THE ROLE OF RECOMBINATION SIGNAL BINDING PROTEIN-Jk
IN DECIDUALIZATION AND POSTPARTUM REPAIR

By

Michael Robert Strug

A DISSERTATION
Submitted to
Michigan State University
in partial fulfilment of the requirements
for the degree of
Pharmacology and Toxicology — Doctor of Philosophy

2016



ABSTRACT

THE ROLE OF RECOMBINATION SIGNAL BINDING PROTEIN-Jk
IN DECIDUALIZATION AND POSTPARTUM REPAIR

By
Michael Robert Strug

Recurrent Pregnancy Loss (RPL) is defined as the loss of 2 or more consecutive
clinical pregnancies. RPL is estimated to occur in up to 5% of women and can be
attributed to clinically identifiable causes in only 50% of cases. Dysregulated immune
function remains one of the most widely hypothesized, yet least understood,
mechanisms contributing to RPL. Women with idiopathic RPL display elevated serum
levels of cytotoxic cytokines. Further, decidualization of endometrial stromal cells, a
process critical for successful embryo implantation, is dysregulated in the setting of
RPL, associated with enhanced expression of inflammatory markers and reduced
capacity to discriminate embryo quality. My work is focused on understanding the
mechanisms driving embryo implantation and how they can be dysregulated in the
setting of infertility. We have identified the evolutionarily conserved Notch signaling
pathway as a critical mediator of decidualization in mice, non-human primates, and
women. Notch signaling drives many developmental mechanisms along with regulation
of the immune response and repair following tissue injury. In order to study the function
of all Notch pathway signaling, | generated a uterine-specific conditional knockout
mouse (Pgr-cre) for the canonical Notch receptor transcription factor, Recombination
Signal Binding Protein-Jk (Rbpj; Pgr'™™*Rbpj”": Rbpj c-KO). Initially, these mice display
significant sub-fertility due, in part, due to impaired decidualization. Subsequently, Rbpj

c-KO mice develop secondary infertility after pregnancy due to dysfunctional postpartum



uterine repair. The objective of my dissertation work was to understand the mechanisms
contributing to failed decidualization and postpartum repair in Rbpj c-KO mice.
Additionally, | identified decreased RBPJ expression in the endometrium of women with
RPL. Repeated embryo loss and endometrial repair are particularly relevant in the
setting of RPL. Therefore, | used the Rbpj c-KO mouse as a model for RPL to determine
the impact of Rbpj loss in the setting of dysfunctional postpartum repair to understand

the effect on future pregnancy potential.



| dedicate my dissertation to my family that | wish | could share this
accomplishment with but are no longer around today: Eric, Uncle Albert, and Mom Hilda
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INTRODUCTION

SECTION 1: Embryo Implantation and Decidualization

Successful pregnancy in mammals relies on a series of highly coordinated
events including embryo implantation, decidualization, placentation and ultimately
parturition’. Following parturition, postpartum repair occurs, regenerating an essentially
scar-free endometrium, and allows pregnancy to occur again in a continuous cycle’.
Simplistically, two key components are necessary for the initiation of successful
implantation: a competent blastocyst and a receptive uterus'?. Receptivity of the uterus
to a developing embryo is initiated through both hormonal regulation by the corpus
luteum and embryonic signals, both of which favor embryo attachment and trophoblast
invasion>>. The process of invasion and embryonic cues trigger transformation of the
endometrial stromal fibroblasts into secretory, epithelioid-like decidual cells, termed
decidualization®®. Decidualized stromal cells migrate towards and encapsulate the
implanting embryo, where they simultaneously support and control trophoblast

invasion®'2. The decidua also functions to modulate the maternal immune response’*,

promote vascular remodeling’®'®

and acts as a gatekeeper during implantation,
ensuring proper embryo quality”. Clinical consequences of impaired decidualization
include recurrent pregnancy loss, preeclampsia, preterm labor, and intra-uterine growth
restriction (IUGR)'"'®. Furthermore, patients with gynecological pathologies contributing

to infertility, such as endometriosis, display markedly reduced decidualization responses

as a result of the disease’®.



Decidua, derived from the Latin word decidere meaning to die or detach, was so
named to describe the maternal endometrial component that detaches with the fetal
placenta during parturition. This is required so that the uterus can subsequently
regenerate itself*?°. Decidualization occurs strictly in mammals and, more precisely, in
species where the placenta invades the endometrial luminal epithelial layer. This
includes rodents and primates, where hemochorial placentation occurs, which enables
the embryonic trophoblast to directly communicate with the maternal blood supply?. In
primates, including women, spontaneous decidualization occurs during the mid-luteal
phase of each menstrual cycle. The first signs of decidualization occur on approximately
cycle day 23 and is characterized with the enlargement of the stromal cells surrounding
the endometrial spiral arterioles, which eventually spreads to involve the entire stromal
compartment forming the predecidua by day 27%. In the absence of an embryo and
withdrawal of progesterone due to corpus luteum regression, resolution of the
predecidua results in menstruation with sloughing of the functional endometrial layer.
Otherwise, in the presence of an embryo and with corpus luteal rescue, ovarian
progesterone secretion, along with a variety of embryonic signals and factors secreted

by the endometrium itself, maintains the decidua®®.

Known factors that promote
decidualization in the primate include embryo-derived human Chorionic Gonadotropin
(hCG)****# cyclic adenosine monophosphate (cAMP) and molecules that increase it
(i.e., relaxin, prostaglandin E2)*"% L-11%*"%? and IL-18****. Specific molecules
secreted by decidualized human endometrial stromal cells (HESC) have been described

extensively and serve to support the early stages of embryo implantation. Endometrial

prolactin (PRL) production during the mid-luteal phase of the menstrual cycle coincides



with the initiation of decidualization and continues during pregnancy®®. PRL functions
during embryo implantation include support of trophoblast invasion, angiogenesis and

immune modulation to prevent fetal rejection®”°

. Insulin-like growth factor binding
protein-1 (IGFBP1) represents another well-characterized decidual product that
supports trophoblast invasion*®. Based on our knowledge of molecules critical for
initiating decidualization, we can recapitulate differentiation of HESC to decidual cells in
vitro and use the secretion of PRL and IGFBP1 as markers of this process*'.

Although many similarities exist between decidualization in primates and rodents,
there are distinct differences. Among these differences, one of the most significant is
the trigger responsible for initiating decidualization"®*?. Unlike in women,
decidualization in rodents will not occur in the absence of an embryo, and more
specifically, the physical contact of the embryo with a receptive endometrium®*?**. As a
result, mechanical stimulation of the hormone-primed mouse uterus can be used to
experimentally induce a decidual response, which has been used extensively for
determining critical pathways for decidualization®*?*°. Additional features unique to
rodent decidualization include decidual cell polyploidy and independence from cAMP for
initiation®. Overall, the shared features of hemochorial placentation and decidualization
with primates along with the ability to genetically manipulate the mouse genome has
made them useful for dissecting important pathways during embryo implantation. In
particular, the advent of the progesterone receptor driven cre-recombinase (Pgr-cre)
expressing mouse allows for tissue-specific ablation of a gene to determine its function
in reproduction*®*°. An advantage of this model is the ability to study specific molecules

where a completely null genetic mutation results in embryonic lethality, which includes



many important signaling pathways essential for development*®. The tissue-specific
expression of Pgr-cre is limited to the uterus, ovary, oviduct, pituitary gland and
mammary gland, and although one copy of the Pgr gene is non-functional, these mice
are essentially indistinguishable, phenotypically, from wild type mice®. Further, immune
cells, including lymphocytes and macrophages, do not expression nuclear Pgr, thereby
limiting target gene ablation to the reproductive tissue parenchyma®'®?. Identification
and dissection of novel pathways important for promoting implantation in mouse models
can further our understanding of the dysregulation withessed in human infertility and
gynecological diseases contributing to infertility.

Endometrial steroid hormone receptor signaling, particularly PGR, is essential for
decidualization in both primates and the mouse®****. During the period of uterine
receptivity in mice, an epithelial-to-stromal proliferation shift occurs, which is largely
driven by Pgr signaling®. This proliferation shift allows the embryo to infiltrate the
endometrial luminal epithelium and initiate differentiation of the underlying proliferating
stromal cells towards a decidual phenotype to support the implantation’. Further,
stromal Pgr expression is essential to inhibit estrogen-induced epithelial proliferation®.
During decidualization, Pgr signaling promotes expression of mediators that enhance
stromal cell proliferation, survival and differentiation [/hh*®*°, Hoxa10°®, Bone
Morphogenetic Protein 2 (Bmp2)****°°  Wingless-type MMTV integration site family,
member 4 (Wnt4)**®' Cdk6°%?] along with vascular permeability (Cox2°°%?).

Bmp2 and Whnt4 signaling regulate the endometrial stromal Pgr-mediated
response for decidualization in both the mouse and human, and as a result serve as

excellent decidual markers®®*°. Bmp2, a member of the Transforming Growth Factor-p



(TGF-B) superfamily of growth factors, is induced during decidualization and its
expression is inhibited with administration of Pgr antagonist RU486°°. In canonical TGF-
f/BMP2-Smad signaling, BMP ligands bind to TGF-$ type |l receptors, which recruits
type | receptors to form a ternary complex®. Next, the type Il receptor phosphorylates
the type | receptor in the complex, thereby activating its kinase activity for subsequent
phosphorylation of receptor-reqgulated Smads (R-Smads; 1, 5 and 8 for BMP
signaling)®®*®”. R-Smads coordinate downstream activation of target gene expression
through interaction with Smad4, which is a shared central regulator of multiple TGF-p
superfamily pathways. Selective ablation of Bmp2 in the Pgr'™®* mouse and in isolated
mouse or human endometrial stromal cells impairs decidualization in part through
downregulation of Wnt4°%°°,

Wnt/p-Catenin signaling is crucial for many developmental processes through
controlling cell fate and differentiation®®. In the absence of Wnt ligand, p-Catenin is
maintained within the cytoplasm, recognized for ubiquitination due to N-terminal
phosphorylation by casein kinase 1 and glycogen synthase kinase 3, and subsequently
degraded by the proteasome®®. Degradation of p-Catenin allows the T cell
factor/lymphoid enhancer factor (TCF/LEF) to bind and repress Wnt/p-Catenin target
gene expression. In canonical Wnt/p-Catenin signaling, Wnt ligand binding to its
receptor Frizzled and co-receptor low-density lipoprotein receptor-related protein 6
(LRP6) results in LRP6 phosphorylation and downstream stabilization of p-Catenin.
Accumulation of 3-Catenin and its translocation to the nucleus allows for interaction with
the TCF/LEF and resulting in target gene transcription. Loss of Wnt4 in the mouse is

associated with subfertility due to reduced adenogenesis, defective embryo implantation



and impaired decidualization®. Loss of Wnt4 in mouse endometrial stromal cells was
associated with diminished cell survival and P4-responsiveness®. Further studies have
confirmed that Bmp2 acts upstream of Wnt4 during decidualization in HESC, and Wnt4
coordinates canonical Wnt/p-Catenin signaling with nuclear translocation of p-
Catenin®'. Altogether, these studies described Bmp2 and Wnt4 as effectors of P4 action
during decidualization and identified evolutionarily conserved pathways critical for the
decidual response.

Growing evidence describes a role for endometrial glucose metabolism in
supporting the events of early pregnancy including embryo implantation and
decidualization®®"®. The family of facilitative glucose transporters (known as the GLUT
or SLC2 family) regulates uptake of glucose and have distinct temporal and tissue-
specific expression patterns’. SLC2A1 (GLUT1) is one of most well characterized
glucose transporter in the uterus and is ubiquitously expressed throughout the whole
uterus in women and rodents®®. Additionally, its expression is further induced during
early gestation” and with in vivo and in vitro decidualization in the mouse and in
HESC"". Progesterone signaling increases SLC2A1 expression in both women™ and
mice’""?. Administration of P4 induces Slc2a1 expression in endometrial epithelial cells
of non-pregnant mice and in isolated murine stromal cells’""?. Additionally, P4
influences Slc2a1 localization, where P4 increases the fraction of Slc2a1 present on the
plasma membrane compared to that found intracellularly’’’?. Interestingly, SLC2A1
expression is significantly decreased in HESC isolated from women with idiopathic

infertility compared to patients with identifiable causes of infertility”°.



