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Abstract

Basigin (BSG) is a transmembrane glycoprotein involved in cell proliferation, angiogenesis, and
tissue remodeling. BSG has been shown to be essential for male and female reproduction although
little is known about its role in normal uterine function. To study the potential function of BSG in
the female reproductive tract, we generated mice with conditional knockout of Bsg in uterine cells
using progesterone receptor-Cre and hypothesized that BSG is required for normal pregnancy in
mice. Fertility study data showed that the conditional knockout mice had significantly reduced
fertility compared to controls. Ovarian function of the conditional knockout mice appeared normal
with no difference in the number of superovulated oocytes collected or in serum progesterone
levels between the conditional knockout and the control mice. Uterine tissues collected at various
times of gestation showed increased abnormalities in implantation, decidualization, placentation,
and parturition in the conditional knockout mice. Uterine cross sections on Day 5 of pregnancy
showed implantation failure and abnormal uterine epithelial differentiation in a large proportion
of the conditional knockout mice. There was a compromised decidual response to artificial decid-
ualization stimuli and decreased mRNA and protein levels for decidualization genes in the uteri of
the conditional knockout mice. We also observed altered protein expression of monocarboxylate
transporter 1 (MCT1), as well as impaired angiogenesis in the conditional knockout uteri compared
to the controls. These results support that BSG is required for successful pregnancy through its
functions in implantation and decidualization.

Summary sentence

Loss of Bsg expression in the uterus leads to subfertility in mice due to impaired implantation and
decidualization.
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Introduction

Infertility is a common reproductive health disorder in humans and
affects about 10%-15% of reproductive aged couples worldwide
[1]. Only 50%-60% of all conceptions advance beyond 20 weeks
of gestation and implantation failure is the major cause of early
pregnancy loss, reaching about 75% [2]. Assisted reproductive tech-
nologies (ART) have helped millions with fertility issues [3]. Despite
the significant improvements in culture medium and embryo quality,
the success rate of ART remains low mainly due to implantation
failure [4]. Therefore, it is imperative to gain a comprehensive
understanding of the mechanism underlying implantation to address
this global clinical issue. Many studies have identified molecules
and proteins that are critical during embryo implantation, but the
mechanisms regulating implantation are not still fully understood
[5-7].

Embryo implantation is the process whereby the mature blas-
tocyst attaches and then penetrates into the maternal endometrium
to begin forming the placenta [8]. It is a mandatory step for repro-
duction in mammals and requires synchronized development of the
embryo and the uterus, as well as highly organized communication
between the two [9]. The luminal epithelium is the first maternal
cell layer that an embryo attaches to, and is a key gateway for
embryo implantation and subsequent embryo development [6]. After
attachment, the embryo must penetrate through the luminal epithe-
lium and the basement membrane. The luminal epithelial cells at the
implantation site undergo specific changes such as controlled disas-
sembly of adhesive complexes and apoptosis to assist the invasion
of the embryo [10]. The embryo then needs to break through the
basement membrane, which is a specialized extracellular scaffold
composed of type IV collagen, laminin, perlecan, peroxidasin, and
nidogen [11-13]. It is a contiguous layer prior to implantation and
becomes disrupted at the site of implantation. Once the removal of
the luminal epithelium and the basement membrane have occurred,
the trophoblast and stromal cells come into close contact and further
development of the pregnancy continues.

After implantation, the stromal cells surrounding the embryo
undergo a proliferation and differentiation process known as

decidualization [5]. Decidualization is a prerequisite for successful
pregnancy because it provides the implanted embryo with growth
factors and cytokines, controls the implantation window and selec-
tion of embryos, establishes the local immune microenvironment
at the fetal-maternal interface, maintains tissue homeostasis during
trophoblast invasion, protects the embryo from inflammation and
reactive oxygen species, and supports the angiogenesis processes
to nourish the growing embryo as well as promotes formation
of the placenta [1, 14-17]. This critical morphological and
functional transformation is dependent upon the action of the
steroid hormone progesterone, epithelial cell secreted factors, cell
cycle regulators, transcription factors, and immune cells [14, 18-
20]. Many genes and signaling pathways have been identified
to play a role in decidualization. For example, progesterone
promotes Bone morphogenetic protein 2 (Bmp2), which stimulates
its downstream target Wingless-related integration site 4 (Wni4)
to promote decidualization. Loss of either Bmp2 or Wnt4 leads
to failure of decidualization and infertility [21, 22]. In addition,
BMP2 also regulates the cell cycle transcription factor CCAAT
enhancer-binding protein beta (CEBPB), which acts via the Signal
transducer and activator of transcription 3 (STAT3) pathway to
modulate decidualization. Mice with conditional deletion of CEBPB
and STATS3 in the uterus also show decidualization defects [23, 24].
Development of genetically engineered mouse models has provided a
wealth of information about the signaling pathways in implantation
and decidualization.

Basigin (BSG) is a transmembrane glycoprotein that belongs to
the immunoglobulin superfamily [25]. It is expressed in many cell
and tissue types and is involved in different physiological functions
[26]. BSG is also expressed in the reproductive organs of humans
and mice and is essential for successful fertility in both males and
females [27-29]. In female mice, BSG is expressed in the embryo,
ovary, and the uterus. On Day 1 of pregnancy, BSG is expressed in
the luminal and glandular epithelium, and by Day 4 of pregnancy,
it is expressed in the stromal cells. Following implantation, BSG is
expressed in the secondary decidual zone and eventually in the undif-
ferentiated stromal cells [28, 30]. Limited global knockout studies
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have shown that female mice lacking BSG are profoundly infertile
[31, 32]. However, global knockout of Bsg is highly embryonic
lethal, making it difficult to study the role of BSG in reproduc-
tion. Among the few mice that survive to adulthood, they are also
more susceptible to develop pneumonia and neurological disorders
[33-35]. However, the role of Bsg in implantation and decidualiza-
tion remains unclear. To bypass the embryonic lethality caused by
global deletion of Bsg, we generated a tissue specific Bsg knockout
mouse model using the progesterone receptor (PR)-Cre and loxP
system to study the function of BSG in female reproduction. In this
study, we hypothesized that uterine expression of Bsg is required for
normal fertility and aimed to elucidate the roles of Bsg in the uterus
during pregnancy. Here we demonstrate that conditional deletion
of Bsg in the female reproductive tract results in subfertility due to
uterine defects throughout pregnancy. Specifically, we demonstrate
that absence of uterine Bsg results in impaired implantation, reduced
uterine receptivity and decidualization and reduced angiogenesis in
the uterus.

