 protein in the plasma membrane-rich fraction. (Right) Gestational changes of OATP2A1 protein

expression in plasma membrane-rich fraction of the junctional zone, from GD13.5 to GD18.5. Data are expressed as the mean G SEM. Ute, uterus; De,

decidua; Jz, junctional zone; La, labyrinth.
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facilitates their degradation by 15-PGDH and consequently results in a decline of extracellular PGE2 and

PGF2a levels in the junctional zone. Conversely, the lack of PGE2 uptake via OATP2A1 appears to result

in accumulation of extracellular PGE2. Slco2a1 deficiency did not affect the expression levels of 15-

PGDH- and PGE2-synthesizing enzymes (i.e., COX-1, COX-2, and mPGES-1) (Figure S4), and this further

supports the idea that OATP2A1 itself largely caused the change in PGE2 level at GD15.5. In contrast to

GD15.5, at GD18.5, there was no significant difference of endogenous PGE2 and PGF2a metabolite levels

between wild-type and Slco2a1 (�/�) littermates in the junctional zone (Figure 3B), suggesting that extra-

cellular accumulation of placental PGE2 and PGF2a due to Slco2a1 deficiency occurs at mid-pregnancy and

not at late pregnancy.

Feto-Placental OATP2A1 Is Required for Parturition

In crosses of Slco2a1 (�/�) mice, the mean length of gestation was comparable with that in wild-type coun-

terparts, although 30% (2 of 7 cases) of dams exhibited post-term delivery (>GD20.0) and 30% (2 of 7 cases)

of dams exhibited pre-term delivery (<GD19.0) (Figure 4A). To examine the requirement for placental

OATP2A1 in parturition, we mated Slco2a1 (+/�) females to wild-type or Slco2a1 (�/�) males, giving

rise to wild-type and Slco2a1 (+/�) placentas/fetuses or Slco2a1 (+/�) and Slco2a1 (�/�) placentas/fetuses

in utero, respectively. In crosses of Slco2a1 (+/�) females to wild-type males, no difference in the timing of

labor was evident compared with that in wild-type counterparts (GD19.6G 0.2; n = 24 versus GD19.5G 0.1;

n = 12). Meanwhile, when Slco2a1 (+/�) females were crossed with Slco2a1 (�/�) males, more than 50% (16

of 29 cases) of dams gave birth at GD20.5 or later. Thus, a significant delay in parturition was observed in

Slco2a1 (+/�) females mated with Slco2a1 (�/�) males (GD20.4G 0.2; n = 29, p < 0.05) compared with that

in the females mated with wild-type males. These results indicate that the initiation of parturition is delayed

by the high proportion of Slco2a1 (�/�) conceptuses in utero (Figure 4A). There was no significant differ-

ence of litter size (6.6 G 0.3; n = 33 versus 6.8 G 0.5; n = 26) or resorption rate (0.16 G 0.02; n = 33 versus

0.15G 0.03; n = 26) in utero at GD18.5 between Slco2a1 (+/�) females mated with Slco2a1 (�/�) males and

those mated with wild-type males (Figure 4B). Even at parturition, there was no difference in pup number

between these two crosses (5.7 G 0.3; n = 27 versus 5.9 G 0.6; n = 14). On the other hand, in crosses of

Slco2a1 (+/�) females to Slco2a1 (�/�) males, the average number of weaned pups was significantly lower

than that of the females mated to wild-type males (3.6 G 0.2; n = 40 versus 6.7 G 0.5; n = 22, p < 0.05), and

the average proportion of Slco2a1 (�/�) pups in a litter at weaning was significantly decreased compared

with that at GD18.5 (0.10 G 0.03; n = 40 versus 0.48 G 0.04; n = 33, p < 0.05). These findings indicate that

Slco2a1 deficiency does not lead to embryonic lethality and that more than 70% of Slco2a1 (�/�) pups die

after birth and before weaning, presumably due to patent ductus arteriosus (Chang et al., 2010).

Feto-Placental OATP2A1 Controls Progesterone Withdrawal

Progesterone is an absolute requirement for success of pregnancy, and withdrawal of progesterone

signaling is critical for parturition (Cha et al., 2012). To examine whether progesterone withdrawal is

impaired in Slco2a1 (�/�) embryo-bearing dams, wemeasured circulating levels of maternal progesterone

at GD18.5, when the circulating progesterone usually decreases in wild-type mice due to luteolysis.

The progesterone levels in the maternal blood from Slco2a1 (+/�) pregnancies produced by mating

with Slco2a1 (�/�) males were significantly higher than those produced by mating with wild-type males

Figure 2. Effect of Slco2a1 Deficiency on PGE2 Uptake by Placental Explants

(A and B) Explants of the decidua (De), junctional zone (Jz), and labyrinth (La) at GD15.5 (A) and GD18.5 (B) were incubated

for 20 min with [3H]PGE2 (5.6 nM) (n = 4–19). Data are expressed as the mean G SEM. *p < 0.05, significant difference

between groups (one-way ANOVA followed by Bonferroni’s post hoc test).
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(Figure 4C). The expression level of Akr1c18, a progesterone-metabolizing enzyme, decreased to approx-

imately half in Slco2a1 (+/�) females mated with Slco2a1 (�/�) males, compared with that in the females

mated with wild-type males (data not shown). These findings strongly suggest that the circulating proges-

terone levels maintain high levels owing to a decline in the metabolizing enzyme expression in Slco2a1

(+/�) females mated with Slco2a1 (�/�) males.

