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Abstract

The human endometrium undergoes repetitive regeneration cycles in order to recover the functional layer, shed during menses.
The basal layer, which remains in charge of endometrial regeneration in every cycle, contains adult stem or progenitor cells of
epithelial and mesenchymal lineage. Some pathologies such as adenomyosis, in which endometrial tissue develops within the
myometrium, originate from this layer. It is well known that the balance between adenosine triphosphate (ATP) and
adenosine plays a crucial role in stem/progenitor cell physiology, influencing proliferation, differentiation, and
migration. The extracellular levels of nucleotides and nucleosides are regulated by the ectonucleotidases, such as
the nucleoside triphosphate diphosphohydrolase 2 (NTPDase2). NTPDase2 is a membrane-expressed enzyme found
in cells of mesenchymal origin such as perivascular cells of different tissues and the stem cells of adult neurogenic
regions. The aim of this study was to characterize the expression of NTPDase2 in human nonpathological cyclic and
postmenopausic endometria and in adenomyosis. We examined proliferative, secretory, and atrophic endometria from
women without endometrial pathology and also adenomyotic lesions. Importantly, we identified NTPDase2 as the
first marker of basal endometrium since other stromal cell markers such as CD10 label the entire stroma. As
expected, NTPDase2 was also found in adenomyotic stroma, thus becoming a convenient tracer of these lesions.
We did not record any changes in the expression levels or the localization of NTPDase2 along the cycle, thus
suggesting that the enzyme is not influenced by the female sex hormones like other previously studied ectoenzymes.
Remarkably, NTPDase2 was expressed by the Sushi Domain containing 2 (SUSD2)* endometrial mesenchymal stem
cells (eMSCs) found perivascularly, rendering it useful as a cell marker to improve the isolation of eMSCs needed
for regenerative medicine therapies.
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Introduction

The human endometrium, the innermost layer of the uterus, is
a dynamic tissue undergoing repetitive regeneration cycles in
order to recover the tissue shed during menses. The endome-
trium consists of two layers: the upper layer, known as
functionalis, which contains the surface epithelium, the glan-
dular epithelium, and a vascularized stroma; and the deeper
basal layer (the basalis), formed by the basal region of the
glands, a dense stroma, and blood vessels. The functionalis
is lost during the menstrual phase while the basalis remains in
charge of endometrial regeneration in every cycle, throughout
the woman’s reproductive life. There is no marker of endome-
trial basal stroma although it would be of interest to study
pathologies that arise from this zone such as adenomyosis,
which consists of the presence of endometrial tissue within
the myometrium. As in other highly proliferative tissues,
stem/progenitor cells are responsible for this tissue regenera-
tion. Adult stem or progenitor cells of endometrium re-
side in the basalis and are present in cyclic and in
postmenopausal endometria [1]. The N-cadherin has re-
cently been identified as a marker of human endometrial
epithelial progenitors (¢EPs) [2]. N-cadherin® eEPs re-
side in the bases of endometrial glands in the basalis,
adjacent to the myometrium, where the stage-specific embry-
onic antigen-1 (SSEA-1) is also expressed [3].

Endometrial mesenchymal stem cells (eMSCs) have been
identified in both functionalis and basalis of human endome-
trium, using a combination of two pericyte cell markers:
platelet-derived growth factor receptor beta (PDGFRf3)/
CD140b and CD146 [4]. In 2012, Masuda et al. identified
the perivascular marker Sushi Domain containing 2
(SUSD?2) (previously known as W5C5) as an individual mark-
er of another population of eMSCs [5]. So to date, the eMSC
niche has been identified perivascularly, as in other organs [6,
7], with PDGFRPB*CD146" cells («-SMA™ pericytes) wrap-
ping the endothelial cells, and the SUSD2* cells surrounding
the pericytes.

