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Abstract

Adenomyosis is characterised by epithelial gland and mesenchymal stroma invasion

of the uterine myometrium. Adenomyosis is an oestrogen-dependent gynaecological

disease in which a number of factors, such as inflammatory molecules,

prostaglandins (PGs), angiogenic factors, cell proliferation and extracellular matrix

remodelling proteins also play a role as key disease mediators. In this study, we used

mice lacking both L- and H-prostaglandin D synthase (Pgds) genes in which PGD2 is

not produced to elucidate PGD2 roles in the uterus. Gene expression studied by real-

time PCR and hormone dosages performed by ELISA or liquid chromatography

tandem mass spectroscopy (LC-MS/MS) in mouse uterus samples, showed that

components of the PGD2 signalling pathway, both PGDS and PGD2-receptors, are

expressed in the mouse endometrium throughout the oestrus cycle with some

differences among uterine compartments. We showed that PGE2 production and the

steroidogenic pathway are dysregulated in the absence of PGD2. Histological

analysis of L/H-Pgds-uteri, and immunohistochemistry and immunofluorescence

analyses of proliferation (Ki67), endothelial cell (CD31), epithelial cell (pan-
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cytokeratin), myofibroblast (a-SMA) and mesenchymal cell (vimentin) markers,

identify that 6-month-old L/H-Pgds’animals developed adenomyotic lesions, and

that disease severity increased with age. In conclusion, this study suggests that the

PGD2 pathway has major roles in the uterus by protecting the endometrium against

adenomyosis development. Additional experiments, using for instance transcriptomic

approaches, are necessary to fully determine the molecular mechanisms that lead to

adenomyosis in L/H-Pgds” mice and to confirm whether this strain is an appropriate

model for studying the human disease.

Key words: adenomyosis, endometrium, prostaglandin D2, mouse model, Prostaglandin E2

Introduction

Adenomyosis is defined as the presence of ectopic endometrial glands and

mesenchymal stroma in the uterine myometrium (Benagiano ef a/,, 2014, Bergeron et

al., 2006). Conversely, endometriosis is defined as the presence of endometrial tissue

(glands and stroma) in organs other than the uterus, such as ovaries, gastrointestinal
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tract and peritoneal cavity. Both diseases are characterised by severe pelvic and

abdominal pain (Bozdag, 2015) and contribute to fertility disorders and infertility

(Campo et al , 2012). Adenomyosis/endometriosis affects 10% of women of

reproductive age and is detected in 20 to 50% of women with infertility (Mahmood and

Templeton, 1991, Bozdag, 2015). Adenomyosis pathogenesis is multifactorial and

different from that of endometriosis (Guo, 2020). It has been linked to abnormal

functions of the endometrial-myometrial interface that comprises the junctional zone

(JZ) (Leyendecker ef al., 2009, Yen et al., 2017, Tanos et al., 2020). The JZ structure

derives embryologically from the paramesonephric ducts, while the remaining

myometrium has a mesenchymal origin. Importantly, in the nonpregnant uterus

peristalsis originates from the JZ through steroid hormone-dependent stimulations

(Lyons ef al,, 1991). Uterine hyperperistalsis is caused by a physiological stress, such

as an increased oestrogen production at the endometrial-dZ and might lead to

microtrauma, inflammation and repair (Leyendecker ef a/., 2009). These tissue injury

and repair processes may be responsible for the basal endometrium invagination into

the JZ layer and adenomyosis development (Garcia-Solares ef a/., 2018, Vannuccini

et al., 2017). However, adenomyosis pathophysiology is still not fully understood.
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Murine models with genetic modifications enabling the study of adenomyosis

have been identified; for example, constitutive activation of B-catenin (Oh ef a/., 2013)

or FSH receptor haploinsufficiency (Danilovich ef a/. , 2002) in the uterus, promotes

adenomyosis development. Moreover, a heterozygous mutation of the BrcaZ gene

increases adenomyosis frequency in 6-month-old diethylstilboestrol-treated 129/Sv

mice (Bennett ef a/. , 2000). Furthermore, to identify adenomyosis biomarkers and to

develop new targeted and individualised treatments, murine models of adenomyosis

have been developed (Bruner-Tran ef al., 2018, Greaves and White, 2006,Yen et al.,

2017). They include progesterone administration (Ostrander et a/. , 1985), anterior

pituitary isografting in the uterine lumen leading to overexposure to prolactin (Mori ef al/.

, 1981), short-time exposure to tamoxifen (Green ef al. , 2005, Mehasseb ef al. , 2009,

Parrott et al. , 2001, Shen ef al. , 2016), and exposure prenatally or after sexual maturity

to the synthetic oestrogen ethynyl oestradiol (Koike ef al/ , 2013). Exposure to

endocrine-disrupting compounds, such as dioxin (Bruner-Tran et al, 2016),

diethylstilboestrol (Ostrander ef al., 1985) or bisphenolA (Newbold ef a/., 2007) also has

been associated with adenomyosis occurrence in mice (Bruner-Tran ef al., 2017). An
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epidemiology study suggested that dioxin exposure might promote adenomyosis

development in women (Heilier ef al., 2005).

Adenomyosis is an oestrogen-dependent disease, causing chronic inflammation

(Kitawaki, 2006), in which a number of factors, such as inflammatory molecules,

angiogenic factors, cell proliferation and extracellular matrix remodelling proteins also

play a role as key disease mediators (Benagiano ef al/, 2014). In turn, infiltration of

endometrial glands and stroma into the myometrium and hyperestrogenism will activate

myometrial peristalsis leading to the activation of the tissue injury and repair mechanism,

followed by chronic inflammation (Leyendecker ef al., 2009, Guo, 2020). For instance,

oestrogen-dependent upregulation of prostaglandin endoperoxide synthase 2 (COX-2)

induces excess production of prostaglandin E2 (PGE2) in peritoneal endometriotic

lesions (Bulun, 2009, Wu ef al., 2007). In turn, PGEZ2 through its EP2 receptor is a potent

inducer of aromatase, specifically in ectopic stromal cells (Bulun, 2009), leading to

abnormal oestrogen production. Consequently, the progression and spread of

adenomyosis lesions might result from oestrogen-activated epithelial-mesenchymal

transition (EMT) through activation of the TGF-p1-Smad3 signalling pathway as

observed in a mouse model of adenomyosis (Shen ef a/, 2016) and in human
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adenomyotic tissue samples (Liu ef a/. , 2016). Prostaglandins are implicated in female

reproductive tract physiology, including ovulation, implantation, cervical dilation,

menstrual cycle, luteolysis, myometrial contractility, placental vascular tone and

parturition (Kennedy ef a/,, 2007, Lim and Dey, 1997, Lim and Dey, 2002). They have

been involved in endometrial pathologies such as dysmenorrhoea, endometriosis and

uterine adenocarcinoma (Sales and Jabbour, 2003). PGE2 and PGF2 synthases are

strongly expressed in human (Catalano ef al/,, 2011), rat (Satoh ef al., 2013) and mouse

endometrium (Liu ef al, 2017). Conversely, prostaglandin D2 (PGD2) synthase

expression is lower in human endometrium (Catalano ef a/, 2011), and PGD2

production is 2-3 times lower than that of PGE2 in rat endometrium (Chaud ef al., 1994).

