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Abstract

Retinoblastoma protein (RB) encoded by Rb1 is a prominent
inducer of cell cycle arrest (CCA). The hormone progesterone (P4)
promotes CCA in the uterine epithelium and previous studies indi-
cated that P4 activates RB by reducing the phosphorylated, inac-
tive form of RB. Here, we show that embryo implantation is
impaired in uterine-specific Rb1 knockout mice. We observe persis-
tent cell proliferation of the Rb1-deficient uterine epithelium until
embryo attachment, loss of epithelial necroptosis, and trophoblast
phagocytosis, which correlates with subsequent embryo invasion
failure, indicating that Rb1-induced CCA and necroptosis of uterine
epithelium are involved in embryo invasion. Pre-implantation P4
supplementation is sufficient to restore these defects and embryo
invasion. In Rb1-deficient uterine epithelial cells, TNFa-primed
necroptosis is impaired, which is rescued by the treatment with a
CCA inducer thymidine or P4 through the upregulation of TNF
receptor type 2. TNFa is expressed in the luminal epithelium and
the embryo at the embryo attachment site. These results provide
evidence that uterine Rb1-induced CCA is involved in TNFa-primed
epithelial necroptosis at the implantation site for successful
embryo invasion.
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Introduction

Infertility is estimated to influence up to 30% of couples worldwide

(Inhorn & Patrizio, 2015). The number of infertile patients

undergoing in vitro fertilization and embryo transfer (IVF-ET) is

increasing, and some of these patients repeatedly fail to conceive

even after ET using good quality embryos. This pathological condi-

tion is called recurrent implantation failure, which becomes a major

problem in IVF-ET treatment. Embryo implantation, a series of

processes from embryo apposition and attachment to the uterus to

embryo invasion into the uterus, is doubtlessly regulated by a

precise and intricate molecular interaction between the embryo and

uterus (Dey et al, 2004; Cha et al, 2012; Egashira & Hirota, 2013;

Fukui et al, 2019; Hirota, 2019). In mice, embryo apposition is

followed by intimate adherence of the blastocyst trophectoderm to

the luminal epithelium, marking the first discernible sign of implan-

tation from the midnight of day 4 to day 5 morning (day 1 = vaginal

plug). This interaction starts when embryonic development is

synchronized with uterine preparation to become receptive for

implantation. The physiological contact between the blastocyst and

the luminal epithelium affects the neighboring stroma, where vascu-

lar permeability increases under the control of several factors such

as COX2 and VEGF (Matsumoto et al, 2002). Blastocyst attachment

coincides with increased stromal vascular permeability at the site of

the blastocyst called as attachment reaction and can be demarcated

by distinct blue bands along the uterus after intravenous injection of

Chicago blue dye solution (Das et al, 1994). With the implantation

process in progress, stromal cells surrounding the implanting

embryo undergo decidualization. Decidual growth reaches its peak

on day 8 of pregnancy. The luminal epithelium surrounding the

implantation sites disappears on day 5 evening, and embryo inva-

sion into the stroma starts from day 5 night to day 6 morning (Mat-

sumoto et al, 2018). Our previous observation has indicated that

direct contact between embryo and uterine stroma is involved in

embryonic cell survival and invasion (Matsumoto et al, 2018).

Ovarian steroid hormone progesterone (P4) governs the entire

process of pregnancy, including embryo implantation. By the stage

of embryo apposition, P4 guides the uterus to the receptive state

(Dey et al, 2004). In mice, pre-ovulatory ovarian estrogen secretion
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induces proliferation of the luminal and glandular epithelium during

days 1–2 of pregnancy. On day 3, the newly formed corpora luteum

produces P4. By day 4, increasing P4 causes stromal cell prolifera-

tion as well as epithelial cell differentiation detected by epithelial

cell cycle arrest (CCA), which we call proliferation–differentiation

switching (PDS) in the receptive uterus (Haraguchi et al, 2014;

Hirota, 2019). PDS regulated by P4 is associated with the expression

of several genes critical for embryo implantation on day 4, followed

by attachment of blastocyst to the luminal epithelium from day 4

midnight to day 5 morning. In addition, P4 acts via the nuclear P4
receptor (PGR) for transcriptional activation of genes involved in

uterine receptivity including PDS and embryo implantation (Lydon

et al, 1995; Tranguch et al, 2007; Haraguchi et al, 2014). Thus, P4-

PGR signaling is implicated in the preparation of uterine receptivity

and embryo implantation, and uterine epithelial CCA with stromal

proliferation is a hallmark of uterine receptivity to the embryo (Dey

et al, 2004; Cha et al, 2012; Haraguchi et al, 2014). However, it

remains uncertain how P4-induced epithelial CCA is involved in the

process of embryo implantation. The aim of this study is to analyze

the underlying mechanisms of embryo implantation by focusing on

CCA regulators in the uterus.

A known tumor suppressor retinoblastoma protein (RB) is

encoded by Rb1 gene, and its classical function is to induce CCA by

binding and inactivating the transcription factors E2F, repressing the

transcription of genes which are required for the S phase (Giacinti &

Giordano, 2006; Dick & Rubin, 2013). Therefore, Rb1 deletion

promotes cell cycle progression, which results in loss of cell differen-

tiation. RB acts as a cell cycle suppressor, but it also has the ability

to prevent excess action. Unphosphorylated RB (uRB), the active

form of RB, has the activity of CCA until a cell is ready to divide.

Once cell division is ready, uRB becomes phosphorylated RB (pRB),

the inactive form of RB, which releases its binding to E2F factors and

loses the function as a cell cycle suppressor (Giacinti & Giordano,

2006; Dick & Rubin, 2013). The previous studies have shown that

estrogen increases pRB and promotes cell proliferation in the uterine

epithelium, which is suppressed by P4, indicating that uterine RB

controls ovarian hormone-dependent cell proliferation status (Tong

& Pollard, 1999; Chen et al, 2005). In the present study using female

mice with uterine Rb1 deficiency (Rb1d/d mice), we aimed to investi-

gate the fundamental machinery in which uterine RB and P4 are

involved in embryo implantation through epithelial CCA.

Results

Mice with uterine deletion of Rb1 show subfertility

We first examined the expression of RB in the pre-implantation

mouse uterus and found that RB is expressed in the uteri of wild-type

(WT) mice from day 1 to day 6 of pregnancy (Fig 1A). In contrast,

phosphorylated RB (pRB), the inactive form of RB, is expressed in

uterine epithelium on days 2 and 3 but not on day 4 (Fig 1B),

suggesting that the suppression of RB activity is lost on day 4. These

findings indicate that uterine RB becomes functionally active on day

4 when uterine PDS takes place. To explore the role of uterine Rb1 in

pregnancy, we generated female mice with deletion of Rb1 in the

uterus (Rb1d/d mice) by crossing Rb1-loxP mice with Pgr-Cre mice.

