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Abstract

During decidualization, endometrial stromal cells differentiate into a secretory phenotype to modulate the uterine micro-
environment and promote embryo implantation. This highly metabolic process relies on ovarian steroid receptors and glucose
transporters. Canonical Notch signaling is mediated by the transcription factor Recombination Signal Binding Protein for
Immunoglobulin Kappa | Region (RBP)). Loss of RBPJ in the mouse uterus (Pgr™® "Rbpj/1°%; Rbpj c-KO) results in subfertility in
part due to an abnormal uterine—embryonic axis during implantation and, as described herein, decidualization failure. Induced in
vivo decidualization in Rbpj c-KO mice was impaired with the downregulation of decidual markers and decreased progesterone
receptor (Pgr) signaling. Consistent with in vivo mouse data, RBP| knockdown during in vitro Human uterine fibroblast (HuF)
cell decidualization results in the reduced expression of decidual marker genes along with PGR. Expression of the glucose
transporter, SLC2A |, was decreased in the RBPJ-silenced HuF cells, which corresponded to decreased Slc2al in the secondary
decidual zone of Rbpj c-KO mouse uteri. Exogenous administration of pyruvate, which bypasses the need for glucose, rescues
PRL expression in RBPJ-deficient HuF cells. In summary, Notch signaling through RBP] controls both ovarian steroid receptor
PGR and glucose transporter SLC2A| expression during decidualization, and this dysregulation likely contributes to embryo
implantation failure.
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Introduction including cellular differentiation, survival, and apoptosis.'*'>

Notch signaling consists of 4 heterodimeric transmembrane
receptors (NOTCH1-4) whose 5 ligands (Delta-likel, 3, 4 and
Jaggedl, 2) are expressed on the cell membrane of adjacent
cells, thereby initiating receptor—ligand interactions through a
juxtacrine mechanism. Upon ligand binding, activated Notch
receptors undergo an ADAM protease and gamma-secretase-
mediated cleavage cascade that results in the intracellular

Receptivity of the uterus to an active blastocyst is initiated
through both hormonal regulation by the corpus luteum and
embryonic signals, which favor embryo attachment and tropho-
blast invasion.'” The process of invasion and embryonic cues
trigger transformation of endometrial stromal fibroblasts into
secretory, epithelioid-like decidual cells, termed decidualiza-
tion.*® Decidualized stromal cells migrate toward and encap-
sulate the implanting embryo, where they simultaneously
support and control trophoblast invasion.”'® Clinical conse-
quences of deciduglization defects include .recurren'F pregnancy <ol dicine, Michigan State University, Grand Rapids, MI, USA
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release of the Notch intracellular domain (NICD), which is the
active form of Notch.'® In canonical Notch signaling, the NICD
translocates to the nucleus and binds to the Notch family tran-
scription factor recombination signal binding protein-Jx
(RBPJ), converting it from a basal transcriptional repressor to
an activator of downstream target genes, such as the “Hairy
enhancer of split” (HES) and Hes-related (HEY) transcription
factor families.'’°

During the implantation window, NOTCHI1 expression is
induced in endometrial stromal cells of the nonhuman primate
and in women in response to the embryonic signal Chorionic
Gonadotropin (CG), which promotes uterine receptivity and
decidualization.'*'** We have shown that Notch signaling,
specifically NOTCHI, is indispensable for the initiation of
decidualization in both mice and women.?>?° Further, Notch
receptors, ligands, and target genes are all reduced in eutopic
endometrium of baboons and women with endometriosis, con-
tributing to their disease-specific decidualization failure.*® In
mice, during implantation, Notchl is initially induced in the
stromal cells of the primary decidual zone and then subse-
quently increases in the secondary decidual zone.”> Ablation
of Notchl in the mouse uterus using a progesterone receptor
(Pgr)-driven cre-expressing (Pgr<"® Notch’’; Notchl ¢-KO)
drastically inhibited their response to an in vivo artificial decid-
ualization stimulus.”> Decidualization failure in Notchl ¢c-KO
mice was associated with the downregulation of genes crucial
for progesterone-induced stromal cell differentiation and path-
ways related to cell proliferation, cell cycle progression, and
estrogen receptor o (Esrl) signaling.?®> Notchl ¢-KO mice pro-
duce reduced litter sizes in the first litter but, otherwise, exhib-
ited normal fecundity,?® suggesting compensation by other
Notch receptors may have rescued fertility in these mice, since
other Notch receptors have been implicated in decidualiza-
tion.?” Disruption of all potential Notch receptor signaling
through ablation of the shared transcription factor, Rbpj, in the
mouse uterus (Pgr"” " Rbpj”’; Rbpj ¢-KO) resulted in subferti-
lity due to an abnormal embryonic—uterine axis and impaired
decidual remodeling.*® More recently, we identified secondary
infertility in Rbpj c-KO mice that results from impaired post-
partum uterine repair and enhanced inflammatory signaling.’
While secondary infertility was also associated with impaired
in vivo artificial decidualization response, it was unclear
whether decidualization defects occur in nulliparous Rbpj c-
KO mice contributing to their subfertility. In the current study,
we sought to determine the role that RBPJ plays in decidual
function beyond the initial implantation phase and its relevance
in the setting of human decidualization.