In the mouse, the major prostanoid involved in myometrial contraction, is PGD2 (Liu ef

al., 2017) and has been associated with preterm birth (Kumar ef a/., 2015). In the porcine

uterus, PGD2 antagonises PGE2 and PGF2a effects and inhibits contraction of the

longitudinal muscle layer (Cao et al., 2005). These data suggest that besides PGE2 and

PGF2a, PGD2 also has major role(s) in uterine physiology.

PGD2 is produced from the instable precursor PGH2 by two different PGD2

synthases (PGDS) enzymes, Lipocalin and Hematopoietic-type (L-PGDS and H-
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PGDS) encoded by distinct genes (L- and H-PGDS, official name: PTGDS/Plgds and
HPGDS/Hpgds in the human and mouse genome, respectively but referred to as L-
Pgds for Plgds and H-Pgds for Hpgds, respectively in this manuscript). To elucidate
PGD2 roles in the uterus, we analysed the expression of both PGD2 synthases and
both PGD2 receptors in the normal mouse uterus and then, characterised the double-
knock-out L/H-Pgds’” mouse strain in which PGD2 is not produced due to invalidation
of both L-Pgds and H-Pgds genes (Moniot ef al., 2014). We found that in L/H-Pgds™
uteri, steroidogenic and prostaglandins pathways were dysregulated, uterine
structures (endometrial stroma, JZ and myometrium) were modified, and that L/H-
Pgds’females developed adenomyosis from the age of 6 months. These data suggest
that the PGD2 pathway has major roles in the uterus by protecting the endometrium

against adenomyosis development.

Materials and Methods

L/H-Pgds’ mouse strain maintenance and tissue collection

http://molehr.oxfordjournals.org/

1202 ludy 91 uo 1sanb Aq /825229/6209EEB/IUBI0W/EE0L 0 |/I0P/3OIE-8OUBADE/IYS|0W/WO00 dNO"OIWBPEDE//:SA}Y WO POPEOJUMOQ



Animal care and handling followed the Réseau des Animaleries de Montpellier (RAM) guidelines
and all procedures were approved by the Regional Ethical Committee (agreement number 34-
366 for B.B.-B.). Double-mutant L/H-Pgds’ and wild type (WT) L/H-Pgds** mice in the 129/Sv
genetic background (Mohri ef al., 2006, Trivedi ef a/., 2006) were housed at the IGH/IGF animal
care facility in controlled environmental conditions (light/darkness: 12h/12h, 23 °C). Before
sacrifice, the oestrus cycle phase of each female was determined by cytological analysis of a
vaginal smear after haematoxylin and eosin (HE) staining (Byers ef al, 2012). The
proestrus/oestrus stage and metestrus stage were referred as proliferative phase and secretory
phase, respectively.

Uteri from 6-, 9- and 12-month-old L/H-Pgds” and wild type (WT) adult animals (n=16-
28, n=10-11 and n=5-15 animals per age and genotype, respectively) were dissected. For each
animal, one uterine horn was cut in three pieces that were frozen immediately in dry ice and
kept at -80 °C until processing (hormone dosages, RT-qPCR, as described below). The second

uterine horn was fixed in 4 w/v % paraformaldehyde/PBS for paraffin embedding.

Histology, immunofluorescence and immunohistochemistry

Uterine tissue sections (3 um; n=2 per animal) were cut from paraffin-embedded tissue blocks

and were processed for histological analysis after HE staining using standard protocols. The
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presence of histological hallmarks of adenomyosis was investigated under a microscope.

Specifically, the severity of the adenomyotic lesions was scored according to the criteria

proposed by Bird and colleagues (Bird ef a/, 1972), as previously described (Shen ef al,

2016): Grade 0, normal uterus; Grade 1 (slight adenomyosis), infiltration of endometrial tissue

into the surface of the inner myometrium layer; Grade 2 (moderate adenomyosis), invasion of

endometrial stroma and glands into the inner myometrium layer; Grade 3 (severe

adenomyosis), penetration in the connective tissue between the inner and outer myometrial

layers. Uterine adenomyosis frequency in WT and L/H-Pgds 7~ animals at each age was

quantified as the percentage of animals without adenomyosis (Grade 0, and with adenomyosis

(Grade 1-3) relative to all analysed animals. Collagen deposition was assessed by staining

deparaffinised tissue sections with 0.1% picro-Sirius red solution for 1h, according to the

manufacturer’s instructions, followed by rinsing with acidified water and air-drying.

Immunohistochemistry (IHC) was performed using a VENTANA Discovery Ultra

automated staining instrument (Ventana Medical Systems, Tuscon, AZ, USA), VENTANA

reagents, according to the manufacturer's instructions, and the antibodies listed in

Supplementary Table SI. Sections were counterstained with haematoxylin for 4 min and

dehydrated before coverslip addition. Histology and IHC slides were scanned with a
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Nanozoomer Hamamatsu device (Hamamatsu Photonics, Tokyo, Japan) and analysed with

the Nanozoomer Digital Pathology (NDPview2) software (Hamamatsu Photonics).

Immunofluorescence (IF) analysis of deparaffinized tissue sections was performed as

previously described (Moniot ef a/, 2009, Rossitto ef a/, 2019a). Primary and secondary

antibodies and their dilutions are listed in Supplementary Table Sl. The antibody specificity

was confirmed by performing the same IF experiment without primary antibody (not shown).

IF images were captured with a Zeiss Axiolmager apotome microscope (Carl Zeiss

Microscopy, Jena, Germany) or by scanning slides with a Zeiss AxioScan (Carl Zeiss).

Histology, IHC and IF images were processed with the OMERO software (OMERO.

web 5.5.1, University of Dundee and Open Microscopy Environment). Ki67 and CD31

immunostaining of mouse uteri was evaluated using a semi-quantitative scoring system. Five

regions of interest (ROIs) in the endometrial stroma, JZ and inner myometrium compartments

were randomly selected in three sections of six mouse uteri for each marker. Ki67 and CD31-

positive cells were segmented using the CellProfiler Software (2.2.0, Broad institute of

Harvard, www.cellprofiler.org) (Jones ef a/, 2008), and the signal intensity was measured.

PGDS and CYP19a1 expression levels in mouse uteri (n=3 to 5) were quantified with the

OMERO software in ROIs (n=3 to 4) for different uterine compartment. The mean staining
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intensity values from IHC and IF experiments were compared between groups with the Graph

Prism8 software (San Diego, CA, USA).

