J c I The Journal of Clinical Investigation

Polycomb subunit BMI1 determines uterine progesterone
responsiveness essential for normal embryo implantation

Qiliang Xin, Shuangbo Kong, Junhao Yan, Jingtao Qiu, Bo He, Chan Zhou, Zhangli Ni, Haili Bao, Lin Huang, Jinhua Lu, Guoliang Xia, Xicheng Liu, Zi-Jiang Chen, Chao Wang,
Haibin Wang

J Clin Invest. 2018;128(1):175-189. https://doi.org/10.1172/JC192862.

GEEEENCLWN (-l Reproductive biology

Natural and synthetic progestogens have been commonly used to prevent recurrent pregnancy loss in women with inadequate
progesterone secretion or reduced progesterone sensitivity. However, the clinical efficacy of progesterone and its analogs for maintaining
pregnancy is variable. Additionally, the underlying cause of impaired endometrial progesterone responsiveness during early pregnancy
remains unknown. Here, we demonstrated that uterine-selective depletion of BMI1, a key component of the polycomb repressive complex-
1 (PRC1), hampers uterine progesterone responsiveness and derails normal uterine receptivity, resulting in implantation failure in mice. We
further uncovered genetic and biochemical evidence that BMI1 interacts with the progesterone receptor (PR) and the E3 ligase E6AP in a
polycomb complex—independent manner and regulates the PR ubiquitination that is essential for normal progesterone responsiveness. A
close association of aberrantly low endometrial BMI1 expression with restrained PR responsiveness in women who had previously had a
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Introduction

The implantation of the blastocyst into the maternal uterus is a
crucial step in mammalian reproduction (1). Even in natural con-
ception, the maximum chance of successful pregnancy occurring
in a given menstrual cycle is limited to about 30% in humans (2)
and only 50%-60% of all conceptions advance beyond 20 weeks
of gestation (3). Among the pregnancies that are lost, implanta-
tion defects contribute to approximately 75% of these pregnancy
failures (4). Blastocysts implant only when the uterus achieves a
short window of receptivity (1, 5). These early pregnancy events
are synchronized with the proliferation and differentiation of
specific uterine cell types, primarily under the direction of ovar-
ian estrogen and progesterone (P4). In mice, P4 priming of the
uterus is obligatory for estrogen to trigger the uterus to enter into
the receptive status conducive to blastocyst implantation (5).
Previous molecular and genetic evidence indicates that ovarian
steroid hormones via their respective nuclear receptors together
with locally produced signaling molecules govern the compli-
cated embryo-uterine crosstalk at periimplantation (1). Howev-
er, the pathophysiological significance of epigenetic regulatory
machinery such as histone modification during early pregnancy

Authorship note: Q. Xin, S. Kong, and J. Yan contributed equally to this work.
Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: January 17, 2017; Accepted: October 17, 2017.

Reference information: J Clin Invest. 2018;128(1):175-189.
https://doi.org/10.1172/)C192862.

Natural and synthetic progestogens have been commonly used to prevent recurrent pregnancy loss in women with inadequate
progesterone secretion or reduced progesterone sensitivity. However, the clinical efficacy of progesterone and its analogs for
maintaining pregnancy is variable. Additionally, the underlying cause of impaired endometrial progesterone responsiveness
during early pregnancy remains unknown. Here, we demonstrated that uterine-selective depletion of BMI1, a key component
of the polycomb repressive complex-1 (PRC1), hampers uterine progesterone responsiveness and derails normal uterine
receptivity, resulting in implantation failure in mice. We further uncovered genetic and biochemical evidence that BMI1
interacts with the progesterone receptor (PR) and the E3 ligase EGAP in a polycomb complex-independent manner and
regulates the PR ubiquitination that is essential for normal progesterone responsiveness. A close association of aberrantly
low endometrial BMI1 expression with restrained PR responsiveness in women who had previously had a miscarriage
indicated that the role of BMI1in endometrial PR function is conserved in mice and in humans. In addition to uncovering

a potential regulatory mechanism of BMI1 that ensures normal endometrial progesterone responsiveness during early
pregnancy, our findings have the potential to help clarify the underlying causes of spontaneous pregnancy loss in women.

has remained largely unexplored. Since the polycomb repressive
complex-1-mediated (PRC1-mediated) histone H2A modification
(6-8) can spatiotemporally silence the expression of homeotic
transcription factors such as homeobox A10 (HOXA10) and
HOXA11 (8), and given that these homeobox genes are crucial
for uterine receptivity and embryo implantation in both mice and
women (9, 10), it was conceivable that PRC1 could be a potentially
important player during embryo implantation.

The mammalian PRC1 consists of several polycomb-group
proteins, including 3 RING domain-containing proteins termed
RINGIA, RING1B, and mouse B cell-specific Mo-MLV integration
site 1 (BMI1), and contains an intrinsic E3 ubiquitin ligase activity
that mediates monoubiquitination of histone H2A at lysine 119,
thereby resulting in PRCI-mediated gene silencing (6-8, 11). Bio-
chemical analysis of these 3 RING domain-containing proteins indi-
cates that RING1A/B is the catalytic subunit and the E3 ligase activ-
ity is formed and enhanced only when BMI1 binds to the catalytic
subunit RING1A/B (7). A recent study employing pharmacological
approaches demonstrated that inhibition of PRC1 activity hampers
uterine decidual development in mice (12), further suggesting that
PRC1-mediated histone modification is essential for early preg-
nancy success. However, it remained largely unknown how PRC1-
mediated histone modification dynamically regulates the on and
off of the timing of expression of key implantation-relevant genes .

As akey component of PRC1, BMI1 was originally identified as
a collaborating oncogene in the induction of lymphoma (13), and
had been shown to promote tumorigenesis in numerous malig-
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nancies (14, 15) and stem cell self-renewal (16, 17). Owing to the
characteristic similarity of extensive cellular proliferation and
differentiation between tumorigenesis and embryo implantation,
BMI1 would most likely be involved in regulating uterine function
at periimplantation.

In the present investigation, combining multiple approaches,
we showed herein that uterine-selective depletion of BMI1 ham-
pers uterine P4 responsiveness and thus derails normal uterine
receptivity, resulting in embryo implantation failure. Mechanisti-
cally, we demonstrated that BMII interacts with the P4 receptor
(PR) and the E3 ligase E6-associated protein (E6AP) in a poly-
comb complex-independent manner, regulating PR ubiquitina-
tion essential for normal P4 responsiveness. Moreover, this essen-
tiality of BMI1 for endometrial PR function is conserved from
mouse to human, since we observed an association of aberrant
BMII expression and low PR responsiveness in the endometrium
of women who had experienced miscarriage.