Among the many important functions coordinated by the decidua during the
establishment of pregnancy, modulation of the maternal immune environment is a
critical component. The specific cytokine milieu produced by the decidua, and strict
regulation of this process, are essential for protecting the implanting fetal allograft which
also express paternal antigens from immune attack'. In addition to preventing fetal
rejection, stromal recruitment of specialized immune cells drives uterine spiral artery
remodeling for establishment of the placental vasculature’®’’”. During decidualization,
endometrial stromal cells are initially pro-inflammatory with expression of specific
cytokines followed by transition to anti-inflammatory phenotype accompanied by
downregulation of many chemokines’®. The decidua recruits distinct immune cells,
largely uterine natural killer (UNK) cells and decidual macrophages, while maintaining a
population scarce in cytotoxic T cells and B cells’. Selective immune recruitment
occurs in endometrial stromal cells, in part, through epigenetic modification of the
promoter region of several chemokine genes responsible for attracting cytotoxic T cells,
thereby reducing their response to Tumor Necrosis Factor-a (TNFa) and Interferon y
(IFNy)™.

Clearly, elevated levels of cytotoxic cytokines have detrimental effects on embryo
implantation. IFNy inhibits stromal cell differentiation during decidualization and its
expression in lymphoid aggregates is believed to regulate location and timing of
spontaneous decidualization in women®®2. Elevated levels of TNFa drastically inhibit
decidualization and promote the secretion of pro-inflammatory cytokines®*®*,
Additionally, TNFa impacts trophoblast cell adhesion and impairs migration®®.

Therefore, the decidua regulates the immune microenvironment to prevent production of



cytotoxic cytokines'®. Endometrial macrophage populations are maintained at lower
levels during decidualization in the mouse, in part, due to the decreased levels of Csf1
in the decidua, resulting in limited macrophage proliferation and recruitment®®°.
However, myometrial Csf1 is not suppressed, contributing to uterine compartment-
specific differences in immune populations®®. Further, decidual macrophages are
characterized by an M2-like phenotype, associated with immunosuppression and tissue
remodeling, rather than the M1 phenotype that drives the cytotoxic effects under the

influence of IFNy with TNFa production’” %2

Macrophage polarization will be
discussed in greater detail in the following section. As mentioned previously, the
decidua reduces recruitment of cytotoxic T cells populations (i.e. Th1 type) through
down regulation of their chemoattractants'®. Overall, the decidua drives many critical
functions during the establishment of pregnancy, particularly by serving as a gatekeeper
to permit successful embryo implantation. The decidual gatekeeper role is maintained
through suppressing the immune response to prevent fetal rejection and allowing for
remodeling of the uterine ultrastructure and vasculature. While these decidual functions

are well characterized, the mechanisms underlying these responses remain elusive

suggesting a need to further understand and identify novel pathways involved.

SECTION 2: Notch Signaling and Pregnancy

The evolutionarily conserved Notch signaling pathway was first identified over
100 years ago as a genetic mutation resulting in a “nicked wing phenotype” in
Drosophila melanogaster®. Upon cloning of the gene and its identification as a

h93-95

membrane receptor, it was so-named Notc . Notch signaling consists of four



heterodimeric transmembrane receptors (Notch1-4) whose five ligands (Delta-like1,
Delta-like3, Delta-like4, Jagged1, and Jagged2) are expressed on the surface of
neighboring cells, thereby inducing receptor-ligand interactions through a juxtacrine
mechanism. Upon ligand binding, activated Notch receptors undergo a cleavage
cascade, mediated by ADAM protease and gamma-secretase, producing the Notch
intracellular domain (NICD)**®°. In canonical Notch signaling, the NICD acts as a co-
activator of transcription by binding to the transcription factor shared by all four Notch
receptors Recombination Signal Binding Protein-Jk (RBPJ) to promote transcription of
Notch target genes, such as the ‘Hairy enhancer of split' (Hes) and Hes-related (Hey)
transcription factor families'®"'%. All four Notch receptors share the evolutionarily
conserved transcription factor RBPJ, which binds to the DNA sequence motif
CGTGGGAA'™. Basally, RBPJ forms a repression complex by recruiting co-repressors,
which are displaced upon NICD binding with subsequent activator complex formation
enhancing Notch target gene expression'®. Additionally, RBPJ binds to other non-
canonical genes irrespective of Notch receptor regulation1°5.

Notch signaling controls important developmental and homeostatic functions
including embryogenesis, organ self-renewal®®®, and immune cell development'®®'".
Control of these diverse functions occurs through regulation of cell survival,
proliferation, cell-cycle progression, differentiation and apoptosis'®'%°, processes
identified as critical for successful decidualization and implantation. During the
implantation window, protein expression of NOTCH1 is induced in endometrial stromal
cells of the non-human primate and in women in response to hCG, an embryonic signal

which promotes uterine receptivity and decidualization®'"*""*, Notch1 protein is induced



upon initiation of implantation in the mouse, initially, in the stromal cells of the primary
decidual zone and subsequently in the secondary decidual zone'"*. Our work
demonstrated the critical role of Notch signaling in the initiation of
decidualization during early pregnancy through the generation of a uterine-specific
Notch1 genetically ablated mouse (Pgr™®*Notch1™: Notch1 c-KO)''*''®_ Use of the Cre-
LoxP system to develop a tissue-specific knockout mouse proved necessary for
functional studies in the reproductive tract as a total Notch?1 knockout results in
embryonic lethality’'®. In Notch1 c-KO mice, LoxP sites flank the signal peptide coding
exon for the Notch1 gene, resulting in selective ablation in Pgr-positive tissues*®°%""°,
Notch1 c-KO mice display a significantly impaired decidualization response from Day 3
to Day 5 post-mechanical stimulation using a well-established in vivo artificial
decidualization protocol, and these findings were corroborated in mice treated with
gamma secretase inhibitors (GSI), preventing cleavage of Notch receptors to their
active form"*""",

There is a relationship between Notch and ovarian steroid hormone receptor
signaling during decidualization and the implantation window. Antagonism of PGR in the
baboon simulated pregnancy model resulted in a drastic reduction in the expression of
NOTCH1'"2, Additionally, progesterone appears to favor y-secretase mediated cleavage
of the full length NOTCH1 receptor to its transcriptionally active form in the presence of
hCG'"?. Decidualization failure in Notch1 c-KO mice was associated with broad down-
regulation of genes crucial for P4-induced stromal decidualization and pathways related

to cell proliferation, cell cycle progression, and Esr1 signaling'™. Furthermore, in uteri of

Notch1 c-KO mice the apoptotic signaling cascade was up regulated at a time when
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uterine stromal cell survival and differentiation to a secretory decidual phenotype is
essential for successful decidualization'™.

Notch signaling has been implicated in immune modulation and maternal-fetal
vessel formation during the establishment of pregnancy. Specifically, in vitro activation
of uNK cell Notch receptors by ligand enhances IFNy secretion, a uNK cell cytokine
important for vascular development''®'"?. Rbpj has been shown to modulate function of
regulatory T cells (Tregs), an immunosuppressive CD4+ T cell subtype present in early
pregnancy that promotes maternal-fetal tolerance®. T cell specific Rbpj ablation in an
acute allograft rejection model, displayed enhanced immunoreactivity against donor
heart and skin allografts along with reduced Treg ability to suppress T cell
proliferation’". Interestingly, Rbpj regulates memory CD4+ T cell survival through Glut
expression'??. These findings suggest a critical role of the Notch pathway in immune
signaling that may potentiate a controlled immune environment for enhancing embryo
implantation.

Notch1 c-KO mice produce reduced litter sizes in the first litter but, otherwise,

exhibited normal fecundity'™*

suggesting that compensation by one of the other three
Notch receptors may have rescued fertility in Notch1 c-KO mice. Other Notch receptors
have been implicated in decidualization'®. In order to gauge the role of Notch signaling
during pregnancy, disruption of all Notch signaling through selective ablation of Rbpj
was necessary and is therefore the focus of this dissertation. Rbpj expression mirrors
Notch1 in the mouse uterus during embryo implantation, with initial induction in the

primary decidual zone and subsequently in the secondary decidual zone''*'?*. Similar

to Notch1, total ablation of Rbpj results in embryonic lethality prior to gestational day
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10.5'%, therefore, use of the Cre-LoxP system in Rbpj” mice is essential for tissue-

specific functional studies. Rbpj” mice contain LoxP sites flanking the sixth and seventh
exons, corresponding to the DNA binding domain'®. For the studies described in this
dissertation, we generated mice with reproductive-tract specific knockout of Rbpj
(Pgr™*Rbpj™; Rbpj c-KO). Other initial studies in Rbpj c-KO mice described subfertility
with embryo loss at mid-gestation, in part, due to abnormal embryonic-uterine honing for
implantation and defective luminal closure'®. Defective decidual remodeling was
associated with enhanced uterine estrogen receptor signaling and down-regulated
expression of matrix metalloproteinases (MMP) 2 and 9" in Rbpj c-KO mice. Further,
ovarian function and steroid hormone levels (E2, P4) were not altered in the Rbpj c-KO
mice'?*. However, the mechanisms contributing to the decidualization defects in Rbpj c-
KO mice and the relevance of RBPJ in human decidualization remain unknown.
Furthermore, the fertility phenotype of Rbpj c-KO mice beyond the first litter was not

investigated in the previous studym. These unanswered questions were addressed as

part of the studies described in this dissertation.

SECTION 3: Physiology of Uterine Repair

The female reproductive tract has the unique ability to repair and regenerate
itself without evidence of overt scarring’*"'?2. Physiologic repair of the uterus occurs
during two instances in women: after menstruation and during the postpartum period.
Menstruation is a process shared by all species that undergo spontaneous
decidualization and represents resolution of the predecidua in the absence of

pregnancy®'®. Current hypotheses predict that menstruation with subsequent repair
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serves to precondition the uterus for a successful future pregnancy®. Since rodents do
not spontaneously decidualize in the absence of implantation, they do not menstruate.
Rather, continuous proliferation and apoptosis of the endometrium occurs during the
estrous cycle'"'¥2 However, induced mouse menstruation models do exist, which have

133136 \which are otherwise

shed light on the repair processes in the endometrium
difficult to study in women. Because menstruation in primates represents breakdown of
the predecidual tissue associated with declining P4 levels at the end of the luteal phase,
these models utilize this principle in their design. In the mouse menstruation model, the
mice are ovariectomized, hormonally primed and mechanically decidualized as

described previously®*%*°.

Subsequently, removal of P4 or PGR antagonist
administration induces decidual breakdown, sloughing of the endometrium followed by
endometrial repair'®*'. Interestingly, decidual senescence is hypothesized to initiate
both menstruation and parturition along with a “functional” P4 withdrawal, since there is
no decline in P4 levels until after parturition in humans'”'%. Therefore, the decidua
likely plays an important role in coordinating the events leading up to physiologic
endometrial injury and prepares the endometrium for subsequent repair.