RNA extraction and quantitative realtime RT-PCR

RNA was extracted from mouse uterine samples (50-100 mg) using Trizol reagent (Thermo
Fisher Scientific, Waltham, MA, USA). For each sample (n=5 for each genotype and for each
oestrous cycle phase), two independent reverse transcription (RT) (SuperScriptlV; Thermo
Fisher Scientific) reactions were done using 800 ng of total RNA, as previously described
(Moniot ef al., 2009). Real-time PCR runs (n=3) were performed using each RT product on a
LightCycler 480 apparatus (Roche Diagnostics) and the primers listed in Supplementary Table
Sll. 785 was used as a reference gene for PCR data normalization. Data were compared with

the GraphPrism 8 software (San Diego, CA, USA).

Progesterone, oestradiol and prostaglandin assays

Steroids were extracted (twice) from uterine tissue samples (30 to 70 mg) with diethyl-ether
(progesterone or prostaglandins) or methanol (173-oestradiol). After evaporation, extracts were
resuspended in EIA buffer (Cayman Chemical, Ann Arbor, MI, USA). Progesterone was

quantified in WT and L/H-Pgds~ uteri (n=4 to 7 for each group) in proliferative and secretory
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phases, by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described in
(Rossitto ef al,, 2019b). Seventeen B-oestradiol was quantified in control (WT) (n=6), and L/H-
Pgds-/- (n=6) uteri in the proliferative phase using the Oestradiol EIA kit (Cayman Chemical
582251). Prostaglandins (PGD2, PGE2, PGF2a, PGI2) in WT and L/H-Pgds-/- uteri (n=4 to 7
for each group) in proliferative and secretory phases, were quantified using the
ProstaglandinD2-MOX, ProstaglandinE2-Express, Prostaglandin F2a and Prostaglandin |
metabolite EIA Kits (Cayman Chemical 512011, 500141, 516011 and 501100, respectively),
according to the manufacturer’s instructions. Steroid levels were normalised to the uterine

sample weight and expressed in pg/mg tissue.

Statistical analysis

Statistical analyses were performed with GraphPrism 8 software (San Diego, CA, USA). For
RT-gPCR and for prostaglandin and steroid concentrations, values are the mean + SEM of
different experiments and of different uterine samples (n=5) for each group. The Student’s ¢
test was used to compare WT and L/H-Pgds 7~ groups in independent experiments, and the
one-way analysis of variance (ANOVA) with Tukey post hoc pairwise comparison was used
when comparing more than two groups. A P-value <0.05 was considered significant (*P<0.05,

**P<0.01, ***P<0.005, ****P<0.0001).
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Results

Expression of PGD2 synthases in the mouse uterus

We evaluated L-Pgds and H-Pgds expression by RT-qPCR in 6-month-old WT uteri collected
at the proliferative (proestrus/oestrus) and secretory (metestrus) phases. L-Pgds expression
was comparable (P>0.05) between phases and was significantly higher (2.5-fold) than that of
H-Pgds in the proliferative phase (P<0.05) but not in the secretory phase (Figure 1A).
Conversely, H-Pgds expression was significantly higher in the secretory (2.8-fold) than
proliferative phase (P<0.005) (Figure 1A). Moreover, in mouse uteri, quantification of the IF
staining intensity showed that L-PGDS expression in the inner myometrium layer (iml) and JZ
was significantly (P<0.0007 and P<0.05, respectively) higher in the proliferative phase than in
the secretory phase. Conversely, L-PGDS expression level in endometrial stroma (ES), and
glandular/luminal epithelia (GE/LE) was not significantly different between phases (Figure 1B,
C). In the proliferative phase, L-PGDS expression level was significantly higher in the inner iml
than in ES (P<0.07) and in LE than in ES (P<0.0%). In the secretory phase, the highest L-

PGDS expression levels were in the LE (P<0.07 and P<0.05 compared with iml and JZ). H-
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PGDS protein expression was not oestrus cycle-dependent but in each phase, expression in
the LE was significantly higher than in the other compartments (P<0.0005) (Figure 1B, D).

The PGD2 receptors DP1 (Boie ef al. , 1995) (Figure 1E) and DP2 ((Hirai ef a/. , 2001)
(Figure 1F) also were expressed in the different uterine compartments; DP1 expression was
similar to H-PGDS expression, and DP2 strongly overlapped with L-PGDS expression. These
results show that both PGDS and PGD2-receptors are expressed in the mouse uterus

throughout the oestrus cycle with some differences among uterine compartments.

Lack of PGD2 modifies prostaglandin production in L/H-Pgds~ uteri

RT-gPCR quantification showed that uterine expression of the genes encoding the PGI2 (Pgis)
and PGF2a (Akr1b3) synthases was significantly decreased in L/H-Pgds’mice compared with
WT samples in the proliferative phase (P<0.07 and P<0.05, respectively), but not in the
secretory phase (Figure 2A and B). Expression of PGE2 synthases (Pges-7, Pges-2 and
cPges) was not significantly different between WT and L/H-Pgds~ uteri. Conversely, Cox-7
and Cox-2levels were respectively higher and lower in the proliferative phase, and vice versa
in the secretory phase in L/H-Pgds” uteri compared with control uteri (Figure 2A and B). The
level of 75-Pgdh (encoding 15-hydroxyprostaglandin dehydrogenase, the major enzyme for

prostaglandin degradation), was significantly increased in L/H-Pgds” uteri (P=<0.0007) only in
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the secretory phase. IF staining indicated that PGES-1 expression level was increased in ES
cells and in the hyperplasic LE of L/H-Pgds” uteri compared with control (Supplementary
Figure S1A). Moreover, COX-1 and COX-2 levels were significantly increased in L/H-Pgds”
ES (cytoplasmic localization) (P<0.0007 and P<0.07, respectively), whereas in LE they did not
differ between genotypes (Supplementary Figure S1B-C, Figure 2C).

Consequently, we observed a significant increase of PGE2 level in L/H-Pgds’ uteri in
the secretory phase (P<0.05) but not in the proliferative phase uteri (P>0.05) (Figure 2D).
Conversely, PGF2a secretion was not significantly different in WT and L/H-Pgds” at both
phases, although PGF2a. level tended to decrease in L/H-Pgds” proliferative uteri (P>0.05)
(Figure 2E), in agreement with the decreased mRNA expression of its synthase (AAr7b3)
(Figure 2A). Also, PGI2 secretion was not modified by L/H-Pgds invalidation (Figure 2F).
Indeed, the level of PGD2 production was significantly lower in L/H-Pgds” uteri compared with
controls (P<0.005) (Figure 2G).

These results suggested that in L/H-Pgds” mice, the absence of PGD2 production

leads to deregulation of PGE2, and to a lesser extent of PGF2a production.

Impaired steroidogenesis in L/H-Pgds” uteri

As COX-2-induced PGE2 production is oestrogen-dependent (Wu ef a/,, 2007) and in uterine
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tissue with endometriosis, 17p-oestradiol (E2) production depends on the local steroid

metabolism (Huhtinen ef a/. , 2012a), we compared the expression of genes implicated in

steroidogenesis in WT and L/H-Pgds” mouse uteri. During the proliferative phase, the genes

encoding steroidogenic acute regulatory (StAR) (P=0.0007), progesterone receptor (Fr)

(P<0.05) and oestrogen receptors (Era and Erp) (P<0.005 and P<0.07) were significantly

upregulated in L/H-Pgds’ uteri compared with controls. Conversely, mMRNA expression of the

genes encoding cholesterol side-chain cleavage (Scc), P450 aromatase (Cyp79a7) and

vascular endothelial growth factor (VVeg/ was comparable between genotypes (Figure 3A).