Growing evidence supports the importance of endometrial
glucose transporters during decidualization, and their dysregu-
lation results in infertility.>*=* Facilitative glucose transporters
(known as the GLUT or SLC2 family) regulate cellular glucose
uptake and have distinct tissue-specific and temporal expres-
sion patterns.>®> SLC2A1 (GLUT1) is ubiquitously expressed in
the uteri of both women and rodents.*® Additionally, SLC2A1
is further induced during early gestation and decidualization of
mouse and human endometrial stromal cells.***° Progesterone

administration increases SLC2A1 expression in stromal cells in
both women and mice.?'* Further, Rbpj mediates SLC2A1
expression in memory CD*" T cells, which is essential for
theirsurvival in the mouse,’’ suggesting that this mechanism
may be important for decidualization.

We hypothesized that Notch signaling through RBPJ med-
iates differentiation of endometrial stromal cells during the
establishment of pregnancy. In the current study, we induced
in vivo artificial decidualization in Rbpj c-KO and control mice
(Pgr™ " Rbpi™). Rbpj ¢-KO mice displayed reduced deciduali-
zation associated with altered Pgr signaling and downregula-
tion of glucose transporter Slc2al during decidualization. Our
mouse studies were performed in parallel with in vitro decid-
ualization of human uterine fibroblast (HuF) cells after siRNA
silencing of RBP.J. Similar to Rbpj c-KO mice, the decidualiza-
tion response was impaired when RBPJ was silenced and was
also associated with reduced Pgr and SLC241 expression.
Finally, supplementation of pyruvate, bypassing the necessity
for glucose, restored the decidualization response in RBP.J-
silenced HuF cells. Through these translational studies, we
have determined that RBPJ is essential for decidualization in
both the mouse and the human, in part, through regulation of
progesterone signaling and glucose transporter expression.

Materials and Methods
Mouse Models

All studies performed using animals were approved by the
Institutional Animal Care and Use Committee of Michigan
State University, East Lansing, Michigan. To avoid the
embryonic lethality of a complete Rbpj knockout,*® we gener-
ated a uterine-specific, conditional Rbpj knockout mouse.
Rbpj” mice contain LoxP sites flanking the sixth and seventh
exons, corresponding to the DNA binding domain.*’ We
crossed Pgr"“" mice, containing a knock-in of Cre recombi-
nase in 1 copy of the Pgr gene while maintaining normal
fecundity and Pgr function,***' with Rbpj”’ (control) mice to
generate Pgr" " Rbpj’’ (Rbpj c-KO) mice, in order to ablate
Rbpj in Pgr-positive tissues as described previously.?®*°

In Vivo Artificial Decidualization Model

Induction of artificial decidualization was performed on
6-week-old Rbpj ¢c-KO and control mice as described previ-
ously.”> Mice were ovariectomized and then primed to mimic
the hormonal milieu of early pregnancy with daily E2 (100 ng;
Sigma-Aldrich, St. Louis, Missouri) for 3 days followed by
2 days of rest and then daily P4 (1 mg; Sigma-Aldrich) plus
E2 (6.7 ng). Six hours following the third E2 plus P4 injection,
amechanical scratch of the antimesometrial luminal epithelium
of the left uterine horn (S; stimulated) was performed using a
blunted needle to induce decidualization. The unscratched right
horn served as the hormonal control (US; unstimulated). Sub-
sequently, daily injections of E2 and P4 were provided with
sacrifice 3 or 5 days post-scratch (n = 3-5 mice/group). Uterine
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tissues were collected, weighed, and either snap frozen in
liquid nitrogen or fixed in 4% paraformaldehyde for paraffin
embedding. Decidual response was calculated based on the
ratio of uterine decidualized to control horn weight.