We next confirmed that RB expression is efficiently deleted in Rb1d/d

uteri (Fig 1C). In contrast to the uterus, RB expression is normal in

the granulosa and lutein cells of Rb1d/d ovary (Fig 1D). Rb1d/d mice

and their littermate controls (Rb1f/f mice) were mated with WT

fertile male mice. We found that the number of pups delivered by

Rb1d/d dams is reduced (Fig 1E), suggesting that uterine Rb1 is criti-

cal for successful pregnancy. Based on these results, we next focused

on the role of uterine Rb1 in embryo implantation.

Rb1d/d mice show normal ovulation and pre-implantation embryo
development, but cell cycle arrest of luminal epithelium and
embryo implantation are impaired

We examined ovulation and fertilization in Rb1d/d mice by flushing

eggs and/or embryos on day 2 of pregnancy and found that both

processes are normal (Fig 2A and B). We also confirmed normal

development of pre-implantation embryos and their timely transport

from the oviduct into uterine lumens of Rb1d/d mice by recording

the number of blastocysts retrieved by flushing on day 4 of preg-

nancy (Fig 2C), suggesting that pre-implantation ovarian and

oviductal functions are normal in Rb1d/d mice. PDS, luminal epithe-

lial CCA, and stromal proliferation, in the uterus on day 4 morning,

are hallmarks of uterine receptivity in embryo implantation (Hara-

guchi et al, 2014; Hirota, 2019). Immunostaining of Ki67, a marker

of cell cycle progression, revealed that Rb1d/d mice have increased

numbers of proliferating cells in the luminal epithelium on day 4

compared with Rb1f/f mice (Fig 2D and E), suggesting impaired

epithelial CCA and uterine receptivity in Rb1d/d mice. We found that

the number of distinct implantation sites in Rb1d/d mice is compara-

ble to Rb1f/f mice on day 5 morning (Fig 2F and G). By hematoxylin

and eosin (H&E) staining, we confirm that embryo attachment

occurs normally in Rb1d/d mice (Fig EV1A), and the expression of

COX2, a marker of attachment reaction, is also normal (Fig EV1B).

LIF, a key inducer of embryo attachment, activates and phosphory-

lates STAT3. The expression of Lif mRNA and phosphorylated

STAT3 (pSTAT3) protein was also normal in Rb1d/d mice (Fig EV1C

and D), suggesting that embryo attachment is normal in Rb1d/d

mice. To determine whether the implantation process after embryo

attachment is normal in Rb1d/d mice, we counted the number of

implantation sites in Rb1d/d and Rb1f/f mice on day 8 of pregnancy.

The number of implantation sites remained comparable between the

two groups on day 8, but increased resorption sites with internal

bleeding were observed only in implantation sites of Rb1d/d mice,

not in those of Rb1f/f mice on day 8 (Fig 2H and I). By H&E staining,

we confirmed that embryos are completely degraded in Rb1d/d mice

on day 8 of pregnancy (Fig 2J), suggesting that embryo implantation

fails after normal embryo attachment in Rb1d/d mice. Concomitantly

with embryo resorption, the weight of implantation sites decreased

in Rb1d/d mice (Fig 2K). The mRNA expression of decidualization

markers Cox2 and Bmp2 was comparable between Rb1d/d and Rb1f/f

mice on day 8 (Fig 2L and M), suggesting that degradation of

embryos in Rb1d/d mice is not due to decidualization failure.

Intact alignment of luminal epithelium surrounding the embryo
and impaired trophoblast phagocytosis are associated with
embryo invasion failure in Rb1d/d mice

We next assessed embryo invasion by investigating the elimination

of luminal epithelium alignment and trophoblast invasion at the
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implantation site, which is a critical process for embryo invasion

(Matsumoto et al, 2018). Cytokeratin 8 (CK8), a marker of epithelial

cell lineage, was used to identify the uterine epithelium and tropho-

blast. Rb1f/f mice demonstrated that luminal epithelial alignment is

collapsed and eliminated around the implantation site at 20:00 h on

day 5, and the area of trophoblast invasion is expanded at 09:00 h

on day 6 (Fig 3A). In contrast, Rb1d/d mice show that alignment of

the luminal epithelium is persistent without trophoblast invasion at

implantation sites at 20:00 h on day 5, and embryo invasion is

compromised and limited at 09:00 h on day 6 (Fig 3A). Transmis-

sion electron microscopic analyses (TEM) of embryo–uterine inter-

face at 20:00 h on day 5 demonstrated direct contact between

trophoblast and stroma at the area of eliminated luminal epithelium

in Rb1f/f mice but not in Rb1d/d mice (Fig 3B), suggesting the role of

uterine Rb1 in trophoblast invasion by eliminating luminal epithe-

lium alignment. These findings indicate that intact alignment of

luminal epithelium is associated with embryo invasion failure in

Rb1d/d mice. Surprisingly, TEM revealed that the cytoplasm of the

luminal epithelium with lipid droplets is trimmed and engulfed by

trophoblast cells, and its nucleus is not apparently condensed in

control mice (Figs 3C and D), suggesting luminal epithelium elimina-

tion at implantation sites is due to trophoblast phagocytosis of the

luminal epithelium. Dying cells exude phosphatidylserine (PS) in

their outer membranes to enable phagocytic cell detection. To evalu-

ate the presentation of PS in the outer cellular membrane of the lumi-

nal epithelium at the implantation site, we performed

immunofluorescence of MFG-E8 as a marker of PS in the outer

membrane. Indeed, we found that MFG-E8 is not present in the outer

membrane of Rb1d/d mice but in that of Rb1f/f mice immediately

before embryo invasion (Fig 3E). Cytoplasmic lipid droplets, which

are present specifically in programmed cell death such as apoptosis

and necroptosis (Boren & Brindle, 2012; Yamanaka et al, 2014; Zhu

et al, 2016), were not observed in the luminal epithelium of Rb1f/f

mice on day 4, but were apparent on day 5 evening (Fig 3D). In

contrast, this phenomenon was not detected in the epithelium of

Rb1d/d mice on day 5 evening (Fig 3B), indicating that cytoplasmic

lipid droplets are characteristic findings of programmed cell death of

the luminal epithelium during normal embryo invasion.

Pre-implantation P4 supplementation is sufficient to normalize
epithelial CCA and embryo invasion in Rb1d/d mice

To confirm whether ovarian functions of Rb1d/d mice other than

ovulation and fertilization are normal, we first examined the expres-

sion of a key steroidogenic enzyme Hsd3b1 mRNA in the ovary and

found that the levels of Hsd3b1 mRNA are comparable between

Rb1d/d and Rb1f/f ovaries on day 4 of pregnancy (Fig EV2A). We

next examined the circulating levels of estradiol-17b (E2) and P4

during embryo implantation, and found that serum levels of E2 and

P4 are comparable between Rb1d/d and Rb1f/f mice on days 4 and 6

(Fig 4A and B), suggesting that ovarian functions are normal in

Rb1d/d mice in early pregnancy and the reproductive phenotypes of

Rb1d/d mice are due to uterine Rb1 deletion. Since E2 and P4 act via

nuclear receptors estrogen receptor a (ERa) and PGR, respectively,

and we next investigated uterine ERa and PGR by immunostaining.