Results

Uterine-selective depletion of Bmil results in embryo implantation
failure. To address the pathophysiological significance of BMI1
during early pregnancy, we first analyzed the Bmil expression
pattern in the periimplantation mouse uterus by in situ hybrid-
ization. As illustrated in Figure 1A, while Bmil was mainly
expressed in the luminal epithelial cells on day 1 of pregnancy,
its expression expanded to the uterine luminal and glandular
epithelial cells and stromal cells on day 4 when the uteri enter
into the receptive status. With the onset of implantation on day 5,
Bmil was detected in both epithelial and stromal cells surround-
ing the implanting blastocyst, and became more visible in the
decidualizing cells on days 6-8 (Figure 1A). This dynamic uterine
expression pattern of BMI1 motivated us to study its potential
roles in the periimplantation events.

Bmil"/? (Bmil"") mice were crossed with PR-Cre (PR%%*)
transgenic mice to achieve conditional deletion of Bmil (Bmil®*)
in uteri. As shown in Figure 1, B-D, Bmil expression can be effec-
tively deleted in Bmil%¥ mice both at mRNA and protein levels.
To verify the role of BMI1 in female fertility, Bmil"# and Bmil#*
females were mated with fertile wild-type (WT) males, and the
normal number of ovulated eggs was noted in both Bmil?f and
Bmil¥* mice (Figure 1E). However, the litter size was markedly
lower in the Bmil%* females compared with the Bmil?"# females
(Figure 1F), suggesting that uterine BMI1 is crucial for normal
female fertility. To identify the stage-specific failure of pregnan-
cy in Bmil¥¥ females, we subsequently analyzed the implantation
status in Bmil-mutant females, and noticed that a large portion
(> 80%) of Bmil¥ females exhibited implantation failure on days
5-6 of pregnancy (Figure 1, G and H). Morphologically normal
blastocysts can be recovered by flushing the Bmil¥? uteri without
signs of attachment reaction. These results clearly indicated that
uterine BMI1 is indispensable for normal embryo implantation.

BMII deficiency hampers uterine P4 responsiveness and thus
derails normal uterine receptivity. To reveal the underlying causes
accounting for implantation failure upon BMI1 deficiency, we first
analyzed the uterine cell proliferation versus differentiation status
by BrdU incorporation assay and Ki67 immunostaining. As shown
in Figure 2A, Bmil“ uterine epithelium exhibited robust aberrant
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proliferation accompanied with a decreased stromal proliferation
on day 4 of pregnancy. We further observed an impaired epithelial
membrane transformation exhibiting sustained long microvilli in
Bmil¥* mice (Figure 2B). This aberrant epithelial versus stromal
proliferation clearly pointed to a defective uterine receptivity in
the absence of BMIL.

We then analyzed the expression of uterine receptivity marker
genes including those responding to estrogen (leukemia inhibitory
factor [Lif], mucin 1 [Mucl], and lactoferrin [Lt#f]) and P4 (amphi-
regulin [Areg]l, HoxalO, and heart- and neural crest derivatives-
expressed 2 [Hand2]). As illustrated in Figure 2, C-F, while Lif
was normally expressed in the receptive Bmil?/ uterine glandular
epithelium on day 4, its expression was completely abolished in
the absence of BMIL. In contrast, Mucl and Ltf were abnormally
induced in the uterine epithelial layer of Bmil%# females. More-
over, the expression of P4-target molecules such as Areg in the
epithelium and HoxalO and Hand2 in the stroma was obviously
downregulated in Bmil% mice.

Since Lif was not expressed in Bmil%* uterine glands on day
4, we wondered whether the other glandularly expressed genes
would be affected. The normal expression of Foxa2 indicat-
ed that gland identity is not disrupted in the absence of BMI1 in
mice (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JC192862DS1).
However, similar to glandular Lif expression, the expression of
Prss28, Prss29, and Spink3 was obviously downregulated in day 4
Bmil¥* mice, indicating an aberrant uterine receptive status in the
absence of BMI1 (Supplemental Figure 1). Observations of com-
parable Lif expression in day 1 uteri in both Bmil"? and Bmil*
females, and absence of glandular Lif expression in nonreceptive
WT uteri induced by RU486 treatment (Supplemental Figure 2, A
and B) further suggested that limited Lifexpression in day 4 Bmil?*
uterine glands is a consequence of a derailed uterine receptivity
in the absence of BMI1. Moreover, supplementation of recombi-
nant LIF protein failed to restore normal embryo implantation
in Bmil¥ females (Supplemental Figure 2, C and D), suggesting
that absence of glandular LIF production is not the main cause of
implantation failure in the null mutant mice, which reinforced the
notion that Lif may not be a direct target of BMI1 signaling.

These observations collectively indicated an exaggerated
estrogen response and/or hampered P4 responsiveness in the
Bmil¥* uterus at periimplantation. Beyond that, these defects
were not due to any alterations of circulating levels of ovarian ste-
roid hormones, nor uterine expression status of estrogen receptor
o (ERo) and PR, since we detected comparable serum levels of
estradiol-17p (E2) and P4 (Supplemental Figure 3), as well as nor-
mal uterine expression profiles of ERo and PR (Supplemental Fig-
ure 4) in day 4 pregnant Bmil”/ and Bmil%* females.

To further ascertain the participation of BMII in mediating
estrogen versus P4 function in the uterus, we employed an ova-
riectomized mouse model. It was obvious that the estrogen activi-
ty in Bmil¥? mice was comparable with that in Bmil?/# females. The
expression of estrogen-regulated epithelial genes like Mucl and
Ltf as well as stromal genes including insulin-like growth factor 1
(Igf1) and 11B-hydroxysteroid dehydrogenase type 2 (Hsd11b2) was
normally induced in both Bmil"? and Bmil% uteri (Figure 2G). In
contrast, the expression levels of all tested P4-target genes includ-
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Figure 1. Uterine-selective depletion of
Bmi1 results in embryo implantation
failure. (A) In situ hybridization analy-
sis reveals a spatiotemporal expression
of Bmi1in mouse uteri on days 1-8 of
pregnancy. White scale bar: 100 um. (B-D)
Quantitative real-time PCR (B), immuno-
blotting (C), and immunohistochemical
analysis (D) of uterine Bmi? mRNA and
protein levels in Bmi1"f and Bmi1%¢ uteri
on day 4 (D4). The values are shown as the
mean + SEM (n = 3). Black scale bar: 100
um. (E) Number of ovulated eggs in Bmi1/!
and Bmi1%¢ mice. Number within the bar
indicates the number of mice tested.
ot : (F) Average litter sizes of Bmi1"f versus
Kk s Bmi1% females. Number within the bar
: T \ indicates the number of mice tested. (G
- and H) A large portion of Bmi1#? females
Yo J exhibit implantation failure recovered with
SN morphologically normal blastocysts upon
o moboes | flushing the uterine homn on days 5 (G)
Bmit"/PR and 6 (H) of pregnancy. IS, implantation
site. Number within the bar indicates the
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number of mice with implantation sites per
total tested mice. Data represent the mean
+ SEM. **P < 0.01, independent-samples
Student’s t test. Bls, blastocysts; Em,
embryo; Ge, glandular epithelium; Le,