Material and methods

Generation and genotyping of Bsg conditional
knockout mice

To generate the Bsg cKO mice, we made a Bsg floxed C57/BL6 mouse
where two loxP sites were inserted into the genome, flanking exon

1 of the Bsg gene (Bsg™) (

Supplemental Figure 1). We then crossed
this mouse line with a Cre recombinase containing C57/BL6 line
described by Soyal et al. [36]. Then Bsg” and PR** female mice
were crossed with Bsg” and PR+ male mice, to generate Bsg™
and PR“* (conditional Bsg knockout, cKO) and Bsg” and PR+
(littermate control) female offspring. Genotypes were determined by
PCR and DNA gel electrophoresis. Briefly, DNA from mouse tail
tip was extracted with extraction solution (Sigma E7526) at 55°C
for 3 min, with addition of neutralization buffer (Sigma N3910).
Then 2 pl of DNA solution were added to 10 pl of Red Extract-
N-Amp PCR Ready Mix buffer (Sigma R4775) and primer sets
for a total volume of 20 ul PCR mix for each sample. The DNA
was amplified by PCR using a thermal cycler for 30 cycles. After
PCR, DNA was loaded on a 1% agarose gel containing 1 ul of
ethidium bromide and run by electrophoresis at 120 V for 60 min. A
LSM4000 Image Quant system was used to visualize the DNA and
determine the genotypes of the mice. All mice were housed at the
University of Illinois at Urbana-Champaign, Institute for Genomic
Biology Animal Facility in polysulfone cages. Food (Harlan Teklad
8604) and filtered water were provided for the mice ad libitum. The
room was maintained at a temperature of 22+ 1°C and on a 12-
hour light—dark cycle. All experimental procedures including animal
care, surgery, euthanasia, and tissue collection were approved by the
Institutional Animal Care and Use Committee at the University of
Illinois at Urbana—Champaign.

Fertility study

A 6-month fertility study was carried out to determine whether
the cKO females experienced subfertility or infertility. Eight female
mice at 2-months of age for each genotype were housed individually
with one wild type male mouse of proven fertility continuously for
6 months. During this time, mice were checked daily for pregnancy
and parturition. Fertility outcomes including the number of litters
born per female, the number of pups born per litter, the pup weight

and pup sex were recorded and analyzed. These mice were used only
for observation of litter size and frequency.

Tissue collection and histological processing

Female mice of each genotype were bred with wild type males at
2 months of age. The day of a vaginal plug was designated as
Day 1 of pregnancy. On pregnancy Day 1, 4, 5, 6, 9, 12, and 15,
mice were euthanized by CO; to collect uterine tissue. One uterine
horn was snap frozen in liquid nitrogen and stored at —80°C for
RNA extraction. The other uterine horn was fixed in 10 ml of
10% buffered formalin for 24 h, transferred into 70% ethanol and
processed for histology as described before [37]. The uterine tissues
were processed in a VipTek tissue processor, embedded with paraffin
into 5 mm thick blocks and then sectioned into 5 pm thick sections
using a microtome. The slides were dried for at least 24 h before
being processed for further analysis.

Serum progesterone level analysis

Serum samples were collected for progesterone measurement on
Day 4 of pregnancy. Briefly, blood was drawn immediately after
euthanasia from the posterior vena cava and cooled on ice for
30 min, then 15 min at room temperature (RT) to clot. The samples
were centrifuged at 1000 x g for 10 min to remove the clot,
and the supernatant liquid component (serum) was subjected to an
enzyme-linked immunosorbent assay (ELISA) using a commercially
available progesterone ELISA kit (DRG EIA1561) for quantifying
progesterone levels. The kit has a sensitivity of 0.0045 ng/ml and
detects progesterone ranges from 0 to 40 ng/ml.

Superovulation

To assess ovarian response to hormonal stimuli and ovulation in the
cKO mice, a superovulation experiment was performed. Nine mice
of each genotype were injected ip with 6 IU of pregnant mare serum
gonadotropin (PMSG, Prospec HOR-272) at 3 p.m. on Day 1. The
mice were rested for 2 days before receiving 6 IU of human chorionic
gonadotropin (HCG, Millipore #230734) 46 h later at 1 p.m. on Day
3. After superovulation, the mice were euthanized the next day (Day
4) at 10 a.m. to collect the oviducts. Oviducts were transferred to
the lab, and were gently pierced at the ampulla region to release a
cloud of oocytes in a complex with cumulus cells. The oocytes were
first incubated in 500 pl of PBS with 20 pl of hyaluronidase (Sigma
H4272) for 20 min to remove the excess cumulus cells. The oocytes
were then transferred to a new petri dish with a drop of PBS and then
imaged by a light microscope to count the number harvested from
each mouse.

Embryo flushing

The number of embryos reaching the uterine horn at the time of
implantation was determined by flushing embryos from the uteri
on Day 4 of pregnancy from both ¢KO and control mice. Seven
female mice of each genotype were individually housed with one
wild type male of known fertility. On Day 4 of pregnancy, mice were
euthanized, and the uterine horns were collected. A 1 ml syringe
with 30-gauge needle was used to flush the embryos by injecting
1 ml of PBS into each uterine horn. The flushing was repeated three
times to ensure flushing of all embryos. The number of embryos was
determined using a light microscope and photographic images were
taken to evaluate the development stages of the embryos.
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RNA isolation and quantitative reverse
transcription-PCR

