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Abstract

During the initiation of pregnancy, the vasculature of the implantation site expands rapidly, yet
little is known about this process or its role in fertility. Here, we report that endothelial-specific
deletion of a disintegrin and metalloprotease 10 (ADAM10), an essential regulator of Notch
signaling, results in severe subfertility in mice. We found that implantation sites develop until 5.5
days post conception (dpc) but are resorbed by 6.5 dpc in AZOAEC mice. Analysis of the mutant
implantation sites showed impaired decidualization and abnormal vascular patterning compared
to controls. Moreover, RNA-seq analysis revealed changes in endothelial cell marker expression
consistent with defective ADAMZ10/Notch signaling in samples from AZ0AEC mice, suggesting
that this signaling pathways is essential for the physiological function of endometrial endothelial
cells during early pregnancy. Our findings raise the possibility that impaired endothelial cell
function could be a cause for Repeated Pregnancy Loss (RPL) and infertility in humans.
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Introduction

During early pregnancy the uterine endometrial vasculature undergoes extensive remodeling
and differentiation in order to prepare for blastocyst implantation and to support the growing
embryo [1]. Blastocyst attachment and subsequent invasion into the maternal endometrium
initiates the process of decidualization, which involves the differentiation of uterine stromal
fibroblasts into biosynthetically active secretory cells termed decidual cells. The decidual
cells and the expanding endometrial vasculature are responsible for nurturing the embryo
during the early stages of development. Inadequacies in the formation of the decidua in
humans have been linked to Repeated Pregnancy Loss (RPL) and placental pathologies that
result in intrauterine growth restrictions later during pregnancy [2-5].

There have been significant advances in uncovering the molecular pathways involved in
the differentiation of decidual cells. Follistatin has been implicated in decidualization as an
upstream regulator of BMP signaling [6]. Moreover, BMP2 regulates decidualization in mice
through the Msx homeobox genes [7], and Forkhead box a2 (FOXAZ2) has an important
role in decidualization and blastocyst implantation [8]. Deletion of Notch receptors and
their downstream signaling effectors using a uterine specific Progesterone Receptor (Pgr)-
Cre system results in impaired decidualization [9-11]. Studies with a Notch signaling
reporter have shown that this pathway is dynamically regulated in the maternal uterine
vasculature during early pregnancy in mice [12]. In endothelial cells, Notch signaling

has been implicated in the establishment of an arterial versus venous cell fate in early
development and in the decision between becoming a tip versus a stalk cell during retinal
angiogenesis [13-20]. However, the role of endothelial Notch signaling in the process of
decidualization remains to be established.

Notch signaling is regulated by the membrane-anchored metalloprotease ADAM10, which
controls both Notchl and Notch4 signaling in endothelial cells [21-23] (reviewed in

[13]). Disruptions in the ADAM10/Notch signaling pathway in endothelial cells leads to
abnormalities in highly specialized vascular niches, such as the retina, kidney glomeruli,
intestinal villi, liver, bone and coronary vasculature [24,25]. Since mice lacking ADAM10
in endothelial cells (AZ0AEC) are born at Mendelian ratios and survive into adulthood,
this provided an opportunity to elucidate the contribution of endothelial ADAM10/Notch
signaling to female fertility. Here, we report that female AZ04EC mice have strongly
reduced fertility, raising questions about the underlying mechanism. We therefore analyzed
the endometrial vasculature of AZ04EC mice to help understand why the lack of endothelial
ADAM10 leads to early pregnancy loss and severe subfertility. Our result uncovered
evidence for an essential role for ADAM10, a key regulator of Notch signaling, in the
differentiation of decidual endothelial cells.
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Results

A10AEC females suffer from severe sub-fertility

Mice lacking ADAM10 in endothelial cells (Adam10flox/flox-Tie2-Cre, referred to as
AI10AEC mice) are viable, but have a number of defects in highly specialized vascular
structures (e.g. kidney glomeruli, coronary vessels, liver sinusoids, intestinal villi, retinal and
bone vasculature) [24]. To determine whether fertility is affected in AZOAEC female mice,
8 adult mutant mice and 8 age-matched controls (Adam10flox/flox, without the 7ie2-Cre
transgene) were mated with control males (Adam10flox/flox, no Tie2-Cre) for a total of 4
months (Table ). During this time, six female AZOAEC mice did not give birth, whereas
the remaining two had a relatively small number of offspring (a total of 9 pups or 10 pups
each, over the course of three litters). On average, AZ0AEC females gave birth to a total

of 2.3 £ 4.4 pups per mouse over 4 months, whereas control mice had a total of 22.88 +
3.1 pups per female in this time period. Previous studies had shown that mice with two
floxed alleles of ADAM10 did not display any evident pathology in the absence of a Cre
transgene [24]. Nevertheless, to further confirm that the infertile or subfertile phenotypes
were solely dependent on the maternal genotype and not on the floxed alleles of ADAM10
in the male controls, we performed additional matings with wildtype males (129S1/Svimj)
and five AZ0AEC females for 4 months. These five AZ0AEC females gave birth to a total
of 8 pups in two litters, with an average of 1.6 + 2.6 pups per female over 4 months (Table
). Thus, long-term fertility tracking showed that AZO0AEC females are either infertile or
severely subfertile.

Loss of preghancy in A10AEC females occurs during early decidualization and is
independent of ovarian function

In order to determine the time of pregnancy loss in AZOAEC female mice, timed matings
were performed with mutant and control females, followed by dissection of the uterine
horns to count visible implantation sites at 4.5 days post conception (dpc) (n=5), 5.5 dpc
(n=15) and 6.5 dpc (n=9) (Fig. 1a). These time points correspond to the implantation and
early decidualization stages in murine pregnancy. Pontamine blue staining at 4.5 dpc showed
no difference in implantation site number between AZ0AEC and control female mice. At
5.5 dpc all analyzed AZ0AEC female mice were pregnant, although there was a significant
decrease in the number of implantation sites at 5.5 dpc in mutant compared to control
females (~20% reduction). However out of the AZ0AEC females analyzed at 6.5 dpc, only
2 females still had implantation sites. Of these, one female showed 6 implantation sites

and the second female showed 1 implantation site (representative images shown in Fig. 1a,
quantification in Fig. 1b). These findings suggest that pregnancy loss in AZ0AEC females is
accompanied by almost complete resorption of the implantation sites between 5.5 dpc and
6.5 dpc.