Recently, numerous studies have been carried out on the
role of the purinergic signaling in MSC function [8, 9].
Extracellular nucleotides and their metabolites, the effectors
of the purinergic signaling, have been included in the list of
molecular signals produced by MSCs. In fact, adenosine tri-
phosphate (ATP) and its derivatives, such as adenosine, are
involved in the regulation of the proliferation, differentiation,
motility, migration, death, and immunomodulatory capacity of
MSCs [8, 10-21]. All of these effects are possible through the
presence of purinergic receptors, specific for adenosine (P1
receptors) and nucleotides (P2 receptors), in the plasma mem-
brane of MSCs. In addition, nucleotide and nucleoside levels
in the extracellular milieu of MSC are controlled by the pres-
ence of nucleotide-hydrolyzing enzymes called
ectonucleotidases, acting alone or sequentially, on the MSC
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cell surface. Four ectonucleotidase families have been identi-
fied: (i) ectonucleoside triphosphate diphosphohydrolase fam-
ily (E-NTPDase), with NTPDasel (CD39), 2, 3, and 8 as
plasma membrane-bound members, which hydrolyses extra-
cellular ATP to adenosine diphosphate (ADP), and ADP to
adenosine monophosphate (AMP); (ii) ectonucleotide
pyrophosphatase/phosphodiesterase family (E-NPP), which
hydrolyses ATP to AMP; (iii) ecto-5"-nucleotidase (CD73),
which converts AMP to adenosine; and (iv) alkaline phospha-
tase family (ALP), able to hydrolyze adenine nucleotides and
pyrophosphate [22, 23].

Besides CD73, which is a cell surface marker defining
MSCs, other ectonucleotidases have been identified in
relation to MSCs, such as NTPDasel in gums and NPP1
and NPP3 in bone marrow. In addition, NTPDase2, 3, 5,
and 6 mRNAs have been detected in dermal and limbal
MSCs [20].

NTPDase? is a cell surface-located enzyme that mainly
catalyzes the dephosphorylation of ATP with minimal
ADPase activity [23]. This enzyme has been identified in dif-
ferent tissues, in cells of mesenchymal origin, including mi-
crovascular pericytes and adventitial cells of muscularized
vessels [24], as well as in adventitia of glomerular arterioles
of the kidney [25] and portal fibroblasts of the liver [26].
Moreover, NTPDase2 is highly expressed in stem/progenitor
cells in adult neurogenic regions, such as the type B cells of
the subventricular zone and the rostral migratory stream, and
the residual radial glial cells of the hippocampal dental gyrus
in mice [27, 28], where NTPDase?2 is probably involved in the
progenitor cell homeostasis, limiting progenitor cell prolifer-
ation and expansion under baseline conditions [29]. In
murine uterus, NTPDase2 is immunolocalized at the
connective tissue cells lining endometrial glands and
surrounding the myometrial fibers [30]. To date, al-
though the presence of other ectonucleotidases has been
well characterized in human endometrium, with varia-
tions in the expression along the cycle, studies on
NTPDase2 in the human endometrium have yet to be
performed. Moreover, P2Y receptors, activated by ADP (and
UDP), which are the products of the hydrolytic activity of
NTPDase2, are present in human endometrium and are also
described in MSCs [8, 21, 31-33].

So, the eMSCs are pericytes and perivascular cells present
in endometrium, and the ectoenzyme NTPDase2 has been
identified in cells with perivascular localizations, such as
micropericytes and adventitial cells in several different types
of tissue. Knowing the role of purinergic signaling in MSCs
and, specifically, the role of NTPDase2 in the control of stem/
progenitor cell proliferation in neurogenic niches, it is evident
that more studies of NTPDase2 in other tissues are required.

Based on these observations, we aimed to study NTPDase2
expression in human endometrium in relation to endometrial
stromal cells as well as adenomyosis.
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Materials and methods
Samples

Twenty-nine normal human endometrial samples from 29
women (mean age 56, standard deviation 12.32, and range
39-86 years) were obtained from hysterectomy specimens
without endometrial malignancy at the Service of
Gynecology of Bellvitge Hospital between February
2017 and June 2018. Three cases of adenomyosis (mean
age 48, standard deviation 6.24, and range 43-55 years)
were also included in the study. Informed consent was
obtained from all individual participants included in the
study. Six proliferative endometria, 4 secretory endome-
tria, and 19 atrophic endometria were used in this study.
The endometrial dating was done at the Service of
Pathology of Bellvitge Hospital.