Immunohistochemistry

Paraformaldehyde 4% fixed paraffin-embedded tissues were
sectioned to 6-pum thickness and placed onto microscope slides
(Thermo Fisher Scientific, Waltham, Massachusetts). For
immunohistochemistry, each tissue section was dewaxed, rehy-
drated with a graded alcohol series, followed by heat-mediated
antigen retrieval in citrate buffer (Antigen unmasking solution;
Vector Laboratories, Burlingame, California) and 10% hydro-
gen peroxide treatment. Sections were blocked for 1 hour in
10% Normal Horse Serum (Vector Laboratories) in phosphate-
buffered saline (PBS) incubated overnight at 4°C in one of the
following primary antibodies: rabbit anti-PGR (1:500; DAKO,
Carpinteria, California), mouse anti-SLC2A1 (1:100; Santa
Cruz Biotechnology, Dallas, Texas). Next, sections were incu-
bated in respective biotinylated secondary antibodies for anti-
mouse IgG or anti-rabbit IgG (Vector Laboratories) followed
by HRP-conjugated streptavidin. Detection for immunoreactiv-
ity was achieved using the DAB Substrate Kit (Vector Labora-
tories) followed by hematoxylin counterstaining. Staining
intensity of each section was quantified by image analysis
software ImageJ (NIH) resulting in a Digital HSCORE
(D-HSCORE) of staining intensity as previously reported.*?

Isolation and Culture of Human Uterine Fibroblast Cells

Human uterine fibroblast cells were isolated from the decidua
parietalis from term placentas.>>** Tissues were procured after
patient informed consent was obtained under a protocol
approved by the Institutional Review Board at Michigan State
University. Corresponding clinical information for each cell
line used in this study are summarized in Supplemental Table
S1. After trypsinization, cells were propagated in phenol-red-
free RPMI 1640 (Thermo Fisher Scientific) supplemented
with 10% Charcoal: Dextran Stripped-Fetal Bovine Serum
(CDS-FBS). Each cell line obtained from a single placenta is
considered a single sample for statistical analysis; therefore, at
least 3 HuF cell lines plated in triplicate were used for each
experiment. Further, cell lines beyond 6 passages were not used
for experiments due to the potential for diminished deciduali-
zation response.

Transfection of RBP] Small-Interfering RNA in HuF cells

Human uterine fibroblast cells were seeded in 6-well dishes at
1.5 x 10° cells per well in 10% CDS-FBS in RPMI. Once cells
reached ~30% to 50% confluence, they were washed with
sterile PBS then acclimated to serum and antibiotic-free
Opti-MEM media (Thermo Fisher Scientific) for at least
30 minutes prior to transfection. Subsequently, nontargeting
(Control; ON-TARGETplus Non-targeting pool; GE

Dharmacon, Lafayette, CO) and RBP.J small-interfering RNA
(siRNAs; SMARTpool ON-TARGETplus RBPJ siRNA; GE
Dharmacon, Lafayette, Colorado) were dissolved in Lipofecta-
mine RNAIMAX (Thermo Fisher Scientific) diluted in Opti-
MEM. This mixture was added to the cells to achieve a final
concentration of 40 nmol/L of either control or RBPJ siRNA,
and cells were incubated with the siRNA mixture for 5 hours.
Finally, cells were washed with PBS and then incubated over-
night in fresh RPMI with 10% CDS-FBS and antibiotics prior
to any future experiments.