Total RNA was extracted from uterine tissues from mice on
Day 4 and Day 5 of pregnancy or from artificial decidualization
response (ADR) deciduoma using the Qiagen RNeasy Mini kit
(Qiagen #74104) according to the manufacturer’s instructions. The
concentration of mRNA was determined by a nanodrop and the
quality of the mRNA was assessed using the Bioanalyzer at the
Functional Genomics Center at the University of Illinois, Urbana-
Champaign (https://biotech.illinois.edu/functionalgenomics). One
microgram of total RNA was reverse transcribed using the First
Strand ¢cDNA Synthesis Kit from Roche (#4379012001) following
the manufacturer’s instructions. After ¢cDNA was synthesized,
quantitative reverse transcription-PCR (qQRT-PCR) was performed
to assess the mRNA levels of decidualization and other gene markers
in the uteri and decidua of the mice using Power Sybr Green Master
Mix (Life Tech A25742). Briefly, 5 pl of a 1:7 diluted cDNA sample
were mixed with 10 pl of master mix (7.5 pl of Sybr Green Mix,
0.6 pl primer sets, and 1.9 pl of water) for a total volume of 15 pl per
well in a MicroAmp optical 384-well reaction plate. Three technical
replicates were performed for each sample. qRT-PCR amplification
and quantitation were performed using a Quant Studio (Applied
Biosytem) from the Functional Genomics Center. The reaction was
run for 40 cycles (95°C for 15 s, 60°C for 1 min). The comparative
CT method (AACT) was used for quantification of gene expression.
Relative fold changes in gene expression for all tested genes were
normalized to Peptidylprolyl isomerase A(Ppia) and Ribosomal
protein, large, PO (Rplp0) endogenous housekeeping genes. Genes
analyzed include Bsg, Cebpb, Bmp2, Wnit4, heart and neural crest
derivatives-expressed protein 2 (Hand2), Alkaline phosphatase
(Alph), and Epiregulin encoding gene (Ereg). The primer sequences
of these genes are listed in Supplemental Table 1.

Immunohistochemical and immunofluorescence
staining

Immunohistochemistry (IHC) was performed for BSG on samples
collected on Day 1, 4, and 6 of pregnancy as previous described
[38]. Briefly, slides of uterine horns were deparaffinized using three
xylenes and rehydrated though a series of decreasing concentrations
of ethanol, then subjected to heat-induced antigen retrieval with
DAKO Target Retrieval Solution at 1:10 dilution (10x pH 9) (Dako
Denmark A/S, Denmark, Part Number: S236784-2, Code: S2367)
at 100°C for 30 min and allowed to cool to RT. This was fol-
lowed by inactivation of endogenous peroxidase activity with 0.3%
H, Oy/methanol for 15 min in the dark. The samples were then rinsed
with phosphate buffered saline with Tween-20 (PBST) and incu-
bated in blocking solution consisting of 5% horse serum (Vectastain
ABC kit, Vector Laboratories, Inc. Burlingame, CA, USA) diluted in
1%BSA/PBST at RT for 60 min. The tissue sections were incubated
with primary antibodies overnight at 4°C. The primary antibodies
used were: BSG (1:200; R&D system AF772), LIF (1:200; Origene,
TA321468), PR (1:500; DAKO), CEBPB (1:100; Santa Cruz sc-
150), HAND2 (1:200; Abcam ab200040), and K167 (1:200; Abcam
ab833). The negative control sections were incubated in a nonspe-
cific IgG of the same species as the primary antibodies to confirm
specificity of the primary antibodies. Next day, slides were rinsed
with PBST prior to incubation with antigoat biotinylated secondary
antibody (Vectastain ABC kit, Vector Laboratories, Inc. Burlingame,
CA, USA) at 1:200 dilution in PBST for 60 min at RT. Slides were
then rinsed and incubated in ABC solution (PBS: A: B=50:1:1)

(Vectastain ABC kit, Vector Laboratories, Inc. Burlingame, CA, USA)
for 30 min at RT. For visualization of the immunoreactivity, all slides
were subjected to chromogen 3’3-diaminobenzidine (DAB) (Vector
Laboratories, Inc. Burlingame, CA, USA) for 30 s. Slides were rinsed
in tap water for 10 min to stop the DAB reaction. Thereafter, the
slides were counterstained with hematoxylin for 1 min followed by
dehydration and cover-slipping. After drying for 24 h, the slides were
cleaned and loaded into a Hamamatsu Nanozoomer 2.0 HT for
scanning.

For immunofluorescence (IF) staining, uterine slides were
deparaffinized and underwent antigen retrieval using the same
methods as for IHC. Slides were then incubated in blocking
solution consisting of 5% horse serum (Vectastain ABC kit, Vector
Laboratories, Inc. Burlingame, CA, USA) diluted in 1%BSA/PBST
at RT for 60 min. The tissue sections were incubated with a
primary antibody in blocking solution at specific concentrations
overnight at 4°C. The primary antibodies used were: BSG (1:200;
R&D system AF772), monocarboxylate transporter 1 (MCT1)
(1:1005 LSBio ¢335287), E-cadherin (1:100; R&D system af748),
pan cytokeratin (1:200; Sigma ¢2562), and CD31 (1:50; Abcam,
ab28364). The negative control sections were incubated with the
same concentration of a nonspecific IgG of the same species as the
primary antibodies to confirm specificity of the primary antibodies.
On the following day, slides were rinsed with PBST prior to
incubation with either an antigoat Alexa488 conjugated secondary
antibody (Jackson Immuno Research # 805-545-180), an antirabbit
Cy3 conjugated secondary antibody (Jackson Immuno Research #
711-165-152) or an antimouse Cy5 conjugated secondary antibody
(Jackson Immuno Research # 715175151) in PBST at 1:200 dilution
for 1 h at RT. After incubation, slides were rinsed with PBS
and covered with a DAPI containing mounting medium (Vector
Laboratories, H-1200). To detect the immunoreactivity, all slides
were imaged using a Zeiss LSM 710 confocal microscope at the
Institute for Genomic Biology at the University of Illinois, Urbana-
Champaign.

Jones’ silver stain

Jones’ silver stain was performed to assess the integrity of the
uterine basement membrane. Briefly, slides of uterine horns on Day
5 were deparaffinized using three xylenes and rehydrated through
a series of decreasing concentrations of ethanol, and then oxidized
in 0.5% periodic acid solution for 11 min. After rinsing thor-
oughly in distilled, deionized water, slides were placed in freshly
made methenamine silver solution (3% methenamine and 5% silver
nitrate) at 70°C for 60 min. The slides were checked every 20 min for
precipitate formation. Once a medium brown color stain appeared,
slides were rinsed in distilled deionized water at 70°C. The slides
were then placed in 0.2% gold chloride solution for 1 min, rinsed
in distilled water and treated with sodium thiosulfate for 1 min. The
slides were then rinsed in running tap water for 10 min before coun-
terstaining. Fast green (Fisher) was used for 1 min as a counterstain.
The slides were then dehydrated and covered. After drying for 24 h,
the slides were cleaned and loaded into a Hamamatsu Nanozoomer
2.0 HT for scanning.