Tissue samples were cut and fixed with 4% paraformalde-
hyde, then introduced in 30% (w/v) sucrose solution at 4 °C
for 24 h for their cryoprotection and embedded in O.C.T freez-
ing media (Tissue-Tek®; Sakura Finetk, Zoeterwoude,
Netherlands). Fifteen-micrometer sections were obtained
using a Cryostat Leica CM 1950 (Leica, Wetzlar, Germany).
Sections were put onto poly-L-lysine coated glass slides and
stored at —20 °C until use. Routine hematoxylin and eosin
staining was performed.

Antibodies

Primary antibodies used in this study are listed in Table 1.
Secondary antibodies used for immunohistochemistry
were as follows: horseradish peroxidase (HRP)-conjugated
goat anti-mouse (EnVision™ + System; DAKO,
Carpinteria, CA, USA) and HRP-conjugated goat anti-
rabbit (EnVision™ + System). Secondary antibodies used
for immunofluorescence assays were as follows: Alexa
Fluor 488-goat anti-mouse IgG (Thermo Fisher Scientific,
Waltham, MA, USA), Alexa Fluor 488-goat anti-mouse
IgG2b (Thermo Fisher Scientific), Alexa Fluor 555-goat
anti-mouse IgG1 (Thermo Fisher Scientific), Alexa Fluor
555-goat anti-mouse IgG (Thermo Fisher Scientific),
Alexa Fluor 488-goat anti-rabbit (Thermo Fisher
Scientific), Alexa Fluor 555-goat anti-rabbit IgG (Thermo
Fisher Scientific), and Alexa Fluor 647-goat anti-rabbit
(Thermo Fisher Scientific). Secondary antibodies were
used at 1:500 and dilutions were made in PBS.

Immunolabeling experiments

Sections were washed twice with PBS to remove the
O.C.T freezing media. The slices were pre-incubated
for 1 h at room temperature (RT) with PBS containing
20% normal goat serum (NGS; Gibco, Paisley, UK), 0.2%

Triton, and 0.2% gelatin (Merck, Darmstadt, Germany). For
immunohistochemistry experiments, a previous blocking of
endogenous peroxidase activity was performed with 10%
methanol (v/v) and 2% H,0O, (v/v) in PBS for 30 min. Slices
were incubated overnight at 4 °C with the primary antibodies
(listed in Table 1) diluted in PBS. After three washes with
PBS, tissue sections were incubated with the appropriate sec-
ondary antibodies at RT for 1 h in the case of fluorescence and
for 30 min in the case of HRP-conjugated antibodies.
Secondary antibodies alone were routinely included as con-
trols for the experiments.

For immunohistochemistry, the peroxidase reaction was
performed in a solution containing 0.6 mg/mL 3,3’-diamino-
benzidine substrate (DAB; D-5637, Sigma-Aldrich, Saint
Louis, MO, USA), and 0.5 uL/mL H,O, in PBS for 10 min,
and stopped with PBS. Nuclei were counterstained with he-
matoxylin and slides were then dehydrated and mounted with
DPX mounting medium (VWP International Ltd., Radnor,
PA, USA). Samples were observed under light Nikon
Eclipse E200 and photographed under light Leica DMD 108
microscope. In fluorescence assays, for nuclei labeling, slides
were mounted with aqueous mounting medium with DAPI
(ProLong™ Gold antifade reagent with DAPI, Life
Technologies, Paisley, UK). Samples were then observed
and photographed under a Zeiss LSM 880 Confocal Laser
Scanning Microscope. Fluorescence images were processed
with the software ZEN 2.3 SP1 (Zeiss, Oberkochen,
Germany).

Immunohistochemical staining was independently evaluat-
ed by two observers. Labeling distribution was recorded.
Label intensity was scored as negative (—), weak (+), interme-
diate (++), or strongly positive (+++).