Before the formation of the placenta, the Corpus Luteum (CL) is responsible for
progesterone production in the ovaries to prepare the uterus for embryo implantation and
subsequent development of the decidua. Assessment of ovarian morphology in AZ0AEC
females by H&E staining at 5.5 dpc showed adequate formation of the CL and comparable
overall morphology of the ovaries (Fig. 2a). Moreover, we found increased levels of serum
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estrogen in AZ0AEC females compared to wild type controls at 4.5 dpc, but comparable
levels at 5.5 dpc. At both of these time points, progesterone levels were slightly, but not
significantly reduced (supplementary Fig. 1). Furthermore, immunofluorescence staining for
the endothelial marker CD31 showed no major difference in the appearance or distribution
pattern of endothelial cells in the CL in mutants versus control females at this stage (Fig.
2b). These results suggested that the loss of pregnancy in ALOAEC females is not a result of
ovarian dysfunction but could instead be caused by a defect in the endometrial vasculature.

Implantation sites of ALOAEC females have a smaller diameter, reduced primary decidual
zone (pdz) area and lack of embryonic crypt formation

In mice, the attachment of the embryo to the luminal epithelium and subsequent invasion
triggers the differentiation of uterine stromal cells into decidual cells. The implantation of
the embryo in the anti-mesometrial side of the lumen is followed by the decidualization of
the cells proximal to the implantation site, an area referred to as the primary decidual zone
(pdz) [26] (Fig. 3a). A previously performed morphological assessment of a non-pregnant
A10AEC uteri showed no evident differences compared to a control [24]. Furthermore,
histological sections of pregnant 4.5 dpc uteri showed no major differences in the
appearance of the embryos in the luminal epithelium, nor in its surrounding structures
(representative example shown in supplementary Fig. 2). However, H&E staining of cross-
sections of mutant implantation sites at 5.5 dpc showed that the mutant implantation

sites were round instead of oval and significantly smaller compared to controls (Fig. 3b,
quantification shown in c). Moreover, we observed abnormal embryonic crypt formation in
AI10AEC females (indicated by red arrows in Fig. 3b). The implanting embryo remained
localized in the anti-mesometrial side of the lumen in mutant females, whereas it had
already invaded the maternal decidua in controls at this stage (Fig. 3b). We also frequently
observed enlarged spaces filled with red blood cells adjacent to the mutant implantation
sites, consistent with aberrant blood vessel formation (Fig. 3b, lower panel, black arrows).
Serial sections of an AZ0AEC and control uterus at 5.5 dpc confirm that the embryo (e) is
still present in both cases and show the blood-filled spaces adjacent to the implantation site
in the mutants (supplementary Fig. 3)

Since the timing of pregnancy loss in AZ0AEC females coincides with the initiation of the
decidualization reaction, we assessed whether the endometrial stromal cells had the potential
to differentiate into decidual cells. Alkaline phosphatase staining, which is a commonly used
marker for differentiated decidual cells [27], was clearly visible in the implantation sites of
AI10AEC females at 5.5 dpc (Fig. 3d). In a normal decidualization reaction, the alkaline
phosphatase positive decidual cells form a compact elliptical layer with well-defined
boundaries to the implantation crypt and the anti-mesometrial side (Fig. 3d). However, in
the mutant females, the decidualization reaction was less widely distributed throughout the
stroma and less organized than in the controls (Fig. 3d). Overall, AZ0AEC females presented
with smaller implantation sites and inadequate decidualization, presumably caused by an
inappropriate vascular contribution to this process. However, the ability of stromal cells to
differentiate into alkaline phosphatase positive cells did not appear to be affected.
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Artificial decidualization of ALOAEC females recapitulates the impaired decidualization

phenotype

Next, we sought to determine whether the presence or absence of blastocysts affects the
observed phenotype. This was addressed in a mouse model for artificial decidualization, in
which AZ0AEC (n=8) and control females (n=8) were mated with vasectomized males to
induce pseudopregnancy. At day 3.5 dpc, the formation of an artificially induced decidual
reaction, which is referred to as a deciduoma, was elicited by performing a scratch along the
anti-mesometrial side of the lumen of one horn. The contralateral horn served as an internal
control. Four days later, the uterine horns were dissected, photographed and weighed (Fig.
4a,b). In the control group, the untreated horns appeared normal and had an average weight
of 0.04g + 0.005 g, while the decidualized horns were enlarged and weighed 0.22 + 0.05

g, showing a significant increase in uterine horn weight upon induction of decidualization.
In the AZOAEC females, control horns averaged 0.03 £ 0.01 g and the decidualized horn
appeared larger and showed a significant increase in weight to 0.1 + 0.06 g. Importantly,

the weights of the scratched uterine horns from AZ04EC mice were significantly lower

than those of the controls, corroborating that AZOAEC females are able to react to artificial
decidualization stimuli, yet to a substantially lesser extent than the control females (Fig. 4b).
These results indicate that decidualization in AZOAEC females is impaired independently of
any putative embryonic signals.