The expression pattern of ERa and PGR in Rb1d/d uteri looked

comparable to Rb1f/f ones (Fig EV2B and C). The expression of

Forkhead Box O1 (FOXO1), which interacts with P4-PGR signaling

and regulates embryo implantation (Vasquez et al, 2018), was also

comparable between these mouse uteri (Fig EV2D). In addition,

uterine mRNA levels of E2- and P4- responsive genes, all of which

were reported previously (Tranguch et al, 2007; Franco et al, 2012;

Wetendorf et al, 2017), were comparable between Rb1d/d and Rb1f/f

uteri on day 4 of pregnancy (Fig EV3A and B), suggesting uterine

P4-PGR signaling is normal. Since we have shown that epithelial

CCA in the receptive uterus is induced by P4, we tried to examine

whether exogenous supplementation of P4 in Rb1d/d mice recovers

abnormal epithelial cell cycle status on day 4 morning. As expected,

the injection of P4 (2 mg/day/mouse) on days 2 and 3 normalized

epithelial cell cycle status in Rb1d/d mice on day 4 (Fig 4C–E). The

administration of exogenous P4 on days 2 and 3 lead to the circulat-

ing P4 levels on day 4 of pregnancy as highly as those in Rb1f/f and

Rb1d/d mice without P4 treatment on day 6 (Fig 4B). Daily P4 admin-

istration from day 2 to day 7 throughout the implantation period in

Rb1d/d mice recovered resorption on day 8, suggesting P4 normalizes

embryo invasion in Rb1d/d mice (Fig 4F and G; Group 1). Next, we

examined whether the timing of P4 supplementation is critical for

recovering embryo invasion in Rb1d/d mice. In Rb1d/d mice on day

8, the resorption rate in mice with post-implantation P4 treatment

on days 5–7 was as high as Rb1d/d mice without P4 treatment

(Fig 4F and G; Group 3). In contrast, pre-implantation P4 treatment

on days 2 and 3 completely rescued the implantation sites of Rb1d/d

mice (Fig 4F and G; Group 2). More importantly, pre-implantation

P4 treatment on days 2 and 3 recovered subfertility of Rb1d/d mice

completely (Fig 4H). This pre-implantation P4 treatment did not

increase blood P4 levels on day 6 (Fig 4B), suggesting that the pre-

implantation P4 administration influences the uterus until embryo

attachment. These findings indicate that pre-implantation P4 supple-

mentation is sufficient not only to normalize epithelial CCA but to

recover embryo invasion and full-term pregnancy in Rb1d/d mice.

TNFa-related necroptosis of the luminal epithelium at the
implantation site is impaired in Rb1d/d mice

Since our recent study has revealed that apoptosis is not a key

mechanism for the initial step of the luminal epithelium

◀ Figure 1. Mice with uterine deletion of Rb1 show subfertility.

A Rb1 protein (RB) was expressed in uterine luminal epithelium and stroma during early pregnancy in mice. Scale bar = 100 lm; arrowhead, embryo.
B Phosphorylated RB (pRB) protein, the inactive form of RB, was expressed in the luminal epithelium on days 2 and 3 of pregnancy. Scale bar = 100 lm.
C RB was efficiently deleted in the uterus of mice with uterine deletion of Rb1 (Rb1d/d mice) on day 4 of pregnancy. Scale bar = 100 lm.
D RB expression was normal in the ovary of Rb1d/d mice on day 4 of pregnancy. Scale bar = 100 lm.
E The number of new-born pups was decreased in Rb1d/d dams (n = 37 different dams) compared with their littermate controls (Rb1f/f mice, n = 20 different dams)

(mean � SEM, Student’s t-test).

Data information: le, luminal epithelium; s, stroma.
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disappearance around the embryo (Matsumoto et al, 2018), we

hypothesized that the major machinery of luminal epithelium elimi-

nation is necroptosis, another type of programmed cell death. To

clarify our hypothesis, we performed immunofluorescence of pRIP3,

a marker of necroptosis, and found that pRIP3 is expressed in the

membrane of Rb1f/f mice but not in that of Rb1d/d mice (Fig 5A).

We also found that TNFa stimulated phosphorylation of MLKL, a

critical signaling pathway of necroptosis, in primary mouse uterine

epithelial cells (Fig 5B). Furthermore, uterine expression levels of

TNFa was increased after embryo attachment in control mice (Rb1f/f

mice) (Fig 5C), and both embryo and uterus at the implantation site

produced TNFa in Rb1d/d mice as intensely as in Rb1f/f mice

(Fig 5D), suggesting that TNFa-induced necroptosis is compromised

by the mechanism which is downstream of TNFa signaling in Rb1d/d

mice.

P4-induced CCA of uterine epithelial cells contributes to
susceptibility to TNFa and TNFa-primed necroptosis through TNF
receptor type 2

PS presentation in the outer membrane is associated with necropto-

sis (Guo et al, 2009; Ehrhardt et al, 2013; Zargarian et al, 2017). We

evaluated the effects of TNFa on necroptosis of primary mouse uter-

ine epithelial cells obtained from Rb1f/f and Rb1d/d mice. The

expression of annexin V, a marker of PS presentation in the outer

membrane, was not stimulated by TNFa in Rb1-deficient uterine

epithelial cells but in the control cells (Fig 6A and B), suggesting that

TNFa-primed necroptosis in the uterine epithelium is controlled by

Rb1. We investigated whether P4, which promotes CCA in uterine

epithelial cells during embryo implantation (Haraguchi et al, 2014),

rescues TNFa-primed necroptosis in Rb1-deficient uterine epithelial

cells. Supplementation of P4 restored the responsiveness to TNFa
and induced necroptosis in Rb1-deficient uterine epithelial cells

(Fig 6A and B), suggesting that TNFa-primed epithelial necroptosis

is controlled by CCA. Thymidine stimulates CCA in G1/S phase in

many cell types (Harper, 2005; Chen & Deng, 2018), which was con-

firmed in primary mouse uterine epithelial cells (Fig EV4A). We next

used thymidine to evaluate the role of CCA on TNFa-primed necrop-

tosis in the uterine epithelial cells. We found that TNFa administra-

tion to Rb1-deleted cells does not increase the expression of annexin

V, but the concomitant treatment of thymidine restores TNFa-primed

expression of annexin V (Fig 6C and D), indicating that TNFa-
primed epithelial necroptosis is regulated by CCA. Furthermore, we

found that the expression of TNF receptor type 2 (TNFR2) is down-

regulated in Rb1-deleted epithelial cells, and the treatment of CCA

inducers thymidine or P4 upregulates its expression (Fig 6E). We

confirmed that CCA promotes TNFa-primed necroptosis in a human

endometrial epithelial cell line HEC151 (Fig EV4B–D), suggesting

◀ Figure 2. Rb1d/d mice show impaired pre-implantation epithelial cell cycle arrest and implantation failure.