Parturition and placental detachment corresponds to an ischemia/reperfusion
injury with subsequent wound healing. Similar to other organ systems, repair of the
uterus can be divided into two components: 1) immune activation and 2) parenchymal
regeneration'®. Initially, the injury results in activation of the coagulation cascade along

with the innate inflammatory response (i.e., complement)'®

, Which acts to stop bleeding
and prevent infection. Subsequently, neutrophils are recruited to the site of injury in

response to complement activation and products of platelet breakdown'*°. Neutrophils
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are recruited by upregulation of endothelial adhesion molecules for diapedesis and
tissue extravasation, including E- and P-selectins and intercellular adhesion molecules

(ICAM), which interact with integrins expressed on neutrophils'’

. Also, specific
chemokine expression attracts neutrophils to the site of injury, such as IL-8 and
monocyte chemoattractant protein-1 (MCP-1)'*2. Neutrophil-specific roles in the initial
stages of the inflammatory response include phagocytosis of dead cells, release of
reactive oxygen species (ROS) and other anti-microbials to prevent bacterial
infection’*®, and stimulate macrophage repair functions'*.

After the acute neutrophil-driven phase of the inflammatory response, a chronic,
macrophage-dominant response predominates'**'**'% Upon extravasation from the
vasculature, blood monocytes transform to mature tissue macrophages in response to
various factors, including cytokines, chemokines, and growth factors'*""*°. Macrophage
colony stimulating factor 1 (Csf1) and granulocyte-macrophage colony stimulating factor
2 (Csf2) represent cytokines secreted in response to injury and are responsible for
macrophage proliferation and recruitment for repair’®'"*®. Further, decidual Csf2 levels
increase following parturition in the mouse'®. IFNy and its downstream mediators
dictate the recruitment and activation of both macrophages and neutrophils during
wound healing’®"'®®. Constitutive activation of IFNy-inducible protein 10 (IP-10) results
in impaired wound healing due to a pronounced inflammatory response with abnormal
re-vascularization, and granulation tissue formation'’. Alternatively, knockout of IFNy
results in improved wound repair due to reduced inflammatory infiltrate coupled with
enhanced angiogenesis and granulation tissue formation'®. In addition to recruitment

and activation of immune cells, IFNy expression at the site of injury shifts macrophages
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towards a cytotoxic M1 functional phenotype producing TNFa, which will be described in
greater depth in the following paragraph'®'®. Altogether, these findings suggest that
tight regulation of IFNy is necessary for controlling inflammation and preventing further
damage during injury, which appears to be the case during uterine repair'>®'*°. TNFa
levels, although elevated from gestational levels, do not change between parturition and
2-6 hours postpartum in the mouse, suggesting a similar pattern for IFNy™®.
Additionally, in a mouse menstruation model, IFNy levels do not significantly change at
the heaviest point of bleeding or during the repair process'®.

The cytokine and chemokine milieu at the site of injury skews, or polarizes,
macrophages towards a specific functional phenotype, which will dictate their actions
upon arrival’™. Macrophages are polarized towards an M1 or M2 phenotype but most
display features of both along a broad spectrum depending on functional necessity'°.
IFNs (B and y) and TLR signaling via STAT1 induce macrophages towards an M1
phenotype, and they produce cytotoxic metabolites (ROS via iINOS) and cytokines, such
as IL-12, IL-23 and TNFa'®°. M1 macrophages are pro-inflammatory and result in tissue
damage, which is ideal in the setting of bacterial infections particularly by intracellular

pathogens "¢

. On the other hand, macrophages are skewed towards an M2
phenotype by factors including IL-4, IL-10 and IL-13"%?, Stat6 induces expression of
anti-inflammatory and wound healing genes, such as IL-10, TGFB1, Mannose Receptor
1 (MRC1), and Arginase 1 (ARG1), in M2 macrophages while inhibiting M1
genes'® 1183 Based on these described functions, initially, an M1 response may be

beneficial to recruit further immune support after tissue injury, but ultimately, an M2

driven response is important for proper repair'®. M2 macrophage numbers predominate
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during postpartum repair in the uterus, and their numbers peak at Postpartum Day
(PPD) 3 and gradually decrease over time'®. Further, continued maintenance of M1
macrophages worsens tissue damage and inhibits repair'®®. Interestingly, in instances
of iron overload as in patients with chronic venous ulcers with blood extravasation into
tissue, macrophages are maintained in the M1 phenotype leading to further damage
due to ROS production and fibroblast cellular senescence. These findings indicate that
iron metabolism impacts macrophage polarization and subsequently the repair process,
which is particularly relevant to macrophages responsible for postpartum uterine repair
in the mouse 1917,

In rodents, the repair site of placental detachment forms a distinct structure,
termed a postpartum nodule’®. A component of nodules are mesometrial hemosiderin-
laden macrophages, referred to as “nodule cells”, usually found at the endometrial-
myometrial interface or between the layers of myometrium initially and then regress
over time'®. Nodule cells stain positive for macrophage markers F4/80 and CD68
during the postpartum uterine repair process'*. Hemosiderin can be identified by Perls
Prussian Blue staining and its presence within macrophages indicates phagocytosis and
subsequent oxidation of iron, typically from phagocytosis of erythrocytes during the
repair of tissue injury’®®. Hemosiderin-laden macrophages are often found in disease
states associated with chronic vascular hemorrhage of smaller vessels or capillaries,
such as in Pulmonary Veno-Occlusive Disease'®. Evidence of postpartum nodules,
specifically nodule cells, can persist for up to 3 months after parturition and presumably

beyond™>'°. Further, embryo implantation in subsequent pregnancies does not occur
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in the areas of postpartum nodules, which are associated with a reduced decidualization
response’’".

The second component of repair, parenchymal regeneration, refers to the
processes necessary for reforming the uterine ultrastructure, including the endometrial
epithelium and stroma, myometrium, and vasculature®'?"'*®_ After shedding of the
placenta during parturition or menstruation, the endometrial epithelium is the first uterine
compartment to regenerate®'?’. In the case of intestinal wounds, which represent repair
of a mucosal surface similar to the endometrium, the epithelial cells at the edge of the
injury migrate to repair the defect, and this process is dependent on the presence of a
layer of dead cells mixed with mucus and fibrin'#'"*. Multiple studies have shown that
epithelial cells from endometrial glands contribute to the re-epithelialization
process'>>'">17® On the other hand, mounting evidence supports a role for stromal cells
in regenerating the luminal epithelium'””'"®. Specifically, a mesenchymal to epithelial
transition in endometrial stromal cells aids in repopulating the luminal epithelium, as
evidenced by the presence of cells staining for both vimentin and pan-cytokeratin,
stromal and epithelial markers respectively, early during repair'’®. Stromal expansion
follows re-epithelialization during repair after menstruation. Evidence supporting
delayed stromal proliferation includes the presence of mitotic spindles in stromal cells
after the epithelium has reformed'”>'"*'® |n the mouse, the luminal epithelium reforms
by PPD 5, and the postpartum nodule is fully formed by PPD 8'*°. The postpartum
nodule represents a distinct anatomical structure, consisting of extracellular matrix and

immune infiltrate isolated within the two layers of myometrium. Ultimately, the nodule
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regresses as the extracellular matrix degrades and the vasculature entering through the
mesometrium reforms, only leaving evidence of few nodule cells'*.

For quite some time, many have believed progenitor, or stem, cells contribute to
endometrial regeneration and exist in the basal layer of the endometrium®'®'%_ More
recently, two types of endometrial progenitor/stem cell populations have been identified:
epithelial progenitor/stem (EPS) cells and mesenchymal stem cells (MSC)'®*'%¢_ These
cells likely contribute to the regeneration of their respective endometrial compartments,
which is supported by the presence of monoclonal cells within the endometrial glands
likely developing from a single source®. Additionally, MSCs appear to play a role in the
previously described mesenchymal to epithelial transition that contributes to postpartum
regeneration of the endometrial luminal epithelium'””'"®. Bone marrow derived/stem
cells (BMDC) represent another source for repopulating endometrial cells, which been
described extensively’®”"®®. In response to uterine ischemia/reperfusion injury, BMDC
are recruited to regenerate the endometrium’*. A majority of bone marrow stem cells
transform into endometrial stromal cells, but other reports have described their
differentiation into endometrial epithelial (glandular and luminal) and endothelial
Ce”S187'190’191.

As mentioned earlier, P4 withdrawal initiates menstruation, and decidual
senescence with delayed P4 withdrawal contributes to parturition’*"8. Since repair
occurs in the absence of hormonal signaling, this suggests that mechanisms
responsible for normal wound repair in other systems are conserved within the

endometrium, at least in the earliest stages. ESR1 and PGR are present in the deeper

endometrial glandular epithelium 3 days following menstruation in the rhesus
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monkey'®. Subsequently, after re-epithelialization has occurred by day 5, ESR1 and
PGR are present throughout the endometrium, which is consistent with studies
supporting a role for the epithelium in stromal hormonal responsiveness®'%%"%
Therefore, besides an obvious barrier function during repair, re-epithelialization is
necessary for the return of normal endometrial function.

Ovarian steroid hormone signaling, although not essential for endometrial repair,
modulates the inflammatory environment, and contributes to structural

remodeling'?’197198,

According to many, absence of ovarian hormone receptor
expression in both peripheral and endometrial leukocytes precludes a direct effect of
hormones on their recruitment and function’®?%. Some more recent studies have
described both nuclear and membrane-bound ESR and PGR present with direct effects
on leukocytes, including neutrophils, macrophages and lymphocytes®'2%; however,
mounting evidence suggests that hormonal effects on leukocytes occur indirectly

200206207 - Bhth  endometrial

through endometrial parenchymal inflammatory signaling
epithelial and stromal cells express various cytokines, which vary during the menstrual
cycle in response to fluctuating levels of E2 and P4 and subsequently affects
recruitment of specific immune cell types?*®?°°. For instance, endometrial expression of
neutrophil chemoattractant IL-8 is suppressed by P4 and rises in response to P4
withdrawal with implications for immune infiltration upon menstruation and after

7

parturition®”’. As discussed earlier, endometrial stromal cells secrete various pro-

inflammatory and anti-inflammatory mediators during their transformation into decidual
cells to modulate the immune environment during decidualization and embryo

14,76-78

implantation Clearly, the endometrial parenchyma itself regulates the immune
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environment, and the work presented in this dissertation supports a role for endometrial

Notch signaling in regulating the inflammatory events during postpartum repair.

SECTION 4: Notch Signaling and Repair of Injury

Tissue response to injury initiates a cascade of evolutionarily conserved defense
mechanisms. The initial response is driven by a necessity to minimize blood loss and
prevent infection through activation of the coagulation cascade and the innate immune
response, respectively'®*. However, recovery from injury depends largely on the tissue’s
ability to regenerate itself and regulate the inflammatory response to avoid further
damage. Preventing immune-mediated injury is particularly necessary in the case of
ischemia/reperfusion (I/R) injuries, such as placental detachment?’’. I/R leads to
hypoxia with subsequent influx of neutrophils, and both result in ROS production which
can further exacerbate injury®'’. Myocardial infarction represents one of the most
prevalent examples of I/R injury, which follows percutaneous intervention to restore

coronary artery blood flow?'#%3

. If a patient survives the initial ischemic event, long term
heart failure often results due to exaggerated inflammatory events?'#%'®. Hence, current
successful strategies for post-myocardial infarction therapeutics are directed towards

preventing acute inflammation?'22™

. Each organ responds differently to I/R injury,
where those with more terminally differentiated cells without the capacity to regenerate
are more susceptible, such as the brain and cardiomyocytes?'®. Mucosal organs, such
as the intestines and uterus, have the most regenerative capacity and are somewhat

more resistant to this injury?’®. Since placental detachment represents a physiological

I/R event, certain evolutionarily adapted processes must protect from injury and allow
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for rapid repair, but if these mechanisms are disrupted there is potential for long-term
negative effects.