Implantation sites of ALOAEC females at 5.5 dpc show a disorganized vasculature with an
increase in endothelial cell coverage

To investigate the possibility that deficiencies in the endometrial vasculature are the cause
for infertility in AZOAEC females, we characterized the changes in the vasculature from

the pre-implantation period until early decidualization. Immunofluorescence staining for the
pan-endothelial cell marker CD31 in the implantation sites of AZ0AEC females at different
time points during early pregnancy (3.5 dpc, 4.5 dpc and 5.5 dpc) showed a significant
increase in the area covered by CD31+ cells in the endometrium of AZOAEC females at

5.5 dpc, but not at the earlier time points (Fig. 5a, bottom panels, enlargement shown

in Fig. 5b, quantification in Fig. 5¢). Specifically, the vessels closer to the implantation
sites of AZOAEC females appeared abnormally large and organized in honeycomb-like
structures, which were absent in controls (Fig. 5b). Moreover, there was an accumulation of
CD31+ cells surrounding the luminal epithelium and increased vascularization of the area
proximal to the implantation site in the mutants, whereas the corresponding area in controls
had reduced vascular density (Fig. 5a, bottom panels and b). Since the abnormal vascular
patterning in AZ0AEC females only became apparent at 5.5 dpc, but not at 3.5 dpc or 4.5
dpc, this suggests that the defect in AZOAEC females mainly affects the vascular expansion
and remodeling during decidualization, but presumably not before embryonic invasion.

To further characterize the vascular phenotype in AZ0AEC implantation sites at 5.5 dpc, we
first focused on endothelial markers of Notch signaling that are known to be dysregulated
in other vascular beds in AZOAEC mice [28,29]. As shown in supplementary Fig. 4a, the
vessels in the mutant and wildtype endometrium stained with the venous and capillary
marker Endomucin (Emcn [30-32]), including the abnormally enlarged vessels in the
central decidual area surrounding the embryo in mutant mice. There was also increased
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immunofluorescence staining for VEGFR?2 in this area at the center of the implantation

sites in AZ0AEC females at 5.5 dpc compared to age matched controls, consistent with

the increase in vascularity. Finally, there was only minimal staining for VEGFR3 in the
implantation sites of controls, but slightly more patches of localized staining of larger
vessels in AZ0AEC implantation sites. (supplementary Fig. 4b, middle panel, pointed

by white arrows). The increased Emcn and VEGFR?2 staining of the enlarged abnormal
vasculature surrounding the embryo in AZOAEC implantation sites is consistent with a defect
in endothelial ADAM10/Notch signaling.

The implantation sites of A10AEC females are perfused and display similar levels of
hypoxia as controls

To determine whether perfusion of the implantation sites is affected in AZOAEC females,
we analyzed whole-mounts of uteri following retro-orbital perfusion with fluorescently
labeled lectin at 5.5 dpc. We found that the endometrial vessels in the AZOAEC females
were perfused (Fig. 6a). However, the perfusion pattern differed from controls in that it
mimicked the vascular abnormalities described above, with increased lectin accumulation
closer to the site of embryo implantation in the mutant (Fig. 6a). Staining for the epithelial
marker E-cadherin helped identify the embryonic mass, which resided within the continuous
epithelial-lined lumen in AZ0AEC females, but not in controls, where it resided within the
embryonic crypt in the decidua (Fig. 6a, see diagram for orientation, embryos marked by an
asterisk). Thus, lack of endothelial ADAMZ10 appears to affect embryonic crypt formation
(Fig 6a).

Whole-mount imaging of 5.5 dpc implantation sites with Hypoxyprobe showed comparable
levels of localized hypoxia in AZOAEC females and controls (Fig. 6b, embryo marked by
asterisk). In some cases, the embryonic mass also stained positive for hypoxyprobe in the
mutant females, indicating possible metabolic stress prior to resorption of the implantation
site at 5.5 dpc (Fig. 6b).

Comparable proliferation and distribution of immune cells in the implantation site of
A10AEC mice at 5.5 dpc

To assess proliferation in the implantation site, we stained for the nuclear proliferation
marker Ki67. Comparable numbers of Ki67-positive nuclei per total number of DAPI-
stained nuclei were detected in the implantation sites of AZOAEC and control females at
5.5 dpc (Fig. 7a, quantification in b). The endometrium (e) showed increased levels of
Ki67 staining compared to the myometrium (m), excluding the area proximal to embryo
implantation where Ki67-positive cells were rarely observed (Fig. 7a, site of decreased
proliferation close to embryo implantation is enclosed by a dotted white line). Taken
together, these results indicate that the loss of pregnancy in AZ0AEC females is most
likely not caused by a lack of perfusion of decidual blood vessels or decreased cellular
proliferation in the endometrium.

One of the roles of the decidua is to shield the implanting embryo from the maternal
immune system [33]. To investigate possible defects in the appearance or distribution of
maternal immune cells, we performed immunofluorescence staining for the pan-immune cell
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marker CD45. There was no difference in distribution, localization or number of labeled
cells in mutant versus control implantation sites at 5.5 dpc (Fig. 7¢, quantification shown
in d). As expected, immune cells localized predominately closer to the outer muscle layers.
Similar results were obtained with the macrophage marker F4/80 (supplementary Fig. 5a).
Finally, some vessels in the periphery of the endometrial tissue stained with the marker

for lymphatic vessels LYVEL1 in controls, whereas there were fewer endometrial LYVE1+
vessels in the mutants (supplementary Fig. 5b).

RNA-seq gene expression analysis of whole uterine horns at 5.5 dpc shows significant
changes in markers for endothelial cells, for implantation and for decidualization.

In order to uncover potential changes in the molecular pathways that underly the pregnancy
loss in AZI0AEC females, we performed RNA-seq analysis of the uterine horns from 3
separate mutant and control littermate pairs at 5.5 dpc. This uncovered 1058 differentially
expressed genes, with 387 upregulated and 671 downregulated genes in AZ0AEC samples
compared to controls (log2fold>1, P value <.01) (Fig. 8a). Pathway enrichment analysis
showed significant upregulation of genes associated with angiogenesis, vasculogenesis and
endothelial cell migration, while several of the most strongly downregulated genes were
associated with mitochondrial function (supplementary Fig. 6a). Specifically, components of
the Notch signaling pathway including the ligand D//4 and receptors Notchl and Notch4,
were among the top upregulated genes (Fig. 8a), similar to what we found in coronary
endothelial cells from AZ0AEC mice [29]. Moreover, we observed significant upregulation
of Kcne3, a common marker for migratory tip-cells, which is upregulated upon inhibition
of Notch signaling [34]. Furthermore, expression of Snrkand Robo4 were upregulated, two
genes that have been implicated in cell migration during angiogenesis [35-37]. In addition,
genes associated with pathological neovascularization of the retina, including AdoraZa,
Pparg and Ngfr[38] were upregulated in mutant females.