In crosses of Slco2a1 (+/�) females to Slco2a1 (�/�) males, parturition was likely to be delayed (>GD20.0) in

dams whose progesterone levels at GD18.5 had been high (Figure 4D). Moreover, when we plotted the

proportion of Slco2a1 (�/�) conceptuses for each of the crosses against circulating levels of maternal pro-

gesterone, we found that circulating progesterone levels at GD18.5 were positively correlated with the pro-

portion of Slco2a1 (�/�) conceptuses at GD18.5 in the corresponding litters (Figure 4E). These results sug-

gest that impaired progesterone withdrawal is the major cause of delayed parturition in Slco2a1 (+/�)

females mated with Slco2a1 (�/�) males. To verify this, we injected RU486, a progesterone receptor antag-

onist, into Slco2a1 (+/�) dams bearing Slco2a1 (�/�) embryos. Administration of 150 mg RU486 at GD18.5

invariably induced delivery of pups within 24 h (Table 1). In contrast, vehicle treatment of Slco2a1 (+/�)

dams bearing Slco2a1 (�/�) embryos at GD18.5 frequently resulted in delayed parturition (Table 1).

Figure 3. Effect of Slco2a1 Deficiency on PG Levels in the Junctional Zone of Slco2a1 (�/�) Mouse Placenta

PG levels at GD15.5 (A) and GD18.5 (B) in the junctional zone, normalized to total protein, for wild-type (n = 5–6) and Slco2a1 (�/�) placenta (n = 6–8) from

Slco2a1 (+/�) females mated with Slco2a1 (+/�) males. Data are expressed as the meanG SEM. *p < 0.05, significantly different between groups (Student’s

two-tailed t test). N.D., not detected.
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Overall, these findings suggest that feto-placental Slco2a1 deficiency inhibits the drop in progesterone

levels probably due to luteolysis and delays parturition.

Placental PG Regulates the Production of PL-II

In order to examine the effect of Slco2a1 deficiency on the expression levels of placental hormones, we

measured the absolute protein expression levels of PL-I and PL-II in the junctional zone at GD15.5 (Figure 5A)

and GD18.5 (Figure 5B). At GD15.5, there was no significant difference in PL-II expression between wild-type

and Slco2a1 (�/�) mice junctional zone. In contrast, at GD18.5, PL-II expression level in the junctional zone of

Slco2a1 (�/�) placenta was significantly higher than that of wild-type placenta (Figure 5B). The expression level

of PL-I was under the limit of quantification at both GD15.5 and GD18.5 (data not shown).

In the junctional zone of Slco2a1 (�/�) placenta, extracellular PGE2 appears to be increased owing to failure of

PG degradation at GD15.5. Therefore, in order to examine the effect of PGE2 on PL-II expression, we cultured

wild-type placental explants of the junctional zone inmedium containing PGE2. PL-II expression in the junctional

zone was significantly enhanced by PGE2 treatment when compared with the vehicle-stimulated control

measured at 24 h (Figure 5C). Consequently, it is possible that failure of PGE2 degradation due to Slco2a1 defi-

ciency at mid-pregnancy resulted in the induction of PL-II expression at late pregnancy.

Figure 4. Prolonged Gestation of Slco2a1 (+/�) Females Mated with Slco2a1 (�/�) Males

(A) Gestation length of wild-type females mated with wild-typemales (n = 12), Slco2a1 (+/�) females mated with wild-type

males (n = 24) or Slco2a1 (�/�) males (n = 29), and Slco2a1 (�/�) females mated with Slco2a1 (�/�) males (n = 7).

(B) Number of pups (left) and resorption rate (right) at GD18.5 for wild-type females mated with wild-type males (n = 16),

and Slco2a1 (+/�) females mated with wild-type males (n = 17) or Slco2a1 (�/�) males (n = 22).

(C) Progesterone concentration in maternal blood at GD18.5 from Slco2a1 (+/�) females mated with wild-type males (n =

31) or Slco2a1 (�/�) males (n = 41).

(D) Progesterone concentration in maternal blood at GD18.5 from Slco2a1 (+/�) females showing term and post-term

deliveries, mated with wild-type males (n = 11) or Slco2a1 (�/�) males (n = 10).

(E) Progesterone concentration in maternal blood at GD18.5 from Slco2a1 (+/�) females mated with Slco2a1 (�/�) males

is positively correlated with the proportion of Slco2a1 (�/�) conceptuses at GD18.5. Data are expressed as the mean G

SEM. *p < 0.05, significant difference between groups (A and B, one-way ANOVA followed by Bonferroni’s post hoc test;

C and D, Student’s two-tailed t test; E, Pearson’s correlation test).
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It has been suggested that pulmonary surfactant protein A (SP-A), secreted frommatured fetal lung, serves as a

fetal signal to initiate parturition in dams by inducing progesterone withdrawal (Gao et al., 2015). However, we

found no significant difference of expression level of SP-A between wild-type and Slco2a1 (�/�) fetal lung at

GD18.5 (Figure S5). The levels of PGE2 and PGF2a in uterus and ovary at GD18.5 were similar in Slco2a1 (+/�)

females mated with Slco2a1 (�/�) males and in those mated with wild-type males (Figure S6). Accordingly,

feto-placental OATP2A1 locally influences PGE2 and PGF2a levels in the junctional zone of the placenta but

does not affect those in maternal reproductive tissues, where PGs are involved in the induction of labor.

Treatment with Indomethacin at GD15.5 Rescues the Delayed-Labor Phenotype in Slco2a1

(+/�) Females Mated with Slco2a1 (�/�) Males

In order to address the relationship between high PGE2 levels resulting from failure of PGE2 degradation at

mid-pregnancy and delayed parturition, Slco2a1 (+/�) females mated with Slco2a1 (�/�) males were

treated with 1 mg/kg indomethacin at GD15.5. This corresponds to the time when degradation of PGE2

was inhibited in the junctional zone of Slco2a1 (�/�) placenta (Figure 3A). Slco2a1 (+/�) pregnant mice in-

jected with indomethacin delivered significantly earlier than vehicle-treated Slco2a1 (+/�) pregnant mice

(GD19.5 G 0.1; n = 14 versus GD19.9 G 0.1; n = 15, p < 0.05) (Figure 6A). Furthermore, we found that the

increased expression of PL-II in the junctional zone of Slco2a1 (�/�) placenta at GD18.5 was blocked by

indomethacin (Figure 6B). In accordance with this, indomethacin treatment decreased the circulating pro-

gesterone levels (Figure 6C).