Steroid quantification showed that uterine E2 concentration was not different between

genotypes (P>0.05), although it was slightly higher in L/H-Pgds~ uteri (Figure 3B). Conversely,

progesterone level was significantly decreased in L/H-Pgds” uteri, but only in the proliferative

phase (P<0.05 compared with WT) (Figure 3C). However, IF analysis showed a significant

upregulation of the P450 aromatase CYP19a1 (the enzyme catalysing E2 production) in LE

(P<0.05) and ES cells (P<0.07) in L/H-Pgds™ uteri in the proliferative phase (Figure 3D and

E). The oestrogen receptor ESR1 (ERa) was strongly expressed in the nucleus of endometrial

cells (stroma and epithelia) of WT uteri (Supplementary Figure S1D), whereas in L/H-Pgds™

samples, it was mostly localised in the cytoplasm of stromal cells and in the nucleus of

epithelial cells (Supplementary Figure S1D). The ESR2 receptor (ERB) was localised in the
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nucleus in proliferative L/H-Pgds” uteri, but was mainly in the cytoplasm of the different cell
types in WT uteri (Supplementary Figure S1E).

Oestrogen availability is regulated by the balance between production and metabolism.
Besides CYP19a1 that catalyses E2 synthesis, several 17B-hydroxysteroid dehydrogenases
(HSD17Bs) contribute to E2 synthesis or metabolism, thus modifying the level of locally
available E2 (Delvoux ef al. , 2009). We found that Hsd77b7 was significantly upregulated
(P<0.07) whereas Hsd717b2 was significantly downregulated (P<0.0007) in L/H-Pgds”
compared with WT uteri (Figure 3F). As HSD17B7 catalyses estrone reduction to E2, and
HSD17B2 is involved in E2 inactivation via estrone oxidation, this change may lead to
increased E2 level in L/H-Pgds~ uteri. The expression of other Hsd77bs (Hsd17b1, 12, 4 and
70) was not modified in L/H-Pgds~ uteri (Figure 3F). Altogether, these results show that in L/H-

Pgds” uteri, lack of PGD2 profoundly modifies the steroidogenic pathway.

Lack of prostaglandin D2 signalling in L/H-Pgds” uteri promotes

adenomyosis development

Comparison of WT and L/H-Pgds” females at 6 months of age did not highlight any significant
difference in body weight, gross genital tract morphology and fertility. However, histological

analysis of 6-month-old WT (n=16) and L/H-Pgds~’- (n=28) uteri after HE staining (Figure 4A and
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B), showed the presence of focal adenomyosis with endometrium invaginated in the

myometrium, in 35% (n=9 from 28) of L/H-Pgds’” samples (Figure 4B and C). In these L/H-

Pgds uteri, adenomyosis severity ranged from slight (Grade 1; n=6, 21.5% of 28) (Figure 4B1-

B1’), moderate (Grade 2; n=2, 7.2%) (Figure 4B2-B2’) to severe (Grade 3; n=1, 4%) (Figure

4B3-B3’) (Figure 4C). In L/H-Pgds”* WT uteri, the endometrium and myometrium layers were

well-demarcated (Figure 4A), and adenomyosis lesions were present only in 18.7% (n=3 of 16)

of samples (vs 35% in L/H-Pgds” uteri) (Figure 4C). As the 129/Sv mouse strain used in this

study spontaneously develops adenomyosis at low frequency in adult life (Guttner, 1980), our

results show that lack of PGD2 signalling increases its rate in this genetic background.

Adenomyosis frequency strongly increased with age to reach 55% in 9-month-old (n=

6/11) (Figure 4C) and 80% in 12-month-old (n=12/15) L/H-Pgds’ animals, while it remained

constant (20%) in 9-month-old (n=2/10) (Figure 4C) and 12-month-old (n=1/5) WT mice (Figure

4C and 4D). Disease severity also increased with age. Indeed, 33% (n=5/15) of 12-month-old

L/H-Pgds” animals presented moderate (Grade 2) (Figure 4E1-E1’) and severe (Grade 3)

(Figure 4E2-E2’) adenomyotic lesions compared with 11% (n=3/9) of 6-month-old L/H-Pgds”

animals (Figure 4C).

We then confirmed the presence of epithelial cells in adenomyotic lesions in 6-month-

old L/H-Pgds™ uteri by IHC analysis of cytokeratin expression (an epithelial marker) using a pan-
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cytokeratin antibody (Figure 5A). We observed pan-cytokeratin-positive glandular epithelial cells

in the iml in L/H-Pgds” uteri (Figure 5A2) and in focal adenomyotic lesions (Figure 5A3, Adm).

IHC with an antibody against the myofibroblast and smooth muscle marker alpha-Smooth

Muscle Actin (a—SMA) showed strong a—SMA signal in the outer (oml) and inner (iml)

myometrium layers in both WT and L/H-Pgds” uteri, as expected (Figure 5B1, 5B2), but also in

the endometrial stroma (ES) in L/H-Pgds” uteri (Figure 5B2). Adenomyotic lesions containing

pan-cytokeratin-positive glands, were surrounded by cells that strongly expressed a—SMA

(Figure 5B3, Adm). Finally, staining with picro-sirius red indicated that in WT uteri, collagen

fibres were mainly localised in the myometrium and JZ (Figure 5C1). Conversely, in L/H-Pgds™

uteri, picro-sirius red staining became generalised to the ES (Figure 5C2), particularly in areas

surrounding adenomyotic lesions (Figure 5C3, Adm). These results suggest that a fibroblast-to-

myofibroblast transdifferentiation (FMT) may occur in the ES of L/H-Pgds-/- uteri.

We then investigated cell proliferation by IHC with an anti-Ki67 antibody (proliferation

marker) (Figure 6A, 6B). The density of Ki67-positive cells was significantly increased in the ES,

JZ and iml of L/H-Pgds” uteri compared with WT samples (P=<0.0007) (Figure 6A1-A2, 6B).

Expression of CD31 (Figure 6C-6D), a marker of vascular micro-vessels, was significantly

increased in the ES, JZ and myometrium of L/H-Pgds” uteri (P<0.0007) (Figure 6C2, 6D).

Moreover, in adenomyotic lesions, epithelial and adjacent stromal cells were actively
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proliferating (Figure 6A3, Adm) and were surrounded by a high density of CD31-positive cells

(Figure 6C3, Adm), suggesting increased vascularisation in L/H-Pgds” uteri. Finally, expression

of vimentin, a marker of mesenchymal cells and of EMT was increased in the ES (Figure 6E1)

and in adenomyotic lesions (Figure 6E3, Adm), but not in the myometrium of L/H-Pgds’ uteri

compared with WT samples.