The RNA-seq analysis also showed that genes expressed by uterine epithelial cells and
genetic pathways required for implantation were expressed at higher levels in AI04EC
females at 5.5dpc than in controls (Fig. 8a). Several of the differentially upregulated genes
in AI0AEC females are known to be essential for implantation in mice. Specifically L/if
[39], Sox9[40] and FoxaZ[8] are associated with glandular epithelium in the uterus,
whereas Cahl [41], Msx1[42], Bmp7[43] and Mucl [44] are expressed in uterine
epithelial cells. Furthermore, we found reduced expression of markers of differentiated
decidual cells, Pr/8a2[45] and the Wnt inhibitor DkkZ [46], the latter of which is known

to promote trophoblast invasion. Finally, we observed significantly decreased expression of
genes associated with early embryonic development and differentiation of trophoblast cells,
such as Cts7, Cts8[47], Thxt, Pfol [48], Pri3d3 and Pri7b1 [49], consistent with impaired
development of the embryo proper and extraembryonic trophoblasts preceding resorption of
the implantation site (supplementary Fig. 6a,b).

RNA-seq of endometrial endothelial cells at 4.5 dpc shows decreased endothelial cell
lineage commitment and suggests an interplay between Notch, Wnt and BMP signaling

To further investigate the role of endothelial ADAM10 in the establishment of pregnancy,
we sorted endothelial cells (CD31+, CD45-) from the uterine horns of AZ0AEC and control
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female littermates at 4.5 dpc for RNA-seq. We chose 4.5 dpc because at this stage, the
endometrial vasculature still appears normal in mutant females and because the process of
decidualization has not been initiated. This analysis uncovered downregulation of Notch
target genes (Hey1, Hesl), consistent with a loss of Notch signaling (Fig. 8b, supplementary
Fig. 6¢,d). We also found upregulation of Notchl and its ligand, DIl4, similar to the results
of the 5.5 dpc endometrium (Fig. 8a,b). Endothelial cells from AZ0AEC females showed
decreased expression of the arterial markers Gja4 and HeyZ, indicative of an immature
“vein-like” arterial phenotype; which has been previously described upon blockage of the
Notch pathway [29]. Two markers of immature endothelial cells, Ap/nand its receptor
ApinR [50,51] were also upregulated, as were genes associated with endothelial cell
differentiation, such as Ca276 (B7-H3), Cd34 and Etv4[52,53]. Furthermore, we found
increased expression of the vasodilator peptide hormone Adm, a potential marker for
preeclampsia, through 5.5 dpc. Finally, there was increased expression of BmpZ2, Bmp4,
Bmp7and Tgfb1 and decreased expression of the TGFb accessory receptor Endoglin as
well as of Wnit11and the Wnt pathway inhibitor Dkk2. The BMP and Wnt pathways have
been implicated in uterine morphogenesis and decidualization, but endothelial cells have not
previously been reported to contribute to these signaling pathways in the uterus [54-56].

Discussion

The main goal of this study was to investigate the potential causes for the severely reduced
fertility of female AZ0AEC mice. We have uncovered an essential role for endothelial
ADAMLI0, a crucial mediator of Notch signaling, in the establishment of a functional
implantation site. In the absence of ADAM10, the endometrial endothelial cells are unable
to support a normal decidualization reaction, resulting in loss of pregnancy. Previous studies
have shown that endothelial ADAM10/Notch signaling is crucial for the development and
maturation of specialized vascular structures, such as kidney glomeruli and coronary vessels
[24,25]. The current study supports the notion that endometrial endothelial cells are part of a
specialized vascular niche that requires ADAM10, and thus presumably Notch signaling, for
the functional maturation of the endometrial vasculature during pregnancy.

Once we had established that AZ0AEC females are either infertile or highly subfertile, we
were interested in determining the underlying cause. We found that implantation sites were
present in the mutant animals after fertilization, initially at normal numbers at 4.5 dpc, then
at slightly reduced numbers at 5.5 dpc, but that they were almost uniformly lost by 6.5 dpc.
Thus, the lack of endothelial ADAM10 did not seem to directly affect fertilization or the
initial stages of decidualization. Instead, most AZOAEC females were unable to maintain a
pregnancy, as evidenced by the resorption of the non-viable implantation sites by 6.5 dpc.
The similar appearance of corpora lutei in AZOAEC female mice and controls suggested
that the defect was in the vasculature of the implantation site and not in the ovaries or in

the vessels of the CL. Furthermore, the lack of major changes in estrogen and progesterone
levels at 4.5 dpc and 5.5 dpc suggests that the loss of pregnancy was not caused by hormonal
dysregulation, although this cannot be ruled out. This interpretation was further supported
by the results of an artificial decidualization assay, in which the decidualization reaction
was strongly reduced in AZ0AEC females, despite the absence of embryos. Previous studies
in pigs showed that knocking down ADAM10 affects Trophoblast development, but such a
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defect was not observed in AZ0AEC females because the Tie2-Cre inactivates ADAM10 in
maternal endothelial cells [57].

Since the pregnancy loss in AZ0AEC female mice occurs between 5.5 and 6.5 dpc, we
performed a histological and immunofluorescence analysis of the implantation site and

a transcriptome analysis at this stage of pregnancy. This uncovered a failure to undergo

a normal decidualization process within the endometrium of AZ0AEC mice, resulting in
defective embryonic invasion and aberrant embryonic crypt formation. Importantly, the
vasculature in the implantation sites of AZOAEC females at 5.5dpc appeared abnormal, with
enlarged vessels resembling veins in the center of the implantation site, which only had
small capillaries in controls. These vessels were reminiscent of the enlarged and vein-like
vessels seen in the retina of AZ04E£C mice, which are a well characterized manifestation of a
lack of endothelial ADAM10/Notch signaling [24,25,14,17,13]. Nevertheless, the perfusion
and the level of tissue hypoxia around the time of pregnancy loss appeared comparable in
A10AEC females and controls, suggesting that the decreased decidualization is not caused
by inadequate perfusion.