A–C Ovulation, fertilization, and development of pre-implantation embryos were normal in Rb1d/d mice (A and C, mean � SEM, Student’s t-test; n = 5 mice for each
group; B, Fisher’s exact test; n = 5 mice for each group).

D, E Number of Ki67-positive cells on day 4 in uterine epithelium of Rb1d/d mice was higher than that of Rb1f/f mice (mean � SEM, Student’s t-test; n = 5 mice for each
group). Scale bar = 100 lm; le, luminal epithelium; s, stroma.

F, G Embryo attachment occurred normally in Rb1d/d mice at 09:00 h on day 5 (mean � SEM, Student’s t-test; n = 5 mice for each group). Arrow, implantation site;
scale bar = 1 cm.

H, I Rb1d/d mice showed higher rate of embryo resorption on day 8 (*P < 0.05; Fisher’s exact test; n = 45 implantation sites for Rb1f/f mice and n = 46 implantation
sites for Rb1d/d mice). Arrow, implantation site; scale bar = 1 cm.

J H&E staining showed embryo resorption in Rb1d/d mice on day 8 of pregnancy. Scale bar = 200 lm; arrowhead, embryo; arrow, broken embryo with blood cell
infiltration.

K Weight of implantation site was comparable between Rb1f/f and Rb1d/d mice on day 6, but reduced on day 8 in Rb1d/d mice compared with Rb1f/f mice
(mean � SEM, Student’s t-test; n = 6 mice for each group).

L, M Expression of Cox2 and Bmp2, markers of decidualization, was comparable in between Rb1d/d and Rb1f/f mice at 09:00 h on day 6 in implantation sites
(mean � SEM, Student’s t-test; n = 4 mice for each group).

Data information: le, luminal epithelium; s, stroma; tr, trophoblast; n, nucleus.

◀ Figure 3. Rb1d/d mice show persistent alignment of luminal epithelium surrounding the embryo, impaired trophoblast phagocytosis, and defected embryo
invasion.

A Immunostaining of cytokeratin 8 (CK8), a marker of epithelial cell lineage, showed that epithelial alignment is collapsed and the trophoblast invades the stroma at
implantation sites in Rb1f/f mice, while epithelial alignment is persistent and trophoblast invasion into the stroma is compromised in Rb1d/d mice. Scale
bar = 200 lm; arrowhead, an embryo.

B Transmission electron microscopic analyses (TEM) showed that the uterine epithelium surrounding the embryo disappears and the trophoblast contacts directly with
the stroma at 20:00 h on day 5 in Rb1f/f mice, while the uterine epithelium is persistent and the embryo does not attach to the stroma in Rb1d/d mice. Scale
bar = 10 µm; red dotted line, stroma; green dotted line, luminal epithelium; blue dotted line, trophoblast.

C TEM showed that fragmented luminal epithelial cells with cytoplasmic lipid droplets are engulfed by the trophoblast in the control mice (Rb1f/f mice). Scale
bar = 2 µm. Arrowhead, cytoplasmic fragments engulfed by trophoblast; yellow dotted line circle, cytoplasmic lipid droplets in the luminal epithelium; red dotted
line, stroma; green dotted line, luminal epithelium; blue dotted line, trophoblast.

D TEM showed that the microvilli, markers of uterine receptivity, were observed at the surface of intact luminal epithelium on day 4 of pregnancy and epithelial cells
with cytoplasmic lipid droplets were observed at 20:00 h on day 5 of pregnancy in the control mice (Rb1f/f mice). Scale bar = 2 µm; red dotted line, stroma; green
dotted line, luminal epithelium; blue dotted line, trophoblast.

E Immunofluorescence of MFG-E8, a marker of programmed cell death, showed that MFG-E8 is not expressed at the implantation sites of Rb1f/f mice at 09:00 h on day
5 and Rb1d/d mice at 09:00 h and 20:00 h on day 5, but is expressed at the implantation sites of Rb1f/f mice at 20:00 h on day 5. Scale bar = 100 lm; blue signal,
nuclei stained by DAPI; yellow signal, MFG-E8; arrowhead, embryo.

Data information: le, luminal epithelium; s, stroma; tr, trophoblast; n, nucleus.
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CCA-induced necroptosis is a common phenomenon in the cells

whose growth is ovarian hormone-dependent. These findings indi-

cate that Rb1-induced CCA of uterine epithelial cells contributes to

TNFa-primed necroptosis by the upregulation of TNFR2. We believe

that this is a novel physiological machinery of luminal epithelium

elimination during embryo invasion.

Pre-implantation P4 rescues necroptosis of the luminal
epithelium at the implantation site in Rb1d/d mice

We examined whether P4 supplementation recovers epithelial

necroptosis in Rb1d/d mice. Pre-implantation administration of P4
recovered the fragmented cytoplasm with lipid droplets in the lumi-

nal epithelium and trophoblast engulfment (Fig 7A) and normalized

the expression of MFG-E8 and pRIP3 in the luminal epithelium of

Rb1d/d mice (Fig 7B and C). These findings suggest that P4 rescues

epithelial CCA and necroptosis, trophoblast engulfment, and subse-

quent embryo invasion in Rb1d/d mice.

Rb1 deletion in the luminal epithelium skews cell
cycle-related genes

To examine the influence of Rb1 and P4 on transcriptome in the

luminal epithelium, we performed RNA-seq using day 4 luminal

epithelium dissected out from Rb1f/f mice and Rb1d/d mice with and

without P4 supplementation by laser capture microdissection

(LCM). We found 2,185 differentially expressed genes (DEGs) which

showed log2-fold changes ≥ 1 in at least one group compared with

others (Fig EV5A). Among 10 unique clusters defined by K-means

clustering, we focused on the gene cluster 6 in which the transcripts

are poorly expressed especially in Rb1d/d mice without P4 supple-

mentation compared with other groups. To examine the feature of

the cluster 6, we examined the profile of the genes which belong to

this cluster using publicly available database of RNA-seq and ChIP-

seq regarding transcriptional factors (TFs). We found that DEGs in

this cluster are poorly correlated with PGR but highly correlated

with cell cycle-related TFs such as serum response factor (SRF) and

E2F8 (Fig EV5B). In addition, gene ontology (GO) analyses also

revealed that the cluster 6 is related to epithelial differentiation and

inhibition of cell proliferation (Fig EV5C). These results indicate

that P4 administration to Rb1d/d mice rescues embryo invasion fail-

ure by specifically influencing the cell proliferation pathway of the

luminal epithelium. Among cell cycle-associated genes, mRNAs of

cyclin-dependent kinase inhibitors Cdkn1a and Cdkn2c were down-

regulated by Rb1 deletion and upregulated by P4 treatment, suggest-

ing that CCA in the luminal epithelium is regulated by Cdkn1a and

Cdkn2c (Fig EV5D). Consistent with RNA-seq results, CDKN2c

protein was expressed less in Rb1d/d mice compared with Rb1f/f

mice, and exogenous P4 increased CDKN2c expression in Rb1d/d

mice (Fig EV5E). Cyclin-dependent kinase inhibitors Cdkn1a and

Cdkn2c might work together in epithelial necroptosis.