The role of Notch signaling has never been investigated in the context of uterine
repair; therefore, insight into potential roles in the uterus has been gauged from other
systems. The Notch signaling pathway controls many developmental processes and
determines cell fate in different organ systems®?2'®. Among its many roles, Notch
mediates key homeostatic functions, including organ self-renewal®®® and immune
development'®'%” The importance of regulating these two functions in response to
injury has been mentioned previously. Recent evidence supports a role for apoptosis in
promoting tissue regeneration through activation of stem and progenitor cells®'’.
Specifically, signals are transmitted from dying cells during injury, which stimulate
proliferation of stem cells®'®. Executioner proteins that mediate cell death, such as
caspases-3 and -7, are essential for wound healing and regeneration in the liver post-

218,219

hepatectomy Interestingly, caspases are required early during repair, where

depletion after 24 hours in a study of Xenopus tail regeneration had no negative
impact®'®.

The role of Notch signaling in apoptosis has been described extensively but is far
from well understood?®. There are many tissue-specific roles determining whether
Notch pathway activation promotes or inhibits apoptosis®°. One contributor to our lack
of clarity within this issue is the complexity of Notch signaling®'®. The four Notch
receptors and five ligands have differential tissue expression profiles and are not

216,221

necessarily specific for one another . Also, the “dose” of Notch activation

determines response, where high Notch activation causes growth arrest while lower
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activation results in hyperpoliferation®??. Additionally, RBPJ, has a dual role in promoting
transcriptional repression and activation, so RBPJ knockout models can display
features of Notch signaling activation and suppression'®??. Therefore, RBPJ appears
to have accessory roles independent of those performed solely upon NICD binding
induced-transcription. RBPJ expression is often reduced in cancer cells, and its loss
inhibits apoptosis and promotes cell survival in part through activation of MYC and NF-
kB?3. Additionally, RBPJ mediates an anti-apoptotic effect in endothelial cells by
inhibition of JNK***,

In the setting of tissue I/R injury, loss of Notch signaling and Rbpj causes
enhanced apoptosis and impaired regeneration. Many studies have described the role

of Notch signaling in cardiac repair*®

. Inhibition of Notch signaling during induced
myocardial infarction resulted in production of fewer cardiac progenitor cells and
reduced cardiomyogensis®®®. In the same study, NICD elicited Rbpj-dependent
transcription of a novel Notch target gene, Nkx2.5, a transcription factor associated with
cardiac cell fate decisions in progenitors®®. Also, ablation of Rbpj results in liver
congestion with abnormal liver sinusoidal endothelial cell functioning and iron
deposition””’. These mice also displayed impaired regeneration after partial
hepatectomy associated with increased apoptosis and decreased proliferation at 2 and
5 days following surgery®?’. In response to I/R injury in the liver, Rbpj loss resulted in
enhanced tissue damage with decreased liver function coupled with increased
apoptosis and inflammation. These studies identified a role for Rbpj in coordinating

repair through STAT3 activation, which reduces production of reactive oxygen species

limiting damage?®. Although increased apoptosis may seem to contradict studies
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describing an anti-apoptotic effect of Rbpj loss®**?**

, some degree of apoptosis is
crucial for repair in a temporal manner, as mentioned previously?'®?'°. This concept is
supported by the requirement of a layer of dead cells for re-epithelialization to occur in
intestinal wounds'?'*. Therefore, if apoptosis is inhibited initially after the insult or
injury, delayed repair and regeneration may occur allowing greater damage from the
insult causing injury with enhanced apoptosis. Further, altered immune signaling in the
absence of Rbpj may exacerbate tissue injury and apoptosis.

Notch signaling plays a central role in coordinating development of the immune
system'%®1%722° Notch1 and Rbpj are essential for determining cellular fate of lymphoid
cells specifically during their differentiation towards T versus B cells, and their ablation
skews lymphocytes towards T cell development'?®'2623°_ Differentiation of CD4+ T cells,
or T helper cells (T cells), towards the Ty1 or Ty2 phenotype upon antigen presentation
depends on either Delta-like or Jagged Notch ligand expression by antigen presenting
cells, respectively?®'. Also, Rbpj mediates glucose transporter expression through Akt
phosphorylation in memory CD4+ T cells, which is essential for their survival'??. As
mentioned previously, Rbpj promotes signaling of Tregs, which are present in the
endometrium during early pregnancy to promote maternal-fetal tolerance, and the
absence of Rbpj reduces Treg’s ability to suppress T cell proliferation in an acute
allograft model'®*'?!. Specifically, NICD, Rbpj and Smad3 (a TGFB mediator) interact to
coordinate expression of the major Treg transcription factor Foxp3%°4%*3. Lastly, Notch
signaling has also been implicated in controlling myeloid lineage cell fate decisions,

including polarization in determining M1 versus M2 phenotypes of macrophages®*.
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Rbpj regulates immune cell signaling indirectly through tissue stromal cell control
of the cytokine and chemokine environment. Specifically, targeted deletion of Rbpj in
bone marrow stromal cells results in an enhanced immune response to an acute graft
versus host disease model, largely due to reduced secretion of immunosuppressive
molecules IL-6 and PGE2%°. IL-6 levels rise dramatically after parturition and likely
regulates the immune response'. In addition, IL-6 deficiency is associated with

2% |L-6 has been shown to mediate the switch from acute

delayed wound healing
neutrophil driven to chronic macrophage-dominant inflammation®’. IL-6 plays a critical
role in implantation, where IL-6 null mice exhibit impairments in implantation with

t 238239 \Women with low

embryo loss during mid-gestation and delayed labor onse
endometrial IL-6 levels are at greater risk for recurrent miscarriage?*®. Further, an Rbpj
binding domain has been identified at the //6 promoter, where Rbpj coordinates NFkB
activation of //6 gene transcription®’’. Other studies have also described a repressive
function of Rbpj in reducing IL-6 expression®’. IL-6 binding to its receptor consisting of
gp130, results in activation of signal transducer and activator of transcription-3 (Stat3)
signaling®*. Interestingly, Notch signaling through Rbpj has been shown to activate
Jak2/Stat3 signaling, and phosphorylation of Stat3 specifically by Notch/Rbpj target

22
5228

gene Hes Cyclooxygenase-2 (Cox2) is responsible for the production of

prostaglandins such as PGE2 which promotes decidualization and has been implicated

243,244

in embryo implantation , and NICD/Rbpj-coordinated transcription of Cox2 through

an Rbpj binding domain has also been reported®*°.
The necessity for tight regulation of IFNy expression during implantation and

uterine repair were discussed at length in the previous sections. Overactive IFNy
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signaling impairs decidualization and skews macrophages towards the cytotoxic M1
phenotype delaying wound repair®®-82136.140.138 “Notch has important roles in modifying
expression of many immune pathways and directly regulates polarization within
macrophages®**. However, the role of Notch signaling in coordinating parenchymal
expression of IFNy and, therefore, indirectly controling macrophage polarization has not
been investigated. Previous studies have reported that Notch signaling acts upstream of
IFNy?*®247 Specifically, inhibition of Notch receptor activation, which subsequently
enhances Rbpj repression of target genes, results in reduced IFNy production®4®%’.
GATAGS, a direct transcriptional target of Notch signaling, has been shown to increase

248,249

expression of IFNy production in NK cells . Interestingly, GATAS3 levels decline

after initiation of decidualization in HESC, which corresponds to the decline in NOTCH1

2

expression at the completion of decidualizaton''? and is coupled with undetectable

levels of IFNy*°

. Therefore, RBPJ may act to suppress GATA3 expression with
downstream effects on reducing IFNy expression during decidualization and injury.
Overall, RBPJ controls many dynamic processes important for celluar differentiation and
modulation of the immune system after injury, and its potential for regulating these

processes in the setting of decidualization and postpartum uterine repair will be

investigated in this dissertation.

SECTION 5: Recurrent Pregnancy Loss
Recurrent pregnancy loss (RPL) is defined as the loss of 2 or more consecutive
clinical pregnancies®'. While 15% of clinically-recognized pregnancies result in

miscarriage, RPL is estimated to occur in up to 5% of women?2. RPL can be attributed
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to clinically identifiable causes, including embryo aneuploidy or uterine anatomic
abnormalities in only 50% of cases®**%**. Dysregulated immune functioning remains one
of the most widely hypothesized, yet least understood, mechanisms contributing to RPL.
Women with idiopathic RPL display elevated serum levels of cytotoxic cytokines, such
as IFNy, and globally upregulated endometrial immune signaling responses?>>%>°.
During embryo implantation, endometrial stromal cells coordinate specific
immune recruitment and maintain the immune microenvironment through a unique step-
wise cellular transformation as part of the decidualization process®. Initially, endometrial
stromal cells convert from a structural fibroblast to a pro-inflammatory phenotype, and

1’8 However,

ultimately differentiate to a secretory anti-inflammatory decidual cel
endometrial stromal cells isolated from women with RPL fail to switch to an anti-
inflammatory phenotype and are associated with reduced decidual marker gene
expression and diminished discriminatory capability in determining low versus high-
quality embryos'”78:260,

Repeated embryo loss and endometrial repair are particularly relevant in the
setting of RPL. The human endometrium has the unique property of regenerating itself
with scar-less wound healing following menstruation and during the postpartum

period'?’.

Menstruation and subsequent endometrial repair is hypothesized to
precondition the uterus for future pregnancy'®. Given the importance of Notch signaling
in both decidualization and during repair of injury, we hypothesize that reduced
expression of RBPJ may occur in women with RPL contributing to their infertility and

enhanced immune signaling®®>?*°. Additionally, we will use the Rbpj c-KO mouse as a

model for testing the impact of dysfunctional postpartum uterine repair on future embryo
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implantation to correlate with RPL. This experiment will highlight the potential
translational role for RBPJ in the setting of RPL and address the central hypothesis of
my work: RBPJ ensures proper postpartum repair, which is essential for future

pregnancy potential.
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CHAPTER 1: Modulation of glucose transporter and ovarian steroid hormone
receptor expression by the Notch family transcription factor,

RBPJ, is essential for decidualization

INTRODUCTION

Receptivity of the uterus to a developing embryo is initiated through both
hormonal regulation of the corpus luteum and embryonic signals, altogether favoring
embryo attachment and trophoblast invasion®®. The process of invasion and embryonic
cues trigger transformation of the endometrial stromal fibroblasts into secretory,
epithelioid-like decidual cells, termed decidualization®®. Decidualized stromal cells
migrate towards and encapsulate the implanting embryo, where they simultaneously
support and control trophoblast invasion®'2. Clinical consequences of decidualization
defects include recurrent pregnancy loss, preeclampsia, preterm labor, and intra-uterine
growth restriction'”'®. Implantation defects contribute to ~75% of failed pregnancies,
suggesting a need to identify mechanisms regulating the early events, including
decidualization, during the establishment of successful pregnancy’.

The evolutionarily conserved Notch signaling pathway mediates key
developmental and homeostatic functions, including cellular differentiation, survival and
apoptosis®8. Notch signaling consists of four heterodimeric transmembrane receptors
(NOTCH1-4) whose five ligands (Delta-like1, 3, 4; Jagged1, 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 which results in the
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intracellular 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 transcription factor Recombination Signal Binding Protein-Jk (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, NOTCH1 expression is induced in endometrial
stromal cells of the non-human primate and in women in response to the embryonic
signal human Chorionic Gonadotropin (hCG), which promotes uterine receptivity and
decidualization®''*""®, We have shown that Notch signaling, specifically NOTCH1, is
indispensable for the initiation of decidualization in both the mouse and women''?'".
Further, Notch receptors, ligands and target genes are all reduced in eutopic
endometrium of baboons and women with endometriosis, contributing to their disease-
specific decidualization failure'. In mice, during implantation, Notch1 expression is
initially induced in the stromal cells of the primary decidual zone then subsequently
increases in the secondary decidual zone''*. Ablation of Notch1 in the mouse uterus
using a progesterone receptor (Pgr) driven cre-expressing (Pg/”e/*Notch1’7f,' Notch1 c-
KO) drastically inhibited their response to the in vivo artificial decidualization stimulus'*.
Decidualization failure in Notch1 c-KO mice was associated with the down-regulation of
genes crucial for progesterone-induced stromal cell differentiation and pathways related
to cell proliferation, cell cycle progression, and estrogen receptor a (Esr1) signaling’*.