The transcriptional signature of the mutant compared to control implantation sites at 5.5
dpc showed an increase in the expression of genes associated with vascular signaling
pathways as well as of genes associated with implantation. The increased expression of
these pathways in mutant mice can presumably be explained by the persistence of a less
differentiated state of the implantation site compared to controls at 5.5 dpc. As expected,
genes associated with embryonic and trophoblast lineage development and decidualization
were downregulated in the AZ0AEC female mice compared to controls, consistent with the
observed loss of pregnancy. The gene expression profile of sorted uterine endothelial cells
at 4.5 dpc further supported the notion that the functional differentiation of the endometrial
endothelial cells is blocked or delayed in AZ0AEC female mice. Specifically, we found that
markers for immature arterial precursors, such as Gja4 and Ap/nR, were upregulated, as
previously seen in the coronary vasculature of AZ04EC mice [29]. Finally, the dysregulation
of the Wnt and Bmp pathways in the endometrial vasculature suggested a potential interplay
between ADAM10/Notch signaling and these pathways during pathological endometrial
vascularization (Supplementary Fig. 5d). Some of the most upregulated genes in both the
sorted EC population at 4.5 and whole uterus at 5.5 dpc were chromogranin A (Chga),
apelin (Apln) and nitric oxide synthase-2 (Nos2). Chga is a member of the granin family
that is expressed in secretory granules of neuroendocrine cells and serves as a precursor for
signaling molecules such as vasostatin-1, which can have anti-angiogenic effects in tumors.
The increased levels of Chga could therefore conceivably result in production secretory
proteins such as vasostatin-1 that could contribute to the vascular defects in the mutant
endometrium [58]. Nos2 is one of three Nos isoforms that is the most prevalent in the rat
uterus during pregnancy [59] as well as in the mouse during early decidualization [60].
Female Nos2—/— mice are subfertile and have reduced vessel remodeling by midgestation
[61]. Since upregulation of Nos2 in the deciduum in a preeclamptic mouse model (BPH/5)
is thought to adversely affect pregnancy [62], the increased expression of Nos2 could also
have a detrimental effect during early pregnancy in AZO0AEC mice. Finally, Apln, which is
considered a marker for immature endothelial cells, was also elevated [50,51].
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Taken together, these results support a model in which the inactivation of ADAM10 blocks
a Notch-dependent cell fate decision in endometrial endothelial cells, resulting in an arrest
or retention at a less mature state. Presumably, the AZ0AEC endothelial cells are unable to
properly differentiate in response to the molecular and/or systemic cues of early pregnancy,
such as from uterine dendritic cells (uDCs [63]). This results in aberrant vascular growth
and remodeling, as evidenced by the presence of abnormally large vessels and an increase
in markers for immature arterial endothelial cells within the implantation sites. Presumably,
the immature endometrial endothelial cells are unable to support the differentiation of
decidual cells, leading to abnormal implantation sites and the loss of pregnancy by 6.5

dpc. Although we feel that the most likely cause of the observed phenotypes is a lack of
ADAM10/Notch-signaling in endometrial endothelial cells, we cannot rule out that other
substrates of ADAM10, or other function of ADAM10 that are not related to its catalytic
activity, cause the observed phenotypes. Overall, these findings point to a complex interplay
of the different cell types that participate in the decidualization reaction to prepare the
endometrium for implantation, with specialized endothelial cells playing a key role in this
process.

In conclusion, this study has uncovered an essential role of endothelial ADAM10 in the
earliest stages of pregnancy, i.e. in building a functional implantation site. Infertility caused
by early pregnancy loss is a common pathology [64,65,5]. In mice, decidualization occurs
exclusively upon implantation, but in ovulatory women the decidua is formed and shed
monthly. By establishing a crucial role for endothelial cells early on in the implantation site,
these studies could have implications for a better understanding of infertility by raising the
possibility that endothelial cells are a potential cause of repeated pregnancy loss.

Materials and Methods

Mice

The female AZ04EC mice were generated by mating adult female mice of mixed genetic
background (129Sv/C57BI6) containing two floxed alleles of ADAM10 but no 7ie2-Cre
transgene with adult males of mixed background containing two floxed alleles of ADAM10
and one allele of 7ie2Cre [66], as previously described [24]. Previous studies have shown
that mice with floxed alleles of ADAM10, but no Cre, are normal and indistinguishable from
wild type mice [24] and that transgenic mice expressing only the 7je2-Cre are also normal,
without any spontaneous pathological phenotypes [67]. The offspring containing two floxed
alleles of ADAM10 and one allele of 77e2Cre are referred as AZ0AEC throughout this study,
and mice carrying two floxed alleles of ADAM10 but no 77e2-Cre are referred to as controls.
Female mice used for experiments were between 6—12 weeks and sexual receptivity was
assessed prior to experiments based on vaginal appearance [68]. Littermates were used for
all experiments, unless otherwise noted.

For timed matings, AZ0AEC or control adult females were mated with adult control males
overnight. The following morning, the females were checked for the presence of a vaginal
plug. If a plug was observed, females were separated from males and the afternoon after
the vaginal plug was observed was considered 0.5 days post conception (dpc). To confirm
pregnancy for experiments performed at 3.5 dpc, one uterine horn was flushed using a 27
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Gauge needle filled with PBS. If blastocysts were present, the opposite uterine horn was
further processed for experimental purposes.

For long-term fertility tracking experiments, two adult AZOAEC or control females were
placed in a cage with a control (two floxed alleles of ADAM10 but no 77e2-Cretransgene)
or wildtype (129S1/SvimJ) male continuously for 4 months. Cages were checked regularly
for pups. If pups were present, they were removed from the cage to allow for continuous
mating. All animals were euthanized by administration of CO, according to the guidelines
of the American Veterinary Association. All procedures were approved by the Animal Care
and Use Committee of the Hospital for Special Surgery at Weill Cornell Medicine.