Stromal Rb1 controls epithelial proliferation and embryo
invasion in cooperation with epithelial Rb1

We found that RB is localized in the epithelium and stroma on day

4. These findings indicate the roles of Rb1 not only in the epithelium

but in the stroma during the peri-implantation period. To clarify the

▸Figure 4. Pre-implantation progesterone (P4) supplementation is sufficient to normalize epithelial CCA and embryo invasion in Rb1d/d mice.

A Serum estradiol-17b (E2) levels on days 4 and 6 of pregnancy were comparable between Rb1f/f and Rb1d/d mice (mean � SEM, Student’s t-test; n = 4 mice for each
group).

B Serum P4 levels on days 4 and 6 of pregnancy were comparable between Rb1f/f and Rb1d/d mice. In Rb1d/d mice, pre-implantation P4 treatment on days 2 and 3
increased serum P4 levels on day 4 but did not affect those on day 6 (mean � SEM, Student’s t-test; n = 4 mice for each group).

C Protocol of pre-implantation P4 supplementation for the recovery of epithelial CCA in Rb1d/d mice. Rb1d/d mice underwent subcutaneous injection of P4
(2 mg/day/mouse) on days 2 and 3, and sacrificed on day 4.

D Persistent Ki67 expression in the epithelium of Rb1d/d mice on day 4 was recovered by pre-implantation P4 treatment on days 2 and 3. Scale bar = 100 lm; le,
luminal epithelium; s, stroma.

E Ratio of Ki67-positive epithelial cells in Rb1d/d mice was completely suppressed by pre-implantation P4 supplementation on days 2 and 3. The same data of Rb1f/f and
Rb1d/d mice without P4 treatment in Fig 2D were used (mean � SEM, Student’s t-test; n = 5 different mice for each group). Three different high-powered fields per
mouse were analyzed, and each of the Ki67-positive ratios was demonstrated.

F Protocol of P4 treatment for the recovery of embryo invasion and subfertility in Rb1d/d mice. P4 (2 mg/day/mouse) was injected to Rb1d/d mice on days 2–7 in Group 1,
on days 2 and 3 in Group 2, and on days 5–7 in Group 3.

G Resorption rate was reduced on day 8 in Groups 1 (n = 41 different implantation sites) and 2 (n = 30 different implantation sites), but not in Group 3 (n = 40
different implantation sites). The same data of Rb1f/f and Rb1d/d mice without P4 treatment in Fig 2I were used. H&E staining was performed using all sections that
show the implantation sites, and resorption rate was evaluated. *P < 0.05 vs. Rb1f/f mice; **P < 0.05 vs. Rb1d/d mice; Fisher’s exact test.

H Number of pups delivered by Rb1d/d dams was normalized by pre-implantation P4 treatment on days 2 and 3 (Group 2) (mean � SEM, Student’s t-test). The same
data of Rb1f/f and Rb1d/d dams without P4 treatment in Fig 1E were used. The numbers of pups in 20 Rb1f/f and 37 Rb1d/d dams without P4 treatment and 7 Rb1d/d

dams with P4 treatment were evaluated.

◀

▸Figure 5. Necroptosis of luminal epithelium at the implantation sites is observed in Rb1d/d mice.

A pRIP3, a central mediator of necroptosis, was not expressed at the implantation sites of Rb1d/d mice but was expressed at those of Rb1f/f mice at 15:00 h on day 5.
Scale bar = 100 lm; blue signal, nuclei stained by DAPI; purple signal, pRIP3; le, luminal epithelium; s, stroma; arrowhead, embryo; green dotted line, luminal
epithelium; red dotted line, stroma.

B TNFa stimulated the expression of pMLKL, a critical mediator of necroptosis, in the primary mouse uterine epithelial cells. Scale bar = 50 lm; blue signal, nuclei
stained by DAPI; red signal, pMLKL.

C Uterine expression of TNFa was elevated in the control mice (Rb1f/f mice) on days 5 and 6 compared with on day 4 (mean � SEM, Student’s t-test; n = 3 mice for
each group). As for the uterine samples on days 5 and 6, those with implantation sites were examined.

D The implanting embryo and the uterus produced TNFa at the implantation site of both Rb1f/f and Rb1d/d mice. Immunostaining of TNFa at the implantation sites of
Rb1f/f and Rb1d/d mice were performed. Scale bar = 100 lm; arrowhead, embryo.
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role of epithelial Rb1 in embryo implantation, we generated epithe-

lial Rb1-deleted mice (Rb1 eKO) by crossing Rb1-loxP mice with Ltf-

Cre mice. Cre-negative homozygous littermate female mice for the

conditional alleles were used as controls (Rb1 eControl). Although

RB was efficiently deleted in the uterine epithelium of Rb1 eKO mice

(Fig 8A), Rb1 eKO female mice showed normal fertility (Fig 8B).

Notably, epithelial CCA on day 4 was normal in Rb1 eKO mice

(Fig 8C), suggesting that stromal Rb1 controls epithelial cell prolifer-

ation and embryo invasion in cooperation with epithelial Rb1 during

embryo implantation.

Appropriate CCA of the luminal epithelium is associated with
embryo implantation outcome in patients undergoing
infertility treatment

We investigated cell cycle status at the time of implantation in

human endometria obtained from patients undergoing IVF-ET treat-

ment to evaluate the correlation between the extent of epithelial

CCA and the clinical outcome of embryo transfer following endome-

trial biopsy. The ratio of Ki67-positive staining was low in the group

of patients with successful clinical pregnancy compared with that of

patients without pregnancy (Fig 9A and B), suggesting that CCA in

the uterine luminal epithelium is involved in human embryo

implantation.

Discussion

In the present study, we found that uterine deficiency of Rb1 results

in persistent cell cycle progression of the luminal epithelium until

embryo attachment, failure in the disappearance of luminal epithe-

lial cells during embryo invasion, defects in the presentation of PS

on the outer membrane of luminal epithelial cells, and loss of lumi-

nal epithelium necroptosis with trophoblast phagocytosis, suggest-

ing that CCA of the uterine luminal epithelium stimulates

necroptosis during embryo invasion. Importantly, we also found

that thymidine- and P4-induced CCA recovers TNFa-primed

necroptosis through the induction of TNFR2 in Rb1-deficient epithe-

lial cells. Pre-implantation P4 administration normalizes the cell

cycle status of the luminal epithelium at the time of embryo attach-

ment, induces epithelial necroptosis with trophoblast phagocytosis

during embryo invasion, and finally rescues embryo invasion in

uterine Rb1 null mice. These findings indicate that proper CCA and

necroptosis in uterine luminal epithelium are precisely regulated by

Rb1 and P4 during implantation, which results in successful embryo

invasion (Fig 9C). In addition, epithelial CCA at the time of attach-

ment is associated with successful implantation in humans.