Altogether, these results indicated that L/H-Pgds” uteri display an adenomyosis

phenotype characterised by a strong invasion of the inner layer of the myometrium by

endometrial and stromal cells.

Discussion

Adenomyosis is an oestrogen-dependent disease characterised by focal or diffuse

presence of endometrial tissue within the uterine myometrium (Bergeron ef a/., 2006); however,

its precise aetiology is unknown. In this study, we found that in L/H-Pgds’ 129/sv mice, in which

both PGD2 synthase genes are invalidated, the frequency of focal adenomyosis lesions at the

age of 6 months was significantly higher than in WT animals and that disease severity increased

with age.
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Here, we found that both PGDS, which catalyse PGD2 production, are expressed in

the cycling mouse uterus, mainly in epithelial and to a lesser extent in stromal cells. H-PGDS

protein expression is not dependent on the oestrous phase whereas H-Pgds mRNA is up-

regulated in the secretory phase, suggesting a post-transcriptional regulation of H-Pgds

transcripts. Indeed, H-PGDS has been detected in the female reproductive tract (Urade and

Eguchi, 2002, Helliwell ef al., 2004). L-PGDS is also strongly expressed in myometrium at the

proliferative phase and it is globally 2-fold more expressed at the proliferative than secretory

phase. This is in agreement with expression data on human (Catalano ef a/., 2011, Phillips et

al., 2011) and rat uterine samples. Conversely, L-Pgds is expressed in the endometrium at all

oestrous phases (Kengni ef a/., 2007). PGD2 has been involved in different processes of

female reproduction (Rossitto ef al., 2015, Saito ef a/, 2002), and produced by the uterus,

plays central roles in pregnancy maintenance (Helliwell ef a/., 2004) and in labour initiation and

progression both in humans (Shiki ef a/., 2004) and in rats (Kengni ef a/, 2007). PGD2 has

been implicated in COX-1-mediated labour initiation and parturition, since it induces prepartum

myometrial contraction /n vifro through the PGF2a receptor (FP) (Liu ef a/,, 2017) and /n vivo

in rat endometrium (Hu ef al., 2018). In the non-pregnant uterus, normal peristalsis depends

on the responsiveness of prostanoid receptors that are heterogeneously distributed in the

longitudinal and circular muscles of the myometrium. The DP1 receptor together with EP2 and
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prostaglandin 12 receptor, is categorised as a relaxant prostanoid receptor, in contrast to the

contractile FP, EP1, EP3 receptors (Hu ef al, 2018, Cao ef al, 2002). The significant

expression of both DP receptors in non-pregnant uteri (Catalano ef al,, 2011, Hu ef a/.,, 2018),

particularly in the myometrium (Cao ef a/,, 2002, Myatt and Lye, 2004), is in agreement with

our data. DP1 and DP2 receptors are expressed in epithelia and DP2 is strongly expressed in

the myometrium suggesting additional roles of PGD2 through its own receptors in normal

endometrium and myometrium. PGD2 signalling via binding to both DP receptors may interfere

with the action of various prostaglandins and of contractile or inhibitory prostanoid receptors,

and might play a major role in non-pregnant uterus. The lack of PGD2 in the L/H-Pgds” uteri,

particularly in the myometrium, might lead to the dysregulation of the normal myometrium

peristalsis, causing microtrauma, an initial hallmark of adenomyosis development.

We found that PGD2 signalling influences the secretion of PGE2 and PGF2a , two

prostaglandins that are key factors in the regulation of uterine pathophysiology. PGE2 and

PGF2a have been implicated in endometriosis development, through activation of local

oestrogen production (Wu ef al., 2007). Furthermore, PGE2 and PGF2a activate Cox2 expression

in a feedback transcriptional loop (Sales et al. , 2008). In the absence of PGD2 production, the

decreased secretion of PGF2a might be in part a response to the decreased Cox2 expression in the

proliferative L/H-Pgds” uterus, whereas its up-regulation in the secretory L/H-Pgds’ uterus might be
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consecutive to the increased PGE2 secretion. These prostaglandin levels result from the balance

between their synthesis and their degradation. All these steps are highly regulated, starting with

phospholipase A2 activity that releases arachidonic acid from the cell membrane, and followed by the

regulation of COX activities and prostaglandin synthase expression and activities (Seo and Oh, 2017).

Their degradation is initiated by their transport via prostaglandin transporter (PGT), and then by 15-

PGDH, the main prostaglandin catabolizing enzyme that biologically inactivates prostaglandins and

related eicosanoids (Tai ef al , 2002). Discrepancies between [5-Pgdh and Cox expression and

PGE2/PGF2a. secretion might be due to the prostaglandin synthesis compensation that depends on the

availability of the PG precursor PGH2 (Korbecki ef al. , 2014). They might also reflect their variation

in the different uterine compartments in which differences would not be visible by analyses (RT-qPCR)

performed on whole uteri.

In the absence of PGD2, the proliferative activity of stromal, JZ and myometrial cells

was increased, highlighting an anti-proliferative action of PGD2. On the other hand, PGE2

induces, through its receptors EP2 and EP4, proliferation of human endometrial epithelial cells

(Jabbour and Boddy, 2003), endometriotic cells (Makabe ef a/., 2020) and in the rat uteri

(Kengni ef al.,, 2007, Kothapalli ef al., 2003). This is a new example of antagonism between

prostaglandins, as previously reported for blood pressure, sleep, labour and inflammatory

responses (Helliwell ef al., 2004). This antagonism between PGD2 and PGE2 might represent

a key feature in the appearance of adenomyosis lesions in L/H-Pgds~ uteri.
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In endometriosis, a positive feedback cycle between oestrogen production and

inflammation is observed via overexpression of steroidogenic genes such as SAR and

Cyp19ai, overexpression of COX2 and PGES1, and local secretion of PGE2 and oestradiol

(Huhtinen ef al., 2012b, Korbecki ef al., 2014, Ricciotti and FitzGerald, 2011). PGE2 production

in the endometrial stroma enhances transcription of steroidogenic genes necessary for

oestrogen synthesis via CAMP-PKA mediated-EP2 receptor signalling (Attar and Bulun, 2006,

Attar et al. , 2009). The increased PGE2 production in L/H-Pgds” uteri might be linked to the

up-regulation of StAR that encodes the rate-limiting factor in steroid biosynthesis; however,

Sccand Cyp19aitranscriptional levels were not changed. CYP19a1 upregulation in L/H-Pgds

 uteri, without any transcriptional modification of the gene expression via PGE2 (Attar ef al,

2009), suggests that PGD2 might be involved in CYP19a1 post-transcriptional/translational

regulation or in the regulation of its stability (Ghosh ef a/., 2019, Molehin ef a/., 2018). Together

with CYP19a1 upregulation, the modified expression of HSD17B2 and HSD17B7, two E2

metabolic enzymes, suggests that the local oestrogen metabolism is modified in the absence

of PGD2, as reported in human endometriosis (Attar ef a/, 2009, Delvoux et al, 2009,