DISCUSSION

In this study, we found that Slco2a1 (+/�) females mated with Slco2a1 (�/�) males, giving rise to Slco2a1 (�/�)

and Slco2a1 (+/�) placentas/fetuses, frequently exhibited delayed parturition (Figure 4A). In contrast, Slco2a1

(+/�) females mated with wild-type males, giving rise to wild-type and Slco2a1 (+/�) placentas/fetuses, showed

normal delivery (Figure 4A). These results indicate that the high proportion of Slco2a1 (�/�) conceptuses in

utero affects the initiation of parturition. In the junctional zone of Slco2a1 (�/�) placentas, the PL-II level at

late pregnancy was significantly increased compared with that in wild-type placentas (Figure 5B). PL-II is sug-

gested to exert luteotropic effects, including suppression of the expression of 20a-HSD/Akr1c18, which encodes

a progesterone-metabolizing enzyme, in luteal cells (Zhong et al., 1997), resulting in the induction of progester-

one release from corpus luteum (Galosy and Talamantes, 1995; Thordarson et al., 1997). In our study, Akr1c18

expression level in ovary is significantly lower in Slco2a1 (+/�) females mated with Slco2a1 (�/�) males than

that in the females mated with wild-type males (data not shown), and consistently the circulating progesterone

levels were significantly higher in Slco2a1 (�/�) femalesmated with Slco2a1 (�/�) males (Figure 4C). Moreover,

the dams with higher progesterone levels at GD18.5 exhibited delayed parturition in crosses of Slco2a1 (+/�)

females to Slco2a1 (�/�) males (Figure 4D). These findings suggest that delayed progesterone withdrawal

and subsequent parturition failure are caused by oversecretion of placenta-derived PL-II in Slco2a1 (�/�)

mice. More than 70% of Slco2a1 (�/�) pups die soon after birth; therefore, we could not accurately determine

the proportion of Slco2a1 (�/�) pups in the litter, and so the correlationbetween their proportion and the length

of gestation could not be directly determined. However, the contribution of placental PGE2 disposition medi-

ated by OATP2A1 to labor induction was further supported by the positive correlation between the proportion

of Slco2a1 (�/�) conceptuses in the litters and maternal progesterone levels at late pregnancy (Figure 4E).

PL-II is abundantly expressed in the junctional zone (Simmons et al., 2008) andPGE2 stimulatedPL-II production in

cultured explants of the junctional zone (Figure 5C). The secretion of PL-II is reportedly stimulated by several

Genotype of Mother Genotype of Father RU486 (mg) Rate of Delivery within

24 h

Slco2a1 (+/+) Slco2a1 (+/+) 150 100% (3/3)

Slco2a1 (+/�) Slco2a1 (+/+) 150 100% (3/3)

Slco2a1 (+/�) Slco2a1 (�/�) 0 43% (3/7)

Slco2a1 (+/�) Slco2a1 (�/�) 150 100% (8/8)

Table 1. Effect of RU486 Administration on Parturition Timing in Slco2a1 (�/�) Females Mated with Slco2a1 (�/�)

Males

RU486 was administered on GD18.5 to Slco2a1 (+/�) females mated with wild-type or Slco2a1 (�/�) males.
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factors, such asgrowthhormone-releasinghormone, dimeric inhibinA,dimeric inhibinB, calcyclin, EGAM1C, and

TFAP2C (Kishi et al., 1993;Yamaguchietal., 1995;FarnsworthandTalamantes, 1998; Saitoet al., 2011;Ozturketal.,

2006). Among these factors, PGE2 induces dimeric inhibin A production in cultured human granulosa-luteal cells

(EramaaandRitvos,1996) and inhibinsubunitsareexpressed inmouseplacental junctional zoneat themRNAlevel

(Yamaguchi et al., 1995). Therefore, PGE2may stimulate PL-II production through the induction of dimeric inhibin

A expression in the junctional zone. Here, we show for the first time that OATP2A1 is predominantly expressed in

the placental junctional zone (Figure 1) and mediates uptake of extracellular PGs by spongiotrophoblasts (Fig-

ure 2). Therefore, the defect of PGE2 uptake and the subsequent degradation of PGE2 by 15-PGDH in the junc-

tional zone of Slco2a1 (�/�) placenta should increase PL-II expression via an increase of extracellular PGE2 in

the junctional zone. This possibility is supported by the observation that indomethacin treatment at GD15.5 in

Slco2a1 (+/�) females mated with Slco2a1 (�/�) males corrected PL-II overproduction in Slco2a1 (�/�) placenta

(Figure 6B). Moreover, indomethacin treatment decreased circulating progesterone levels at GD18.5 (Figure 6C)

and corrected the parturition delay (Figure 6A). At GD15.5, COX-1, COX-2, and mPGES-1 are expressed in the

placenta, including the junctional zone, although to a much lesser extent (Figures S4B–S4D) (Inagaki et al.,

2017). These results raise the possibility that PGE2 are synthesized in the junctional zone and/or other placental

areas (i.e., labyrinth and decidua). These findings suggest that the uptake of extracellular PGE2 by OATP2A1

and subsequent intracellular degradation in the placenta at mid-pregnancy would suppress the signaling for

placental PL-II production in latepregnancy,which facilitatesprogesteronewithdrawal for theonsetof parturition.