Immunohistochemistry and Histology

Three littermate pairs were sacrificed at the specified time points (3.5 dpc, 4.5 dpc and

5.5 dpc). Uterine horns were extracted and fixed overnight in 4% PFA. Following fixation,
the tissue was gradually dehydrated overnight in 15% sucrose and in 30% sucrose. Tissue
was embedded in Richard-Allan Scientific Neg50 (Thermo Fisher Scientific) and frozen
at —80°C. Frozen tissue blocks were serial sectioned using a Cryostat CM3050 s (Leica
Biosystems) in sections of 8 um thickness.

For immunohistochemistry, sections were washed in PBS for 10 minutes at room
temperature followed by blocking for one hour in 1% Normal Donkey Serum (Jackson
ImmunoResearch, Inc., West Grove, PA) in 0.5% Triton X-100 and 0.1% Saponin in PBS
(TSP). Sections were incubated for 1 hour with primary antibody, then washed 3x with PBS
and incubated for 1 hour with secondary antibody. Sections were washed briefly 3 more
times with PBS and incubated with DAPI solution for 5 minutes, followed by mounting with
ProLong Diamond Antifade Mounting (#P36965, Invitrogen, Carlsbad, CA). All steps were
performed in a 37°C humidified chamber, except washes and DAPI incubation, which were
performed at room temperature (see supplemental Table for list of antibodies). For histology,
frozen sections were stained using Hematoxylin & Eosin (H&E). Immunohistochemistry
slides were imaged using a Zeiss LSM 710 confocal microscope and histology slides were
imaged using a Nikon Eclipse 50i microscope.

Quantification of implantation site diameter

H&E images of at least 5 different sections of implantation sites at 5.5 dpc from 3
littermates were used for the quantification. Measurements of implantation site diameter
were quantified using NIH ImagelJ. For the diameter, a straight line was drawn on the
endometrium along the longest distance within the antimesometrial-mesometrial axis. The
length was referred to as d(a)), and a second line was drawn perpendicular to the first along
the longest distance (referred to as d(b)). The diameter lengths were used to calculate the
area of the implantation site using the formula to calculate the Area (A) of an ellipse A= pi
(e x d(a)/2 x d(b)/2).

Quantification of immunofluorescence

Images were quantified using the colocalization function on ZEN Analysis Software (Zeiss).
Only the endometrium was considered for quantification, the lumen of the epithelial luminal
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layer as well as the embryonic crypt were excluded, if present. For calculations of CD31
relative area, 5 different sections per animal were quantified, from 3 littermate pairs at

each timepoint (3.5, 4.5 and 5.5 dpc). To quantify immune cells and proliferation, slides
from 3 littermates at 5.5 dpc were stained for the pan-immune cell marker CD45 or the
proliferation marker Ki67 and DAPI. To approximate cell numbers, we quantified the
fraction of immune cell nuclei (CD45+, DAPI+ area/Ki67+, DAPI+ area) to overall nuclei
(DAPI), using masking colocalization analyses in three different sections per animal, from a
total of 3 littermate pairs.

Alkaline Phosphatase Staining

Frozen sections of implantation sites at 5.5 dpc from three littermates were stained for
alkaline phosphatase activity. Sections were incubated 2 times with NTMT (100mM NaCl,
100mM Tris-HCI pH9.5, 50mM MgCI2, 1% Tween20, 20uM Levamisole, in H20) solution
at room temperature for 10 minutes, followed by staining with NBT-BCIP (Roche) in
NTMT for one hour in a humidified chamber at 37°C. After staining, the slides were washed
with TSP for 10 minutes at room temperature and mounted with AquaMount Mounting
medium (Thermo Fisher Scientific).

Determination of Serum Estrogen and Progesterone Levels

Adult control and AZ0AEC females were mated with control males and euthanized on day
4.5 dpc (n=5) or 5.5 dpc (n=4). Immediately after euthanasia blood was extracted from the
left ventricle using a syringe with a 23G needle. The blood was left for an hour at room
temperature to clot and centrifuged for 15 minutes at 2000 x g to allow for separation of

the serum. Serum was collected and stored at —80° C until testing, which was performed

by the University of Virginia Center for Research in Reproduction Ligand Assay and
Analysis Core. Estrogen serum levels were measured using a Mouse/Rat Estradiol Elisa

kit (Calbiotech, El Cajon, CA), and progesterone levels were measured using a Progesterone
Mouse/Rat Elisa (IBL, Minneapolis, MN).

Artificial Decidualization:

Eight control and eight AZ0AEC females were mated with vasectomized wildtype males to
induce pseudopregnancy. On day 3.5 dpc, females were briefly anesthetized with isoflurane
and an incision was made on the lower back lateral to the midline to expose the right

ovary and uterine horn. A 22G needle was inserted into the lumen of the right uterine horn
from the proximal side closer to the oviduct and scratched along the anti-mesometrial side
followed by suturing of the incision. The left horn was left untouched and served as an
internal control. Females were sacrificed on 7.5bdpc and the uterus was dissected. To assess
decidualization response, control and scratched uterine horns were weighed separately.

Retro-orbital Lectin Injections:

Three littermate pairs of adult females were briefly anesthetized using isoflurane at 5.5
dpc after mating with control males. 100 ul of a 10% solution of Dylight 649 labeled
Lycopersicon Esculentum (Tomato) Lectin (Vector Laboratories, Burlingame CA) in PBS
were injected retro-orbitally. Animals were sacrificed 5 minutes after injection. Uterine
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horns were isolated and fixed overnight in 4% PFA at 4°C. Tissues were prepared for
whole-mount imaging as described below.

Pontamine Sky Blue staining:

Five control and AZ0AEC females of reproductive age were mated with control males.