N
P luminal epithelium; S, stroma.
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ing Areg, HoxalO, and Hand2 were significantly lower in P4-treat-
ed Bmil¥? uteri (Figure 2H). The PR®“* mouse model used in this
study is in fact a PR heterozygote, as the Cre recombinase was
knocked in downstream of the endogenous PR promoter and abol-
ished the endogenous PR expression. To exclude the possibility
thathampered PR-target gene expression resulted from PR protein
haploinsufficiency in Bmil%¥ mice, we took advantage of another
Cre mouse model (PR®E5-¢/%) in which Cre was driven by the PR
endogenous promoter, which has an internal ribosome entry site
(IRES) downstream of the PR transcriptional stop codon and does
not abolish the endogenous PR expression. We compared the PR

protein level in these 2 PR-Cre models and the immunoblot data
clearly showed a similar PR expression level in these 2 Cre models
compared with the WT uterus at day 4 of pregnancy (Supplemen-
tal Figure 5A). Most importantly, Bmil%! PRI®ES-C/+ females exhib-
it an implantation failure phenotype similar to that in the Bmil*#
PR+ (Bmil%?) mice (Supplemental Figure 5, B and C). Therefore,
we used the Bmil%* mouse model for all the following studies.
Since BMI1 was expressed in both the uterine epithelial and
stromal cells, to ascertain the respective contribution of epithelial
versus stromal BMI1 to P4 responsiveness, we next utilized the lac-
toferin-Cre (Ltf®%*) mouse line to establish a uterine epithelium-
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Figure 2. Bmi1 deficiency derails uterine receptivity and exhibits progesterone resistance. (A) Immunostaining analysis of BrdU and Ki67 reveals an aber-
rant epithelial proliferation accompanied by a decreased stromal proliferation in Bmi?%? mouse uteri on day 4 of pregnancy. Black scale bar: 100 um. (B)
Electron microscopy (EM) analysis of uterine epithelial surface exhibits an impaired epithelial membrane transformation. (C-F) In situ hybridization (C and
D), immunohistochemistry (D, bottom panels), and quantitative real-time PCR analysis (E and F) of receptivity marker genes reveal an impaired uterine
receptivity in Bmi1%? females on day 4 (D4) of pregnancy. White scale bars: 100 um. Black scale bar: 100 um. The values are shown as the mean + SEM

(n = 3). (G) Uterine mRNA expression of estrogen-target epithelial (MucT, Ltf) and stromal genes (Igf1, Hsd11b2) is normally induced by E2 treatment in
both Bmi1"f and Bmi1%/? ovariectomized mice. Data shown represent the mean + SEM. (H) Uterine mRNA expression of progesterone-target epithelial
(Areg, Ihh) and stromal genes (Hoxa10, Hand2) is largely reduced in Bmi1* ovariectomized mice in response to progesterone treatment. Data represent the
mean + SEM (n = 3). *P < 0.05, independent-samples Student’s t test. Ge, glandular epithelium; Le, luminal epithelium; S, stroma.
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Figure 3. Epithelium-selective BmiT-knockout mice exhibit normal embryo implantation and uterine expression of receptivity marker genes. (A) Immu-
nohistochemical analysis shows the specific deletion of epithelial BMI1in Bmi1"/f Ltf‘/* mouse uteri. Black scale bar: 100 um. (B) Number of implantation
sites and representative uteri in Bmi?"f and Bmi1"/# Ltft*/* mice. Number within the bar indicates the number of mice with implantation sites per total
tested mice. (C) The comparable expression level of COX2 indicates normal attachment reaction in Bmi1"/# and Bmi1"/# Ltf* mice. Black scale bar: 100 pum.
(D and E) In situ hybridization analysis of receptivity marker genes reveal normal uterine receptivity in Bmi1"/ Ltf¢/+ females on day 4 (D4) of pregnancy.
Black scale bar: 100 um. BI, blastocyst; Ge, glandular epithelium; Le, luminal epithelium; S, stroma.

selective Bmil deletion mouse model. As shown in Figure 3A, Bmil
can be efficiently deleted in Bmil™" Ltf®* uterine epithelium.
When analyzed on day 5 of pregnancy, these null females exhib-
ited normal embryo implantation and comparable expression of
COX2 (Figure 3, B and C), a marker protein for normal blastocyst
attachment reaction. Meanwhile, the uterine receptivity status as
determined by the related marker gene expression in both epithe-
lium and stroma displayed no obvious differences (Figure 3, D and
E). The glandularly expressed genes including Lif were also com-

parably expressed in Bmil"f versus Bmil"f/Ltf®* females (Sup-
plemental Figure 6). These findings implied that epithelial BMI1 is
dispensable for uterine receptivity establishment and implantation.

Based on the finding that the stromal but not epithelial BMI1
is indispensable for normal uterine P4 responsiveness and its defi-
ciency induces P4 resistance and thus hampers uterine receptivity
for normal embryo implantation, we subsequently asked wheth-
er or not exogenous P4 supplementation would rescue this early
pregnancy loss in Bmil#“ females. As shown in Supplemental Fig-
Volume 128  Number1
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Figure 4. BMI1 facilitates PR binding to the PRE and coactivator recruitment for transcriptional activation. (A) Immunofluorescence staining of HA-PRB
and Flag-BMI1 proteins in WT and BMI1-KO Ishikawa cells. Scale bars: 100 um. (B) mRNA expression of progesterone-target genes TGFBTand NPAS2 is
significantly reduced in BMI1-mutant Ishikawa cells. The values are shown as the mean + SEM (n = 3). (C) The progesterone response element (PRE) lucif-
erase reporter assay reveals a hampered PR transcriptional activity in BMI1-KO Ishikawa cells. pSV40-Renilla served as an internal control. The values are
shown as the mean + SEM (n = 3). (D and E) Coimmunoprecipitation analysis demonstrates that BMI1 can physically interact with PR in human Ishikawa
cells (D) as well as in mouse receptive day 4 (D4) uteri (E). (F) Mammalian 2-hybrid assays further confirm the functional interaction of BMI1 with the PR.
Vectors expressing either PRB (VP16-PRB), BMI1 (GAL4-BMI1), or GAL4-DBD only transfected into the WT Ishikawa cells. The values are shown as the
mean + SEM (n = 3). (G) ChIP-gPCR analysis shows a largely reduced binding of PR to the PRE site in BMI1-KO Ishikawa cells. The values are shown as the
mean + SEM (n = 3). (H and 1) Mammalian 2-hybrid and coimmunoprecipitation analysis reveals a significantly reduced physical association of SRC1/2 with
PRB in BMI1-KO Ishikawa cells. Data shown represent the mean + SEM (n = 3). (J) Cotransfection of SRC1 or SRC2 can largely improve PR transcriptional
activation in BMI1-KO Ishikawa cells. Data represent the mean + SEM (n = 3). *P < 0.05, independent-samples Student’s t test. P4, progesterone.
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ure 7, prepriming with P4 for 3 consecutive days starting on day
3 could partially improve the implantation rate of Bmil-deficient
females. Taken together, these findings suggested that BMI1 is
necessary for optimal PR activity; its deficiency significantly ham-
pers, but not completely abolishes PR responsiveness.