Among fetal tissues, the lung also highly expresses OATP2A1, and OATP2A1 in the lung plays a critical role

in the closure of the ductus arteriosus after birth by reducing the level of circulating PGE2 (Chang et al.,

2010). Slco2a1 (�/�) neonates die within 24 h after birth because of patent ductus arteriosus, although

the labor phenotype was not mentioned in the literature (Chang et al., 2010). Matured fetal lung is reported

to be associated with the onset of parturition via secretion of SP-A, which serves as a hormonal signal (Gao

et al., 2015). Thus, we have to consider the possibility that OATP2A1 in the fetal lung is involved in the onset

of parturition by modulating the SP-A level. However, Slco2a1 deficiency did not alter the expression level

of SP-A in the fetal lung (Figure S5). Accordingly, it seems that OATP2A1 expressed in the fetal lung does

not affect SP-A-mediated labor induction signals.

There is considerable evidence that PGs are universal mediators of parturition. At late pregnancy, elevation of

PGE2 and PGF2a levels in the uterus and ovary promotes uterine myometrial contraction and cervical ripening,

which trigger the onset of labor (Romero et al., 2014; Khan et al., 2008; Herington et al., 2018). Since OATP2A1

mediates the uptake of extracellular PGs for intracellular degradation, it is possible that feto-placental Slco2a1

deficiency elevates PGE2 and PGF2a levels even in maternal tissues, including uterus and ovary, and thus causes

pre-termdelivery. However, in this study, Slco2a1 (+/�) dams bearing Slco2a1 (�/�) embryos exhibited delayed

parturition (Figure 4A), and feto-placental Slco2a1 deficiency did not affect the PGE2 and PGF2a levels in uterus

or ovary at late pregnancy (Figure S6). Therefore, feto-placental OATP2A1 is likely to mediate the reduction of

Figure 5. Overexpression of PL-II in the Junctional Zone of Slco2a1 (�/�) Mouse Placenta

(A and B) The absolute protein expression of PL-II at GD15.5 (A) and GD18.5 (B) in the junctional zone of wild-type (n = 9–

13), Slco2a1 (+/�) (n = 23), and Slco2a1 (�/�) mice placenta (n = 9–10).

(C) Absolute PL-II protein expression level in wild-type mouse explants of placental junctional zone cultured for 24 h in the

presence (closed circle; n = 4–8) or absence (open circle; n = 4–8) of 1 mM PGE2. Data are expressed as the mean G SEM.

*p < 0.05, significant difference between groups (A and C, Student’s two-tailed t test; B, one-way ANOVA followed by

Bonferroni’s post hoc test).
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local PG levels in the placenta but may not affect the maternal level. Moreover, we found here that PGE2 in the

placenta has an opposite signaling function for themaintenance of pregnancy possibly by inducingplacental PL-

II production (Figures 5 and 6), in contrast to uterine PGE2. This difference in the role of PGE2 betweenuterus and

placenta was further supported by the results of indomethacin treatment. Indomethacin delays preterm labor

because of its tocolytic effect, reducing excessive PG levels in the uterus (Besinger et al., 1991;Morales andMad-

hav, 1993; Klauser et al., 2014), although there is concern about fetal adverse effects, such as premature closure

of the fetal ductus arteriosus (Vermillion et al., 1997; Antonucci et al., 2012). In mice, indomethacin significantly

decreased the incidence of preterm labor that was inducedby lipopolysaccharide (Lee et al., 2003).On the other

hand, in this study, a single administration of indomethacin at mid-pregnancy rescued the delayed-labor pheno-

type in Slco2a1 (+/�) females mated with Slco2a1 (�/�) males (Figure 6A). Our findings provide insight into the

role of PGE2 in labor induction, indicating that excessive PGE2 in the placenta at mid-pregnancy does not facil-

itate, but rather prevents, the initiation of parturition by modulating endocrine function in the placenta.

In crosses of Slco2a1 (�/�) mice, 30% of dams exhibited post-term pregnancy, but 30% of dams exhibited pre-

term pregnancy (Figure 4A). In this mating, it is necessary to consider the effect of Slco2a1 deficiency in dams as

well as conceptuses. Based on our observations in Slco2a1 (+/�) females mated with Slco2a1 (�/�) males, the

high proportion of Slco2a1 (�/�) conceptuses in utero causes delayed parturition. Thus, it is reasonable to

consider that pre-term parturition is caused primarily by maternal Slco2a1 deficiency. We confirmed that the

uterus expresses OATP2A1 (Figure 1D); therefore, uterine OATP2A1 is likely to be involved in the maintenance

of pregnancy by reducing extracellular PG levels in the uterus.Moreover, inSlco2a1 (�/�) pregnantmice, uterine

PG levelsmight be elevated through an increase in circulatingPGs due to the lack of PGdegradation inmaternal

lung. This is consistentwith a report showing that, inSlco2a1 (�/�) malemice, theplasmaPGE2 level was 3.7-fold

higher than in wild-type mice at 1 h after the induction of PGE2 by lipopolysaccharide (Nakamura et al., 2018).

Moreover, in mice treated with T26A, a specific OATP2A1 inhibitor, for 3 weeks, the plasma PGE2 level was 2-

fold higher than that in the vehicle control (Chi et al., 2015). Accordingly, maternal Slco2a1 deficiency is likely

to favor preterm delivery owing to the elevated levels of uterine PGs.

At both GD15.5 and GD18.5, [3H]PGE2 uptake was significantly lower in the junctional zone of Slco2a1 (�/�)

placenta compared with that of wild-type littermates, indicating that OATP2A1 acts as an influx transporter of

PGs at GD18.5 as well as GD15.5 (Figure 2). However, the levels of stable metabolites of PGE2 and PGF2a in

the junctional zone at GD18.5 were similar in both wild-type and Slco2a1 (�/�) littermates (Figure 3B), although

a substantial decrease in PGmetabolite levels was observed in Slco2a1 (�/�) littermates at GD15.5 (Figure 3A).