Artificial decidualization response

The deciduoma forms in response to an artificial deciduogenic
stimulus and serves as a well-controlled model of decidualization. To
evaluate the decidualization response of the cKO females, an ADR
experiment was conducted as previously described [39]. Ten female
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mice of each genotype were ovariectomized and rested for 2 weeks
to eliminate innate circulating steroid hormones. To precisely control
the level of hormones in the animals, 100 ng of estradiol was injected
for 3 days, then the mice were rested for 2 days before daily injection
of 10 ng estradiol and 1 mg progesterone were administered for
another 3 days. On the third day of estradiol and progesterone
injection, 15 pl of corn oil (Sigma C8267) were injected into the
right uterine horn from the basal part to serve as the deciduogenic
stimulus. The other uterine horn was not injected as an internal
control. The mice were injected with 1 mg progesterone every day
for another 3 days before tissue collection. The uterine horns were
weighed separately and photographed at collection. The injected
uterine horn (deciduoma) was cut in half. One half was snap frozen
in liquid nitrogen for further RNA isolation and qRT-PCR analysis.
The other half was fixed in 10% buffered formalin for 24 h, then
transferred to 70% ethanol and processed for histological analysis.
To measure the size of the cross section of the decidua tissue,
H&E stained slides were loaded into a Hamamatsu Nanozoomer
2.0 HT for scanning. The area, perimeter and diameter of the
deciduoma cross sections were measured and recorded for each
animal.

Statistical analysis

All data were analyzed utilizing GraphPad Prism software 8 (Graph-
Pad Prism, San Diego, CA, USA). Data are presented as means =+
standard error of the means. For normally distributed data, unpaired
¢ tests were used to compare the control group and the experimental
group. For non-normally distributed data, Mann-Whitney tests were
used. A statistical significance was assigned at P <0.05.

Results

Confirmation of loss of Bsg expression in the uterus of
cKO mice

To generate female mice lacking expression of Bsg in uterine cells,
we made a Bsg” and PRcre/+ mouse line in which Bsg genomic loci
was selectively ablated in PR positive cells (Supplemental Figure 1).
Ablation of Bsg was confirmed by qPCR and immunohistochem-
ical staining on tissues from mice of both genotypes (Figure 1).
Quantitative PCR revealed a 75% reduction in mRNA level of
Bsg in whole uteri collected in the cKO mice on Day 4 of preg-
nancy compared to controls (7=4 each, Student #-test, P <0.001)
(Figure 1A). Next, we examined the cell type-specific expression of
BSG in the uteri on pregnancy Day 1, 4, and 8 as well as in the
oviduct (Figure 1B). On Day 1 of pregnancy, BSG was expressed
mainly in the luminal epithelial cells and glandular epithelial cells
in the control uterus. In the cKO, BSG expression disappeared in
the luminal and glandular epithelial cells. On Day 4 of pregnancy,
BSG was expressed abundantly in the stromal cells in the control
uterus. In the cKO, BSG expression was only detected in endothelial
cells and scattered immune cells. On Day 6 of pregnancy, BSG was
heavily expressed in the embryo and the secondary decidual zone and
undifferentiated stromal cells in the control uterus. In the cKO, BSG
expression level was much reduced, occurring mainly in endothelial
cells and immune cells in the stroma. The kidney is known to express
high levels of BSG and served as a positive control. We observed
that the kidneys of cKO females showed extensive BSG expression,
confirming that the targeted knockout in PR positive cells was
specific.

Deletion of BSG in the uterine cells reduced

fertility of female mice

A six-month fertility study was carried out to determine the fertility
outcomes of the cKO female mice, and the results are summarized in
Table 1. During the 6-month period, the eight cKO females produced
123 pups total, which was 4.56 per litter, and this was significantly
smaller than the 309 total pups and 7.73 pups per litter produced
by the controls (Figure 2A). The controls produced 40 litters total,
which was five litters per female on average. On the other hand, the
eight cKO females produced 27 litters total, which was an average
of 3.38 litters per female. The litter frequency of the cKO females
was significantly smaller than the controls (Figure 2B). Although the
cKO mice had fewer pups, the number of dead pups at parturition
was much higher than the controls at a 27:7 ratio. Two of the cKO
females died due to dystocia and had to be replaced. In addition to
the smaller litter frequency and litter size, the fertility decreased much
more severely over time in the cKO females compared to the controls
(Figure 2C). The controls still produced six pups per litter at their
fifth parity, whereas the cKO females produced almost no pups at the
fifth parity. This suggests that BSG may play a role in reproductive
aging. There was no difference in the pups’ weight at birth or sex
ratio of the pups between the cKO females and the control females
(Supplemental Figure 2).

Uteri from animals with both genotypes were collected on dif-
ferent days of pregnancy. Examples of uteri on Days 6, 9, 12, and
15 of gestation for both cKOs and controls are shown in Figure 2D.
For each time point checked, the cKO females had some uteri with
implantation failure. In cKO mice with implantation, some had fewer
implantation sites, abnormal spacing, or crowded implantation sites.
On Days 12 and 135, there were signs of embryo resorption and
growth restriction in the cKO females. There were also signs of
hemorrhage at implantation sites in the cKO mice. This indicates that
pregnancy complications occurred at multiple time points through-
out the gestational period and led to a subfertility phenotype in the
cKO females.

After carefully checking the pregnancy status of mice at every
time point of pregnancy, mice were divided into three groups based
on observation of the uteri: 1. No implantation; 2. Abnormal preg-
nancy, and 3. Normal pregnancy. Only 15.4% of the controls had
no implantation and 7.7% had abnormal pregnancies, while the
majority of controls had normal pregnancies (76.9%). On the other
hand, 25% of the cKO females had no implantation, and 39.3% had
abnormal pregnancies. Only 35.7% of the cKO females had normal
pregnancies, which was much lower than the controls (Figure 3E).

Ovarian function was normal in Bsg cKO mice

Opvaries are the sources of oocytes and the sites of steroid hormone
production, which are critical for reproduction [40]. Ovaries on Day
4 of pregnancy were collected and stained by hematoxylin and eosin
to assess morphological differences between the cKO females and
the controls (Figure 3A). The ovarian morphology appeared similar
between the two genotypes. The cKO ovary had similar number of
follicles at different developmental stages as the controls.