Necroptosis, a relatively new concept of non-apoptotic

programmed cell death, is augmented by TNFa which activates the

RIP1-RIP3-MLKL axis by phosphorylation (Guo et al, 2009), and

phosphorylated MLKL (pMLKL) drills the cellular membrane like

necrosis (Zhu et al, 2016). The initial disappearance of the luminal

epithelium barrier surrounding the blastocyst occurs at the lateral

sides of the implantation chamber. Our previous study has revealed

that apoptosis of the luminal epithelium is not a key mechanism for

the initial step of the luminal epithelium disappearance around the

embryo (Matsumoto et al, 2018). A recent study demonstrated that

entosis, a non-apoptotic form of cell death with cell-in-cell forma-

tion (Overholtzer et al, 2007), is involved in this process in which a

live trophoblast cell engulfs and kills an entire live luminal epithelial

cell to remove the luminal epithelium barrier (Li et al, 2015). The

present study revealed that at the lateral sides of the implantation

chamber, PS is exposed at the outer membranes of luminal epithe-

lium, pRIP3 is expressed in the cytoplasm of luminal epithelium,

and dying epithelial cells are engulfed by the neighboring tropho-

blast cells. It has been reported that PS exposure is observed in not

only apoptotic but non-apoptotic cell death including necroptosis

and entosis, and pRIP3 is a specific marker of necroptosis, and

phagocytes engulf live cells in the process of entosis and dying cells

in the processes of apoptosis and necroptosis (Segawa et al, 2018;

Shlomovitz et al, 2019; Tang et al, 2019). Our findings indicate that

necroptosis is involved in luminal epithelium elimination at the

lateral sides of the implantation chamber during the initial disap-

pearance of luminal epithelium, which is a similar physiological

◀ Figure 6. CCA of uterine epithelial cells contributes to susceptibility to TNFa and TNFa-primed necroptosis through TNF receptor type 2.

A, B In vitro analyses using primary mouse uterine epithelial cells demonstrated that TNFa induces the expression of annexin V, a marker of PS presentation at the
outer membrane of Rb1f/f epithelial cells but does not in Rb1d/d ones, and P4 restores TNFa-primed annexin V expression in Rb1d/d uterine epithelial cells
(mean � SEM, Student’s t-test). Using three lines of primary mouse epithelial cells obtained from both Rb1f/f and Rb1d/d mice, the in vivo experiments were
performed three times. Each of the annexin V-positive ratios was demonstrated. Scale bar = 100 lm; green signal, annexin V.

C, D Annexin V assay using primary mouse uterine epithelial cells showed that TNFa administration increases the expression of annexin V in growth-arrested mouse
epithelial cells with thymidine treatment, but does not in the control cells (mean � SEM, Student’s t-test). Using three lines of primary mouse epithelial cells
obtained from both Rb1f/f and Rb1d/d mice, the in vivo experiments were performed three times. Each of the annexin V-positive ratios was demonstrated. Scale
bar = 100 lm; green signal, annexin V.

E The expression of TNF receptor type 2 (TNFR2) was upregulated in growth-arrested epithelial cells with thymidine and P4 supplementation (mean � SEM,
Student’s t-test). Using three lines of primary mouse epithelial cells obtained from both Rb1f/f and Rb1d/d groups, qPCR was performed in duplicate.

◀ Figure 7. Pre-implantation P4 administration recovers epithelial necroptosis and trophoblast phagocytosis at the implantation site in Rb1d/d mice.

A In Rb1d/d mice with pre-implantation P4 treatment, the fragmented uterine epithelial cells with the cytoplasmic lipid droplets were engulfed by the trophoblast cells.
Scale bar = 2 µm. Arrowhead, cytoplasmic fragments engulfed by trophoblast; dotted line circle, lipid droplets in the cytoplasm; tr, trophoblast; le, luminal
epithelium; s, stroma; red dotted line, stroma; green dotted line, luminal epithelium; blue dotted line, trophoblast.

B Pre-implantation P4 treatment rescued the expression of MFG-E8 on day 5 of pregnancy in Rb1d/d uteri. Scale bar = 100 lm. Blue signal, nuclei stained by DAPI;
yellow signal, MFG-E8; le, luminal epithelium; s, stroma; arrowhead, embryo.

C Pre-implantation P4 treatment recovered the expression of pRIP3, a mediator of necroptosis, on day 5 of pregnancy in Rb1d/d uteri. Scale bar = 100 lm; blue signal,
nuclei stained by DAPI; purple signal, pRIP3; le, luminal epithelium; s, stroma; arrowhead, embryo.
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phenomenon to synaptic pruning (Chechik et al, 1999). Given that

epithelial entosis occurs at the lateral sides of the implantation

chamber where epithelial necroptosis takes place, at least it is

certain that non-apoptotic cell death mechanisms including necrop-

tosis and entosis play major roles in the initial step of luminal

epithelium barrier removal during embryo invasion. In the following

step, apoptosis occurs in the luminal epithelium at the anti-mesome-

trial side (Joswig et al, 2003; Li et al, 2015). Apoptotic and non-

apoptotic cell death mechanisms regulate the luminal epithelium

disappearance in the spaciotemporal manners.

Uterine stromal–epithelial communication contributes to success-

ful embryo implantation. The basic helix–loop–helix transcription

factor Hand2 in the uterine stroma suppresses the production of

fibroblast growth factors that act as paracrine inducers of estrogen-

dependent epithelial proliferation in the peri-implantation period (Li

et al, 2011), suggesting that stromal Hand2 is in charge of P4-depen-

dent communication from stroma to epithelium. Previous studies

reported by us and others suggested that uterine stroma regulates

embryo invasion through detachment of the luminal epithelium

(Schlafke & Enders, 1975; Matsumoto et al, 2018). Our recent study

demonstrated that stromal HIF2a, a major transcriptional factor

inducible by low oxygen tension, contributes to trophoblast inva-

sion by inducing the expression of MT2-MMP, lysyl oxidase, VEGF,

and adrenomedullin, provoking the luminal epithelium detachment

from the stroma, and activating the embryonic PI3K-AKT pathway

(Matsumoto et al, 2018). The present study showed that stromal

Rb1 works in cooperation with epithelial Rb1 to regulate epithelial

CCA and embryo invasion. These findings reinforce the critical stro-

mal functions for embryo invasion. GO analysis demonstrated that

the gene cluster in which the transcripts were downregulated in the

luminal epithelium of Rb1d/d mice without P4 treatment compared

with other groups was not related to inflammation but to epithelial

differentiation and inhibition of cell proliferation (Fig EV5C),

suggesting the pathological processes other than inflammation in

the luminal epithelium may cause embryo invasion failure in Rb1d/d

mice.

Dying cells exude PS at their outer membranes to enable detec-

tion by phagocytic cells, which is called an “eat-me signal”

(Hanayama et al, 2002). MFG-E8 secreted by phagocytic cells binds

PS at the outer membrane and is therefore used for a marker of

eat-me signals (Hanayama et al, 2002). In addition, eat-me signals

are activated in not only apoptosis but necroptosis which TNFa
promotes (Guo et al, 2009; Ehrhardt et al, 2013; Zargarian et al,

2017). This study revealed that the implanting embryo and uterus at

the implantation site produce TNFa which promotes the presenta-

tion of PS at the outer membrane in the luminal epithelium, and

MFG-E8 is present at the outer membrane of the luminal epithelium.