In the case of Slco2a1 (�/�) mice, the levels of PGmetabolites in the junctional zone atGD18.5were even higher

than those at GD15.5, raising the possibility that 15-PGDH and/or 15-oxo-PG D13-reductase, PG-degrading en-

zymes, are upregulated to compensate for Slco2a1 deficiency. In the case of wild-type mice junctional zone, PG

metabolite levels at GD18.5 were decreased to approximately half compared with those at GD15.5 (Figure 3),

Figure 6. Indomethacin Treatment Rescues the Delayed-Labor Phenotype in Slco2a1 (+/�) Females Mated with

Slco2a1 (�/�) Males

Administration of 1 mg/kg indomethacin on GD15.5 to Slco2a1 (+/�) females mated with Slco2a1 (�/�) males.

(A) Gestation length of dams treated with vehicle (n = 15) or indomethacin (n = 14).

(B) Absolute PL-II expression levels at GD18.5 in the junctional zone of Slco2a1 (+/�) (n = 7–9) and Slco2a1 (�/�) placenta

(n = 6–10) from Slco2a1 (+/�) pregnancies treated with vehicle or indomethacin.

(C) Circulating progesterone level in maternal blood at GD18.5 from Slco2a1 (+/�) pregnancies treated with vehicle

(n = 13) or indomethacin (n = 13). Data are expressed as the mean G SEM. *p < 0.05, significant difference between

groups (A and C, Student’s two-tailed t test; B, two-way ANOVA followed by Bonferroni’s post hoc test).
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which is consistentwith the finding that the placental activity of 15-PGDHatGD18.25 andGD19.0was decreased

from that at GD17.5, becoming similar to that in 15-PGDH hypomorphic mice placenta (Roizen et al., 2008).

Accordingly, the uptake of PGs via OATP2A1 at mid-pregnancy is the rate-controlling step for PG degradation,

whereas, at late pregnancy,OATP2A1-mediated uptake has little effect on the PGdegradation, probably due to

the low activity of 15-PGDH.

Based on the observation that, in wild-type mice, placental 15-PGDH activity becomes negligible prior to

parturition (Roizen et al., 2008), an increase in extracellular PGE2 has the potential to induce PL-II produc-

tion and subsequent inhibition of progesterone withdrawal. However, prior to parturition, 15-PGDH activity

also becomes negligible in the uterus (Roizen et al., 2008), and crossing of 15-PGDH hypomorphic mice

resulted in increased levels of PGE2 in ovary and PGF2a in uterus and ovary at GD17.5 and GD18.25, leading

to pre-term delivery (Roizen et al., 2008). Therefore, it can be considered that, prior to parturition, the

luteolytic effect, inducing progesterone withdrawal, of PGF2a in uterus predominates over the luteotropic

effect, inducing progesterone production, of PGE2 in the placenta through the production of PL-II. On the

other hand, in Slco2a1 (+/�) females mated with Slco2a1 (�/�) males, owing to overproduction of PL-II, the

luteotropic effect of placental PGE2 seems to overcome the luteolytic effect of uterine PGF2a.

Term labor andpreterm labor in humans and rodents are bothmediated by elevated levels of PGE2 andPGF2a in

the uterus, and these PGs induce uterine myometrial contraction and cervical ripening (Herington et al., 2018;

Romero et al., 2014). In rodent ovary, PGE2 exerts a luteotropic effect, whereas PGF2a is a luteolytic factor (Su-

gimoto et al., 1997; Henderson et al., 1977; Tamura et al., 2016). In the present study, feto-placental Slco2a1 defi-

ciency in mice disrupted the timing of parturition by dysregulating the PGE2 concentration in the placenta at

mid-pregnancywithout affecting the PGE2 and PGF2a levels in the uterus and ovary at late pregnancy (Figure S6).

Whole-exome sequencing has indicated the pathophysiological significance of the SLCO2A1 gene in human;

loss-of-function mutations in SLCO2A1 are related to primary hypertrophic osteoarthropathy and pachydermo-

periostosis (Nakanishi and Tamai, 2017). Although the labor phenotype in humans deficient for OATP2A1 func-

tion has not been described so far, SLCO2A1 is most abundantly expressed in the placenta among human tis-

sues (Kraft et al., 2010). Themechanismof labor induction in humans is considered tobe complex; luteolysis does

not play a role in humanparturition and the circulatingprogesterone level does not decrease antepartum (Mitch-

ell and Taggart, 2009; Malassine et al., 2003). Nevertheless, it has been reported that, in women with premature

uterine contractility, the circulating level of humanplacental lactogen (hPL) was significantly lower than inwomen

with uncompleted pregnancy between 23 and 28 weeks of gestation (Wojcicka-Jagodzinska et al., 1998),

implying that hPL affects the initiation of labor in humans.

In conclusion, we have demonstrated that OATP2A1 is predominantly expressed in spongiotrophoblasts of

the junctional zone and is responsible, together with 15-PGDH, for the degradation of PGs in the junctional

zone of the placenta at mid-pregnancy. Since PGE2 signaling is shown to contribute to the secretion of PL-

II, a luteotropic hormone, in the junctional zone, it is possible to consider that PG disposition via OATP2A1

suppresses the secretion of PL-II to induce the production of ovarian progesterone. These results indicate

that feto-placental OATP2A1 contributes to the withdrawal of circulating progesterone at late pregnancy,

possibly by suppressing placental PL-II production, for the initiation of parturition.

Limitations of the Study

In our experiments, we demonstrate that the presence of Slco2a1 (�/�) conceptuses results in delayed

parturition of dams by inhibiting progesterone withdrawal and that the expression level of PL-II in Slco2a1

(�/�) junctional zone is higher than that in the wild-type. PL-II is suggested to exert a luteotropic hormone,

but we did not directly demonstrate the causal relationship between the overproduction of PL-II in the junc-

tional zone and delayed parturition. Moreover, we did not clarify the reason why the time lag effect of PGE2

signaling on PL-II production occurs. Further experiments will be needed to clarify the mechanism of PL-II

production via PGE2 signaling and the contribution of PL-II to parturition timing.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Prof. Masatochi Tomi (tomi-ms@pha.keio.ac.jp).
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Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The data that support the findings of this study are available from the authors on reasonable request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101098.
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Supplemental figures 

 

 

Figure S1: H&E staining of wild-type and Slco2a1 (-/-) placentas at GD15.5 (A) and GD18.5 

(B), Related to Figure 1.  