To test ovarian function, including ovulation and response to
hormones, a superovulation experiment was performed. After stim-
ulating with PMSG and HCG, the cKO females ovulated 16.44
oocytes, which was comparable to the 20.44 oocytes produced by
the controls (Figure 3B). The superovulated oocytes were collected
and imaged under a light microscope. The morphology and size
of the oocytes were similar between the cKOs and the controls
(Supplemental Figure 3A).
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Figure 1. Deletion of Bsg in the reproductive tract in female mice. (A) Quantitative PCR showed that uteri from cKO mice showed significantly decreased
expression of Bsg compared with control mice on D4 of pregnancy. N=4 each. P <0.001. (B) Comparison of immunohistochemical staining for BSG in the uteri
on D1 (top panel), D4 (second panel), D6 (third panel) and in the oviduct (bottom panel) in control (left) and cKO (right) mice. LE: luminal epithelium; S: stroma;
Em: embryo; PDZ: primary decidual zone; SDZ: secondary decidual zone; UT: uteri; Ovd: oviduct.

Uteri of both genotypes were harvested on the morning of
gestational Day 4 and the embryos were flushed and collected. We
retrieved an average of 6.29 embryos per mouse from the seven
cKO females, which was similar to the 7.86 embryos retrieved
from the seven control mice (Figure 3C). After collection, embryos

were imaged under a light microscope to evaluate developmen-
tal stages. Most of the embryos were at the mature blastocyst
stage, or morula stage, regardless of the genotypes of the mother
(Supplemental Figure 3B). The cKO females had an average of 0.71
unfertilized or degenerative eggs, which was similar to the 0.43
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Table 1. Fertility study results

Genotype No. of No. of Litters No. litters per No. of pups No. of pups No. of dead Pup weight
animals born animal born per litter pups

Bsg!" 8 40 5.040.38 309 7.73 £ 0.35 7 1.41 +0.01

Bsg¥ 8 27 3.38 £ 0.46* 123 4.56 £ 0.52* 27 1.38 £ 0.02

Asterisk (*) indicates P < 0.05.

unfertilized or degenerative eggs observed in the controls. There were
also corpora lutea present in the ovaries of the cKO mice.

Progesterone is a key for maintenance of all events of normal
pregnancy [41]. Circulating progesterone levels were measured in
serum collected on Day 4 of pregnancy and subjected to progesterone
ELISA. The cKO females had 19.12 ng/ml progesterone, which was
not different from the 19.35 ng/ml levels measured in the controls
(Figure 3D). These data suggest that ovulation, progesterone produc-
tion, fertilization, and early embryo development were not altered in
the cKO mice. Thus, the subfertility of the cKO females was due to
uterine defects.

Embryos of Bsg cKO mice failed to penetrate the
luminal epithelium and break down the basement
membrane

To determine if implantation was impaired in the cKO mice, uter-
ine samples of females of both genotypes were collected on Day
5 of pregnancy. The uterine tissue sections were stained with a
pan-cytokeratin antibody (Figure 4A) and the results showed the
embryos were marked with green for BSG as they express BSG,
whereas the epithelium was marked with red for cytokeratin. In the
controls, at the site far away from the embryo, there was continuous
expression of cytokeratin, highlighting the luminal epithelium, but at
the site of implantation, the expression of cytokeratin was disrupted.
However, in the cKO, a significant proportion of the embryos were
clearly restrained in the pocket of the epithelial layer.

IF staining of E-cadherin was performed to evaluate the integrity
of the luminal epithelium at the implantation site on the evening of
Day 5 of pregnancy (Figure 4B). There was no E-cadherin expression
in the luminal epithelium at the site of implantation in the control
mice, indicating a complete breakdown and apoptosis of the luminal
epithelial cells. This suggests the embryos were able to penetrate the
luminal epithelial barrier and successfully invade into the stromal
layer. However, in a significant proportion (6/9) of the implantation
sites of the cKOs examined, the embryos were still surrounded by an
intact layer of epithelium with intense E-cadherin expression. The
integrity of the epithelium was preserved, indicating failed luminal
epithelial breakdown and embryo invasion in the cKO mice. This
was assessed on the evening of Day 5, when the embryo should have
completed attachment and invasion as the control mice showed [6].
Thus, it suggests that the embryo surrounded by the intact luminal
epithelium in cKOs was not due to delayed implantation, but due to
incomplete implantation.

The penetration and breakdown of the uterine luminal epithelial
basement membrane is required for successful implantation [11]. To
assess the status of the basement membrane in the cKO females,
Jones’ silver stain was performed (Figure 4C) on implantation sites
collected on Day 5 evening of pregnancy. In the controls, the black
stain lining the luminal epithelium was found away from the embryo,
but there was no positive stain at the site of embryo attachment,
suggesting a breakdown of the basement membrane. In the cKOs,

the black color positive stain was still present at the basal side of
the luminal epithelium around the embryo, suggesting an unaltered
basement membrane.

Uterine receptivity was impaired in Bsg cKO mice
Successful implantation requires a receptive uterus for the mature
blastocyst. The window of receptivity refers to the restricted time
that the uterus is capable of accepting the embryo, and it usually
lasts around 24 h in mice and 2-3 days in human [42]. To investigate
whether uterine receptivity was altered in the cKO, uterine cross
sections were stained for PR and LIF at the time of implantation. Our
results showed that in the control mouse, PR was expressed exclu-
sively in the stromal cells; however, 3/6 ¢cKO mice had prolonged
PR expression in the LE (Figure 5A.) We also observed that in these
cKO mice, LIF was expressed in a few stromal cells, but not in the
GE cells. On the other hand, LIF was expressed only in the GE cells
in the controls (Figure 5B).

We also evaluated the proliferating status of the uterus at the
time of implantation. Our results in Supplemental Figure 4 showed
that there was no difference in the expression of K167 in the cKO
or control mice on either Day 4 evening or Day § morning. KI67
was expressed heavily and exclusively in the stromal cells, indicating
proliferation was not altered in the cKO mice.

Decidualization response was impaired

in Bsg cKO mice

Proper decidualization is critical for normal pregnancy [1]. An ADR
experiment was carried out in both genotypes as described previ-
ously. Uteri were photographed at collection and example images are
shown in Figure 6A. The results revealed that in the controls, most
of the animals displayed a robust response to the stimuli whereas
in the cKO mice, there was a very modest response or no response
at all in most of the animals. To quantify the size of the decidua,
cross sections of the deciduoma were measured (Figure 6B). The
area of the controls was 7.2 mm?, which was significantly higher
than the area of the cKOs at 3.86 mm?. Each uterine horn was
weighed and the ratio of injected horn to uninjected horn weight
was calculated (Figure 6C). In the controls, on average, the injected
uterine horn had a 9.13-fold increase in weight in response to the
stimuli. However, in the cKO mice, there was only a modest 2.2-
fold increase in the weight of the injected uterine horn, indicating an
impaired decidual response. The body weight of each mouse was also
measured (Figure 6D). The cKOs weighed 22.73 g on average, which
was not different compared to the controls at 23.67 g. This indicates
that the differences in the uterine weights between the genotypes of
mice were due to different responses to the experimental stimuli,
rather than body weight differences.