In Vitro Decidualization of HuF Cells

In vitro decidualization of HuF cells was performed through
administration of an EPC cocktail (a combination of 36 nmol/L
estradiol-17f, 1 umol/L medroxyprogesterone acetate [MPA]
and 0.5 mmol/L di-butyryl-cyclic adenosine monophosphate
[dbcAMP; dbcAMP; Sigma]) in 2% CDS-FBS in RPMI. 234344
Human uterine fibroblast cells were treated with EPC or vehi-
cle (Veh) for 5 days with replacement of treatment and media
every 2 days. For in vitro decidualization studies with glucose
and pyruvate supplementation, 8 mmol/L p-Glucose or 16
mmol/L Sodium Pyruvate (Sigma) in RPMI, respectively, were
used for dilution of EPC or vehicle. Glucose and pyruvate
concentrations were chosen based on dose—response experi-
ments using supra-physiologic concentrations.

RNA Isolation and Real Time-Quantitative PCR
(RT-gPCR)

Total RNA was isolated from snap-frozen mouse tissues or
cultured cells using TRIzol reagent (Invitrogen, Carlsbad, Cali-
fornia) followed by reverse transcription to produce cDNA
using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, California). Differential
gene expression was determined using RT-qPCR performed
with either TagMan Universal Master Mix II (Applied Biosys-
tems) or SYBR Green PCR Master Mix (Applied Biosystems)
using the ViiA 7 qPCR System (Applied Biosystems). RPLI17
and Rpl19 were used for normalization of cDNA from human
and mouse samples, respectively. Primer sequences used for
RT-gPCR are provided (Supplemental Table S2).

Protein Isolation and Western Blot Analysis

Total protein was isolated from HuF cells using RIPA lysis
buffer, and the concentrations were calculated using the
bicinchoninic acid (BCA) method (Thermo Fisher Scientific).
Eight micrograms of total protein were separated on SDS/
PAGE gels (Invitrogen) and then transferred to a PVDF mem-
brane (Millipore, Burlington, Massachusetts). The membranes
were then blocked and incubated overnight with primary anti-
bodies: rabbit anti-PGR (1:2000; Thermo Fisher Scientific),
mouse anti-SLC2A1 (1:1000; Santa Cruz Biotechnology), and
rabbit anti-B-ACTIN (1:10,000; Sigma-Aldrich). After incuba-
tion with respective anti-rabbit IgG or anti-mouse
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Figure 1. Decreased in vivo artificial decidualization response in Rbpj c-KO mice. Control and Rbpj c-KO mice (n = 3-5/group) were
ovariectomized, hormonally primed and then mechanically induced to decidualize. (A) Decreased decidual response in Rbpj c-KO mice was
present both 3 and 5 days following mechanical decidualization based on stimulated to unstimulated uterine horn weight. (B) Impaired
decidualization was associated with reduced mRNA expression of decidual marker genes, Bmp2 and Wnt4, in Rbpj c-KO mice on AD5. Data
represented as mean + standard error of the mean (SEM). **P < .0l; scale bar = 0.5 cm.

IgG secondary antibodies labeled with HRP (Vector
Laboratories, Burlingame, CA), immune complexes were
visualized using enhanced chemiluminescence (GE Life
Sciences, Pittsburgh, PA).

Statistical Analysis

Variation between groups was determined using 2-way analy-
sis of variance with repeated measures followed by an Holm-
Sidak post hoc test to determine group-specific differences.
Statistical significance was defined as P < .05. All statistical
analyses were performed by GraphPad Prism 6.0 (GraphPad
Software, San Diego, California).

Results

Recombination Signal Binding Protein-Jx is Essential for
Decidualization in the Mouse and Drives Progesterone
Receptor Signaling

To induce in vivo decidualization, Rbpj c-KO and control mice
were ovariectomized, hormonally primed to mimic early gesta-
tion and induced to decidualize via a mechanical scratch with
collection as described previously.>>?° Decidualization was
significantly reduced in Rbpj c-KO mice on both day 3 and
day 5 of artificial decidualization (AD) based on stimulated (S)
to US uterine horn weight ratio (Figure 1A). We chose to focus
our studies on AD5 because this time point corresponded to day
9.5 postconception in natural mouse gestation, when initial
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Figure 2. Downregulation of Pgr signaling in Rbpj c-KO mice during in vivo artificial decidualization. Ovarian steroid hormone receptor levels
were investigated in Rbpj c-KO and control mice by RT-qPCR and immunohistochemistry. (A) Pgr mRNA was significantly increased in the
decidual horn of control mice compared to the unstimulated horn, which was not the case in Rbpj c-KO mice (n = 3-5/group). Additionally, Pgr
target genes, Hoxal 0, Areg, Ptgs2 and Cdké were significantly decreased in the decidual horn of Rbpj c-KO mice compared to control mice.
(B) Reduced Pgr expression was localized to the decidua of Rbpj c-KO mice. Data represented as Mean + standard error of the mean (SEM).
Comparisons were made using Two-Way ANOVA. *P < .05, *P < .01; scale bar = 50 pm. US indicates unstimulated, non-decidualized uterine