In situ ATPase activity experiments

A protocol based on the Wachstein/Meisel lead phos-
phate method was used [32, 34-36]. The sections were
washed twice with 50 mM Tris-maleate buffer pH 7.4
and were pre-incubated for 30 min at RT with 50 mM
Tris-maleate buffer pH 7.4 containing 2 mM MgCl, and
0.25 M sucrose. The enzymatic reaction was carried out
by incubating tissue sections for 1 h at 37 °C with
50 mM Tris-maleate buffer pH 7.4 supplemented with
0.25 M sucrose, 2 mM MgCl,, 5 mM MnCl,, 3% Dextran,
2 mM Pb(NOs),, and 2 mM CaCl,. Experiments were per-
formed in the presence of 2.5 mM levamisole, as an inhibitor
of the alkaline phosphatase activity, and in the presence
of 1 mM ATP as a substrate. Control assays were per-
formed in the absence of nucleotide. For inhibition ex-
periments, 1 mM POM 1 (Tocris Bioscience, Bristol,
UK) was added to both pre-incubation and enzymatic
reaction buffers. Reactions were revealed by incubation
with 1% (NH4),S (v/v) for exactly 1 min. Nuclei were
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Table 1 List of primary antibodies used for immunolabeling experiments

Antibody specificity Name/clone Source Supplier Dilution
NTPDasel (CD39) BU-61 Mouse (IgG1) Ancell (188-820) 1:500
NTPDase2 (CD39L1) - Rabbit Enzo (ALX-215-045) 1:100
NTPDase2 (CD39L1) H9s Mouse (IgG2b) http://ectonucleotidases-ab.com 1 pg/mL
CD10 SP67 Rabbit Ventana (790-4506) 4.5 ug/mL
oa-SMA - Rabbit Abcam (ab5694) 1:200
SUSD2 - Rabbit Abcam (ab121214) 1:400
CD146 P1HI2 Mouse (IgG1) Abcam (ab24577) 1:100
PDGFRf} (CD140b) - Rabbit Assay Biotechnology (B0544) 1:100
CD31 - Rabbit Abcam (ab28364) 1:50

counterstained with hematoxylin. Samples were mounted
with aqueous mounting medium (FluoromountTM,
Sigma-Aldrich), observed under light Nikon Eclipse
E200 microscope, and photographed under light Leica
DMD 108 microscope.

Combined immunofluorescence staining and in situ
ATPase activity experiments

A protocol based on the combination of immunolabeling ex-
periments and the Wachstein/Meisel lead phosphate method
was performed, as previously described by Villamonte et al.
[36]. Briefly, sample sections were washed twice with PBS
and blocked in PBS containing 20% NGS (Gibco), 0.2%
Triton, and 0.2% gelatin (Merck) at RT for 1 h. The samples
were incubated overnight at 4 °C with the primary antibodies
diluted with PBS. The sections were then washed three
times with PBS and twice with 50 mM Tris-maleate
buffer. In situ ATPase activity experiment was per-
formed in the same sections as indicated above, using
1 mM of ATP as substrate. Subsequently, the tissues
were washed three times in PBS before appropriate sec-
ondary antibody (Alexa Fluor) was added. After three
final washes with PBS, samples were mounted on a
glass slide with Prolong Gold antifade reagent with
DAPI mounting medium (Thermo Fisher Scientific).
The sections were observed and photographed under a
light and fluorescence Nikon Eclipse ES800 microscope.
Immunofluorescence and activity images were merged using
Adobe Photoshop CC (vs 20.0).

Statistical analyses

The predictive analytics software IBM SPSS Statistics v22
(IBM Corp., Armonk, NY, USA) was used for the creation
of frequency tables with the distribution of NTPDase2 in each
endometrial component and the label intensity in each case.
Data are compiled in Table 2.
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Results

NTPDase2 was detected in the entire length of the cilia of
epithelial ciliated cells, in some perivascular cells of both
functional and basal layers, and in the stroma only from the
basal layer (Fig. 1). ATPase activity coincided with these lo-
cations. Combined immunofluorescence and in situ ATPase
activity experiments allowed us to simultaneously identify the
protein and its enzyme activity (Fig. 2a). Moreover, ATPase
activity was inhibited by the E-NTPDase inhibitor POM 1,
confirming that a member of the E-NTPDase family is respon-
sible for the hydrolysis of ATP in these structures (Fig. 2b).
Distribution and label intensity of NTPDase2 did not show
differences at any point in the cycle or with atrophic endome-
trium (Suppl. Fig. 1).