BMI]I facilitates PR binding to the PRE of the target gene pro-
moter and coactivator recruitment for transcriptional activation. To
address how BMI1 modulates PR responsiveness, we employed
a human endometrial Ishikawa cell line for further mechanistic
studies, since these cells can respond well to P4 treatment and
show nuclear colocalization of BMI1 and PR (Figure 4A). As shown
in Supplemental Figure 8, we first generated a BMI1-null mutant
Ishikawa cell line utilizing the CRISPR/Cas9 knockout strategy. It
is interesting to note that null mutation of BMII in Ishikawa cells
significantly reduced the expression levels of PR target genes,
such as TGFBI and NPAS2 (18, 19) (Figure 4B) and hampered PR
transcriptional activity as well when assessed by a P4 response ele-
ment (PRE)-luciferase reporter assay upon P4 challenge (Figure
4C). In line with the in vivo observation that supplementation of
exogenous P4 can partially correct implantation defects in Bmil*
mice, P4 exerted a dose-dependent effect triggering a subdued
PR-PRE responsiveness in mutant cells (Figure 4C).

Since both BMI1 and PR exhibited nuclear colocalization in
Ishikawa cells, we surmised that BMI1 may physically interact
with the PR and thus ensure normal PR transcription activation.
Indeed, we noted that BMII can physically interact with the PR
both in human Ishikawa cells and mouse receptive uteri (Figure
4, D and E) when analyzed by coimmunoprecipitation (co-IP).
We further conducted mammalian 2-hybrid assays to confirm the
interaction of BMI1 and PR. As shown in Figure 4F, coexpression
of herpes virus protein VP16/PR isoform B (VP16-PRB), but not

+
+
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+
+

107
+

+
+ +

GAL4-BMII, can stimulate the GAL4-BMI1-driven reporter gene
expression, reinforcing the hypothesis that BMI1 is indeed able to
functionally interact with the PR.

To reveal the underlying causes accounting for this obvious
P4 insensitivity upon Bmil deficiency, we first asked whether Bmil
deficiency would adversely affect the P4-PR binding affinity. As
illustrated in Supplemental Figure 9, via ligand-receptor bind-
ing assays using radiolabeled [*H]P4, we noted a normal P4-PR
binding affinity in both Bmil% uteri and null mutant Ishikawa
cells. Moreover, although the expression of FKBP52, a cochaper-
one factor essential for P4-PR binding and nuclear PR signaling
was significantly downregulated in the absence of Bmil, over-
expression of FKBP52 failed to restore PR sensitivity upon loss
of BMI1 (Supplemental Figure 10), suggesting that phenotypic
defects of PR insensitivity in the absence of Bmil are irrelevant to
PR cochaperone function. By contrast, we observed a significant
reduction of PR binding on the PRE of target genes in the absence
of BMI1 revealed by ChIP-qPCR analysis (Figure 4G). Moreover,
as shown in Figure 4, H and I, the physical association of coacti-
vators SRC1/2 with the PR was significantly reduced in BMI1-null
cells. The results achieved via mammalian 2-hybrid assay further
supported the notion that BMI1 plays a crucial role in facilitating
the interaction between the PR and its coactivators SRC1/2 for
normal transcriptional activation (Figure 4H). In this respect, it is
noteworthy that cotransfection of SRCs can partially improve PR
transcriptional activity in BMI1-null cells (Figure 4]). However,
the underlying mechanisms by which BMI1 regulates PR activa-
tion remain unknown.

BMII ensures normal PR activation via modulating E6AP-medi-
ated PR ubiquitination in a polycomb complex-independent manner.
Giventhat BMI1isa core component of PRC1, to ascertain whether
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Figure 6. BMI1 ensures normal PR sensitivity via modulating EGAP-mediated PR ubiquitination. (A and B) Coimmunoprecipitation analysis reveals that
BMI1 can physically interact with EBAP both in human Ishikawa cells (A) and mouse receptive day 4 (D4) uteri (B). (C) PRE-luciferase reporter assay shows
a compromised PR transcriptional activity in EBAP-KO Ishikawa cells. pSV40-Renilla served as an internal control. The values are shown as the mean +
SEM (n = 3). (D) Mammalian 2-hybrid analysis reveals a significantly reduced physical association of SRC1/2 with PRB in EBAP-KO Ishikawa cells. Data
shown represent the mean + SEM (n = 3). (E) Cotransfection of SRC1 or SRC2 can partially improve PR transcriptional activity in EGAP-KO Ishikawa cells.
The values are shown as the mean + SEM (n = 3). (F) BMI1 promotes the physical interaction of EGAP with PRB. The values are shown as the mean + SEM
(n = 3). (G and H) Ubiquitination of PRB is greatly hampered in BMI1-mutant Ishikawa cells (G), as well as in day 4 Bmi1%? mouse uteri (H). () PRE-
luciferase reporter assay reveals a compromised PR transcriptional activity in WT Ishikawa cells transfected with a lysine-less Ub mutant (Ub-K0). Data
represent the mean + SEM (n = 3). *P < 0.05, independent-samples Student's t test. P4, progesterone.