horn, S, stimulated, decidualized uterine horn.

embryo loss begins in Rbpj c-KO mice potentially contributing
to their subfertility.?® Impaired decidualization in Rbpj ¢c-KO
mice on ADS was associated with reduced uterine mRNA
expression of decidual markers Bmp2 and Wnt4 (Figure 1B).
Orchestrated ovarian steroid hormone receptor expression is
necessary for promoting stromal survival and, ultimately, med-
iating the epithelial to stromal proliferation shift that occurs
during implantation and decidualization.*> Thus, expression
patterns of Pgr and downstream signaling effectors were inves-
tigated in the uteri of artificially decidualized mice (Figure 2).

Pgr mRNA levels were significantly decreased in the stimu-
lated uterine horns of Rbpj ¢c-KO mice compared control mice
(Figure 2A). Consistent with this finding, decreased levels of
Pgr downstream effectors Hoxal0 and its target Cdk6, Areg,
and Ptgs2 were decreased in the stimulated horn of Rbpj c-KO
mice compared to the stimulated horn of control mice (Figure
2A). Cdk6 plays an important role in mediating the Hoxal0-
induced differentiation of stromal cells toward the decidual
phenotype.*® Immunostaining revealed reduced levels of
Pgr protein in the stimulated horn of the Rbpj c-KO mouse
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Figure 3. Reduced glucose transporter, Slc2al, expression is associated with Rbpj loss during in vivo artificial decidualization. Glucose
transporter mRNA and protein levels were investigated by RT-qPCR and immunohistochemistry, respectively, during artificial decidualization.

(A) Slc2al was significantly induced in the decidual horns of the control and Rbpj c-KO mice compared to control horns. Sic2al mRNA
expression was reduced in the control horn of Rbpj c-KO mice compared to control mice (n = 3-5/group). (B) Slc2al protein localization was
significantly reduced in the decidual horn of Rbpj c-KO mice, particularly in the secondary decidual zone (n = 4-5/group). Data represented as
Mean + standard error of the mean (SEM). Comparisons were made using Two-Way ANOVA for more than 2 groups or using a Student t-test
for 2 groups. *P < .05, *¥*P < .0l; Scale Bar = 100 um; US indicates unstimulated, non-decidualized uterine horn; S, stimulated, decidualized
uterine horn; SDZ, secondary decidual zone; PDZ, primary decidual zone.

(Figure 2B). The Notch pathway regulates cell survival and
differentiation,'*' and failed initiation of stromal cell differ-
entiation for decidualization was a consequence of reduced
Pgr signaling in the absence of Notch signaling transcriptional
factor Rbpj.

Endometrial Loss of Rbpj Reduces Sic2al Induction
During Decidualization

Glucose metabolism plays an important role in rapidly prolif-
erating and differentiating cells, and there is mounting evi-
dence that supports a role for endometrial glucose
transporters during decidualization and embryo implantation.*®
We examined the mRNA levels of glucose transporter Slc2al
on ADS5, which has been described extensively in the setting of
natural pregnancy and in vitro decidualization of mouse endo-
metrial stromal cells.***” However, to our knowledge, its
expression has not been investigated in the setting of in vivo
artificial decidualization. Slc2al was up regulated in the stimu-
lated horns of Rbpj c-KO and control mice (Figure 3A). There
was no statistically significant difference between stimulated

horn mRNA levels of Slc2al, although there was a trend
toward decreased expression in Rbpj c-KO mice. Since glucose
transporters are often transiently induced in a temporospatial
manner, we performed immunostaining to determine both
expression and localization of SLC2A1 in the mouse decidua
on ADS. Consistent with the trend of decreased Slc2al
mRNA, Slc2al protein levels were reduced in the decidual horn
of Rbpj ¢c-KO mice compared to control mice (Figure 3B). Inter-
estingly, Slc2al staining in control mice more specifically loca-
lized within the secondary decidual zone.