Additionally, apoptotic signaling was upregulated in the uteri of these mice''*. Notch? c-

KO mice produce reduced litter sizes in the first litter but, otherwise, exhibited normal
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fecundity’'*

, suggesting compensation by one of the other three Notch receptors may
have rescued fertility in these mice, since other Notch receptors have been implicated in
decidualization'?. Disruption of all potential Notch receptor signaling through ablation of
the shared transcription factor, Rbpj, in the mouse uterus (Pgr®*Rbpj”; Rbpj c-KO)
resulted in subfertility due to abnormal embryonic-uterine axis and impaired decidual
remodeling'®. However, the role that RBPJ plays in decidual function beyond initial
implantation was not determined in this report nor was its relevance in the setting of
human decidualization.

Growing evidence supports the importance of endometrial glucose transporters

69-73 " Facilitative

during decidualization and their dysregulation results in infertility
glucose transporters (known as the GLUT or SLC2 family) regulate cellular glucose
uptake and have distinct tissue-specific and temporal expression patterns’. SLC2A1
(GLUT1) is ubiquitously expressed through the uterus in both women and rodents®.
Additionally, GLUT1 is further induced during early gestation and decidualization of

mouse and in human endometrial stromal cells’""®

. Progesterone administration
increases SLC2A1 expression in the stromal cells in both women and mice’®"2. Further,
Rbpj-induced SLC2A1 expression is essential for memory CD4+ T cell survival in the
mouse through control of Sica1 expression'??, suggesting that this mechanism may be
important for decidualization.

We hypothesized that Notch signaling, through RBPJ, mediates differentiation of
endometrial stromal cells during decidualization. In the current study, we induced in vivo
A

artificial decidualization in Rbpj c-KO and control mice (Pgr’*Rbp/"). Rbpj c-KO mice

displayed reduced decidualization associated with altered ovarian steroid hormone
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receptor signaling and downregulation of glucose transporter Sic2a1 during
decidualization. Our mouse studies were performed in parallel with in vitro
decidualization of Human Uterine Fibroblast (HuF) cells after knockdown of RBPJ.
Similar to the Rbpj c-KO mice, decidualization was impaired in the absence of RBPJ,
which was associated with reduced progesterone receptor and SLC2A71 expression.
Lastly, supplementation of pyruvate, bypassing the necessity for glucose, restored
decidualization in RBPJ knockdown HuF cells. Through translational studies, we have
determined that RBPJ is essential for decidualization in both the mouse and HuF cells,

in part, through regulating progesterone signaling and glucose transporter expression.

RESULTS
Rbpj is essential for decidualization in the mouse and drives Pgr signaling

We generated uterine-specific Rbpj c-KO mice and confirmed that uterine
expression of Rbpj was significantly suppressed (Fig S1-1A-C). Rbpj c-KO and control
mice were ovariectomized, hormonally primed to mimic early gestation and induced to
decidualize via a mechanical scratch. Following the scratch, mice were supplemented
with estradiol and progesterone daily and sacrificed 3 or 5 days later. Decidualization
was significantly reduced in Rbpj c-KO mice on both day 3 and day 5 of artificial
decidualization (AD) based on uterine decidual to control horn weight ratio (Fig 1-1A).
We chose to focus on AD5 because this time point corresponded to day 9.5 post-
conception in natural mouse gestation, when initial embryo loss begins in Rbpj c-KO

mice potentially contributing to their subfertility'®*. Impaired decidualization in Rbpj c-KO
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Figure 1-1. 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. Data represented as Mean + SEM. **p<0.01; Scale Bar = 0.5
cm.
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mice on AD5 was associated with reduced mRNA expression of decidual markers
Bmp2 and Wnt4 (Fig 1-1B). Orchestrated ovarian steroid hormone receptor expression
is necessary for promoting stromal survival and, ultimately, mediating the epithelial to
stromal proliferation shift that occurs during implantation and decidualization®. Thus,
expression patterns of Esr1 and Pgr were investigated in the uteri of artificially
decidualized mice. Pgr mRNA expression significantly increased in the decidualized
uterine horns of control mice compared to the unstimulated horn, while this was not the
case in Rbpj c-KO mice (Fig 1-2A). Consistent with this finding, decreased expression
of Pgr downstream effectors Hoxa70 and its target Cdk6, Areg, and Ptgs2 were
decreased in the decidual horn of Rbpj c-KO mice compared to the control mouse
decidual horn (Fig 1-2A). Cdk6 plays an important role in mediating the Hoxa10-
induced differentiation of stromal cells towards the decidual phenotype®.
Immunostaining revealed reduced protein level in the Rbpj c-KO mouse decidualized
horn (Fig 1-2B). Both mRNA and protein expression of Esr1 was significantly increased
in the decidual horn of Rbpj c-KO mice compared to that of the control mice, which was
consistent with upregulation of Esr target genes, Complement C3 and Lactoferrin (Ltf)
(Fig 1-2C). Additionally, Esr1 targets Ltf and Mucin-1 (Muc1) were elevated in the
control horn of Rbpj c-KO mice compared to that of control mice. Enhanced Esr1 in
Rbpj c-KO mouse decidual horns was localized to both endometrial luminal epithelial
and stromal cells (Fig 1-2D). The Notch pathway regulates cell survival and
differentiation®®*®, and failed initiation of stromal differentiation for decidualization
occurs as a consequence of reduced Pgr signaling and enhanced endometrial Esr1 in

the absence of Notch signaling through Rbpj.
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Figure 1-2. Down regulation of Pgr signaling and up regulation of Esr1 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-gPCR and
immunohistochemistry. (A) Pgr mRNA was significantly induced in the control mouse
decidual horn compared to the unstimulated horn, which was not the case in Rbpj c-KO
mice (n=3-5/group). Additionally, Pgr target genes, Hoxa10, Areg, Ptgs2 and Cdk6 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. (C)
Up regulation of Esr1 mRNA levels was present in the Rbpj c-KO mouse decidual horn,
which was associated with increased target gene expression of Ltf and C3. (D) Esr1
was strongly expressed in the control horn luminal epithelium and stromal cells of Rbpj
c-KO mice compared to control mice, which persisted in the decidualized uterine horn
compared to controls. Data represented as Mean + SEM. Comparisons were made
using Two-Way ANOVA. *p<0.05, **p<0.01; Scale Bar = 50 pym.
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Endometrial loss of Rbpj reduces Slc2a1 induction during decidualization

Glucose metabolism plays an important role in rapidly proliferating and
differentiating cells, and there is mounting evidence that supports a role of endometrial
glucose transporters during decidualization and embryo implantation®®. We examined
the mRNA levels of Glucose transporters Sic2a1 (Glut1) and Sic2a3 (Glut3) on ADS5,
both of which have been described extensively in the setting of natural pregnancy and

281 However, to our

in vitro decidualization of mouse endometrial stromal cells
knowledge, their expression has not been investigated in the setting of in vivo artificial
decidualization. Both Sic2a1 and Sic2a3 were up regulated in the decidualized horns of
Rbpj c-KO and control mice (Fig 1-3A). There was no statistically significant difference
between decidual horn mRNA levels of either glucose transporter, although there was a
trend towards decreased expression in Rbpj c-KO mice. Since glucose transporters are
often transiently induced in a spatial manner, we performed immunostaining to
determine both expression and localization of Slc2a1 in the mouse decidua on AD5.
Consistent with the trend of decreased Sic2a7 mRNA expression, Slc2a1 protein levels
were reduced in the decidual horn of Rbpj c-KO mice compared to control mice (Fig 1-
3B). Interestingly, staining of Slc2a1 was concentrated in the cells of the secondary
decidual zone of control mice, which did not occur in the Rbpj c-KO mice. Overall, these
findings suggest Slc2a1 expression is induced to a greater extent in stromal cells
undergoing decidualization rather than upon completion of differentiation, which
parallels the increase and the subsequent down regulation of Notch1 expression during

decidualization'?"4,
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Figure 1-3. Reduced glucose transporter, Slc2a1, expression 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) Both Sic2a1 and Sic2a3 significantly induced in
control and Rbpj c-KO mouse decidual horns compared to control horns. Slc2a1 mRNA
expression was reduced in the control horn of Rbpj c-KO mice compared to control mice
(n=3-5/group). (B) Sic2a1 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 + SEM. Comparisons were made using Two-Way ANOVA for
more than two groups or using a Student’s t-test for two groups. *p<0.05, **p<0.01;
Scale Bar = 100 ym; SDZ = Secondary Decidual Zone, PDZ = Primary Decidual Zone.
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RBPJ is indispensable for decidualization of HuF cells and its loss phenocopies
the mouse

HuF cells represent a proliferating population of undifferentiated stromal
fibroblasts, which can be decidualized in vitro?®''??%2 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 (EPC) in vitro for five days following siRNA-
mediated knockdown of RBPJ''2. We confirmed that RBPJ expression was reduced
following RBPJ knockdown HuF cells (Fig S1-1D). Expression of human decidual
markers PRL and IGFBP1 were also significantly reduced following RBPJ knockdown
(Fig 1-4A). Similar to the Rbpj c-KO mouse, impaired decidualization was coupled with
decreased PGR expression (Fig 1-4B). ESR1 levels were increased in decidualized
cells versus vehicle-treated controls in both siRNA groups, which we hypothesize is due
to the presence of only stromal cells rather than whole tissue, where epithelial ESR1
decreases during implantation but stromal ESR1 is likely necessary for
decidualization®®®. Additionally, there was no difference in ESR1 expression of EPC-
treated HuF cells between siRNA treatment groups (Fig 1-4B). We investigated levels
of glucose transporter SLC2A1, which was reduced in Rbpj c-KO mice. As expected,
RBPJ siRNA knockdown in decidualized HuF cells resulted in decreased mRNA
expression of SLC2A1 compared to control siRNA treatment (Fig 1-4C). Our findings
indicate that similar to the mouse, RBPJ expression coordinates both Pgr and glucose
transporter expression, which are essential for decidualization of human endometrial

fibroblasts.
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Figure 1-4. Loss of HuF Cell RBPJ phenocopies the mouse during
decidualization. HuF cells were transfected with either control or RBPJ siRNA and
subsequently treated with either vehicle or EPC 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 IGFBP1 were significantly reduced with RBPJ siRNA
knockdown compared to control siRNA cells. (B) Similar to the Rbpj c-KO mouse, Pgr
expression was significantly reduced with loss of RBPJ during decidualization.
However, unlike the mouse, RBPJ loss in HuF cells did not affect ESR17 levels,
suggesting an epithelial effect in mouse whole uterine decidual tissue. (C) Glucose
transporter, SLC2A1, mRNA expression was reduced in EPC-treated HuF cells with
RBPJ knockdown. However, pyruvate transporter SLC16A1 was unaffected by RBPJ
loss with EPC treatment. Data represented as Mean + SEM (n=3-4 HuF cell lines
performed in triplicates); comparisons were made using Two-Way ANOVA. *p<0.05.
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Pyruvate supplementation rescues decidualization failure with RBPJ loss in HuF
cells

Both in Rbpj c-KO mouse endometrium and isolated HuF cells where RBPJ was
suppressed, decidualization was dramatically altered and was associated with
decreased expression of glucose transporter SLC2A1. Therefore, we hypothesized that
supplementation of additional glucose or pyruvate, which bypasses the necessity for
glucose, might restore decidualization associated with loss of RBPJ in HuF cells. First,
we confirmed that pyruvate transporter, SLC16A1, expression was unaffected by RBPJ
loss (Fig 1-4C). Next, we supplemented the control and RBPJ knockdown HuF cells
with additional glucose or pyruvate during in vitro decidualization of HuF cells. Dosages
of glucose and pyruvate (8 mM and 16 mM, respectively) selected for this experiment
were determined based on physiological 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 (Fig 1-5A). While a statistically
significant increase in IGFBP1 expression did not result from pyruvate and EPC
treatment in RBPJ knockdown cells, the pyruvate-treated group IGFBP1 expression
was also not significantly reduced compared to the no glucose or pyruvate control
siRNA group treated with EPC. Further, pyruvate treatment increased PGR expression
in decidualized RBPJ knockdown HuF cells compared to no glucose or pyruvate cells