BMI1 regulates PR transcription activation via a PRC1-dependent ~ human Ishikawa cells versus those in WT mice and human endo-
manner, we first analyzed the status of PRC1-mediated H2AK119  metrial cells (Figure 5A), indicating that the regulatory function of
modification in Bmil%? uteri and knockout Ishikawa cells. To our =~ BMI1 in P4-PR nuclear signaling might be independent of PRC1
surprise, we observed a comparable level of H2AK119 monoubiq-  E3 ligase activity on histone H2A. To confirm this hypothesis, we
uitination in Bmil-deficient mouse uteri and BMII-deficient  generated RING1A and RING1B single-knockout, and RING1A/B
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Figure 7. Aberrantly decreased endometrial BMI1 levels are often detected in spontaneously miscarrying women undergoing IVF treatment. (A)
Quantitative real-time PCR analysis of PR, BMI1, and EGAP from spontaneously miscarried endometrial tissues (n = 16) compared with those in unwanted
normal pregnancy (n = 12). Data shown represent the mean + SEM. (B and C) Western blot analysis of BMI1 protein level indicates that a large portion (7
of 16) of endometrial tissues from women with spontaneous miscarriage show an obviously decreased BMI1 expression in comparison with that in normal
unwanted pregnancy. In C, data are presented as the ratio of BMI1 protein level to the level of B-actin. The values are shown as the mean + SEM. (D and

E) Immunostaining analysis of endometrial PR, BMI1, and EGAP expression in women with spontaneous miscarriage versus normal unwanted pregnancy.
Number within the bar indicates the number of samples tested. The values are shown as the mean + SEM. E, epithelium; S, stroma. Black scale bar: 100
um. (F) Endometrial mRNA expression levels of progesterone-target genes, FOSL2, JUN, TGFB1, and IRS, are significantly reduced in women with sponta-

neous miscarriage who exhibit lower BMI1 expression. Number within the bar indicates the number of samples tested. Data represent the mean + SEM
(n =3). *P < 0.05, independent-samples Student’s t test.

double-knockout Ishikawa cell lines utilizing the CRISPR/Cas9
strategy (Supplemental Figure 11), and further observed an intact
P4-PR nuclear signaling irrelevant to PRC1 functional deficiency.
For example, the expression of P4-target genes TGFBI and NPAS2

along with PR transcriptional activity assessed by PRE-luciferase
reporter assay were unaltered even in RING1A/B double-mutant
Ishikawa cells (Figure 5, B-E). This genetic and biochemical evi-
dence points toward a potentially novel function of BMI1 indepen-
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Figure 8. The decreased endometrial BMI1 level is associated with defective progesterone response in recurrent-implantation-failure patients undergo-
ing IVF treatment. (A) Western blot analysis of BMI1 protein level indicates that a large portion (4 of 11) of endometrial tissues from women with recurrent
implantation failure show an obviously decreased BMI1 expression in comparison with that in normal successful pregnancy. f-Actin served as a loading
control. (B) Quantitative real-time PCR analysis of PR and BMI1 from recurrent-implantation-failure patient endometrial tissues (n = 4) compared with
those from normal successful pregnancy (n = 3). Data shown represent the mean + SEM. (€) Endometrial mRNA expression levels of progesterone-target
genes, FOSL2, JUN, TGFB1, and IRS, are significantly reduced in women with recurrent implantation failure who exhibit lower BMI1 expression. Number
within the bar indicates the number of samples tested. Data represent the mean + SEM (n = 3). *P < 0.05, independent-samples Student’s t test.

dent of the canonical RING1A/B-PRC1 pathway with respect to PR
transcriptional activity. Therefore, we next focused on searching
the unknown factors bridging the gap between BMI1 and the PR.
There was early evidence that E6AP, an E3 ubiquitin ligase
(20), is essential for human PR transcriptional activity (21), and
can interact with ubiquitin-conjugating enzymes harboring RING
domains (22). We surmised that BMI1, which contains the pivotal
RING domain (7), may directly interact with E6AP, thus regulat-
ing PR modification and subsequent activation. To address this
speculation, we first examined E6AP expression in mouse uteri
at periimplantation. As shown in Supplemental Figure 12, EGAP
was expressed in day 4 uteri at comparable levels in both Bmil"/#
and Bmil¥? females. Co-IP analysis further revealed a physical
interaction between BMI1 and E6AP in both mouse receptive uteri
and human Ishikawa cells (Figure 6, A and B). Furthermore, the
PR transcriptional activation indexed by PRE-luciferase reporter
assay was significantly hampered in E6AP-null mutant Ishikawa
cells (Figure 6C) that were generated via the CRISPR/Cas9 strat-
egy (Supplemental Figure 13). Most importantly, while full-length
E6AP restored normal PR responsiveness in E6GAP-mutant cells,
neither BMI1 cotransfection nor high doses of P4 could rescue
defective PR activation (Figure 6C), suggesting that E6GAP might
be a downstream player of BMI1 in regulating the PR activity.
Accordingly, the physical association of PR with its coactivators
SRC1/2 was also significantly decreased in E6AP-null Ishikawa
cells when analyzed by the mammalian 2-hybrid assay (Figure
6D). Phenotypically copying the above-mentioned observations in
the absence of Bmil, overexpression of SRC1/2 could also partially
improve P4 responsiveness in E6AP-knockout cells (Figure 6E).
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These findings pointed toward the same path for BMI1 and EGAP
in conquering normal PR activation.

It is worth highlighting here that Bmil deficiency largely com-
promised the physical association of E6GAP with PR under P4 chal-
lenge (Figure 6F). Since E6AP is an E3 ligase essential for PR func-
tion, it would therefore be interesting to ascertain the effect of Bmil
deficiency on PR ubiquitination. As shown in Figure 6G, while the
ubiquitination level of PRB was markedly induced upon P4 treat-
ment in WT cells, the induction of PR ubiquitination was greatly
hampered in BMII-mutant cells. More excitingly, a similar reduc-
tion of PR ubiquitination was also detected in day 4 Bmil¥? mouse
uteri, whereas an exogenous P4 supplementation that was shown
to improve the implantation rate in null females can substantially
restore ubiquitination of the PR in Bmil% mice during early preg-
nancy (Figure 6H). These results indicated that PR undergoing
ubiquitination is conducive for its full transcription activation. This
conclusion was further confirmed by our subsequent observations
showing that a lysine-less Ub mutant (Ub-KO) that lacks all poten-
tial sites for polyubiquitination can significantly compromise PR
transcriptional activity in WT Ishikawa cells (Figure 61). It is con-
ceivable that BMI1via E6AP modulates PR polyubiquitination gov-
erning normal PR transcriptional activation. These exciting find-
ings provoked us to explore the pathophysiological significance of
BMI1 in human endometrial functions during early pregnancy.

Aberrantly decreased endometrial BMII expression is often detect-
ed in spontaneous miscarriage and in recurrent-implantation-failure
women undergoing IVF treatments. To address whether BMII is
involved in regulating PR responsiveness in human endometri-
um at periimplantation, we first analyzed endometrial expression
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levels of Bmil in normal women with unwanted pregnancy (7-9
weeks; 1 = 12) versus spontaneously miscarrying women undergo-
ing IVF treatment (8-9 weeks; n = 16). As shown in Figure 7, A-C,
a large portion (7 of 16) of endometrial samples from women with
spontaneous miscarriage showed an obviously decreased BMII
expression in comparison with that in normal unwanted preg-
nancy. Immunostaining analysis further detected a significantly
reduced ratio of BMI1-positive endometrial cells in women with
spontaneous miscarriage (Figure 7, D and E). By contrast, we not-
ed comparable endometrial expression levels of PR and E6AP in
both groups (Figure 7, A, D, and E). These aberrantly lower expres-
sion levels of BMI1, but not PR and E6AP, in failed pregnancy were
well associated with reduced expression levels of PR-target genes
including FOSL2, JUN, TGFBI, and IRS (18, 19, 23) (Figure 7F),
indicating a close correlation between BMI1 and P4-PR nuclear
signaling in human endometrium during early pregnancy.