The expression levels of several decidualization marker genes
were evaluated by gqRT-PCR in the artificial decidualization model
(Figure 6E). The results showed that Bsg gene expression levels in
the cKO were downregulated by 86% compared to the levels in the
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Figure 2. Bsg cKO mice exhibited various pregnancy abnormalities and subfertility. Bsg cKO mice showed smaller litter size (A), litter frequency (B), and more
severe reduction in fertility in different parities over time (C) compared to controls. Bsg cKO mice (right) showed implantation failure, embryo resorption and
hemorrhage on different gestational days compared to controls (D). Evaluation of pregnancy status showed that most cKO mice had either no implantation or

abnormal pregnancy (right) compared to controls (left) (E).

controls as expected. Cebpb expression in the cKOs was significantly
downregulated by 75% compared to the levels in the controls and
Bmp2 expression in the cKOs was also significantly downregulated
by 88%. These results confirm that specific decidualization marker
genes were downregulated in the cKOs, leading to an incomplete
decidualization response.

To determine whether the protein expression level was consistent
with gene expression level for some of the decidualization genes,
CEBPB and HAND2 abundancies were analyzed by IHC. Our
results confirmed there was abundant CEBPB protein expression
in the deciduoma in the control mice, but little CEBPB expression
was evident in the cKO mice (Figure 6F). This confirmed that the
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Figure 3. Ovarian function in Bsg cKO mice appeared to be normal compared to controls. An ovary of the cKO (right) and control (left) mouse on D4 of pregnancy
(A). Number of superovulated oocytes (B), number of embryos flushed on D4 (C) and level of circulating progesterone (D) are similar in the control (left) and

cKO (right) mice. F: follicle; CL: corpus luteum.

CEBPB protein level was much reduced in the cKOs compared to
the controls. Figure 6G shows that in the deciduoma of the controls,
HAND?2 was abundant in the stromal cells over a wide area. How-
ever, in the cKO mice, HAND2 was greatly reduced compared to the
controls. Similar results were observed in uteri of Day 5 pregnant
mice stained for CEBPB and HAND2. Our results showed that the
controls lost E-cadherin expression at the implantation site but had
a broad region of stromal cells expressing CEBPB. However, in the
cKOs, the expression of CEBPB was limited to a smaller region of
stromal cells close to the embryo (Supplemental Figure SA). HAND2
protein was found in the subepithelial stromal cells surrounding the
embryo in the controls. In the cKOs there was some HAND?2 in the
subepithelial stromal cells, but the area of HAND?2 positive cells was
much smaller compared to the controls (Supplemental Figure 5B).

MCT1 localization was altered in Bsg cKO mice

MCTs are important for lactate transport and metabolic home-
ostasis, and MCT1 and MCT4 are shuttled to the membrane by
their chaperone protein BSG [43-45]. Uterine sections on Day 6 of
pregnancy were stained to assess the abundance and localization of
MCT1 in the cKO females. Our results showed that in the controls,
BSG was abundant in the deep undifferentiated stromal cells and
MCT1 was localized in the same region (B and C). In contrast, BSG
was found only in some immune cells and endothelial cells in a
scattered pattern within the stroma of the cKO females on Day 6 of
pregnancy. MCT1 was very weak at a low magnification, and there
was no colocalization of the two proteins (Figure 7A). At a higher
magnification focused at the deep stromal layer (Figure 7B), BSG was
abundant in the cell membrane in the uteri of the controls. MCT1
was also found in the cell membrane and these two colocalized in
the merged image. However, in the cKO females, such colocalization
of BSG and MCT1 within the same area was absent. These results

confirm that the localization and abundance of MCT1 were altered
in the uteri of the cKO females.

Angiogenesis was reduced in Bsg cKO mice
Angiogenesis at the implantation sites was also evaluated in the
¢KO mice. Uterine sections from Day 6 of pregnancy were stained
for the angiogenic marker CD31. Our results showed that, CD31
was abundant in the embryo and in the endothelial cells among
deep stromal cells in the controls but was much lower in the cKO
mice (Figure 8A). A higher magnification of the deep stromal layer
showed clearly that abundance of CD31 was much higher in the
controls compared to the cKO females (Figure 8B). To quantify the
expression of CD31, images of five fields were randomly selected and
quantified for their signal intensity. The results showed that the signal
intensity in sections from the controls was 34.92, which was signifi-
cantly higher than the value of 20.3 in the cKO females (Figure 8C).
These results revealed a markedly decreased abundance of CD31 in
the uteri of the cKO mice, suggesting reduced angiogenesis at the
implantation sites in these animals.

Discussion

BSG is a transmembrane glycoprotein expressed in many tissue
and cell types, including the reproductive organs in both humans
and mice [28, 46]. In this study, we demonstrated that conditional
deletion of Bsg in uterine cells resulted in subfertility of the mice, due
to the defects we observed at the time of implantation and during
decidualization. Work from our group and others has shown that
BSG is expressed in the uterus during the estrous cycle and early
pregnancy in mice [30, 47]. It is also present in human endometrium
and its expression is menstrual cycle-dependent [48, 49]. BSG is
expressed in the preimplantation embryos as early as the 2-cell stage
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Figure 4. Implantation failed in the Bsg cKO mice. An implantation site of the control (left) and cKO (right) mouse on the evening of D5 (A and B). Green: BSG;
Red: Cytokeratin; Orange: E-cadherin; blue: DAPI. Jones' silver stain on an implantation site of the control (left) and cKO (right) mouse on D5 showing basement
membrane (C). Arrows indicate positive stain of the basement membrane. Em: embryo.

and is expressed in both the inner cell mass and trophectoderm of
mouse blastocysts [28, 31, 50, 51]. Researchers reported that the
expression of BSG mRNA is highest in the oocyte, morula, and
blastocyst stages [50]. In humans, preimplantation embryos secrete
BSG and embryos that developed into blastocysts secreted more
BSG than arrested embryos [52]. Bsg is present in the placental
trophoblast cells in the first trimester and term placenta in humans

[53-55]. It is also expressed in placental trophoblast and endothelial
cells throughout gestation in the mouse and rat [56, 57]. Taken
together, these data support an important role for Bsg in normal
pregnancy.