Huhtinen ef a/, 2012b) and adenomyosis (Kitawaki, 2006, Maia ef al., 2006, Takahashi et al.,

1989). Furthermore, in L/H-Pgds” uteri, the increase in Esr7 and Esr2 gene expression

followed by the increased nuclear localisation of ESR2 might lead to enhanced estrogenic
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response even in the absence of an E2 increase. The differential subcellular localisation of

ESR1 and ESR2 is associated with disturbed endometrium and adenomyosis development

(Mehasseb et al. , 2011) and is observed in mouse models of adenomyotic uterus (Parrott ef

al., 2001, Bruner-Tran ef al., 2017). However, although steroidogenesis was enhanced in the

absence of PGD2, 17p—oestradiol production was not significantly increased in L/H-Pgds™”

uteri, possibly due to different activities of HSD17B7-mediated E2 synthesis and HSD17B2-

mediated E2 catabolism (Huhtinen ef a/, 2012b). Conversely, progesterone level was

significantly decreased in L/H-Pgds” uteri compared with WT controls. This might be related

to the decreased HSD17B2 expression as reported in endometriosis (Dassen ef al. , 2007).

Additional experiments (i.e. high-throughput transcriptomic analysis, /n vifro analysis) are

needed to evaluate the direct or indirect mechanisms initiated by PGD2 and involved in the

post-transcriptional/translational regulation of ESR1-2, COX1, COX2, CYP19a1 (Otto ef a/,

1993, Wada ef al,, 2009, Yu and Kim, 2012, Jaen ef al., 2018, Molehin ef al., 2018, Ghosh ef

al., 2019), thus affecting their expression, stability and/or their subcellular localisation.

Altogether, our study highlights the role of PGD2 in the mouse uterus pathophysiology,

showing that two major pathways (i.e. steroidogenesis and prostaglandins) involved in uterine

homeostasis are modified in the absence of PGD2 signalling. In L/H-Pgds uteri, besides the
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alteration of steroidogenesis and its transduction pathways, the modified expression of COX-1,

COX-2, PGES-1, CYP19a1, ERa, ERp in stromal cells and the upregulation of PGE2 production

(Figure 7) lead to increased expression of vimentin, suggesting EMT that might enhance

epithelial cells invasiveness (Yen ef al., 2017). These features could promote cell proliferation

and angiogenesis that in turn, might favour tissue inflammation, injury and hyperperistalsis at

the JZ and myometrium (Figure 7). The increased expression of a—SMA and collagen | in the

L/H-Pgds’ endometrial stroma also suggests myofibroblast differentiation through FMT (Figure

7). These results are also consistent with the presence of a—SMA and collagen I-expressing

myofibroblasts and of smooth muscle metaplasia at the endometrium-myometrial JZ leading to

adenomyosis development in humans (lbrahim ef a/ , 2017), and with adenomyosis and

endometrial fibrosis induced by tamoxifen or oestrogen-disruptors in mouse models (Parrott ef

al., 2001, Green et al,, 2005, Mehasseb ef al,, 2009, Ostrander ef a/,, 1985). In the absence of

PGD2, myometrial cells proliferation is increased. Consequently, the altered L/H-Pgds”

myometrium and the disorganised fascicles of smooth muscle, with the lack of a membrane

layer between stroma and inner myometrium, might facilitate invasion by the overlying stroma

(Naftalin and Jurkovic, 2009, Mehasseb ef al/. , 2010, Ibrahim ef al, 2017). Abnormal

myometrium development has been also reported in tamoxifen-induced adenomyosis (Bruner-

Tran ef al, 2016). Lack of PGD2 signalling might contribute to the disruption of the inner
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myometrial architecture and function, supporting the hypothesis that adenomyosis is primarily

the result of a microtrauma at the junction between endometrium and myometrium (Leyendecker

et al., 2009). Secondarily, it predisposes the endometrial stroma and glands to infiltration into

the myometrium, two events that occur sequentially in adenomyosis development (Brosens ef

al., 1995).

This L/H-Pgds’ mouse model allowed showing that lack of PGD2 signalling plays an

important role in adenomyosis pathogenesis. Additional experiments, using for instance

transcriptomic approaches, are necessary to fully determine the molecular mechanisms that

lead to adenomyosis in L/H-Pgds” mice and to confirm whether this strain is an appropriate

model for studying adenomyosis. This L/H-Pgds-/- mouse model is one of the first genetic

models that can be used to investigate /n vivo the molecular and cellular modifications occurring

during adenomyosis development and to test adenomyosis treatments. It would be interesting

to determine whether a given treatment may revert the observed phenotype. Moreover, as L-

PGDS is the major PGD2 synthase in the mouse uterus, experiments with single L- or H-Pgds

mutants are required.
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LEGENDS to Figures

Figure 1 Expression of prostaglandin D2 synthases in wild type mouse uterus. (A) L-Pgds and

H-Pgds gene expression were analysed by real time quantitative RT-PCR in mouse uteri

collected at proliferative (P) and secretory (S) phases of the oestrous cycle. Results were

normalised to 78S mRNA level and were compared with the Student's ¢ test; *P<0.05,

***P<0.005. (B) Quantification of L-PGDS and H-PGDS staining intensity in the inner

myometrium layer (iml), junctional zone (JZ), endometrial stroma (ES), glandular epithelium

(GE) and luminal epithelium (LE) (n=3 to 4 regions of interest for each compartment) of

proliferative and secretory mouse uterus samples. Staining intensities are the mean +/- SEMs

for n=3-5 uterine samples/phase. P-values: *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. (C-

D) Representative immunofluorescence panels of L-PGDS (C) and H-PGDS (D) expression in

proliferative and secretory mouse uterus samples. Uterine tissue sections were incubated with

rabbit antibodies against L-PGDS (C) and H-PGDSs (D) (in red), and nuclei were stained with

the Hoescht dye (HST, in blue). (E-F) Representative immunofluorescence panels of DP1 (E)

and DP2 (F) expression (in red) in proliferative mouse uterus samples. Nuclei were stained

with the Hoescht dye (HST, in blue). iml: inner myometrium layer; JZ: junctional zone; ES:

endometrial stroma; GE: glandular epithelium and LE: luminal epithelium. Dashed lines
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delineate the JZ between ES and iml, and areas in the dashed squares are enlarged on the

right panels. Scale bars: 150 um (C-F).