Since these patients received P4 supplementation for preg-
nancy maintenance during clinical therapy, which may influence
overall P4-responsive genes, we further collected endometrial
samples in the secretory phase (7 days after ovulation) of the nor-
mal menstrual cycle of both control participants with successful
pregnancy after in vitro fertilization-embryo transfer (IVF-ET)
and recurrent-implantation-failure patients. Both groups had
comparable, normal P4 and E2 levels (Supplemental Table 5). It
was exciting to notice that in a portion of recurrent-implantation-
failure samples, the BMI1 protein levels were also obviously
decreased (Figure 8A). Moreover, while BMII mRNA levels were
significantly downregulated in these samples, PR showed a com-
parable expression level (Figure 8B). Consistent with these data,
the comprised P4-PR signaling reflected by reduced target gene
mRNA levels is closely associated with decreased BMII expression
in these endometrial samples (Figure 8C). These potentially novel
findings collectively suggested that BMI1 is operative for normal

PR insensitivity

PR activity at periimplantation in both mice and humans. They
also suggest that abnormal endometrial BMI1 expression with
compromised PR responsiveness is at least one of the causes of
spontaneous miscarriage in women.

Discussion

P4 is well known as a pregnancy hormone essential for preparing
the uterus for embryo implantation and pregnancy maintenance
(24). However, the complexity of P4-triggered PR transcription-
al activation has remained largely unexplored. Employing mul-
tiple approaches, we provided herein genetic, biochemical, and
pathophysiological evidence that BMI1 determines uterine P4
responsiveness via modulating PR ubiquitination in a polycomb
complex-independent manner essential for normal embryo
implantation. We demonstrated that uterine-selective depletion
of Bmil hampers uterine P4 responsiveness and thus derails nor-
mal uterine receptivity, resulting in implantation failure in mice.
By utilizing the Ltf~-Cre mouse line to construct the epithelium-
specific Bmil-deletion mouse model, we found that an epithelial
deficiency of BMI1 did not compromise uterine P4-PR respon-
siveness, suggesting that stromal BMI1 is the major player con-
tributing to normal P4 signaling for uterine receptivity and
implantation at periimplantation.

Searching for the underlying mechanism, we further revealed
that BMII interacts with PR and E6AP in a polycomb complex-
independent manner, regulating PR ubiquitination essential
for normal P4 responsiveness (Figure 9). Most importantly, this
essentiality of BMI1 for endometrial PR function is conserved
from mouse to human, since we observed a close association of
aberrantly low BMI1 expression with retrained PR sensitivity in the
endometrium of miscarrying women.

A generally accepted framework for nuclear P4 signaling is that
P4 first binds with the PR by forming homodimers; dimerized PR
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complexes then translocate into the nucleus, where they bind to
PREs located within the upstream promoter/enhancer sequences
of target genes followed by recruitment of transcriptional coacti-
vating factors, and eventually modulate the expression of PR-target
genes (25, 26). Increasing evidence suggests that posttranslational
modifications including phosphorylation (27) and acetylation (28)
play a significant part, ultimately making the PR complex an ideal
machine to regulate target gene expression. These covalent chang-
es may affect PR stability, subcellular localization, as well as the
interactions with other PR complex activators (29). In this respect,
we demonstrated in the present study that BMII is a potentially
novel regulator governing normal PR transcriptional activation.
BMI1 as a critical component of the PRCI can stimulate the com-
plex’s E3 ligase activity, which participates in the ubiquitination of
lysine 119 of histone H2A to inhibit gene expression (6, 8). Howev-
er, we surprisingly found that BMII deficiency exerted apparently
no effects on the overall levels of H2AK119 monoubiquitination
in both mouse uteri and human endometrial cells. Increasing evi-
dence suggests that BMI1 can function in a polycomb complex-
independent manner in various processes (30, 31). Therefore, it
is conceivable that BMI1 may function in a noncanonical manner
independent of PRC1 during early pregnancy. This notion is con-
sistent with the observation that a functional silencing of PRC1
upon genetic ablation of both RINGIA and RINGIB did not inter-
fere with normal PR transcriptional activity. By contrast, indepen-
dent of polycomb function, BMII regulates PR ubiquitination for
normal transcriptional activation. This posttranslational modi-
fication of the PR is not ascribed to a direct enzymatic activity of
BMI1, since BMI1 displays no detectable ubiquitin ligase activity
alone (6). A more likely scenario is that BMI1 mediates the physical
association of E6AP with PR, further regulating PR ubiquitination
for transcriptional activation. In fact, BMI1 is essential for normal
functional interaction of the PR with E6AP. A previous study has
shown that E6AP is involved in human PRB ubiquitination for its
timely turnover via the proteasome pathway during mammary
gland development (32). In this regard, we observed a compara-
ble expression level of PR proteins upon the loss of Bmil, pointing
toward a disassociation of PR ubiquitination by the BMI1-PR-E6AP
complex from the process of PR protein turnover. This is consistent
with previous reports showing that posttranslational protein mod-
ifications by ubiquitin proteins are vital for functional activation
of modified proteins, independent of proteasome-mediated deg-
radation mechanisms (33). Collectively, our findings with respect
to BMI1 add a potentially new regulatory layer contributing to the
complexity and preciseness of PR transcriptional activation.
Although natural and synthetic progestogens have been exten-
sively used in pregnant patients or patients undergoing infertility
treatments for various indications such as prevention of unex-
plained recurrent pregnancy loss and threatened abortion (34,
35), it remained controversial whether P4 supplementation would
increase the chance of successful implantation and ongoing preg-
nancy among women with a history of unexplained recurrent mis-
carriages (35, 36). Debate is still ongoing with regard to the best
administration timing (luteal phase or first trimester of pregnancy)
and method of P4 supplementation for better implantation rate
and term pregnancy outcomes in these patients (36). It is conceiv-
able that aberrant expression and/or function of PR transcriptional
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cofactors such as BMI1 could be a potential cause for implantation
failure and unexplained spontaneous miscarriage even under reg-
ular P4 supplementation during IVF. Therefore, our current find-
ings raise the important notion that any disturbance of the PR tran-
scriptional activation machinery would hamper P4 responsiveness
regardless of normal levels of circulating P4 and endometrial PR
proteins, eventually inducing early pregnancy loss.