(Fig 1-5B).
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Figure 1-5. Pyruvate supplementation rescues decidual marker gene and PGR
expression in the setting of RBPJ loss. HuUF cells were transfected with either control
or RBPJ siRNA and subsequently treated with either vehicle or EPC to induce in vitro
decidualization with cell culture media supplementation of 8 mM Glucose, 16 mM
Pyruvate, or neither. (A) Administration of pyruvate but not glucose restored expression
of decidual marker PRL in EPC-treated RBPJ knockdown HuF cells. While a statistically
significant increase in IGFBP1 expression did not result from pyruvate and EPC
treatment in RBPJ knockdown cells, the pyruvate-treated group IGFBP1 expression
was also not significantly reduced compared to the no glucose or pyruvate control
siRNA group treated with EPC. (B) Pyruvate supplementation increased PGR
expression in decidualized RBPJ knockdown HuF cells compared to no glucose or
pyruvate cells. Data represented as Mean + SEM (n=3-4 HuF cell lines performed in
triplicates). Comparisons were made using Two-Way ANOVA. Significantly changed
MRNA levels between two groups are represented by matching letters, where p<0.05.
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DISCUSSION

Notch is an arbiter of cell fate and, based on our previous work, its expression
regulates endometrial transformation during embryo implantation and more specifically,
decidualization'"2. In the current study, we demonstrate that ablation of RBPJ in both
the mouse uterus and in HuF cells reduces their capacity to differentiate towards their
decidual phenotype. Contributors to impaired decidualization in both models included
dysregulated ovarian steroid hormone receptor expression and reduced glucose
transporter SLC2A1 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 is hypothesized 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 expression, which is independent of the
presence of an embryo. Additionally, we determined a translational role for RBPJ during
in vitro decidualization of HUF cells.

Similar to Notch1, Rbpj is dynamically expressed in a temporospatial manner in
the mouse uterus during the establishment of pregnancy. Embryonic signals induce
Notch1 expression, which include hCG in primates or physical contact in mice''?"",
During implantation in mice, Notch1 and Rbpj are initially expressed in the sub-epithelial
stromal cells of the primary decidua and as pregnancy progresses there is a shift of
expression to the secondary decidua''*'#*. Consistent with the mouse, NOTCH1 initially

increases in decidualizing HuF cells and subsequently becomes downregulated for

41



completion of decidualization''?. Expression of Notch1 is tightly regulated, where over-
activation of Notch1 signaling impairs decidualization and causes in infertility?®*. Similar
to Notch1, Rbpj is initially induced in the primary decidual zone in the mouse and
subsequently downregulated, at which point its expression is localized within the
secondary decidual zone'?.

During implantation, Pgr drives stromal proliferation and promotes transformation
of endometrial fibroblasts towards a secretory phenotype while suppressing epithelial
Esr1°. In part, Pgr signaling through Hoxa10 promotes differentiation of stromal cells
through induction of cell cycle regulators, such as Cdk6°%%°°. In the Rbpj c-KO mice,
broad down regulation of the Pgr signaling pathway was evident along with enhanced
Esr1 signaling. Additionally, Pgr expression was decreased with RBPJ knockdown
during decidualization of HuF cells, while Esr1 expression was not affected. Based on
our prior and present work, a close relationship between Pgr and Notch signaling exists.
P4-targets were decreased in Notch1 c-KO mice during decidualization, including Cdk®6,
and Pgr mediates cleavage of Notch1 to its active form''?"". Further, over activation of
Notch signaling indirectly suppresses Pgr expression via recruitment of DNA
methyltransferases and hypermethylation of its promoter in an Rbpj-dependent
manner®®. Since Rbpj basally suppresses Notch target expression, its loss can mimic
either down regulation or up regulation of Notch signaling®?®. Therefore, RBPJ mediates
Notch receptor-independent functions, which may include regulation of Pgr signaling.

Ablation of Rbpj in the mouse uterus resulted in enhanced Esr1 and its target
gene expression. Since ESR1 expression was unaffected in isolated decidualizing

human stromal cells in the absence RBPJ, it would appear that epithelial Esr1 is more
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likely affected by Rbpj loss. Since stromal-to-epithelial cross-talk occurs during
implantation, largely driven by Pgr, reduced stromal Pgr expression may contribute to
enhanced epithelial Esr1 activity in Rbpj c-KO mice®?%°. Additionally, it was shown that
Rbpj interacts with Esr1 in mouse stromal cells and Ishikawa cells, where enhanced
phosphorylation occurs in the absence of Rbpj'®. In breast cancer epithelial cells,
Notch1 promotes ESR1 signaling, but basally, RBPJ may act to suppress epithelial
estrogen target gene expression in the absence of Notch activation since RBPJ binding
sites have been identified in close proximity to estrogen-responsive elements in both the
mouse and human®®’. Altogether, these findings indicate that Rbpj coordinates stromal
Pgr activation while suppressing epithelial Esr1 expression during decidualization.
Glucose transporter SLC2A1 expression was down regulated 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 P4 levels®. Further,
inhibition of glucose transporters drastically reduced PRL secretion during in vitro
decidualization of human endometrial stromal cells’. In the rat, endometrial stromal

Sic2a1 expression pattern during early pregnancy mirrors that of Rbpj'#*%°!

. Initially,
they are induced in the stromal cells of the primary decidual zone and as implantation
progresses, expression shifts to the secondary decidual zone®'. In the current study,
Slc2a1 staining was more 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 Slc2a1 expression in the mouse with loss of Rbpj occurs

with RBPJ knockdown during decidualization in HUF cells. Based on our findings, we
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hypothesize that Rbpj acts upstream of Slc2a1 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 Sic2a1 expression in the
primary decidual zone''#"4,

In CD4+ memory T cells, Rbpj mediates survival through regulation of Sic2a1
expression and loss of Rbpj could be overcome by administration of pyruvate, which
bypasses the requirement of glucose'®®. In the current study, we found that
supplementation of pyruvate rescued expression of PGR and 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 mid-secretory biopsies of patients with idiopathic versus
clear anatomical causes for infertility’®. A positive impact of pyruvate supplementation in
embryo culture media used for IVF patients has been previously reported®®®. However,
to our knowledge, the effect of supplementing extra glucose or pyruvate in IVF culture
media during embryo transfer on uterine implantation rates in the setting of impaired
uterine receptivity has not been determined. 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 receptivity can be restored in the setting of infertility

through supplementation of pyruvate.
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METHODS

Mice

All studies performed using animals were approved by the Institutional Animal Care and
Use Committee of Michigan State University, East Lansing, MI, USA in compliance with
the Guide for Care and Use of Laboratory Animals (2011, National Academy of
Sciences). To avoid the embryonic lethality of a complete Rbpj knockout'?®, we

generated a uterine-specific, conditional Rbpj knockout mouse. Rbpjf/f

mice contain
LoxP sites flanking the sixth and seventh exons, corresponding to the DNA binding
domain'?®. We crossed Pg/”e/+ mice, containing a knock-in of Cre recombinase in one
copy of the Progesterone Receptor (Pgr) gene while maintaining normal fecundity and

Pgr function***, with Rbp;”" (control) mice to generate Pgr®*Rbp;” (Rbpj c-KO) mice,

in order to ablate Rbpj in Pgr-positive tissues.

In Vivo Artificial Decidualization Model

Induction of artificial decidualization was performed on 6-week old Rbpj c-KO and
control mice as previously described''*. Mice were ovariectomized and then primed to
mimic the hormonal milieu of early pregnancy with daily E2 (100 ng, Sigma-Aldrich, St.
Louis, MO, USA) for three days followed by two days of rest and then daily P4 (1 mg)
plus E2 (6.7 ng). Six hours following the third day of E2 and P4 injection, a mechanical
scratch of the anti-mesometrial luminal epithelium of the left uterine horn (Dec) was
performed to induce decidualization. The unscratched right horn served as the
unstimulated hormonal control (Con). Subsequently, daily injections of E2 and P4 were

provided with sacrifice 3 or 5 days post-scratch (n=3-5 mice/group). Uterine tissues

45



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 Dec to Con horn weight.

Histological Analysis and Immunohistochemistry

Paraformaldehyde fixed-parrafin embedded tissues were sectioned to 6 pym thickness
and placed onto microscope slides (Thermo Fisher Scientific, Waltham, MA, USA). For
immunohistochemistry, each tissue section was dewaxed, rehydrated with a graded
alcohol series, followed by heat-mediated antigen retrieval in citrate buffer (Antigen
unmasking solution, Vector Laboratories, Burlingame, CA) and then hydrogen peroxide
treatment. Sections were blocked for 1 hour in 10% Normal Horse Serum (Vector
Laboratories, Burlingame, CA) in Phosphate Buffered Saline (PBS) incubated overnight
at 4°C in one of the following primary antibodies: mouse anti-ESR1 (1:40; Vector
Laboratories, Burlingame, CA), rabbit anti-PGR (1:500, DAKO, Carpinteria, CA), mouse
anti-GLUT1 (1:100; Santa Cruz Biotechnology). Next, sections were incubated in
respective biotinylated secondary antibodies for anti-mouse IgG or anti-rabbit IgG
(Vector Laboratories, Burlingame, CA) followed by HRP conjugated streptavidin.
Detection for immunoreactivity was achieved using the DAB Substrate Kit (Vector
Laboratories, Burlingame, CA) 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®®.
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Isolation and Culture of HuF Cells

HuF cells are isolated from the decidua parietalis from term placentas®®''2. Tissues
were procured after patient informed consent was obtained under a protocol approved
by the Institutional Review Board at Michigan State University. After trypsinization, cells
were propagated in phenol-red-free RPMI 1640 (Thermo Fisher Scientific, Waltham,
MA, USA) 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 three HuF cell lines plated in triplicate
were used for each experiment. Further, only cells between passages 3—6 were used

for experiments.

Transfection of RBPJ small interfering RNA (siRNA) in HuF cells

HUF cells were seeded in six-well dishes at 1.5x10° cells per well in 10% CDS-FBS in
RPMI. Once confluence reached ~30-50%, cells were washed with sterile PBS then
acclimated to serum and antibiotic-free Opti-MEM media (Thermo Fisher Scientific,
Waltham, MA, USA) for at least 30 minutes prior to transfection. Subsequently, non-
targeting (Control; ON-TARGETplus Non-targeting pool; GE Dharmacon, Lafayette, CO,
USA) and RBPJ siRNAs (SMARTpool ON-TARGETplus RBPJ siRNA; GE Dharmacon,
Lafayette, CO, USA) were dissolved in Lipofectamine RNAIMAX (Thermo Fisher
Scientific, Waltham, MA, USA) diluted in Opti-MEM. This mixture was added to the cells
to achieve a final concentration of 50 nM of either control or RBPJ siRNA, and cells

were incubated with the siRNA mixture for 5 hours. Finally, cells were washed with PBS
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and then incubated overnight 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 nM estradiol-173, 1 yM medroxyprogesterone acetate
(MPA) and 0.5 mM di-butyryl-cyclic adenosine monophosphate (dbcAMP; Sigma, St.
Louis, MO, USA)] in 2% CDS-FBS in RPMI?®"12%%2 HyF cells were treated with EPC or
vehicle (Veh) for 5 days with replacement of treatment/media every 2 days. For in vitro
decidualization studies with glucose and pyruvate supplementation, 8 mM D-Glucose or
16 mM Sodium Pyruvate (Sigma, St. Louis, MO, USA) in RPMI, respectively, were used

for dilution of EPC or vehicle.