The results of our 6-month fertility study showed that the cKO
females produced markedly smaller litter numbers and litter size
compared to the controls, indicating a subfertility phenotype in
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Figure 5. Impaired PR and LIF staining in the Bsg cKO mice. (A) An implantation site of the control (left) and cKO (right) mouse stained against PR on D5 morning
of pregnancy. PR was still expressed in the LE in the cKO. (B) An implantation site of the control (left) and cKO (right) mouse stained against LIF on D5 morning
of pregnancy. LIF was expressed in the GE of the control mouse, but not expressed in the GE of the cKO mouse.

cKO mice. Interestingly, we observed that as parity increased, the
fertility of the cKOs decreased more severely compared to the
controls. Normally, the fertility of animals gradually decreases as
they age, however, the age-associated fertility decrease in the cKO
mice was accelerated compared to the controls, suggesting a possible
role of BSG in reproductive aging. Our results showed no differ-
ences in ovarian morphology, number of superovulated oocytes or
progesterone levels on Day 4 between the two groups, indicating
normal ovarian functions in the cKO mice. This suggested that the
reduced fertility in the cKO mice was likely not due to defects
in the hypothalamus-pituitary-ovary axis. Indeed, we found uter-
ine defects throughout gestation after assessing pregnancy status
at different gestation timepoints. Our results showed that only
15.4% and 7.7% of the controls had no implantation or abnormal
pregnancy, respectively, whereas 76.9% had normal pregnancies.
However, in the cKO mice, only 35.7% had normal pregnancies.
A quarter of the cKO mice had implantation failure and 39.3%
had problematic pregnancies. These findings suggest that over the
course of pregnancy, BSG may be involved in regulating multiple
processes including implantation, decidualization, and placentation.
In addition, parturition could likely be affected by the loss of BSG
because two ¢cKO mice died due to dystocia and there was a much
higher incidence of neonatal death for the cKO mice in the fertility
study.

Implantation is a dynamic event that involves a series of physical
and physiological interactions between the implanting blastocyst
and the receptive uterus [58]. At the time of implantation, the

luminal epithelial cells at the implantation site undergo apoptosis
and the basement membrane is breached for further invasion of
the embryo [59]. During the peri-implantation period, cytokeratin is
downregulated in the uterine epithelium of mice, rabbits, and cows
[60-62]. Our results showed that the luminal epithelial cells at the
site of implantation still expressed cytokeratin in a large proportion
of cKO mice on the evening of Day 5 pregnancy. E-cadherin,a Ca2*-
dependent transmembrane protein that forms adhesion junctions, is
also expressed in the luminal epithelium [63]. During implantation,
expression of E-cadherin is downregulated due to cell remodeling to
assist blastocyst attachment and invasion in mice, rats, and rabbits
[60, 64, 65]. Paria et al. reported that E-cadherin is expressed in
the luminal epithelium prior to implantation, but that expression is
lost during implantation and transiently appears in the stromal cells
in mice [64]. Nallasamy et al. showed that persistent expression of
E-cadherin results in implantation failure [66]. Our results showed
that in a substantial number of the cKO uteri, E-cadherin was
expressed throughout the uterine luminal epithelium at the time of
implantation. Similarly, activin-like kinase (ALK)-3 cKO mice also
expressed E-Cadherin in the luminal epithelium at this time and also
experience implantation failure and infertility [67].

A specifically timed window of implantation is required for
proper implantation and is regulated by progesterone signaling [42].
Studies have suggested that loss of PR expression in the LE in mice
during the preimplantation period is a marker for uterine receptivity,
and subsequently this downregulation of PR leads to upregulation of
LIF in the GE cells [14, 68]. In our study, the control mice had normal
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Figure 6. Bsg cKO mice exhibited a compromised decidual response to artificial stimuli. Uterine horns of the cKO mice showed modest decidual response
compared to the robust response by the control mice (A). The size of uterine cross sections was much smaller in the cKO compared to the control mice (B).
The stimulated to unstimulated uterine horn weight ratio in the cKO mice was significantly lower than the controls (C). The body weight was similar between
the cKO and the controls (D). Decidualization gene expression levels in the cKO and the control deciduoma (E). Immunohistochemical staining showed lower
expression of CEBPB (F) and HAND2 (G) in the cKO compared to the control deciduoma.

stromal expression of PR and glandular epithelial expression of LIE.
However, in the cKO mice, 3/6 evaluated implantation sites showed
prolonged expression of PR in the LE cells and absence of LIF in the
GE cells. This indicates that the receptivity window was altered in
some of the cKO mice.

During early pregnancy in rodents and humans, the endometrial
stromal cells respond to the invasion of the embryo by undergoing
proliferation followed by differentiation; this morphological and
functional transformation is known as decidualization. [69]. It is
widely accepted that proper decidualization is a prerequisite for
successful implantation, and abnormal decidualization can result
in implantation failure, miscarriages, preeclampsia, and intrauterine
growth restriction [1, 17, 70]. Our results indicated that there was no
difference in the proliferation of the uterine stromal cells between the
two genotypes. However, in the ADR experiment, we observed that
most of the cKO females either did not undergo a decidual response
or had only a modest decidual response, whereas the control females
had a robust response to the deciduogenic stimulus. The qRT-PCR
results showed that Bmp2 and Cebpp expression in the deciduoma
of the cKOs were have been significantly downregulated compared
to the controls.

BMP ligands and receptors are expressed in the uterus of preg-
nant mice, and play key roles in regulating implantation [71]. BMP2
is the most studied and loss of BMP2 in the uterus caused infertility in
mice due to failures of embryo attachment and decidualization [67].
BMP2 acts through its receptor ALK2 to regulate decidualization;
Alk2 null mice also failed to undergo uterine decidualization [67,71].
Microarray analysis revealed that CEBPB is downstream of ALK2
and CEBPB expression is suppressed in ALK2 cKO mice. CEBPB is
a transcription factor involved in the cell cycle under regulation by
steroid hormones, and is expressed in the endometrial stromal cells

in mice, baboons, and humans [16, 71-73]. In mice, its expression
is rapidly induced at the time of blastocyst attachment, and further
increased during decidualization in the proliferating and decidual-
ized stromal cells surrounding the blastocyst. Studies have shown
that CEBPB is a key regulator of decidualization as uteri lacking
CEBPB failed to undergo decidualization and showed no response to
artificial decidualization stimulation similar to our results [74, 75].
CEBPB acts through its direct downstream target STAT3 to regulate
the decidual response in human and mice [23, 24]. Interestingly, BSG
is reported to promote STAT3 activity in cancer cells [76]. Together
with the downregulation of Bmp2, this suggests that loss of BSG in
the uterus leads to defective decidualization, likely through the BMP-
ALK2-CEBPB-STAT3 pathway. Further studies on the expression
levels of Alk2 and Stat3 should be evaluated to confirm involvement
of Bsg in this pathway to regulate decidualization.