Table 2 Summary of NTPDase2 expression in proliferative, secretory
and atrophic endometria
NTPDase2
Proliferative and secretory
Surface epithelium 42
Glandular epithelium +++°
Stromal cells
Functional layer -
Basal layer 4+
Vessels
Endothelial cells -
Perivascular cells o+
Atrophic
Surface epithelium 4+
Glandular epithelium +++ 7
Endometrial stromal cells T+
Vessels
Endothelial cells -
Perivascular cells 4+

# Only cilia from ciliated cells
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Fig. 1 Immunolocalization of NTPDase2 in a human secretory
endometrium (Endo) and myometrium (Myo) by immunohistochemistry.
Image A shows the immunolabeling of NTPDase 2 at the endometrial
stroma but only of the basal layer. Image Aa shows the presence of
NTPDase2 in the cilia of ciliated epithelial cells of the surface epithelium.

In functional layer, NTPDase2 label was limited to
perivascular locations. Only occasionally in the proliferative
phase, periglandular labeling was seen in the functional layer,
but always at the deepest part of the layer. NTPDase2
immunolabeling was strong in the stroma of the basal layer
with stronger periglandular label also coinciding with ATPase
activity. NTPDase2™ cells of stroma, including those
periglandularly located, were also positive for CD10, a marker
of endometrial stroma (Fig. 3). In postmenopausic endometri-
um, NTPDase2 was present in the stromal cells throughout the
endometrium, but strongest periglandularly (Suppl. Fig. 1). To
further study NTPDase2™ cells in relation to the already iden-
tified eMSCs, double and triple immunolabelings were per-
formed. Perivascular NTPDase2" cells were negative for o-
smooth muscle actin (x-SMA), a marker of pericytes and
vascular smooth muscle cells (Fig. 3). Thus, we ruled out
the possibility of NTPDase2™ cells being pericytes.
Moreover, triple immunolabeling for NTPDase2 with the
pericyte markers CD146 and PDGFR 3, which when merged
identify an endometrial mesenchymal stem cell population
(eMSC), did not show colocalization of NTPDase2 and the
other two proteins. In fact, CD146- and PDGFR (3-labeled
cells directly wrapped endothelial cells while NTPDase2*
cells were located more at the periphery (Suppl. Fig. 2). This
result confirms that NTPDase2" cells are neither pericytes nor
PDGFRR*/CD146* eMSCs. In contrast, we found complete
colocalization with the eMSC marker SUSD2, detected

Ab is a detail of the NTPDase2 immunolabeling in cells in a perivascular
location. Ac shows a detail of the basal layer. NTPDase2 antibody used was
H9s from http://ectonucleotidases-ab.com. Scale bars 2 mm (A), 50 um
(Aa), 25 um (Ab), and 100 um (Ac)

perivascularly in both the functional and basal layers
(Fig. 4a). Figure 4b shows this external position of the two
proteins in relation to the vessel using antibodies against an-
other member of the E-NTPDase family, NTPDasel, which
was expressed by the endothelial cells (Suppl. Fig. 3). These
results were obtained in cyclic and postmenopausic endome-
trium. NTPDase2"/SUSD2" perivascular cells were also de-
tected in the myometrium (Fig. 4a).

We analyzed adenomyotic lesions, where endometrial tissue
is present within the myometrium, and found that the stroma
was made up of NTPDase2™ cells (Fig. 5). Perivascular
NTPDase2* population was also found in these lesions (data
not shown) although the small area of the lesions with minor
presence of blood vessels hampered this analysis.

Table 2 is a compilation of the results of distribution
and expression levels of NTPDase2 in human endome-
trium and Fig. 6 puts the NTPDase2 expression in en-
dometrium into context.