RNA isolation and Real Time-Quantitative PCR (RT-qPCR)

Total RNA was isolated from snap frozen mouse tissues or cultured cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) followed by reverse transcription to produce
cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Differential gene expression was determined using RT-qPCR
performed with either TagMan Universal Master Mix Il (Applied Biosystems, Foster City,
CA, USA) or SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA)
using the ViiA 7 gqPCR System (Applied Biosystems, Foster City, CA, USA). RPL17 and
Rpl19 were used for normalization of cDNA from human and mouse samples,

respectively. Primer sequences used for RT-qPCR are provided (Table $1-1).
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Statistical Analysis

Variation between groups was determined using two-way analysis of variance with
repeated measures followed by a Holm-Sidak post-hoc test to determine group-specific
differences. Statistical significance was defined as p<0.05. All statistical analyses were

performed by GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).
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Figure S1-1. Confirmation of RBPJ loss in Rbpj c-KO mice and siRNA knockdown
HuF cells. (A) Pgr™* mice were crossed with Rbpj” mice, with LoxP sites flanking Rbpj
exons 6 and 7, resulting in selective ablation of Rbpj in Pgr-positive cells of mice
(Pgr™*Rbpj”"; Rbpj c-KO). (B,C) Reduced mRNA and protein expression of Rbpj was
confirmed in 6-week old Rbpj c-KO mice by RT-gPCR and immunohistochemistry,
respectively. (D) RBPJ mRNA knockdown was confirmed by RT-gPCR in siRNA treated
HuF cells treated with vehicle or EPC. Data represented as Mean + SEM. **p<0.01;
Scale Bar = 100 um.
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Gene Symbol | _Application | _ Accession 10| _speces | ______Fonara | Rewese |

Rpl19
Rbpj
Bmp2
Wnt4
Pgr
Hoxa10
Areg
Ptgs2
Cdk6
Esr1
Cc3
Ltf
Muc1
Sic2a1
Slc2a3
RPL17
RBPJ
PRL
IGFBP1
PGR
ESR1
SLC2A1
SLC16A1

Tagman

Tagman
SYBR Green
SYBR Green

SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green
SYBR Green

NM_001159483

NM_001080927
NM_007553
NM_009523

NM_008829
NM_008263
NM_009704
NM_011198
NM_009873
NM_007956
NM_009778
NM_008522
NM_013605
NM_011400
NM_011401
NM_000985

NM_203284.2

NM_001163558
NM_000596
NM_000926
NM_000125
NM_006516
NM_003051

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Human
Human
Human
Human
Human
Human
Human

Human

Mm01606037_g1
MmO01217627_g1
CGCAGCTTCCATCACGAA
AGTGCCAATACCAGTTCCG
TGAGCCTGATGGTGTTTGG
GAAAACAGTAAAGCTTCGCCG
AGATACATCGAGAACCTGGAGG
CCAGCACTTCACCCATCAG
GTTCAGACGTGGATCAACTAGG
AACCGCCCATGATCTATTCTG
AGACTGCCTGACCTTCAAAG
ATCTCTGTGCCCTGTGTATTG
TTCCAACCCAGGACACCTAC
TGTATCCTGTTGCCCTTCTG
CGCTTCTCATCTCCATTGTCC
ACGAAAAGCCACGAAGTATCTG
CCGAGAAGGTTGGAGATGGG
ACCCTGTCTGGTCGGGACTT
CCTGCCAAACTGCAACAAGA
TGTATTTGTGCGTGTGGGTG
GCCCTGGAGACCACAAATCA
TCATCGTGGCTGAACTCTTC
AGGTCCAGTTGGATACACCCC

GCTTCCTGTATCTGTTCCCG
CACACTTCTCCAGTTCTCCAC
ACAGCGAGTAGAATGACAGC

GAAACTCCTTCTCCAGCTCC
AGAGACAAAGATAGTGACAGCTAC

GTCCAGAGTTTCACCATAAATGTG

TGTCACAAACTTCTCGATGGG
AGATTCAAGTCCCCAAAGCC
CATCCCATCGTCCTTCTCTG

ACATTTCCTGCCTTCTCAGC
ATTACCTGCCGAAACCTCCT
GACCCTCTTCTTTCATCTCCTG
TGAAGATAGTATTGACCACGCC
GACCTTGTGTCCAGCCCCAT
GTTTGATTCGTTAGGGGGCA
TGTTGTGGATGATTCGGCAC
TCCCATTCCAAGGGTAGACG
TACAGCCCATTCCCAGGAAG
AGGCAATGGCGAAAAGAAAC
GATGAAGACGTAGGGACCAC
GCATAAGAGAAGCCGATGGAAAT

Table S1-1. Primer sequences used for this study
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CHAPTER 2: RBPJ mediates top Notch postpartum repair for future

pregnancy potential and is reduced in recurrent pregnancy loss

INTRODUCTION

Recurrent pregnancy loss (RPL) is defined as the loss of 2 or more consecutive
clinical pregnancies®®'. While 15% of clinically-recognized pregnancies result in
miscarriage, RPL is estimated to occur in up to 5% of women??. RPL can be attributed
to clinically identifiable causes in only 50% of cases, and identified causes include

embryo aneuploidy or uterine anatomic abnormalities®%%**

. Dysregulated immune
function remains one of the most widely hypothesized, yet least understood,
mechanisms contributing to RPL. Women with idiopathic RPL display elevated serum
levels of cytotoxic cytokines, such as IFNy, and globally upregulated endometrial

immune response signaling®®%*°

. During embryo implantation, endometrial stromal
cells coordinate specific immune recruitment and maintain the immune
microenvironment through a unique step-wise cellular transformation as part of the
decidualization process®. Initially, endometrial stromal cells convert from a structural
fibroblast to a pro-inflammatory phenotype, and ultimately differentiate to a secretory
anti-inflammatory decidual cell®’®. However, endometrial stromal cells isolated from
women with RPL fail to switch to an anti-inflammatory phenotype and are associated
with reduced decidual marker gene expression and diminished discriminatory capability
in determining low versus high-quality embryos”’m‘%o.

Repeated embryo loss and endometrial repair are particularly relevant in the

setting of RPL. The human endometrium has the unique property of regenerating itself
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with scar-less wound healing following menstruation and during the postpartum

period'?’.

Menstruation and subsequent endometrial repair is hypothesized to
precondition the uterus for future pregnancy'®®. However, the mechanisms regulating
endometrial repair, both following menstruation and during the postpartum period,
remain poorly understood. Further, the role of dysfunctional endometrial repair as it
pertains to future fertility potential has not been well characterized.

The evolutionarily conserved Notch signaling pathway mediates key

1°9 and immune

developmental and homeostatic functions, including organ self-renewa
development'®'%_ In canonical Notch signaling, ligand binding to one of four Notch
receptors initiates ADAM protease and gamma-secretase-mediated cleavage cascade
of the receptor to its active form®. Subsequently, the Notch intracellular domain
translocates and binds to Recombination Signal Binding Protein-Jk (RBPJ), which then
converts 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 %1%, We have described the role of Notch signaling, specifically Notch1,
during decidualization in both the mouse'" and women''?. Reduced endometrial Notch
signaling occurs in endometriosis and contributes to disease-related decidualization
failure'. Ablation of Rbpj in the mouse uterus results in subfertility of the first pregnancy
in part due to abnormal coordination of embryo-uterine interaction and decidual
remodeling*.

While initial studies performed in the uterine-specific Rbpj knockout mouse

described subfertility, we identified dysfunctional postpartum endometrial repair

following pregnancy, which contributes to developed infertility in these mice. Therefore,
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the objective of our study was to determine the mechanisms contributing to
dysfunctional endometrial repair and its impact on future fertility. Based on our findings,
dysregulation of endometrial parenchymal regeneration through altered cell lineage
determination contributes to delayed postpartum repair, and developed infertility results
from enhanced immune signaling including IFNy and Complement, features described
in RPL patients®*>%*°. We identified reduced expression of RBPJ in women with RPL
and correlated our findings in the Rbpj c-KO mouse. Altogether, our work identifies
dysfunctional endometrial repair as a previously undescribed contributor to infertility and

presents Notch signaling as a novel pathway dysregulated in the setting of RPL.

RESULTS

Uterine ablation of Rbpj in mice results in developed infertility following
pregnancy and decidualization failure

We generated uterine-specific Rbpj conditional knockout mice (Pgr'®*Rbpj”; Rbpj c-
KO) and confirmed uterine expression of Rbpj was successfully suppressed (Fig S2-
1A-C). Rbpj c-KO and control (Rbpj”) mice were bred with fertile, control males for six
months and monitored for litters and corresponding litter sizes. Consisent with previous
work'?*, Rbpj c-KO mice are subfertile with significantly reduced litter sizes (Fig S2-1D).
However, closer scrutiny of the fertility test results revealed declining fertility in Rbpj c-
KO mice with infertility after one or two litters (Fig 2-1A). To determine ovarian versus
uterine mechanisms contributing to the developed infertility in Rbpj c-KO mice, bilateral
salpingo-oophorectomies were performed in infertile Rbpj c-KO and control mice at the

end of the 6-month fertility test on 0.5 days post conception.
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Figure 2-1. Loss of Rbpj results in developed infertility with evidence of failed
postpartum repair associated with reduced decidualization. Female control and
Rbpj c-KO mice (n=5-6/group) were set up in mating pairs with control fertile males for a
six month breeding test. (A) Declining fertility was present in Rbpj c-KO mice over the
course of the fertility test, with significantly fewer mice having more than one or two
litters before becoming infertile for the remainder of the study. After the breeding test
completed, mice were set up in mating pairs to induce pregnancy followed by salpingo-
oophorectomies. Following 2 weeks of rest, mice were hormonally primed and
decidualization was mechanically induced in the left uterine horn with sacrifice 5 days
later. (B) Rbpj c-KO mice displayed reduced response to artificial decidualization (AD)
based on uterine stimulated to unstimulated wet weight and down regulation of decidual
markers, Bmp2 and Whnt4, by RT-gPCR compared to control mice. (C) Rbpj c-KO
mouse uteri exhibited distinct, evenly spaced brown uterine bands (arrows), which
showed accumulations of large brown cells with dark pigmented granules upon H&E
staining. These cells were largely located at the interface of the endometrium-
myometrium and near the interface of the two myometrial layers (circular myometrium
indicated by dashed lines). Identification of the brown cells as nodule cells were
performed through Prussian Blue staining, which stains hemosiderin blue and localizes
to nodule cells, and macrophage marker CD68. Data represented as Mean + SEM.
**p<0.01, *p<0.05. Scale Bar = 0.5 cm.
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Figure 2-2. Infertility and impaired decidualization with loss of Rbpj is associated
with enhanced immune recruitment and estrogen signaling. After the 6-month
fertility test, ovariectomized female control and Rbpj c-KO mice (n=5-6/group) were
hormonally primed and decidualization was mechanically induced in the left uterine horn
with sacrifice 5 days later. (A) Associated with impaired decidualization and infertility,
Rbpj c-KO mouse decidual horns displayed elevated mRNA levels of macrophage
(Csf1) and Iymphocyte chemoattractant/receptor (Cxcl12/Cxcr4) on AD5. (B)
Additionally, reduced expression of described anti-inflammatory mediators /16 and Cox2
were evident in Rbpj c-KO decidual horns. (C) Lastly, increased Estrogen receptor
alpha (Esr1) mRNA levels were present in the decidual horn of Rbpj c-KO mice, along

with target genes Muc?1 and Muc4. Data represented as Mean + SEM. **p<0.01,
*p<0.05.
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Oviduct flushes revealed no difference in the number or morphology of zygotes
present suggesting normal ovarian function. Subsequently, these mice were allowed to
rest for two weeks after ovariectomy, at which point, hormonal supplementation followed

"4 was performed.

by mechanical induction of in vivo artificial decidualization (AD)
Similar to their nulliparous counterparts, the infertile Rbpj c-KO mice displayed
significant decidualization failure associated with reduced expression of decidual marker
genes Bmp2 and Wnt4 (Fig 2-1B). More strikingly, distinct, brown uterine bands were
present in the Rbpj c-KO mice, which were evenly spaced similar to implantation sites
during pregnancy and were absent in control mice (Fig 2-1C). Histological analysis of
the bands revealed the presence of large, brown-pigmented cells, which were positive
for hemosiderin by Prussian Blue staining and stained positive for macrophage marker
CD68 (Fig 2-1C). These hemosiderin-laden macrophages represent nodule cells, a
component of placental detachment repair sites from a previous pregnancy, termed
postpartum nodules. Postpartum nodules are distinct anatomical structures which

represent resolution of placental detachment sites in rodents'®

. They consist of
extracellular matrix and immune infiltrate isolated within the longitudinal and circular
myometrium'®. Ultimately, the nodule regresses as the extracellular matrix degrades
and the vasculature entering through the mesometrium reforms, only leaving remnants
of few nodule cells™®.