Nonetheless, here we provided genetic, biochemical, and
pathophysiological evidence that BMI1 is an essential player in
optimizing PR sensitivity during early pregnancy. Besides uncov-
ering a potentially novel regulatory mechanism ascribed to BMI1
in governing endometrial P4 responsiveness at periimplanta-
tion, our findings have high clinical relevance, since aberrantly
low BMII expression is well associated with largely reduced PR
responsiveness in the endometrium of women who experience
miscarriage. A better understanding of the regulatory network of
the BMI1-PR-E6AP complex may help to develop related targeted
therapy for clinical treatment of miscarriage in women.

Methods
Animals and treatments. Bmil’/' mice, provided by Rongwen Xi
(National Institute of Biological Sciences, Beijing, China), were gen-
erated by introducing 2 loxP sites into introns flanking exons 2-8. A
detailed description of this mouse line will be published elsewhere.
PR*(37), Ltf¢*(38), and PRS0+ (39) mouse models were uti-
lized to delete Bmil in the uteri. The PR®FS¢* mouse model was
purchased from The Jackson Laboratory (stock number 017915).
Uterine-specific knockout mice were generated by crossing Bmil"#
with different Cre mouse models in the C57/129 background. All
mice were housed in the Animal Care Facility of Xiamen University,
in accordance with the guidelines for the care and use of laboratory
animals. Female mice at least 8 weeks old were mated with fertile
WT males to induce pregnancy (vaginal plug = day 1 of pregnancy).
The number of implantation sites, demarcated by distinct blue bands,
was recorded. Mice that failed to recover any embryos were excluded
from the statistical analysis. Mouse blood samples were collected on
day 4 in the morning and serum P4 as well as E2 levels were measured
by radioimmunoassay (40). For P4 treatment, each mouse was subcu-
taneously injected with 2 mg in 100 pl of sesame oil at 9:00 am for 3
consecutive days starting on day 3 until the pregnant mice were sac-
rificed for analysis (41). The mice were treated with RU486 (50 pg/
mouse) on day 3, and sacrificed on day 4 for detecting Lif expression.
To determine potential alterations of estrogen- and P4-target gene
expression, mice were ovariectomized irrespective of the estrous
cycle. After resting for 10 days, mice were given a subcutaneous injec-
tion of E2 (100 ng/mouse) or P4 (2 mg/mouse) dissolved in sesame
oil. LIF protein was provided by Zigiang Li (Beijing VDJBio Co. LTD).
To determine the efficiency of recombinant LIF protein in inducing
implantation, delayed-implanting mice were treated with a subdose
of estrogen (1.5 ng/mouse) combined with the LIF protein, and com-
pared with the lowest single dose of estrogen (3 ng/mouse) to induce
implantation (42). Bmil"/ PR+ mice received intraperitoneal injec-
tion of LIF protein (50 pg/mouse) once per day from day 4 until sacri-
fice on day 6 to check the implantation status.

In situ hybridization. In situ hybridization was performed as pre-
viously described (43). Mouse-specific cRNA probes labeled with
isotope or digoxin for Bmil, Areg, Mucl, Ltf, Lif, Spink3, Foxa2, Prss28,
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Prss29, and HoxalO were used for hybridization. Cryosections hybrid-
ized with sense probes served as negative controls.

Immunostaining. Immunohistochemistry was performed in 5-um-
thick, 10% neutral buffered formalin-fixed paraffin-embedded sec-
tions using antibodies against BMI1, P450Scc, 33-HSD, ERa, PR,
HAND2, Ki67, BrdU, and E6AP. A Histostain-SP Kit (Zhongshan
Golden Bridge Biotechnology) was applied to visualize the antigen.
For immunofluorescence staining, 4% formaldehyde-fixed Ishikawa
cells were incubated with anti-BMI1, -HA, and -flag antibodies. Specif-
ic secondary antibodies were utilized to detect the antigen and DAPI
was applied to identify cell nuclei (44). The images were captured by
using a Leica DM2500 light microscope. Antibodies used are listed in
Supplemental Table 1.

Western blot analysis. Protein extraction and Western blot analy-
sis were performed as described previously (44). Antibodies against
BMII, RINGI1A, RINGIB, E6AP, H2AK119Ub, ERa, PR, flag, HA,
FKBP52, B-actin, Myc, ubiquitin, and His were used. B-Actin served
as a loading control. See complete unedited blots in the supplemental
material. Antibodies used are listed in Supplemental Table 1.

Cell culture. The Ishikawa cells were maintained at 37°C in an
atmosphere of 5% CO,/95% air in DMEM-F12 medium supplement-
ed with 10% (v/v) FBS. Lipofectamine 3000 (Invitrogen) was used for
plasmid transfection experiments in Ishikawa cells based on the man-
ufacturer’s instructions.

Quantitative real-time PCR. Quantitative real-time PCR was per-
formed as described previously (40). Total RNA was extracted from uter-
ine tissues or cells using TRIzol reagent (Invitrogen) following the man-
ufacturer’s protocol. A total of 3-5 ug RNA was used to synthesize cDNA.
Quantitative real-time PCR was performed with SYBR Green (Takara)
on an ABI PRISM 7500 system. All expression values were normalized
against Gapdh. All PCR primers are listed in Supplemental Table 2.

Co-IP binding assays. Co-IP assays were performed as previous-
ly described (40). Anti-HA mouse mAb (agarose conjugated) (20 pl,
Abmart, m20013), anti-flag M2 Affinity Gel (20 pl, MilliporeSigma,
A2220), anti-BMI1, anti-PR, anti-Myc, and His-Select Nickel Affinity
Gel (25 pl, MilliporeSigma, P6611) were used. Whole-cell protein (0.5
to 2 mg) was used for each co-IP. After overnight incubation at 4°C
with 3-5 pg antibody, Protein A/G Agarose beads (Thermo Fisher Sci-
entific, 20422) were incubated 2-3 hours at 4°C and then were washed
with IP washing buffer 3-5 times. Immunoprecipitated proteins were
separated by SDS-PAGE and analyzed by Western blot, using antibod-
ies against Flag, HA, PR, c-Myc, and BMI1. The control immunopre-
cipitation was performed by incubating the lysates with respective IgG
(Zhongshan Golden Bridge Biotechnology).

Vector construction, transfection, and luciferase assay. The human
full-length cDNA for BMI1 was inserted into P-CMV-3XFlag vector for
the production of Flag fusion protein. Full-length ¢cDNAs for SRC1/2,
FKBP52, and E6AP were inserted into P-CMV-HA or P-CMV-Myc-His
vector for the production of HA and Myc-His fusion proteins, respective-
ly. PRB expression vectors as well as ubiquitin-related expression vectors
were provided by Xuemin Zhang (National Center of Biomedical Anal-
ysis, Beijing, China). The reporter plasmid PRE-Tk-Luc was provided by
Weinian Shou (Indiana University, Indianapolis, Indiana, USA).