Discussion

Purinergic ligands, such as ATP and adenosine, are signaling
molecules that play important roles in reproduction [37], in-
cluding the regulation of the endometrial functions; they also
influence MSC function, contributing to the maintenance of a
harmonious stem cell niche [8, 9]. The eMSC are promising
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Fig. 2 a Immunofluorescence of NTPDase2 (A, D) and in situ ATPase
histochemistry (B, E) in cryosections of a human proliferative
endometrium. NTPDase2 was detected by immunofluorescence in the
cilia of ciliated epithelial cells (A; arrows) and in stromal cells of basal
layer (A, D). Higher NTPDase2 expression and ATPase activity was
found in periglandular stromal cells (C, F). Merged images (C, F) show
that ATPase activity correlates with the immunolabeling of NTPDase2

therapeutic targets due to their possible involvement in the
pathogenesis of gynecological diseases, such as endometri-
osis, adenomyosis, and cancer, and in other tissues for their
immunomodulatory, differentiation, and tissue regeneration
properties [4, 8, 38, 39]. More studies of the purinome in the
MSCs are required in order to increase knowledge of MSC
physiology and to identify new therapeutic targets. In the pres-
ent work, we have characterized, the ectoenzyme NTPDase2
in the human cyclic and postmenopausic endometrium and
analyzed its expression in adenomyosis samples.

We found high expression and activity of NTPDase2 in
both cyclic and postmenopausic endometria without any
change along the cycle or in the atrophic endometrium.
Thus, NTPDase2 expression does not seem to be regulated
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protein. NTPDase2 antibody used was ALX-215-045 from Enzo. Scale bars
25 (C) and 150 um (F). b In situ ATPase activity in functional layer of a
proliferative endometrium. ATPase activity was found in endothelial cells
and perivascular cells (A). Image B corresponds to the activity experiment
of a serial section in the presence of POM 1 inhibitor and shows a huge
inhibition of the ATPase activity. Image C shows an activity experiment
performed in the absence of substrate. Scale bar 100 pm

by the female sex hormones. This is a differential feature in
comparison to other ectonucleotidases whose expression fluc-
tuates at points along the cycle [32]. The sustained expression
of NTPDase2 throughout the cycle points to the constant need
for regulation of the ATP levels in stroma. NTPDase2, in
combination with NTPDasel, also present in the stroma, can
generate AMP which in turn is converted into adenosine by
the action of stromal ecto-5"nucleotidase (CD73). Considering
their abundance, NTPDase2 and CD73 [32] would be the two
main ectonucleotidases acting sequentially to generate adeno-
sine in endometrial stroma. We demonstrate NTPDase2 ex-
pression, with two different antibodies, in two main locations
of endometrium: in cilia from ciliated epithelial cells, espe-
cially of the luminal epithelium, which is in accordance with
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Fig. 3 Confocal fluorescence images of the basal layer of a secretory
endometrium with antibodies against NTPDase2 (A, E), CD10 (B), and
«-SMA (F). Nuclei were labeled with DAPI (C, G). Merged images show
that NTPDase2 colocalizes with CD10 in the stromal cells of basal layer

our previous finding of NTPDase2 expression in cilia of
Fallopian tubes [36], and, in stromal cells. A striking finding
is that only the stroma of the basalis is labeled; in functionalis,
labeling was only detected perivascularly. CD10, a marker of
stromal cells, labeled all the stroma and clearly colocalized
with NTPDase2" cells of the basal stroma; the NTPDase2
label was more intense periglandularly. To our knowledge,
this is the first cell marker of basal stroma, a finding that is
of relevance in the tracing of basal stroma in pathologies, such
as adenomyosis, that originate in the basalis. Adenomyosis is
a gynecological disease defined by the growth of endometrial
cells and their migration into the myometrium. We analyzed
adenomyosis samples and found NTPDase?2 in the stromal
cells of the lesion. Despite the diagnosis of adenomyosis made
by histopathology, NTPDase2 represents a suitable marker to
separate the limits of ectopic endometrial tissue from the rest
of myometrium.