Low (i and v) and high (ii, iii, iv, vi, vii, and viii) magnification. De, decidua; Jz, junctional zone; La, 

labyrinth. Scale bars = 100 μm. 

  



 

 

Figure S2: Fetal and placental weights during pregnancy, Related to Figure 1. 

(A and B) Weight of wild-type and Slco2a1 (-/-) fetuses (A) and placentas (B) from GD15.5 to 18.5. 

Data are expressed as the mean ± SEM (n = 4-22). 

 

  



 

 

Figure S3: Peak chromatogram of an OATP2A1-specific peptide, VVNQDEK,  

Related to Figure 1. 

Plasma membrane-rich fraction of the placental junctional zone was obtained from wild-type (A) 

and Slco2a1 (-/-) (B) pregnancies at GD15.5. Tryptic digests of placental sample spiked with internal 

standard (IS) peptides were subjected to LC-MS/MS. Peak chromatograms of four SRM transitions 

for a target peptide (black) and the corresponding IS peptide (gray). 

 

  



 

 

Figure S4: Western blot analysis of 15-PGDH (A), mPGES-1 (B), COX-1 (C), and COX-2 (D) 

in three placental zones at GD15.5, Related to Figure 3.  

Western blot analysis using placental homogenates prepared from wild-type and Slco2a1 (-/-) mice. 

Representative images (top) and densitometric analyses of the blots (bottom) from 3 to 4 

independent experiments with different placentas are shown. Data are expressed as the mean ± SEM.  

 

  



 

Figure S5: Western blot analysis of surfactant protein A (SP-A) in fetal lung at GD18.5, 

Related to Figure 4.  

Western blot analysis of fetal lung homogenates prepared from wild-type and Slco2a1 (-/-) mice. 

Representative images (top) and densitometric analyses of the blots (bottom) from 5 to 7 

independent experiments with different placentas are shown. Data are expressed as the mean ± SEM.  

 

  



 

Figure S6: PG levels in ovary, myometrium, and fetal membrane at GD18.5,  

Related to Figure 4.  

PGE2 and PGF2α levels in uterus (A) and ovary (B) from Slco2a1 (+/-) females mated with wild-type 

males (n=10) or Slco2a1 (-/-) males (n = 15). Data are expressed as the mean ± SEM.  

 

  



Supplemental table 

 

Gene 

symbol 
ST/IS Probe sequence 

SRM/MRM transition (m/z) 

Q1 Q3-1 Q3-2 Q3-3 Q3-4 

mOATP2A1 
ST VVNQDEK 416.20 633.30 199.15 732.35 391.20 

IS VV*NQDEK 419.20 633.30 205.15 738.35 391.20 

mPL-I 
ST EFDLDFFDK 588.25 392.15 671.30 556.30 262.15 

IS EFDL*DFFDK 591.80 392.15 671.30 556.30 262.15 

mPL-II 
ST LPTESLYQR 553.80 211.14 795.40 896.45 666.35 

IS LP*TESLYQR 556.80 217.15 795.40 896.45 666.35 

 

Table S1: Target peptide transitions in LC-MS/MS analysis, Related to Figure 1 and 5. 

ST and IS mean standard peptides and internal standard peptides, respectively. The 

stable-isotope-labeled amino acids are indicated with an asterisk. 

  



Transparent Methods 

 

Animals.  

All mice were maintained under a 12-hour light/12-hour dark cycle at 25°C with free access to 

water until use. Animal experiments were approved by the Institutional Animal Care Committee 

and complied with the standards set out in the Guideline for the Care and Use of Laboratory 

Animals in Keio University. The presence of a vaginal plug was designated as GD0.5. 

Parturition was monitored from GD16.5 by observing mice twice daily, in the morning 

(8:00-9:00 AM) and evening (6:00-8:00 PM). Parturition timing was defined as the observation 

of the first pup. To ensure that parturition timing was analyzed in mice of the same 

physiological status, only data on first pregnancies were included. 

 

Slco2a1 (-/-) mice. 

To produce Slco2a1 (flox/+) mice, in vitro fertilization of eggs from C57BL/6 females with 

sperm cells from Slco2a1 (flox/flox) males (Nakanishi et al., 2015) was performed and the 

blastocysts were transferred into pseudopregnant C57BL/6 females. To disrupt the Slco2a1 gene, 

Slco2a1 (flox/+) offspring were interbred with CAG-Cre transgenic mice (RIKEN BRC) 

(Matsumura et al., 2004), which express Cre recombinase at early stages of development. Mice 

were genotyped by PCR analysis of genomic DNA from mouse tissue (ear or tail snips) using 

the forward primers 5’-AGGCTCTCGTGGGGAGTAAT-3’ for wild-type mice and 

5’-AGGACCTGATAGGCAGCCAA-3’ for Slco2a1 deficient mice, with the reverse primer 

5’-CACAGCAGAGACCCAACAGA-3’. Under deep anesthesia with isoflurane, the ovaries, 

uterus, fetal lungs, and maternal blood were collected from pregnant Slco2a1 (+/-) female mice 

mated with wild-type or Slco2a1 (-/-) males at GD18.5. Blood was collected from the tail vein 

and plasma was prepared by centrifugation at 10,000 x g for 10 min at 4°C. Placentas were 

collected at GD15.5 and GD18.5 from pregnant Slco2a1 (+/-) female mice mated with Slco2a1 

(+/-) male mice. Isolated placentas were dissected into maternal decidua (whitish color), 

junctional zone (yellowish color), and labyrinth (dark red color) using tweezers (Inagaki et al., 

2017). We analyzed qRT-PCR using mRNA gene expression markers (decidua; Desmin, 

junctional zone; Prl8a8, Labyrinth; Syncytin-A) to validate each layer enrichment. 