Recombination Signal Binding Protein-J« is Indispensable
for Progesterone Receptor and Glucose Transporter
Expression During Decidualization in HuF Cells

Human uterine fibroblast cells represent a proliferating popu-
lation of undifferentiated stromal fibroblasts, which can be
decidualized in vitro.”>***** To determine the role of RBPJ in
human decidualization and the translational relevance of our
work in the Rbpj-ablated mouse, HuF cells were decidualized
for 5 days in vitro with a well-described hormone cocktail
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Figure 4. Loss of RBP] in HuF cells phenocopies the mouse during decidualization. Human uterine fibroblast cells were transfected with
either control or RBP/ siRNA and subsequently treated with either vehicle or EPC [estradiol, medroxyprogesterone (MPA), and di-butyryl-
cyclic adenosine monophosphate (dbcAMP)] to induce in vitro decidualization. Decidual markers, ovarian steroid hormone receptors and
glucose transport molecules were investigated by RT-qPCR. (A) In response to EPC, mRNA expression of human decidual markers PRL and
IGFBPI| were significantly reduced with RBPJ siRNA knockdown compared to control siRNA treated cells. (B) Similar to the Rbpj c-KO
mouse, Pgr expression was significantly reduced with loss of RBP during decidualization. (C) Glucose transporter, SLC2A I, mRNA expression
was reduced in EPC-treated HuF cells with RBP| knockdown. However, pyruvate transporter SLC/6A | was unaffected by RBPJ loss with EPC
treatment. (D) PGR A and B, along with SLC2AI, protein levels are significantly reduced with RBP) siRNA knockdown during decidualization

in HuF cells. Data represented as Mean + SEM (n = 3-4 HuF cell lines performed in triplicates); comparisons were made using Two-Way
ANOVA. *P < 0.05.

consisting of estradiol, medroxyprogesterone acetate (MPA), siRNA knockdown in decidualized HuF cells resulted in
and db-cAMP (EPC) following siRNA-mediated knockdown decreased mRNA expression of SLC2A41 compared to control
of RBPJ.**> We confirmed that RBPJ expression was reduced in ~ siRNA treatment (Figure 4C). Subsequently, we confirmed that
siRNA silenced HuF cells (Supplemental Figure S1A). Expres- gene expression levels correlated with protein levels by West-
sion of human decidual markers PRL and IGFBPI were sig- ern blot analysis. PGR A and B along with SLC2A1 protein
nificantly reduced following RBPJ knockdown (Figure 4A). levels were significantly reduced with loss of RBPJ during
Similar to the Rbpj c-KO mouse, impaired decidualization was  decidualization in HuF cells (Figure 4D). Altogether, our find-
coupled with decreased PGR expression (Figure 4B). We ings indicate that similar to the mouse, RBPJ expression coor-
investigated mRNA levels of glucose transporter SLC241, dinates both PGR and glucose transporter expression in human
which was reduced in Rbpj c-KO mice. As expected, RBPJ endometrial fibroblasts, which are essential for decidualization.
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Pyruvate Supplementation Rescues Decidualization
Failure With RBP] Loss in HuF Cells

Both in Rbpj c-KO mouse endometrium and isolated HuF cells
where RBP.J was suppressed, decidualization was dramatically
altered and was associated with decreased expression of glu-
cose transporter SLC24 1. Therefore, we hypothesized that sup-
plementation of additional glucose or pyruvate, which bypasses
the necessity for glucose, might restore decidualization associ-
ated with loss of RBP.J in HuF cells. First, we confirmed that
pyruvate transporter, SLC16A41, expression was unaffected by
RBPJ loss (Figure 4C). Next, we supplemented the control and
RBPJ knockdown HuF cells with additional glucose or pyru-
vate during in vitro decidualization of HuF cells. Dosages of
glucose and pyruvate (8 mmol/L and 16 mmol/L, respectively)
selected for this experiment were determined based on physio-
logical dose—response experiments conducted previously in our
laboratory and were ultimately chosen based on their ability to
favor decidualization without negatively affecting cellular
osmotic pressure. Remarkably, administration of pyruvate
but not glucose restored expression of decidual marker PRL
in RBPJ knockdown HuF cells during decidualization
(Figure 5A). Additionally, Pgr mRNA levels were also restored
through supplementation of glucose during decidualization
with loss of RBPJ in HuF cells (Figure 5B).