Since the basalis physiologically regenerates the endome-
trium in every cycle, it is assumed that both epithelial and
mesenchymal progenitor cells are located in this basal layer
of human endometrium [2, 3, 38-42]. The epithelial progen-
itor cells are postulated to be contained by the basalis glands
[1-3]. N-cadherin® epithelial progenitor cells were recently
identified in the deep basalis at the bases of endometrial
glands [2]. The combination of N-cadherin and the basal

(D) but does not co-occur with the x-SMA (H) vascular smooth muscle
cells marker. NTPDase2 antibody used was H9s from http://
ectonucleotidases-ab.com. Scale bar 50 um (D, H)

glandular epithelial marker SSEA-1 seems to be a useful tool
to determine the differentiation hierarchy of epithelial cells in
the basal zone of the gland [2]. Although N-cadherin* cells
might have some progenitor activity, functional studies
confirming this point have not been yet performed. The pres-
ence of NTPDase2 surrounding basal glands, and not in func-
tional glands, could be related to the possible action of
NTPDase2 in the maintenance of epithelial progenitor cells.
In fact, in adult murine neurogenic regions, NTPDase2 is
highly expressed in progenitor cells; it is the main ectoenzyme
regulating the nucleotide levels of the progenitor cell milieu
[27, 28]. Gampe et al. showed an increase in the number of
bromodeoxyuridine (BrdU)-positive cells in the neurogenic
niches, subventricular zone, and subgranular layer of dentate
gyrus, in Nipd2 KO mice, but Nipd2 deletion does not affect
the number of neurons [29]. In addition, Nipd2 deletion also
leads to increased progenitor cell proliferation in vitro, while
the addition of the ATP/ADP-hydrolyzing enzyme apyrase
reduced the number of neurosphere cells derived from mice
deficient in NTPDase2 expression [29]. These observations
suggest that the deletion of NTPDase2 results in an increase
in neural progenitor cells. So NTPDase2 may play a role in the
proliferation and expansion of neural progenitor cells [29].
The role of NTPDase2 identified in neurogenic regions might
well also be found in other stem cell niches, such as the
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Fig. 4 a Confocal fluorescence images of a secretory (A-D) and a
proliferative (E-H) endometrium and myometrium (I-L) labeled with
the antibodies against NTPDase2 (A, E, 1) and the eMSC marker
SUSD2 (B, F, J). Nuclei were labeled with DAPI (C, G, K). The
images A—D show part of the basal layer of a secretory endometrium.
NTPDase2 label is present in cilia of ciliated cells of glands, in stromal
cells, especially periglandularly, and in perivascular cells. Images E-H
show a detail of an endometrial vessel localized in the functional layer of
a proliferative endometrium and images I-L show a detail of the vessels
in myometrium. NTPDase2 is only present in perivascular cells (E, I).
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NTPDase1

The eMSC marker SUSD?2 is present in perivascular cells (B, F, J). Merge
images (D, H, L) show the colocalization of NTPDase2 and SUSD2 in the
perivascular cells. Scale bars 50 um (D, H) and 35 um (L). b
Immunolocalization of NTPDase2 (A), SUSD2 (B), and NTPDasel (C)
in the vessel of an atrophic endometrium. Nuclei were labeled with DAPL
NTPDase2 (A) and SUSD2 (B) were present in perivascular cells while
NTPDasel was detected in endothelial cells (C). Merged image shows the
colocalization of NTPDase2 and SUSD?2 in perivascular cells (D). Scale
bar 50 um (D) NTPDase2 antibody used in all the experiments shown in
this figure was H9s from http://ectonucleotidases-ab.com
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Fig. 5 Immunolocalization of NTPDase2 in a human uterus with
adenomyosis. Image A shows the immunolabeling of NTPDase2 at the
stroma of the basal layer of the endometrium and at the stroma of

endometrial basal layer. Other proteins such as Musashi-1, an
RNA-binding protein identified in neural stem cells and also
an epithelial progenitor cell marker, were also detected in hu-
man endometrium, mainly in the basalis in the proliferative
phase [43], suggesting their possible progenitor cell function.
Some stromal Musashi-1 positive cells were found in the
periglandular region, where some stromal label-retaining cells
were found in mouse endometrium [39, 43, 44]. It is likely that
the periglandular expression of NTPDase2 matches with the
periglandular clusters of stromal Musashi-1* cells. The ATP-
adenosine balance is a key regulator of progenitor/stem cell

adenomyosis lesion. B shows a detail of adenomyosis lesion with the
presence of NTPDase2. NTPDase2 antibody used was H9s from http:/
ectonucleotidases-ab.com. Scale bars 1 mm (A) and 100 um (B)

pathophysiology, involved in the differentiation and self-
renewal of stem cells [21]. Further work is needed to deter-
mine the action of NTPDase2 in the progenitor/stem cell func-
tion in endometrium.