 

Histological analysis.  

Isolated placentas were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline 

(PBS) at 4°C and immersed in 20% sucrose before being embedded in OCT compound. Frozen 

sections were cut at 4 μm and mounted on silanized glass slides. Sections were stained with 

Mayer’s hematoxylin solution (Fujifilm Wako, Osaka, Japan) and Eosin Y (Fujifilm Wako) for 



general morphology. 

In situ hybridization analyses were performed as described previously (Akashi et al., 2016). 

Antisense and sense RNA probes for mouse Slco2a1 (GeneBank accession number 

NM_03314.4) and Prl8a8 (NM_001311125.1) mRNAs (nucleotide residues 803-1946 and 

56-852, respectively) were labeled with digoxigenin (DIG) or fluorescein-conjugated UTP 

(Roche, Basel, Switzerland). Prl8a8 was used as a marker of spongiotrophoblasts (Simmons et 

al., 2008). Frozen sections were treated with 1 µg/mL proteinase K for 37°C at 30 min, 

acetylated in 0.25% acetic anhydride/0.1 M triethanolamine for 10 min, and then hybridized 

overnight with DIG or the fluorescent probe at 60°C. After blocking with blocking regent 

(Roche), sections were incubated overnight with alkaline phosphate-conjugated anti-DIG 

antibody (1:2,000) (Roche) or anti-fluorescein antibody (1:2,000) (Roche) at 4°C, and then 

incubated with nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate at 

room temperature for color development. Sections were counterstained with Nuclear Fast Red, 

dehydrated in ethanol, cleared in xylene, and mounted in VectaMount Permanent Mounting 

Medium (Vector Laboratories). 

Frozen sections were incubated with HistoVT One solution (Nacalai Tesque, Kyoto, Japan) for 

20 min at 70°C for antigen retrieval. After blocking, sections were incubated with guinea-pig 

polyclonal OATP2A1 antibody (2 μg/mL) (Tachikawa, Tsuji et al., 2012) and rabbit polyclonal 

15-PGDH antibody (1:100) (160615; Cayman Chemical, Ann Arbor, MI) at 4°C overnight, then 

incubated with species-specific Alexa Fluoro 594-conjugated and Alexa Fluoro 488-conjugated 

secondary antibodies (Thermo Fisher Scientific, Waltham, MA) at room temperature for 1 hour, 

and mounted in Vectashield Hard Set Mounting Medium with DAPI (Vector Laboratories, 

Burlingame, CA). 

 

Immunoblot analysis. 

The placentas and fetal lungs were homogenized in cell lysis buffer (Cell Signaling Technology, 

Danvers, MA). Proteins were separated by SDS–polyacrylamide gel electrophoresis, and 

electroblotted onto a polyvinylidene difluoride membrane. After blocking, the membrane was 

incubated at 4°C overnight with rabbit polyclonal anti-15-PGDH antibody (1:2,000), rabbit 

polyclonal anti-COX-1 antibody (1:500) (160109; Cayman Chemical), rabbit polyclonal 

anti-COX-2 antibody (1:500) (160126; Cayman Chemical), guinea-pig polyclonal 

anti-mPGES-1 antibody (0.3 μg/mL) (Tachikawa, Ozeki et al., 2012), rabbit polyclonal 

anti-SP-A antibody (1:1,000) (ab115791; abcam, Cambridge, UK), or rat monoclonal 

anti-tubulin antibody (1:5,000) (ab6160; abcam), and subsequently with species-specific 

horseradish peroxidase-conjugated secondary antibodies. The bands were visualized with ECL 

Prime Western Blotting Detection reagent (GE Healthcare, Buckinghamshire, UK) and 



quantitated by densitometric analysis using a CS Analyzer 2.0 (ATTO, Tokyo, Japan). 

 

[3H]Prostaglandin E2 uptake.  

Explants of each placental zone were pre-incubated with extracellular fluid (ECF) buffer (122 

mM NaCl, 25 mM NaHCO3, 3 mM KCl, 1.4 mM CaCl2, 2 mM MgSO4, 0.4 mM K2HPO4, 10 

mM D-glucose, 10 mM HEPES, pH 7.4) at 37°C for 10 min. After pre-incubation, explants of 

decidua, junctional zone, and labyrinth were incubated for 20 min in ECF buffer supplemented 

with 5.6 nM [3H]PGE2 (prostaglandin E2 [5,6,8,11,12,14,15-3H(N)]; PerkinElmer, Boston, MA). 

The uptake was terminated by removal of the buffer and the explants were immediately washed 

with ice-cold ECF buffer. The explants were homogenized in saline, scintillation cocktail was 

added, and the radioactivity was measured with a liquid scintillation counter.  

 

Mouse placental explant culture. 

Placenta was cut in half, placed in 48-well plates with 400 μL of sterile culture medium (45% 

DMEM/45% Ham’s F12/10% FBS supplemented with penicillin and streptomycin), and 

incubated at 37°C in a humidified incubator under 20% O2 and 5% CO2. After preincubation for 

1 hour, all explants were left in culture media containing 0.04% DMSO in the absence or 

presence of 1 μM PGE2. The culture medium was changed every 12 hours, and after 24 hours 

the explants were collected and stored at -80°C until use. 

 

Preparation of plasma membrane-enriched fraction.  