This indicates that TNFa produced at the implantation site stimu-

lates necroptosis of the luminal epithelial cells, and MFG-E8 facili-

tates the trophoblast seeking out dying luminal epithelial cells and

finally engulfing the cytoplasmic fragments of luminal epithelial

cells at the embryo–uterine interface. Therefore, we believe that

TNFa and MFG-E8 are involved in epithelial necroptosis, and these

molecular and cellular interactions between the luminal epithelium

and trophoblast are critical for embryo invasion.

Ki67 is not expressed in the nucleus during the G0 stage when

the cell cycle is arrested (Schwarting et al, 1986). We found that

Ki67-positive cells of the luminal epithelium decrease in the

process of normal implantation on day 4, and the proliferating

epithelial cells remain persistent in Rb1 null mice with failed

epithelial necroptosis and embryo invasion. Cells with CCA are

susceptible to TNFa, which promotes cell death (Ehrhardt et al,

2013; Zargarian et al, 2017). The current study revealed that

TNFa is abundantly produced at the implantation site and CCA

inducers thymidine and P4 rescue TNFa-primed necroptosis in

Rb1-deficient growth-arrested uterine epithelial cells through the

upregulation of TNFR2. These findings indicate that the luminal

epithelium with Rb1- and P4-induced CCA is susceptible to

implantation site-derived TNFa, which induces epithelial necrop-

tosis and embryo invasion.

Influence of P4 during pregnancy remains elusive, and it is

unclear how P4 supports successful embryo implantation. P4 inhibits

estrogen-induced cell cycle progression of endometrial epithelial

cells, which is a fundamental role of P4 to prevent endometrial

cancer as well as an infertility treatment for the luteal phase of

hormonal support. Our study revealed novel mechanisms in which

RB and P4 regulate endometrial epithelial CCA and necroptosis

precisely and lead to successful embryo invasion. This study may

improve understanding of both molecular and cellular aspects of

embryo implantation in humans.

▸Figure 8. Stromal Rb1 controls epithelial proliferation and embryo invasion in cooperation with epithelial Rb1.

A RB was efficiently deleted in the uterine epithelium of uterine epithelium-specific conditional knockout mice (Rb1 eKO mice). Scale bar = 100 lm. Rb1 eKO mice,
Rb1loxP/loxPLtfCre/+ mice; Rb1 eControl mice (littermate controls of Rb1 eKO mice), Rb1loxP/loxP mice; le, luminal epithelium; s, stroma.

B Number of new-born pups was comparable between Rb1 eKO and eControl dams (mean � SEM, Student’s t-test; n = 10 different dams for each group).
C The expression patterns of Ki67 on day 4 in uterine epithelium were comparable between Rb1 eKO and Rb1 eControl mice. Scale bar = 100 lm; le, luminal

epithelium; s, stroma.

◀

▸Figure 9. CCA of uterine luminal epithelial cells is a hallmark of embryo implantation in mice and humans.

A Representative pictures of Ki67 staining in the human endometria obtained from women at the time of embryo implantation. Samples were divided into two groups
according to the outcome of clinical pregnancy following endometrial biopsy. Scale bar = 100 lm; le, luminal epithelium; s, stroma.

B Ratio of Ki67-positive cells in the human uterine luminal epithelium during the implantation period was lower in the group with pregnancy than the group without
pregnancy (mean � SEM, Student’s t-test; n = 10 different individuals for each group). Three different high-powered fields per sample were analyzed and each of the
Ki67-positive ratios was demonstrated.

C Potential processes that contribute to embryo invasion through uterine RB-induced CCA and necroptosis of luminal epithelial cells.
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Materials and Methods

Mice

WT mice (C57BL/6J, SLC, Hamamatsu, Japan), Pgr-Cre mice (Soyal

et al, 2005), Ltf-Cre mice (Daikoku et al, 2014), and Rb1-floxed mice

(Marino et al, 2000) were used in this study. Ltf and Pgr are

expressed in the luminal epithelium and all the layers of uterus,

respectively. In Ltf-Cre female mice, Cre recombinase is specifically

expressed in the uterine epithelium (Daikoku et al, 2014). In the

previous study, the floxed gene was specifically deleted in the uter-

ine epithelium of the pregnant mouse model using Ltf-Cre female

mice (Matsumoto et al, 2018). In Pgr-Cre female mice, Cre recombi-

nase is expressed not only in the uterus but in the ovary (Soyal

et al, 2005). Although Pgr-Cre mouse line can be used for deletion

of the floxed gene in the entire uterus (Matsumoto et al, 2018), the

events regulated by ovarian functions such as ovulation and fertil-

ization need to be evaluated in the pregnant mouse models using

Pgr-Cre females (Haraguchi et al, 2019). Mice with deletion of Rb1 in

the whole uterus (Rb1d/d mice) were generated by crossing Pgr-Cre

with Rb1-floxed mice. Mice with deletion of Rb1 in the uterine

epithelium (Rb1 eKO mice) were generated by crossing Rb1-floxed

mice with Ltf-Cre mice. Cre-negative homozygous littermates for the

conditional alleles were used as controls. All mice used in this

investigation were housed in the University of Tokyo Animal Care

Facility according to the institutional guidelines for the use of labo-

ratory animals. The experimental procedures were approved by the

institutional animal experiment committee.

Analysis of pregnancy events

For the evaluation of pregnancy phenotypes, female mice of each

line (2-to 5-month-old) were mated with fertile males, and day 1 of

pregnancy was defined as the day when we recognized a vaginal

plug. Ovulation, fertilization, pre-implantation embryo develop-

ment, and implantation were assessed as described (Hirota et al,

2010; Matsumoto et al, 2018). Daily subcutaneous injections of P4
(2 mg/mouse/day) to Rb1d/d mice were performed from day 2 of

pregnancy or from day 5 of pregnancy. Daily P4 injection at the dose

of 2 mg/day/mouse was used for the induction of embryo implanta-

tion in delayed implantation mouse model (Yoshinaga & Adams,

1966; Huet & Dey, 1987; Ma et al, 2003). In our previous study, we

confirmed that daily administration of P4 at the dose of

2 mg/day/mouse from day 2 is not harmful for embryo implanta-

tion in WT mice (Matsuo et al, 2020).