Typically, small collections of nodule cells persist in the rodent uterine
mesometrial attachment site for up to 3 months following parturition, which were present

in the control mice; however, in the Rbpj c-KO mice, nodule cells were ubiquitously

found throughout the uterus, largely near the longitudinal and transverse myometrial
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layers and at the endometrial-myometrial interface (Fig 2-1C). Further, implantation of
embryos in subsequent pregnancies will not occur in the vicinity of nodule cells, which
are also associated with a reduced decidualization response'’’. Therefore, the
presence of nodule cell accumulations throughout the Rbpj c-KO mouse uterus likely
contributes to the developed infertility in these mice. Further, enhanced decidual horn
MRNA expression of immune chemoattractants Csf7 and Cxcl12 with its receptor Cxcrd
was associated with impaired decidualization (Fig 2-2A) and may represent an
exaggerated inflammatory response during the period of uterine receptivity and prevent
pregnancy. Additionally, mRNA expression levels of /IL-6 and Cox2 were significantly
decreased in the decidual horn of Rbpj c-KO mice (Fig 2-2B), which are Rbpj
transcriptional targets that contribute to immunosuppression by bone marrow stromal
cells?*°. Estrogen receptor a (Esr1) expression was increased in the Rbpj c-KO mouse
decidual horn along with transcriptional targets Muc1 and Muc4 (Fig 2-2C), which are
associated with impaired uterine receptivity during implantation in mice?”°. Altogether,
Rbpj c-KO mice developed infertility with accumulations of nodule cells, a component of
postpartum repair. Therefore, we hypothesized that dysfunctional postpartum repair
contributes to failed resolution of nodule cells and developed infertility. Additionally,
impaired decidualization in these mice was associated with elevated expression of
chemoattractants and Esr1 signaling likely contributing to impaired uterine receptivity

and implantation failure.
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Rbpj mediates uterine parenchymal regeneration during postpartum repair
through controlling Luminal Epithelium (LE) over-proliferation and promoting
apoptosis of epithelial-mesenchymal double-positive cells

To identify the role of endometrial RBPJ after parturition, the postpartum repair
process was characterized in Rbpj c-KO and control mouse uterine tissues at key time
points: Postpartum Day (PPD) 1, 3, 5 and 10 (Fig 2-3). Based on previous work, the
endometrial luminal epithelium (LE) reforms along the mesometrial pole where the
placenta detaches by PPD 5, and the postpartum nodule is fully formed by PPD 8.
Specific endpoints for analysis included: 1) tissue morphological integrity 2) re-
epithelialization of the LE, and 3) myometrial regeneration along the circumference of
the uterus forming a distinct postpartum nodule. At PPD 1, bleeding at the site of
placental detachment was present in both the control and Rbpj c-KO uteri (Fig 2-3A,B).
However, there were clear differences between the Rbpj c-KO and control uteri. In the
control mice, folds of endometrium including LE and stroma protruded into the uterine
lumen, which did not occur in the Rbpj c-KO. Also, the LE in the control mice consisted
of a monolayer of epithelial cells (Fig 2-3a), while there was extensive epithelial
hyperplasia forming a “saw-tooth” pattern in the Rbpj c-KO mice (Fig 2-3b). At PPD 3,
active bleeding into the uterine lumen was controlled with the initiation of re-
epithelialization in the control mice, where remaining bleeding was walled off by
surrounding cells, presumably phagocytes (Fig 2-3C). In the Rbpj c-KO mice,
endometrial bleeding persisted along with evidence of a “saw-tooth” LE (Fig 2-3D). As

expected, re-epithelialization was complete in the control mice at PPD 5 (Fig 2-3E);
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Figure 2-3. Loss of Rbpj results in dysfunctional postpartum uterine repair.
Female Rbpj c-KO and control mice were caged with fertile males to induce pregnancy
and sacrificed following parturition during significant time points during the repair
process: PPD 1, 3, 5, and 10 (n=3-6/group/time point). H&E staining was performed on
placental detachment sites during the various time points collected during the course of
postpartum repair. (A,B) On PPD1, bleeding from the mesometrial placental
detachment site was present in both the control and Rbpj c-KO uteri. However,
endometrial luminal epithelial (LE) morphology was different between groups, where the
control mouse LE appeared as a single layer of cells while a hyperplastic (a), sawtooth
pattern was evident in the Rbpj c-KO mouse LE (b). (C) On PPD 3, mesometrial
bleeding was contained in control mice, (D) while bleeding into the uterine lumen
continued in Rbpj c-KO mice along with persistence of a “saw-tooth” LE. (E) Re-
epithelialization was complete in the control mice at PPD 5; (F) however, the Rbpj c-KO
mouse LE remained incomplete. (G) On PPD 10, the control mouse myometrium
reformed along the mesometrial uterine aspect, isolating a defined postpartum nodule.
(H) Alternatively, the Rbpj c-KO mouse myometrium was incomplete with extensive
nodule cells present at the interface of the myometrium and endometrium, suggesting
dysfunctional postpartum repair. Lower case letters denote high magnification of upper
case image. Scale Bar = 100 ym.
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Figure 2-4. Dysfunctional postpartum uterine repair with loss of Rbpj is
associated with an altered proliferation and apoptotic profile. In order to identify
potential contributors to postpartum repair deficits in Rbpj c-KO mice, immunostaining
for apoptotic (Cleaved Caspase-3; CC-3; Top Panel) and proliferation (Ki-67; Bottom
Panel) markers were performed during postpartum uterine repair. (A) At PPD 1, CC-3
staining was present along the entire basal LE of control mice, (B) which was
essentially absent in Rbpj c-KO mice. (C) In control mice, Ki-67 staining was low in the
LE and high in the mesometrial stroma on PPD 1 and then increases within the
mesometrial LE to regenerate in the region of placental detachment on (E) PPD 3 and
(G) 5. (D) Ki-67 staining revealed enhanced proliferation in Rbpj c-KO mouse LE on
PPD 1, along the circumference of the LE except for the mesometrial region of the LE
and persists through PPD 5. Lower case letters denote high magnification of upper case
image. Scale Bar = 100 ym.
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however, the Rbpj c-KO mouse LE remained incomplete (Fig 2-3F). At PPD 10, the
control mouse myometrium reformed along the full circumference of the uterus forming
the postpartum nodule (Fig 2-3G). On the other hand, the Rbpj c-KO mouse
myometrium was incomplete with extensive nodule cells present at the interface of the
myometrium and endometrium (Fig 2-3H), which closely resembled control mice at PPD
5. Altogether, the Rbpj c-KO mice display delayed postpartum repair associated with
abnormal epithelial regeneration.

In order to determine potential contributors to delayed re-epithelialization,
immunostaining was performed in the mouse uteri at PPD 1, 3 and 5 for apoptotic and
proliferative markers, Cleaved Caspase-3 (CC-3) and Ki-67, respectively (Fig 2-4). Rbpj
c-KO mice displayed an altered apoptotic and proliferation profile. CC-3 staining was
intense within the cells of the basal epithelial region of control mouse uteri on PPD 1
(Fig 2-4a), which was absent in the Rbpj c-KO mice (Fig 2-4b). On PPD 1, epithelial
and stromal proliferation was limited to the mesometrial placental detachment region in
control mice (Fig 2-4¢), but in Rbpj c-KO mice, both stromal and epithelial proliferation
was drastically increased throughout the uterus (Fig 2-4d), likely contributing to the
“sawtooth” epithelial overgrowth. Ki-67 staining was strongly positive in the LE,
glandular epithelium (GE), and mesometrial stroma in both groups on PPD 3 (Fig 2-
4E,F). Corresponding to the completion of re-epithelialization on PPD 5, epithelial
proliferation was confined to the mesometrial LE in control mice (Fig 2-4g). Surprisingly,
in the Rbpj c-KO mouse, endometrial LE cells continued to proliferate except in the
mesometrial region on PPD 3 and 5 (Fig 2-4f,h), which likely contributes to the delay in

re-epithelialization and postpartum repair. Characterization of epithelial (pan-
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Figure 2-5. Loss of Rbpj is associated with accumulations of cytokeratin-vimentin
double positive cells during postpartum uterine repair. To identify specific cell types
during postpartum repair, dual staining immunofluorescence for epithelial (Cytokeratin)
and stromal (Vimentin) cell markers was performed on PPD 1 (Top Panel) and 3
(Bottom Panel). (a-c) On PPD 1, double positive cells were present in the control mouse
basal LE on PPD 1. (d-e) The “sawtooth” pattern LE in Rbpj c-KO mice on PPD 1 was
associated with accumulations of cells double positive for cytokeratin and vimentin
throughout the epithelium. (g-i) On PPD 3, many double positive cells persisted in the
epithelium of Rbpj c-KO mice uteri, (j-1) while these cells were scarce in the control mice
at this time point. White arrow heads indicate double positive cells. Scale Bar = 50 ym.
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Figure 2-6. Rbpj regulates epithelial regeneration through inducing apoptosis of
cytokeratin-vimentin double positive cells during postpartum uterine repair. We
hypothesized that apoptosis observed in control mice on PPD 1 is necessary to prevent
over-proliferation of dual positive epithelial-mesenchymal cells. Therefore, we
performed triple immunofluorescent staining with cytokeratin, vimentin, and Cleaved
Caspase-3 (CC-3). Consistent with the previous PPD 1 CC-3 immunostaining,
apoptosis was essentially absent in the Rbpj c-KO mouse endometrium. Many apoptotic
cells were present in the control mouse LE (white arrows), and among these most cells
were triple positive for all three markers, suggesting that apoptosis of the epithelial-
mesenchymal dual-positive cells may represent a physiologic mechanism to prevent the
their over-proliferation during repair. Scale Bar = 50 pm.
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cytokeratin) and mesenchymal (vimentin) markers was performed to identify cell-type
specific differences during endometrial regeneration in the postpartum period between
Rbpj c-KO and control mice (Fig 2-5). Dual-staining immunofluorescence on PPD 1
revealed positive cytokeratin staining within the luminal epithelium with few cytokeratin
staining cells also positive for vimentin intercalated within the basal epithelium (Fig 2-
5a-c). Interestingly, the “saw-tooth” over-proliferative luminal cells in the Rbpj c-KO mice
stained positive for epithelial marker cytokeratin, but there were a significantly larger
percentage of these cells double positive for cytokeratin and vimentin, particularly
localized within the protruding areas (Fig 2-5d-f; Figure S2-2A). By PPD 3, few dual
cytokeratin-vimentin staining cells were present within the LE of control mice, but the
augmented presence of these cells persisted within the LE of Rbpj c-KO mice (Fig 2-
5g-l; Figure S2-2A). Previous work has described a mesenchymal to epithelial
transition (MET) during endometrial repair, where mesenchymal progenitors contribute
to re-epithelializat