Plasma membrane-enriched fractions were prepared as described previously with some 

modifications (Nishimura et al., 2019). Murine tissues were homogenized in Tris-sucrose buffer 

(250 mM sucrose, 10 mM Tris-HCl, 1 μM pepstatin A, 10 μM leupeptin, 100 μM 

phenylmethanesulfonyl fluoride, pH 7.4). The homogenate was centrifuged at 5,800 x g for 15 

min at 4°C, and the supernatant was centrifuged again at 10,000 x g for 15 min at 4°C. The 

resulting supernatant was centrifuged at 100,000 x g for 30 min at 4°C, and the pellet was 

resuspended in Tris-sucrose buffer. The suspension was overlaid on 38% (w/v) sucrose solution 

and centrifuged at 100,000 x g for 40 min at 4°C with a swing-out rotor. The turbid layer at the 

interface was collected and diluted with 10 mM Tris-HCl buffer (pH 7.4). The resulting 

suspension was centrifuged at 100,000 x g for 40 min at 4°C to afford the plasma 

membrane-enriched fraction as a pellet. 

 

LC-MS/MS-based targeted protein quantification analysis.  

Absolute protein expression levels were determined by quantifying the absolute amounts of 

specific peptides produced by trypsin digestion of OATP2A1 and PLs using LC-MS/MS as 



described previously, with some modifications (Nishimura et al., 2019, Uchida et al., 2013). 

Fifty micrograms of protein was reduced with dithiothreitol (Fujifilm Wako) and 

S-carbamoylmethylated with iodoacetamide (Fujifilm Wako). The S-carbamoylmethylated 

samples were precipitated with a mixture of methanol and chloroform. The precipitates were 

dissolved in 6 M urea, diluted 5-fold with 100 mM Tris-HCl (pH 8.5), and treated at room 

temperature for 3 hours with proteaseMAXTM surfactant (Promega, Madison, WI) and lysyl 

endopeptidase (Wako Pure Chemical Industries) at a final concentration of 0.05% and a final 

enzyme/substrate ratio of 1:100, respectively. The samples were then digested with 

sequence-grade modified trypsin (Promega) at an enzyme/substrate ratio 1:100 at 37°C for 16 

hours. The resulting peptides were spiked with internal standard peptides, which are stable 

isotope (13C and 15N)-labeled peptides having the same amino acid sequences as the analyte 

peptides, and acidified with formic acid. 

The LC-MS/MS system consisted of an HPLC instrument (Shimadzu, Kyoto, Japan) and an 

electrospray ionization triple quadrupole mass spectrometer (LCMS-8050, Shimadzu). Mobile 

phases A and B consisted of 0.1% formic acid in water and 0.1% formic acid in acetonitrile, 

respectively. Chromatographic separation was performed on an XBridge Peptide BEH C18 

column (3.5 μm, 1 mm × 150 mm, Waters, Milford, MA) at 40°C with a linear gradient of 

mobile phase B as follows: 1% for 0-5 min, 1% to 50% for 5-25 min, 100% for 25-30 min, and 

1% for 30-60 min. MS spectrometric detection was performed by multiple reaction monitoring 

in the electrospray ionization mode. Peak data were extracted by using 4 sets of SRM transitions 

(m/z) of the precursor ion (Q1) and the product ion (Q3) per peptide, as listed in Supplemental 

Table 1, with the dwell time of 10 msec per transition. The amount of the peptide in the sample 

was determined for each transition using the peak area ratio (analyte peptide/corresponding 

internal standard peptide) of the positive peak and a calibration curve obtained by using known 

concentrations of synthetic peptides, and expressed as the average of 4 positive peaks from 

different transitions. 

 

Measurement of prostaglandins and progesterone.  

Murine tissues were homogenized with a sonicator in the presence of d4-PGE2 (Cayman 

Chemical) as an internal standard. The homogenates were deproteinized with the same volume 

of methanol. The supernatant was obtained by centrifugation at 15,000 rpm for 5 min at 4°C and 

applied to a hydrophilized C18 solid-phase extraction cartridge. The eluate was evaporated in a 

vacuum centrifuge and the pellets were reconstituted in 50% acetonitrile. 

The amounts of prostaglandins and progesterone extracted from tissue homogenates were 

determined by LC-MS/MS. Mobile phases A and B consisted of 0.1% formic acid in water and 

0.1% formic acid in acetonitrile, respectively. Chromatographic separation was performed on a 



Capcell Pak C18 UG120 column (5 μm, 2.0 mm × 150 mm, Shiseido, Tokyo, Japan) at 40°C 

with gradients of mobile phase B as follows: 10% to 25% for 0-5 min, 25% to 35% for 5-10 min, 

35% to 75% for 10-20 min, 100% for 20-25 min, and 10% for 25-30 min for measurement of 

prostaglandins; 30% for 0-5 min, 30% to 55% for 5-20 min, 100% for 20-25 min, and 30% for 

25-30 min for measurement of progesterone. Mass spectrometric detection was performed by 

multiple reaction monitoring in the electrospray ionization mode, using m/z 351.50→271.40 for 

PGE2, 351.50→175.25 for 13,14-dihydro 15-keto PGE2, 333.50→175.20 for 13,14-dihydro 

15-keto PGA2, 353.50→193.50 for PGF2α, 353.50→113.10 for 13,14-dihydro 15-keto PGF2α, 

355.50→275.10 for d4-PGE2, and 315.25→96.95 for progesterone. 

 

RU486 and indomethacin treatment.  

The progesterone receptor antagonist RU486 (mifepristone, Wako Pure Chemical Industries) 

was administered by subcutaneous injection (150 μg in ethanol/mineral oil) to pregnant mice at 

4:00 PM on GD18.5, following the method used in a previous study (Dudley et al., 1996). 

Indomethacin was administered by intraperitoneal injection (1 mg/kg animal in PBS) to 

pregnant mice at 10:00 AM on GD15.5. Control mice received the vehicle.  

 

Statistics.  

Results are presented as mean ± S.E.M. Statistical analysis was performed by means of one-way 

ANOVA or two-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons 

or Student’s 2-tailed t test for comparison between two groups. Linear regression analysis was 

performed using GraphPad Prism4 (GraphPad Software, San Diego, CA). P values of less than 

0.05 were considered statistically significant. 
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