Discussion

Notch is an arbiter of cell fate, and, based on our previous
work, its expression regulates endometrial transformation dur-
ing embryo implantation and more specifically, decidualiza-
tion.?*>*® In the current study, we demonstrate that ablation of
RBPJ in the mouse uterus and in HuF cells reduces their capac-
ity to differentiate toward the decidual phenotype. Contributors
to impaired decidualization in both models included dysregu-
lated Pgr expression and reduced glucose transporter Slc2al
expression. Additionally, supplemental pyruvate partially
restores the expression of decidual markers in HuF Cells in
which RBPJ was silenced during decidualization. Our findings
support a previously undescribed contributor to subfertility in
Rbpj c-KO mice, where implantation failure was shown to
result from abnormal embryonic—uterine axis.”® However, in
the current study, we determined that Rbpj c-KO mice display a
reduced in vivo response to artificial decidualization based on
decidual horn wet weight and differentiation marker expres-
sion, which is independent of the presence of an embryo. Addi-
tionally, we determined a translational role for RBPJ in
women, using an in vitro decidualization HuF cell model.
Similar to Notchl, Rbpj is dynamically expressed in a tem-
porospatial manner in the mouse uterus during the establish-
ment of pregnancy. Embryonic signals induce NOTCH1
expression, which include CG in primates or physical contact
in mice.*** During implantation in mice, Notchl is initially
expressed in the subepithelial stromal cells of the primary
decidua, and as pregnancy progresses there is a shift of expres-
sion to the secondary decidua.?> Consistent with the mouse,

3 Con - No Gluc/Pyr
EEd Con-Glucose 8 mM
A B Con-Pyruvate 16 mM
PRL 1 RBPJ-No Gluc/Pyr
RBPJ- Glucose 8 mM
ES RBPJ-Pyruvate 16 mM

acfgh
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Relative Expression/RPL17

Relative Expression/RPL17

Figure 5. Pyruvate supplementation rescues decidual marker gene
and PGR expression in the setting of RBP] loss. Human uterine fibro-
blast cells were transfected with either control or RBP| siRNA and
subsequently treated with either vehicle or EPC [estradiol, medrox-
yprogesterone (MPA), and di-butyryl-cyclic adenosine monopho-
sphate (dbcAMP)] to induce in vitro decidualization with cell culture
media supplementation of 8 mM Glucose, |6 mM Pyruvate, or neither.
(A) Administration of pyruvate but not glucose restored expression of
decidual marker PRL in EPC-treated RBP] knockdown HuF cells.
(B) Pyruvate supplementation increased PGR expression in decidualized
RBPJ knockdown HuF cells compared to no glucose or glucose treat-
ment. Data represented as Mean + standard error of the mean (SEM)
(n = 3-4 HuF cell lines performed in triplicates). The effect of pyruvate
in increasing PRL and PGR levels in RBP) knockdown cells during decid-
ualization has been highlighted with bars. Comparisons were made using
Two-Way ANOVA. Significantly changed mRNA levels between two
groups are represented by matching letters, where P < .05.