HAND?2 is a transcription factor that is expressed in uterine
stromal cells in mice [77]. Studies have shown that Hand2 mRNA
and protein levels increase in mouse uterine stromal cells during
decidualization and this upregulation is embryo independent [78].
Reduction of Hand2 expression in these cells using RNA knock
down leads to reduced decidualization in both mouse and human
stromal cells in vitro [78]. The results of our studies showed that
both mRNA and protein abundance of HAND2 were downregulated
in the deciduoma from the ADR experiment and in the uteri on
Day 5 of pregnancy in the cKO mice compared to the controls.
Our findings indicate that loss of BSG in the mouse uterus leads
to compromised decidualization through downregulation of Hand2
expression.

Angiogenesis during implantation is crucial for pregnancy estab-
lishment and maintenance [4]. The differentiating stromal cells form
an avascular primary decidual zone on Day 5 surrounding the
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Figure 7. Bsg cKO mice showed altered MCT1 expression on D6 of pregnancy. A uterine cross section of a control (left) and cKO (right) mouse stained for BSG
and MCT1 (A: low magnification; B: high magnification). Green: BSG; red: MCT1; blue: DAPI.

embryos, and then form a well vascularized secondary decidual
zone by Day 8 [79]. BSG is important in promoting angiogenesis
as studies have shown that BSG overexpression promotes tumor
angiogenesis and growth by inducing vascular endothelial growth
factors (VEGFs) and matrix metalloproteinases (MMPs) expression
in both human and mouse [80]. We observed a significant reduction
in the presence of the angiogenic marker CD31 in the uteri of cKO
mice on Day 6 of pregnancy. This observation is very similar to a
study examining the role of gap junction protein connexin 43 (Cx43)
in female reproduction, where the Cx43 cKO mice were subfertile
due to failed decidualization [81]. Loss of Cx43 also caused a striking
impairment in angiogenesis with a reduction in the expression of
CD31 and VEGF [81]. Our findings indicate that loss of Bsg leads to
reduced angiogenesis in the cKO females. Future studies investigating
the effects of loss of Bsg on the expression of connexins and VEGFs
in the cKO mice are warranted.

In this study, six out of nine cKO mice examined on Day 5 evening
of pregnancy had implantation failure and 70% of the cKO mice
had no decidual response or only a modest response to the artificial
decidualization stimuli. Thus, not all the cKO mice were negatively
affected by deleting Bsg in uterine cells during pregnancy. There
are potentially several explanations for the range in severity of the
subfertility phenotype in the cKO mice. First, PR is not expressed
in all uterine compartment and cell types. Studies have shown that
PR is expressed in the luminal and glandular epithelial cells, stromal
cells, and myometrium of cycling mice, with only PRB in the luminal
epithelium, and both PRA and PRB in the stroma and myometrium
[82, 83]. It is worth noting that not all stromal cells express PR. Soyal
et al. reported that some stromal cells did not possess Cre activity
when characterizing the PR-Cre and Lox mouse model [36, 84].
The second possibility is that the PR negative cells in the uterus still
express BSG and this is enough BSG to maintain some level of fertility
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Figure 8. Bsg cKO mice showed reduced angiogenesis in the stroma on D6 of pregnancy. A uterine cross section of a control (left) and cKO (right) mouse

stained for CD31 (A: low magnification; B: high magnification). Red: CD31; b
controls (C).

in the cKO animals. Endothelial cells and certain immune cells such
as macrophages express BSG, but are PR negative [25, 84, 85].
These cells could provide BSG function through paracrine activity.
In addition, studies have shown that BSG is present in microvesicles
and can be released through microvesicle shedding [85-88]. Thus, it
is important to investigate whether microvesicles shed by the embryo,

lue: DAPI. CD31 intensity was significantly lower in the cKO uteri compared to the

endothelial or immune cells in the cKO mice contain BSG. A third
possible explanation is a compensatory mechanism of BSG related
molecules. Embigin, the founding member of the Ig superfamily,
is expressed in the uterus and acts as an ancillary protein when
BSG is absent [89]. For example, MCT1 and MCT4 have highest
affinity for binding BSG, but when BSG is absent, they can also bind
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to embigin. Thus, the effectiveness of the PR knockout, paracrine
activity or microvesicle shedding by BSG producing cells, as well as
compensatory effects by embigin could potentially explain the range
of subfertility caused by loss of uterine BSG using this PR-Cre mouse
model.

MCTs are short-chain fatty acids transporters for lactate, pyru-
vate, and ketone bodies and play an important role in metabolic
homeostasis in many tissue types including the uterus [43]. BSG
is a chaperone protein for MCT1 and MCT4 and is responsible
for shuttling these MCTs to the plasma membrane [44, 45, 90].
MCT1 and BSG colocalize and form a heterodimer through its
transmembrane domain that is critical for cells with a high glycolytic
rate under hypoxic conditions. The increase in glycolytic flux is also
seen in physiological processes with rapidly proliferating cells such as
in embryo implantation [30, 91]. Our IF results showed that MCT1
expression and localization were altered in the cKO mice compared
to the controls. Silencing of Bsg in human malignant melanoma cells
or in lung fibroblast cells abrogated the expression of MCT1 and
downregulated glycolysis [92, 93]. Therefore, lactate transport in the
stromal cells of cKO mice needs to be investigated.

In conclusion, we have shown that deletion of Bsg in the
female reproductive tract leads to subfertility in mice. Mice lacking
Bsg exhibit impaired implantation, compromised decidualization,
reduced uterine angiogenesis, hemorrhage, and embryo growth
restriction. Future studies will focus on in vitro studies to investigate
decidualization, MMP secretion, and lactate production under
hypoxic conditions.
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