At day 4.5 dcp after the copulation plug was observed the adult females were briefly
anesthetized using isoflurane, and 100 ul of a 1% Pontamine (Chicago) Sky Blue 6B
(Sigma-Aldrich) in PBS were injected retro-orbitally. Females were euthanized 3-5 minutes
after the injection. The uterine horns were dissected and washed in PBS, to allow for
counting of blue bands that marked the implantation sites along the uterine horns.

Hypoxyprobe:

Three littermate pairs of adult females at 5.5 dpc after mating with control males

were intraperitoneally injected with Hypoxyprobe solution (Hypoxyprobe #HP7-100kit,
Hypoxyprobe, Burlington, MA) at a concentration of 60mg/kg according to manufacturer’s
instructions. Animals were sacrificed one hour after the injection and the uterine horns were
isolated and fixed in 4% PFA overnight at 4°C.

Tissue preparation for Whole-mount Imaging:

After overnight fixation of the uterine horns, single implantation sites were isolated for
further processing. The tissue was blocked for 48 hrs in 5% NDS in PBS 0.01% Tween
(PBS-T) in a shaking incubator at 37°C, followed by incubation with primary antibody

for 48 hrs under the same conditions, then washed 3x in PBS-T for 30 minutes at room
temperature. Subsequently, the tissue was incubated for 48 hrs with secondary antibody

at 37°C shaking, followed by 3x washes in PBS-T for 30 minutes at room temperature.
Then the tissue was gradually dehydrated using Methanol by immersion in the following
solutions for 30 minutes at room temperature: 50% Methanol in PBS-T, 75% Methanol-

in PBS-T and 3x 100% Methanol. Implantation sites were then gradually cleared ina 1:2
Benzyl Alcohol: Benzyl Benzoate solution (BABB) by incubating the tissue for 30 minutes
at room temperature in 50% BABB in Methanol, 75% BABB in Methanol and 3x times in
100% BABB. Tissue was left overnight in 100% BABB solution. Images were taken in a
Zeiss LSM 880 confocal microscope followed by processing using Imaris Software (Oxford
Instruments).

Whole uterus RNA Extraction

Uterine horns of three adult littermate pairs were collected on 5.5 dpc after mating with
a control male. Uterine horns were washed in ice-cold PBS and then the ovaries, oviduct,
cervix and vagina were removed. RNA was extracted from the uterine horns using the
RNeasy Plus Mini Kit (Qiagen #74104, Germantown, MD).

Isolation and Sorting of Uterine Endothelial Cells:

Uterine horns of two adult littermate pairs were collected on 4.5 dpc after mating with
a control male. The uterine horns were dissected and placed in ice cold RPMI media
containing 1% HEPES, 1% Penicilin-Streptomycin, 1% L-glutamine and 0.5% Bovine
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Serum Albumin (BSA). Ovaries, oviduct and the cervix were removed and the remaining
uterine horn was mechanically dissociated using blades. The minced tissue was placed in
dissociation mix of the abovementioned media with collagenase type 11, Dispase and DNAse
| (Sigma) and incubated for 40 minutes at 37°C. After incubation, 0.5 mM EDTA was added
and the tissue was further dissociated using a glass pipette. The remainder of the tissue

was incubated for an additional 5 minutes at 37°C. The suspension was passed through

a 70 um filter and the flow through was centrifuged at 1,200 rpm for 5 minutes in an
Eppendorf centrifuge (model 5702f). The cell pellet was resuspended and stained with Alexa
Fluor 647 anti-mouse CD31 Antibody (# 102516, Biolegend), Alexa Fluor® 488 anti-mouse
CD45 antibody (#103121, Biolegend) and DAPI for 20 minutes on ice. Endothelial cells
(Cd31+, Cd45-, DAPI-) were sorted using a FACSJazz (BD Biosciences, San Jose, CA)
cell sorter and RNA was immediately extracted using an Arcturus PicoPure RNA Isolation
Kit (Applied Biosystems) according to the manufacturer’s instructions.

RNA Sequencing and data processing:

Library preparation and RNA Sequencing was performed by the Weill Cornell Genomic
Core Facility on whole uterus samples at 5.5 dpc and sorted endothelial cell samples at 4.5
dpc. The libraries were prepared using TruSeq Stranded mRNA Library Prep (lllumina, San
Diego, Ca). Sequencing was done on an Illumina HiSeq4000 with 50 bp single-end reads.

RNA-seq data was aligned to the mouse reference genome mm10 using STAR with standard
input parameters. Aligned reads were filtered for reads that mapped uniquely. Transcript
counts were produced using HTseq against the Ensembl reference transcriptome. Transcript
counts were normalized for library size and differential expression was determined using
DESeq2 (Love et al., 2014). All downstream analyses and visualization of RNA-seq data
were performed on variance-stabilizing transformed data obtained from DESeq2. Pathway
Enrichment analysis was done using the Enrichr database.

For the sorted Endothelial Cells Samples were analyzed via the Digital Expression Explorer
2 pipeline [69] Docker container (https://hub.docker.com/r/mziemann/tallyup). The resulting
gene counts were processed in R package edgeR [70] and a RPKM matrix was calculated
after filtering and quality control.

Statistics and Graphs:

Statistical Analyses and Graphs were computed using Graphpad Prism 8. P values were
calculated using unpaired two tailed t test and p values of less than 0.05 were deemed
significant and noted as follows: p value *<0.05, **<0.01, ***< 0.001, ****<0.0001. For the
artificial decidualization assay a paired two-tailed t test was used to determine the statistical
significance of differences between the control and the scratched horn.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Pregnancy loss in ALI0AEC females occurs between 5.5 dpc and 6.5 dpc
a) Implantation sites (marked with arrows) are clearly present in both control and AZOAEC

female mice at 4.5 and 5.5 dpc, whereas most or all implantation sites of the mutant females
are completely resorbed at 6.5 dpc (one implantation site remains in the image shown here).
Representative images, scale bar = 1cm. b) Quantification of the number of implantation
sites in AZ0AEC females at 4.5 dpc (n=5 per genotype), 5.5 dpc (n=15 per genotype)and 6.5
dpc (n=9 per genotype), * indicates p<0.05; **** indicates p<0.0001; ns, not significant.
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Fig. 2. At the time of pregnancy loss the appearance of the corpora lutea and their vasculature is
normal in A10AEC females

a) H&E staining of whole ovaries shows comparable morphology in AZ0AEC females and
controls at 5.5 dpc. CL=Corpus Luteum. Scale bar 500um. b) Immunofluorescence staining
of a representative CL at 5.5 dpc for the pan-endothelial cell marker CD31 shows successful
vascularization of the CL and normal endothelial cell patterning. Scale Bar 100um. Panels ¢
and d are representative for sections from 3 separate animals, with 5 sections per animal.
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Fig. 3. The decidualization reaction in ALOAEC females is impaired
a) Diagram of a transverse section of an implantation site, depicting the directionality of

the decidualization reaction in a light blue arrow, from the antimesometrial (AM) to the
mesometrial (M) side of the uterus; e=embryo, pdz= primary decidual zone, surrounded

by dotted line; red dot, main blood vessel. b) H&E staining of implantation sites at the
same time point illustrates the decreased diameter of the overall implantation site and dense
proximal decidual zone in mutant females (top panels). Higher magnification images of the
embryonic crypt show incomplete closure (red arrow), accompanied by large red blood cell
filled spaces (black arrow) and a less developed embryonic body in AZ0AEC implantation
sites (bottom panel). e= embryo, dotted line/pdz=primary decidual zone, 1= lumen. Scale bar
(top) 500um, (bottom)100 um. ¢) The area of the endometrial fraction of the implantation
sites at 5.5dpc defined as A= *r(a)*r(b) is significantly reduced in mutant females (n=3,
=5 sections/animal). **** indicates p <0.0001. d) Alkaline phosphatase (AP) staining of
5.5 dpc implantation sites shows that stromal fibroblast can differentiate into AP-positive
decidual cells in AZI0AEC females, although the cells appear disorganized compared to the
control. Scale bar 100um.
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Fig. 4. Artificial decidualization model recapitulates impaired decidualization response in

A10AEC females
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a) A10AEC females show an attenuated response to artificial decidualization induced by
mechanical stimulation of the uterine horn in pseudopregnant females (right horn), with
the opposite horn serving as an internal control (left horn). Scale bar 1cm. b) Comparison
of weights of the control horn and the scratched horn show significantly lower weight of
the scratched horns in AZ0AEC females compared to controls; n=8. * indicates p<0.05, **

p<0.01, **** p<0.0001.
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Fig. 5. ALOAEC females display an abnormal vasculature and increased CD3L1 staining during
the initiation of decidualization (5.5 dpc)

a) Progression of the vascularization of uterine horns at 3.5 dpc, 4.5 dpc, and 5.5 dpc
visualized by immunofluorescence staining for CD31. Scale bars 500um. Dotted squares in
the 5.5 dpc samples identify the area shown in the enlarged images of the decidual area in
panel b), where the abnormal appearance of the vasculature is most evident. White arrows
identify capillaries in the control images and abnormal large caliber vessels in mutants.
Scale bars represent 100um. ¢) Quantification of the CD31+ area in the implantation sites
AI10AEC females shows a significant increase at the onset of abnormal vascular patterning at
5.5 dpc (n=3; 5 sections per animal, ** indicates p<0.001).
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Fig. 6. Whole-mount imaging of implantation sites at 5.5 dpc to assess tissue perfusion and levels
of hypoxia
a) Whole-mount imaging of implantation sites of females that had been retro-orbitally

injected with fluorescently labeled fomato lectin. The samples were also stained with

the epithelial marker E-cadherin. The lectin staining suggests that the vasculature at the
endometrial implantation site of mutant females is adequately perfused. AZOAEC mice
showed increased lectin deposition close to the site of embryo implantation. b) Whole-
mount imaging of implantation sites of females intraperitoneally injected with Hypoxyprobe
show that hypoxia levels were comparable between control and mutant females at 5.5 dpc.
Both show localized hypoxia surrounding the implantation site, which is indicated by an
oval dotted line. Diagrams of cross sections of implantation sites indicate the orientation of
image. Scale bar 100um (n=3). * marks the position of the embryo in a and b.
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Fig. 7. Immunofluorescence staining of 5.5 dpc implantation sites show comparable levels and
patterning of proliferating cells as well as immune cells

Assessment of proliferation in the implantation sites at 5.5 dpc via immunofluorescence
staining with the proliferation maker Ki67. The samples were also stained with the
endothelial marker CD31 to highlight the vasculature. Scale bar 500um. The proliferation
patterning is similar in mutant and control implantation sites. In both cases, there was
moderate proliferation in the perimetrium (p), decreased proliferation in the myometrium
(m) and increased in proliferation in the periphery of the endometrium (e); while the

area surrounding the embryonic implantation sites was mostly non-proliferative. Magnified
images shown in the right panel, Scale bar 100um (n=3; 5 sections per animal) b)
Quantification of proliferative cells in the endometrium shows no significant difference
between AZ0AEC females and controls. ¢) The staining pattern of immune cells shows
no difference between mutant and control females. (Scale bar 500um, n=3, 5 sections per
animal, quantification in d).
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Fig. 8. RNASeq of whole uterine horns shows differential expression of key genes associated with
endothelial cells, or with implantation or decidualization

a) A Volcano plot of differentially expressed genes in whole uterine horns at 5.5 dpc

shows upregulation of genes associated with endothelial cells (green dots), genes associated
with implantation (yellow dots) and genes canonically expressed by uterine epithelial cells
(purple) in AZ0AEC females compared to controls; while key genes associated to embryonic
development and decidualization (red dots) are downregulated in mutant compared to
control females. b) The volcano plot in panel b is essentially the same as the one in

panel a, except that differentially expressed genes in sorted endothelial cells at 4.5 dpc are
highlighted that were also found to be dysregulated in whole uterine horns at 5.5 dpc.
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