Gal4-BMI1, Gal4-SRC1/2, Gal4-E6AP, VP16-PR, VP16-EGAD,
and the Gal4 upstream activation sequence (Gal4-UAS) reporter con-
structs or a control vector (containing the Gal4 DNA-binding domain
[Gal4-DBD] only) were transfected into Ishikawa cells as previously
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described (45). Gal4 luciferase reporter activity and PRE-Tk-Luc were
measured. Ishikawa cells were cultured in 24-well plates and then
transfected with a total of 1.2 pg plasmid. All constructs were transient-
ly transfected into Ishikawa cells using Lipofectamine 3000. Total
cell lysates were prepared 24 hours after P4 treatment and luciferase
activity was measured using the Dual-Luciferase Reporter Assay Sys-
tem (Promega). Firefly luciferase activity was normalized with respect
to Renilla luciferase activity. All samples were analyzed in triplicate.

Genomic deletions of BMI1, EGAP, RINGIA, RINGIB, and RING1A/B
genes via the CRISPR/Cas9 system in human Ishikawa endometrial cells.
Genomic deletions of the respective genes in Ishikawa cells employ-
ing the CRISPR/Cas9 system were performed as previously described
(46). The Cas9 and sgRNA plasmid pX458 were obtained from
Addgene (plasmid number 48138). The guide RNAs (gRNAs) (Supple-
mental Table 3) targeting human BMII, RINGIA, RINGI1B, RINGIA/B,
and E6AP were designed to knock out these genes using the CRISPR
Design Tool (sgRNAs were synthesized, annealed, and ligated to the
pX458 plasmid that was digested with BbsI [New England Biolabs]).
The insert gRNA sequences were verified by Sanger sequencing of
the plasmids. After the transfection of target plasmid into the Ishika-
wa cells, FACS-isolated single GFP~ cells were plated into the 96-well
plate. After the single cells were propagated to a sufficient population
size, the knockout efficiency was identified by DNA sequencing of
genomic DNA and Western blot detection of target protein.

PR ligand binding assay. Lysates from the WT and BMII-deficient
uterine tissue as well as Ishikawa cells were prepared as described
above (47). The lysates were used for the binding assay without freez-
ing. Both saturation and competition assays were performed using [*H]
P4. In each case, binding was allowed to occur for 20 hours onice. Non-
specific binding was determined in the presence of excess unlabeled
hormone. Protein-bound radioactivity was isolated using 1% dextran-
coated charcoal in 10 mM HEPES buffer (pH 7.4). Specific binding was
normalized to protein content. Unbound ligand was removed by incu-
bation with dextran-coated charcoal, and bound radioactivity in the
supernatant was measured by liquid scintillation counting.

Transmission electron microscopy. Tissues were cut into 1- to 3-mm
pieces, and then were fixed in 3% glutaraldehyde and 2.0% formal-
dehyde in cacodylate buffer with 2 mM CaCl,, washed, postfixed in
1% osmium tetroxide (OsO,), and embedded in EMbed812 (Electron
Microscopy Sciences) for ultrastructural analysis under a Hitachi
H-7600 transmission electron microscope (Hitachi High-Technolo-
gies America, Inc.)(40).

PR ubiquitination assay. In vitro and in vivo ubiquitination assays
were performed as previously described (48). For in vitro ubiquiti-
nation assay, HA-PRB and Myc-Ub were cotransfected into WT or
knockout Ishikawa cells with Lipofectamine 3000. Then, the cells
were treated with P4 (100 nM) for 0-4 hours, and subsequently har-
vested using IP RIPA lysis buffer. The MG-132 (Sigma M8699, 20 uM)
was added into the cultured cells 1 hour before the collection. PRB
proteins were immunoprecipitated with an anti-HA antibody, the pro-
teins were released from the beads by boiling in SDS-PAGE sample
buffer, and PRB ubiquitination was analyzed by immunoblotting with
anti-Myc antibody. For in vivo ubiquitination assay, PR proteins from
mouse uteri were immunoprecipitated with an anti-PR antibody (Cell
Signalling Technology), the proteins were released from the beads by
boiling in SDS-PAGE sample buffer, and PR ubiquitination was ana-
lyzed by immunoblotting with anti-Ub antibody.
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Endometrial sample collection. Female patients, who were diag-
nosed as infertile and sought IVF treatment at the Center for Reproduc-
tive Medicine, Shandong Provincial Hospital Affiliated with Shandong
University, were recruited and gave their written informed consent.
The study was approved by the Ethics Committee Review Board of
Reproductive Medicine, Shandong University. For collection of human
endometrial tissues in the women who had experienced miscarriage,
the tissues were collected when the participants were under surgery
to term the pregnancy. Normal control endometrial biopsies were
collected from the decidua of 12 women, which had fetal heart activ-
ity on ultrasound scan (USS) at 7-9 weeks. Sixteen decidual samples
were collected from spontaneously miscarrying women without fetal
heart activity on USS 8-9 weeks after IVF. Embryonic villi chromosome
analysis (EVCA) was performed to ensure a normal embryonic genetic
background. A detailed description of patient clinical parametersis list-
ed in Supplemental Table 4. For the collection of human endometrial
tissue during the menstrual cycle, the control group included partici-
pants who had achieved successful pregnancy after IVF-ET practices,
and only patients who had undergone at least 3 IVF-ET failures, in
which no less than 10 high-quality 8-cell embryos or 5 blastocysts were
transferred in total, were included for recurrent-implantation-failure
group. All patients in these 2 groups had a good basal hormonal level
and a good response to hormonal stimulation (more than 8 oocytes/
oocyte retrieval). Participants were instructed not to use hormonal
therapy for at least for 3 months. Endometrial biopsies were collect-
ed using a Pipelle de Cornier device on day 7 after ovulation (follicle
development was evaluated by B-mode ultrasound to determine the
ovulation day). A detailed description of patient clinical parameters is
provided in Supplemental Table 5. Each tissue sample was divided into
2 pieces and immediately frozen in liquid nitrogen or fixed in 4% for-
malin for immunohistochemical analyses. All tissues were separated
from trophoblasts without prior pharmaceutical induction.

Statistics. Statistical analysis was performed with SPSS 11.5. Com-
parison of means is presented by making use of the independent-
samples Student’s ¢ test. The data are shown as the mean + SEM. P
values less than 0.05 were considered statistically significant.

Study approval. All animal studies were performed with the
approval of the Xiamen University Animal Care and Use Program.
Ethics approval for the collection and use of human endometrial sam-
ples was given by the Ethics Committee Review Board of Reproduc-
tive Medicine, Shandong University.
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