Human tissues

Endometrial tissues were obtained from infertile patients planning

to undergo IVF-ET treatment. As the limitation of the experiments

using human subjects, it is practically impossible to perform human

endometrial biopsy in the implantation period of the embryo trans-

fer cycle. Since the endometrial genes related to uterine receptivity

are expressed in a reproducible fashion among the cycles (Diaz-

Gimeno et al, 2013), we consider that the uterine receptivity-associ-

ated uterine cell proliferation status in the cycle prior to the embryo

transfer cycle corresponds to that in embryo transfer cycle. Thus,

we substituted the endometria in the cycle prior to embryo transfer

instead. Endometrial biopsy was performed at the 7th day of P4 treat-

ment in an artificial cycle which is considered as the implantation

period in humans. To minimize the differences of hormonal condi-

tions among the individual patients, the same protocol of artificial

hormonal treatment in the cycle of endometrial biopsy was used for

all the patients. The patients underwent embryo transfer in the

following artificial cycles after endometrial biopsy. We investigated

the relationship between the peri-implantation uterine cell prolifera-

tion status and the pregnancy outcome. The samples were divided

into two groups according to the outcome of clinical pregnancy

following endometrial biopsy. Endometrial samples were evaluated

by immunostaining of Ki67. Experimental procedures were

approved by the institutional review board of the University of

Tokyo (IRB number: 10991), and signed informed consent for the

use of tissues was obtained from each patient. The experiments

were performed according to the principles in the WMA Declaration

of Helsinki and the Department of Health and Human Services

Belmont Report.

H&E staining, immunostaining, and fluorescence assay

H&E staining, immunohistochemistry, and fluorescence assay using

frozen sections (12 lm), or formalin-fixed paraffin-embedded sections

(6 lm), were performed as described previously (Matsumoto et al,

2018). Antibodies to Ki67 (SP6, Thermo Fisher Scientific, Cheshire,

UK 1:400), and pSTAT3 (EP2147Y, Abcam, Cambridge, UK 1:300),

COX2 (AA570-598, Cayman, Ann Arbor, MI, USA 1:200), CK8

(AB531826, DSHB, Iowa City, IA, USA 1:100), RB (ab181616, Abcam,

1:200), pRB (8516, Cell Signaling Technology, Beverly, MA, USA,

1:200), TNFa (BS1857, Bioworld Technology, Nanjing, China 1:500),

ERa (ab80922, Abcam, 1:400), PGR (ab63605, Abcam, 1:200), and

FOXO1 (2880S, Cell Signaling Technology, 1:200) were used.

Measurement of serum P4 and E2 levels

Blood samples from mice were collected on the indicated days of

pregnancy. Serum P4 and E2 levels were measured as described

previously (Matsumoto et al, 2018). Serum P4 levels were measured

by Progesterone EIA kit (582601, Cayman), and E2 levels were

measured by Estradiol ELISA kit (ES180S-100, CalBiotech, Spring

Valley, CA, USA).

Transmission Electron Microscopy (TEM)

TEM was performed as described previously (Matsumoto et al,

2018).

Culture of primary mouse uterine epithelial cells

Mouse uterine epithelial cells are obtained from Rb1f/f and Rb1d/d

mice on day 4 of pregnancy. Briefly, uterine tissues were incubated

with pancreatin (Sigma-Aldrich, St. Louis, MO, USA) and dispase

(Fuji Film Wako Pure Chemicals, Osaka, Japan) in HBSS at 4°C for

30 min, at room temperature for 30 min and then, at 37°C for 4 min.

The tissue debris was removed by centrifugation, and the super-

natant was passed through 70 lm cell strainer, and the epithelial

cells were collected on the mesh of the cell strainer. The cells were

seeded in collagen I-coated plate and cultured in MEM with 10%
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charcoal-stripped FBS for 2 days. Cultured epithelial cells were pre-

incubated in the media with or without 10�7 M of P4 for 1 h and then

incubated in those with or without 60 ng/ml of mouse recombinant

TNFa (Sigma-Aldrich) for 4 h at 37°C. To induce CCA in the primary

mouse uterine epithelial cells, the method of double thymidine block

was used (Chen & Deng, 2018). Briefly, the cells were seeded in plas-

tic plate and cultured in MEM with 5% charcoal-stripped FBS. As the

first round of thymidine block, the cultured cells were incubated in

the media with or without 2 mM thymidine (Sigma-Aldrich) for 18 h

and incubated in the fresh media for 9 h. As the second round of

thymidine block, the cells were incubated again in the media with or

without 2 mM thymidine (Sigma-Aldrich) for 18 h. Then, the cells

were incubated in those with or without 60 ng/ml of mouse recom-

binant TNFa (Sigma-Aldrich) for at 37°C.

Culture of human epithelial cell line

HEC151, an endometrial epithelial cell line, was used. To induce

CCA in HEC151 cells, the protocol described in the methods of

culture of primary mouse uterine epithelial cells was employed.

Fluorescence assay using the cultured cells

The fluorescence assay using the cultured uterine epithelial cells

was performed as described previously (Hirota et al, 2003). The

antibodies to pMLKL (37333, Cell Signaling Technology, 1:400),

MFG-E8 (D161-3, MBL, Nagoya, Japan 1:500), and pRIP3

(ab195117, Abcam, 1:200) were used.

Cell cycle analysis and annexin V assay

As for cell cycle analysis, the cells were stained with propidium iodine

(Abcam), and cell fractions were quantified by flow cytometry (FACS

Calibur, BD Bioscience, Bedford, MA, USA). Presentation of PS at the

outer membrane of the cells was investigated using Annexin V assay

kit (MBL) with flow cytometry (FACS Calibur). To evaluate annexin V-

positive cells, we counted the numbers of cells on 3 randomly selected

sections manually by microscopic images at × 40 magnification.

Laser capture microdissection (LCM)

LCM was performed as described previously (Haraguchi et al, 2014;

Matsumoto et al, 2018). The uterine epithelium of each section was

microdissected with an LMD7000 system (Leica Microsystems).

RNA-seq

RNA extracted from LCM samples was processed by SMART-seq v4

Ultra Low Input RNA Kit (Takara Bio USA, Mountain View, CA,

USA) and was subjected to RNA-seq using BGI RNA-Seq service

(BGI, Hong Kong, China; www.bgi.com) according to the standard

protocol. The reads per kilobase of exon per million mapped

sequence reads (RPKMs) were counted by FeatureCounts function

in Subread (version 2.0.0) (Liao et al, 2013). Genes with log2 fold

change (FC) > |1| were defined as differentially expressed genes

(DEGs). Heatmaps of DEGs were created by Morpheus (https://

software.broadinstitute.org/morpheus/). K-means clustering and

visualizations of data were performed by trinityrnaseq (version

2.0.6) (Haas et al, 2013). Genes in each cluster were then proceeded

to comparison analysis and gene ontology (GO) analysis in Enrichr

(https://amp.pharm.mssm.edu/Enrichr/).

RT–qPCR

RT–qPCR was performed as described previously. Total RNA extrac-

tion from frozen whole tissues was performed as described previ-

ously (Matsumoto et al, 2018). A housekeeping gene (Actb) was

used as an internal standard for normalizing the relative mRNA

expression. Sequences of qPCR primers are listed in Table EV1.

Statistical analysis

Statistical analyses were performed using Fisher’s exact test and a

two-tailed Student t-test.

Data availability

The RNA-seq data from this study have been deposited to the

Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/

Traces/study1/?acc=PRJNA658848&o=acc_s%3Aa) and assigned

the identifiers (SRA: SRP278560, BioProject: PRJNA658848).

Expanded View for this article is available online.
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