A notable result of this work is the identification of
NTPDase2 as a mesenchymal progenitor marker since it is
expressed in SUSD2* eMSCs, which constitute the most
abundant population of MSCs in human endometrium,
representing 4.2% of the stromal cell population [5], almost
three times more abundant than the PDGFB*CD146" cells
[45]. The presence and activity of NTPDase2 in the
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Fig. 6 Schematic representation of human endometrium showing the main distribution findings for NTPDase2 and other proteins. NTPDase3 is only
present in spiral arteries (asterisk) [32]
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perivascular SUSD2* eMSCs in cyclic and atrophic endome-
tria is in line with previous findings suggesting that human
endometrium is a source of MSCs independently of the
woman’s age [47]. Our results point to a role for NTPDase2
in the biological properties of the endometrial stem cells
throughout the woman’s life.

The presence of NTPDase2 in eMSCs entails the hydroly-
sis of ATP and a sustained ADP accumulation in the stem cell
niche. Different studies performed in vivo and in vitro in re-
cent years have demonstrated that MSCs release ATP and
nucleosides constitutively or in response to mechanical or
chemical stimulation [21]. Moreover, MSCs are sensitive to
these purinergic signaling effectors due to their broad expres-
sion of purinergic receptors on their plasma membranes, in-
cluding ATP and ADP receptors [10, 13, 16, 17, 48, 49]. In
fact, both ATP and adenosine are involved in the immuno-
modulatory capacity and in the lineage commitment of the
MSCs. Nucleotides have been associated with the prolifera-
tion [8, 10, 11, 13, 21, 50] and differentiation of MSC'’s [16,
17, 48], while adenosine is involved in the survival of MSCs
[8], proliferation (with an opposite ATP effect) [21], and lin-
eage commitment [15, 19, 48]. Given the implications of nu-
cleotides and nucleosides in the maintenance and behavior of
MSCs, ectonucleotidases play a necessary role in the mainte-
nance of the homeostasis of the perivascular stem cell niche.
Indeed, the remarkable machinery of ATP hydrolysis is pres-
ent in this vascular environment, where, in addition to the
expression of NTPDase2 in eMSCs, other members of the
NTPDase family are present: NTPDasel is expressed by en-
dothelial cells and NTPDase3 is found in «-SMA™ pericytes
of spiral arteries [32].

We also find NTPDase2"SUSD2* perivascular cells in hu-
man myometrium, pointing to the presence of an equivalent
number of MSCs as found in the endometrium, which is con-
sistent with the shared embryonic origin of the two tissues. In
fact, Patterson et al. identified PGFRB*CD146" perivascular,
possibly progenitor, cells in murine myometrium [50] al-
though functional studies need to be done. They found that
this population of cells was label-retaining and not sensitive to
female hormones, two features that indicate their possible role
as progenitor cells in the myometrium. Functional studies with
myometrial are needed with this NTPDase2*SUSD2"*
perivascular cell population.

In conclusion, NTPDase2 is a marker of the endometrial
stromal basal layer of utility in tracing adenomyosis.
Moreover, the NTPDase2 antibodies label SUSD2*
perivascular cells, pointing to their usefulness in improving
isolation of uterine mesenchymal progenitor cells to be used
in regenerative medicine. The findings from our study provide
new information about the purinergic signaling in the healthy
endometrium and its physiological regeneration. Further in-
vestigation into the specific involvement of NTPDase2 in the
physiology of eMSCs, human fertility, and endometrial

@ Springer

pathology is essential for the development of new therapeutic
strategies in regenerative medicine.
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