NOTCHI initially increases in decidualizing HuF cells and
subsequently becomes downregulated at the completion of
decidualization.”® Expression of Notchl is tightly regulated,
where overactivation of Notch1 signaling impairs decidualiza-
tion and causes in infertility.*® Similar to Notchl, Rbpj is ini-
tially induced in the primary decidual zone in the mouse and
subsequently downregulated, at which point its expression is
localized within the secondary decidual zone.?® In the current
study, Slc2al staining was concentrated within cells of the



782

Reproductive Sciences 26(6)

secondary decidual zone of control mice, which did not occur
in the Rbpj ¢c-KO mice. Overall, these findings suggest Slc2al
expression is induced to a greater extent in stromal cells during
the initiation of decidualization rather than upon completion of
differentiation, which parallels the increase and the subsequent
downregulation of Notchl and Rbpj expression during
decidualization, >

During implantation, Pgr drives stromal proliferation and
promotes transformation of endometrial fibroblasts toward a
secretory phenotype while suppressing epithelial Esr1.*> In
part, Pgr signaling through Hoxal0 promotes differentiation
of stromal cells through induction of cell cycle regulators,
such as Cdk6.**** In the Rbpj c-KO mice, broad downregula-
tion of the Pgr signaling pathway was evident. A limitation to
this study is the potential for haploinsufficiency of the Pgr
gene in Rbpj c-KO mice, which could contribute to decreased
Pgr expression. However, other studies in Pgr-cre mice have
shown these mice display preserved Pgr expression.*’ Fur-
ther, Pgr expression was decreased with RBP.J knockdown
during decidualization of HuF cells, where haploinsufficency
does not occur.

Based on our prior and present work, a close relationship
between Pgr and Notch signaling exists. P4-targets were
decreased in Notchl ¢c-KO mice during decidualization, includ-
ing Cdk6, and Pgr mediates cleavage of Notchl to its active
form.>>? Further, overactivation of Notch signaling indirectly
suppresses Pgr expression via recruitment of DNA methyl-
transferases and hypermethylation of its promoter in an Rbpj-
dependent manner.*® Since Rbpj basally suppresses Notch
target expression, its loss can mimic either downregulation or
upregulation of Notch signaling.’® Therefore, RBPJ mediates
Notch receptor-independent functions, which may include reg-
ulation of Pgr signaling.

Glucose transporter SLC2A1 expression was downregulated
during in vivo and in vitro decidualization in the absence of
RBPJ. In women, stromal SLC2A1 expression is low in the
proliferative phase and increases during the mid-secretory
phase, corresponding to the period of uterine receptivity and
increased progesterone levels.’! Further, inhibition of glucose
transporters drastically reduced PRL secretion during in vitro
decidualization of human endometrial stromal cells.*! In rat,
endometrial stromal Slc2al expression pattern during early
pregnancy mirrors that of Rbpj.2*4” Initially, Slc2al is induced
in the stromal cells of the primary decidual zone and as implan-
tation progresses, expression shifts to the secondary decidual
zone.*” In the current study, Slc2al staining was concentrated
in the stromal cells of the secondary decidual zone on ADS5 in
control mice, which was reduced in the Rbpj c-KO mouse
decidual horn. We confirmed decreased Slc2al expression
in the mouse with loss of Rbpj occurs with RBP.J knockdown
during decidualization in HuF cells. Based on our findings,
we hypothesize that Rbpj acts upstream of Slc2al and that
both are early mediators of proliferation and differentiation of
stromal fibroblasts into decidual cells. After completion of
differentiation during decidualization, both Notch1 and Rbpj
are reduced in the primary decidual zone, which may

subsequently reduce Slc2al expression in the primary decid-
ual zone. >

In CD** memory T cells, Rbpj mediates survival through
regulation of Slc2al expression and loss of Rbpj could be over-
come by administration of pyruvate, which bypasses the
requirement for glucose.?’ In the current study, we found that
supplementation of pyruvate rescued expression of PGR and
the decidual marker PRL associated with RBPJ knockdown in
decidualizing HuF cells. Dysregulated glucose transporter
expression represents an understudied contributor to infertility
despite reduced levels of SLC2A1 in midsecretory biopsies of
patients with idiopathic versus clear anatomical causes for
infertility.>' A positive impact of pyruvate supplementation
on embryo development in culture media used for in vitro
fertilization patients has been previously reported.”’ However,
to our knowledge, the effect of supplementing pyruvate in IVF
culture media during embryo transfer on implantation rates in
the setting of impaired uterine receptivity has not been deter-
mined. We have shown that impaired decidualization can be
restored with supplementation of low levels of pyruvate,
through potentially bypassing the necessity for glucose. Future
studies are indicated to determine whether endometrial recep-
tivity can be restored in the setting of infertility through sup-
plementation of pyruvate.
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