Figure 2 Prostaglandin pathways are modified in L/H-Pgds” uteri. (A-B) Real-time quantitative

RT-PCR analysis of genes encoding factors involved in prostaglandin synthesis in proliferative

(A) and secretory (B) wild type (WT, in black) and L/H-Pgds” (KO, in grey) uteri. Data were

normalised to 78S expression. (A-B) Relative gqPCR expression values are the mean +/- SEMs

of 5 samples/genotype. P-values: *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. (C)

Quantification of COX-1 and COX-2 staining intensity in the endometrial stroma (ES) and

luminal epithelium (LE) (n=3 to 4 regions of interest for each compartment) of proliferative WT

and KO uterus samples. Staining intensities are the mean +/- SEMs of n=3-5 uterine

samples/genotype. P-values: **P<0.01, ****P<0.0001. (D-G) Dosage by ELISA of PGE2 (D),

PGF2a (E) PGI2 (F) and PGD2 (G) in proliferative and secretory WT and L/H-Pgds’ (KO) uteri

(n=4 to 7 for prostaglandin dosage). For PGD2 levels, data are represented as the sum of

proliferative and secretory values for WT and KO uteri (G). Prostaglandin levels (mean *

SEMs) were normalised to tissue weight and expressed in pg/mg tissue.
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Figure 3 Steroidogenesis is modified in L/H-Pgds uteri. (A) Real time quantitative RT-PCR

analysis of steroidogenic gene levels normalised to 78S expression in proliferative wild type

(WT, in black) and L/H-Pgds” (KO, in grey) uteri. (B-C) 17p-oestradiol (E2) (B) was quantified

in proliferative control (WT) and L/H-Pgds” uteri (n=6/genotype) by ELISA and progesterone

(C) was quantified in proliferative and secretory control (WT) and L/H-Pgds” (KO) uteri (n=4

to 7/genotype) by LC-MS/MS. Steroid levels were normalised to the tissue weight and

expressed in pg/mg tissue and represent the mean + SEMs. (D) Representative

immunofluorescence images of CYP19a1 expression localisation in L/H-Pgds** and L/H-Pgds

~ uteri in the proliferative phase of the oestrous cycle. Areas in the dashed white squares are

enlarged in the lower panels. ES: endometrial stroma; GE: glandular epithelium and LE:

luminal epithelium. Scale bar= 150 um. (E) Quantification of CYP19a1 staining intensity in the

endometrial stroma (ES), and luminal epithelium (LE) (n=3 to 4 ROIs for each compartment)

of proliferative WT and KO uterus samples. Staining intensities are the mean +/- SEMs of n=3-

5 uterine samples/genotype. P-values: *P<0.05, **P<0.01. (F) Real time quantitative RT-PCR

analysis of Hsd77B gene levels normalised to 78S expression in proliferative wild type (WT, in

black) and L/H-Pgds” (KO, in grey) uteri. (A, F) Relative gPCR expression values are the

mean +/- SEMs of 5 samples/genotype. P-values: *P<0.05, **P<0.01, ***P<0.005,

****P<0.0001.
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Figure 4 In L/H-Pgds” females, lack of PGD2 promotes adenomyosis. (A-B) Representative

images of uterus samples from 6-month-old wild type L/H-Pgds** (A) and mutant L/H-Pgds”

(B) females after haematoxylin-eosin staining. The area within the dashed purple squares in

the upper panels (A1, B1-B3) is enlarged in the lower panels (A1’, B1'-B3’) to visualise the

endometrium/myometrium junction (JZ, dashed black line) and to highlight adenomyotic

lesions (black arrows) in L/H-Pgds” uteri (B); Representative lesions are shown, Grade 1

(slight adenomyosis) (B1-B1’); Grade2 (moderate adenomyosis) (B2-B2’) and Grade 3 (severe

adenomyosis) (B3-B3’). (C) Histogram showing adenomyosis frequency in L/H-Pgds** (WT)

and L/H-Pgds” (KO) females at the indicated ages (m: months). Adenomyosis frequency was

expressed as the percentage of animals without adenomyosis (Grade 0), Grade 1, Grade 2

and Grade 3 lesions relative to all analysed mice. (D-E) Representative images of uterus

samples from 12-month-old L/H-Pgds** (D) and L/H-Pgds” (E) females after haematoxylin-

eosin staining. The dashed black line delineates the JZ at the endometrium/myometrium

junction (D) and the area within dashed purple squares (D1, E1-E2) is enlarged in the lower

panels (D1, E1-E2’) to show adenomyotic lesions (black arrows). (A-B, D-E) oml: outer

myometrium layer; iml: inner myometrium layer; JZ: junctional zone; ES: endometrial stroma;
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GE: glandular epithelium and LE: luminal epithelium. Scale bars: 300um (A-B 1-3, D-E 1-2)

and 150um (A1’, B1’-B3’, D1’, E1’-E2’).

Figure 5 Characterisation of the L/H-Pgds” uterus phenotype. (A-B) Representative

immunohistochemistry images of pan-cytokeratin (A) and oa—Sma (B) expression in serial

sections in the uterus of 6-month-old L/H-Pgds** and L/H-Pgds” females at the proliferative

stage of the oestrous cycle and in an adenomyotic uterus (L/H-Pgds-/- Adm); (C)

Representative images of picro-sirius red staining highlighting collagen fibres in uteri from L/H-

Pgds** and L/H-Pgds” females and in an adenomyotic uterus (L/H-Pga®” Adm) at the

proliferative stage of the oestrous cycle. Black arrows (A-C) indicate adenomyotic lesions in

L/H-Pgds” uteri. (A-C) Oml: outer myometrium layer; iml: inner myometrium layer; JZ:

junctional zone; ES: endometrial stroma; GE: glandular epithelium; LE: luminal epithelium.

Scale bars: 300um (A-C).

Figure 6 Adenomyosis biomarker identification in L/H-Pgds” uteri. Representative

immunostaining images of Ki67 (A) and CD31 (C) expression in 6-month-old L/H-Pgds** and

L/H-Pgds™ uteri, and in adenomyotic lesions (L/H-Pgds’- Adm). Dashed black lines delineate

the junctional zone (JZ) between endometrial stroma and myometrium. Black arrows highlight
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proliferating cells (A) and blood micro-vessels (B); black arrowheads identify adenomyotic

lesions. Scale bar= 150 um. (B, D) Quantification of Ki67 (B) and CD31 (D) staining density in

the endometrial stroma (ES)-junctional zone (JZ) and inner myometrium (iml) of L/H-Pgds**

(WT) and L/H-Pgds’ (KO) uteri. Data are shown as the mean +/- SEMs (n=3 to 6 ROls

overlapping the ES-JZ-iml zones) of WT and KO uteri (n= 5/genotype). P-values:

****P<0.0001. (E) Representative immunofluorescence images of vimentin expression (in red)

in 6-month-old L/H-Pgds*”* and L/H-Pgds’ uteri, and adenomyotic lesions (L/H-Pgds’- Adm);

nuclei were stained with Hoescht (HST, in blue). Dashed white lines delineate the endometrial

stroma/myometrium junction. White arrow identifies an adenomyotic lesion. Oml: outer

myometrium layer; iml: inner myometrium layer; ES: endometrial stroma; GE: glandular

epithelium and LE: luminal epithelium. Scale bars: 300um (A-C).

Figure 7 Model of adenomyotic lesion formation in the absence of PGD2 signalling. In the non-

pregnant uterus, PGDS synthases produce PGD2, in the endometrial stroma, junctional zone

and myometrium. In L/H-Pgds” uteri, in the absence of PGD2 signalling, PGE2 secretion is

increased and COX-2 protein expression is up-regulated. Similarly, the StAR gene, which

encodes the rate-limiting factor in steroid biosynthesis, is up-regulated. Moreover, the

expression of 17Hsdbs genes, which encode E2 metabolic enzymes is modified, the protein
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level of CYP19a1 is increased and the subcellular localisation of ERa, ERB are modified, in

the endometrial stroma. These modified prostaglandin pathways and steroidogenesis lead to

the induction of endometrial and myometrial cell proliferation, angiogenesis, and

overexpression of vimentin and a—SMA and collagen deposition in the endometrial stroma,

inducing epithelial-mesenchymal transition (EMT) and fibroblast-mesenchymal transition

(FMT) in the endometrial stroma and endometrial-myometrium junctional zone. These

features, induced directly or indirectly by the lack of PGD2, may contribute to inflammatory

stimulation, uterine hyperperistalsis and injury, thus increasing the susceptibility to endometrial

gland invagination and adenomyosis formation in the myometrium of L/H-Pgds~ uteri.

Supplementary Figure S1 Representative immunofluorescence images of PGES-1 (A, in red),

COX-1 (B, in green), COX-2 (C, in red), ERa (D, in green) and ERp (E, in green) localisation

in L/H-Pgds** and L/H-Pgds™ uteri at the proliferative stage of the oestrous cycle. Nuclei were

stained with Hoescht (HST, in blue). iml: inner myometrium layer; JZ: junctional zone; ES:

endometrial stroma; GE: glandular epithelium and LE: luminal epithelium. Scale bar= 100 um.
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Figure 1 Expression of prostaglandin D2 synthases in wild type mouse uterus. (A) L-Pgds and H-Pgds gene
expression were analysed by real time quantitative RT-PCR in mouse uteri collected at proliferative (P) and
secretory (S) phases of the oestrous cycle. Results were normalised to 185 mRNA level and were compared
with the Student’s t test; *P<0.05, ***P<0.005. (B) Quantification of L-PGDS and H-PGDS staining intensity
in the inner myometrium layer (iml), junctional zone (JZ), endometrial stroma (ES), glandular epithelium
(GE) and luminal epithelium (LE) (n=3 to 4 ROIs for each compartment) of proliferative and secretory
mouse uterus samples. Staining intensities are the mean +/- SEMs for n=3-5 uterine samples/phase. P-
values: *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. (C-D) Representative immunofluorescence panels
of L-PGDS (C) and H-PGDS (D) expression in proliferative and secretory mouse uterus samples. Uterine
tissue sections were incubated with rabbit antibodies against L-PGDS (C) and H-PGDSs (D) (in red), and
nuclei were stained with the Hoescht dye (HST, in blue). (E-F) Representative immunofluorescence panels of
DP1 (E) and DP2 (F) expression (in red) in proliferative mouse uterus samples. Nuclei were stained with the
Hoescht dye (HST, in blue). iml: inner myometrium layer; JZ: junctional zone; ES: endometrial stroma; GE:
glandular epithelium and LE: luminal epithelium. Dashed lines delineate the JZ between ES and iml, and
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Figure 2

Figure 2 Prostaglandin pathways are modified in L/H-Pgds-/- uteri. (A-B) Real-time quantitative RT-PCR
analysis of genes encoding factors involved in prostaglandin synthesis in proliferative (A) and secretory (B)
wild type (WT, in black) and L/H-Pgds-/- (KO, in grey) uteri. Data were normalised to 18S expression. (A-B)

Relative gPCR expression values are the mean +/- SEMs of 5 samples/genotype. P-values: *P<0.05,

**P<0.01, ***P<0.005, ****P<0.0001. (C) Quantification of COX-1 and COX-2 staining intensity in the
endometrial stroma (ES) and luminal epithelium (LE) (n=3 to 4 ROIs for each compartment) of proliferative
WT and KO uterus samples. Staining intensities are the mean +/- SEMs of n=3-5 uterine samples/genotype.

P-values: **P<0.01, ****P<0.0001. (D-G) Dosage by ELISA of PGE2 (D), PGF2 (E) PGI2 (F) and PGD2
(G) in proliferative and secretory WT and L/H-Pgds-/- (KO) uteri (n=4 to 7 for prostaglandin dosage). For
PGD2 levels, data are represented as the sum of proliferative and secretory values for WT and KO uteri (G).
Prostaglandin levels (mean £ SEMs) were normalised to tissue weight and expressed in pg/mg tissue.
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Figure 3

Figure 3 Steroidogenesis is modified in L/H-Pgds-/- uteri. (A) Real time quantitative RT-PCR analysis of
steroidogenic gene levels normalised to 18S expression in proliferative wild type (WT, in black) and L/H-
Pgds-/- (KO, in grey) uteri. (B-C) 170-oestradiol (E2) (B) was quantified in proliferative control (WT) and
L/H-Pgds-/- uteri (n=6/genotype) by ELISA and progesterone (C) was quantified in proliferative and
secretory control (WT) and L/H-Pgds-/- (KO) uteri (n=4 to 7/genotype) by LC-MS/MS. Steroid levels were
normalised to the tissue weight and expressed in pg/mg tissue, and represent the mean + SEMs. (D)
Representative immunofluorescence images of CYP19al expression localisation in L/H-Pgds+/+ and L/H-
Pgds-/- uteri in the proliferative phase of the oestrous cycle. Areas in the dashed white squares are enlarged
in the lower panels. ES: endometrial stroma; GE: glandular epithelium and LE: luminal epithelium. Scale
bar= 150 Om. (E) Quantification of CYP19a1l staining intensity in the endometrial stroma (ES), and luminal
epithelium (LE) (n=3 to 4 ROIs for each compartment) of proliferative WT and KO uterus samples. Staining
intensities are the mean +/- SEMs of n=3-5 uterine samples/genotype. P-values: *P<0.05, **P<0.01. (F)
Real time quantitative RT-PCR analysis of Hsd17B gene levels normalised to 18S expression in proliferative
wild type (WT, in black) and L/H-Pgds-/- (KO, in grey) uteri. (A, F) Relative qPCR expression values are the
mean +/- SEMs of 5 samples/genotype. P-values: *P<0.05, **P<0.01, ***P<0.005, ****P<(0.0001.
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Figure 4 In L/H-Pgds-/- females, lack of PGD2 promotes adenomyosis. (A-B) Representative images of
uterus samples from 6-month-old wild type L/H-Pgds+/+ (A) and mutant L/H-Pgds-/- (B) females after
haematoxylin-eosin staining. The area within the dashed purple squares in the upper panels (A1, B1-B3) is
enlarged in the lower panels (A1’, B1-B3’) to visualise the endometrium/myometrium junction (JZ, dashed
black line) and to highlight adenomyotic lesions (black arrows) in L/H-Pgds-/- uteri (B); Representative
lesions are shown, Grade 1 (slight adenomyosis) (B1-B1’); Grade2 (moderate adenomyosis) (B2-B2") and
Grade 3 (severe adenomyosis) (B3-B3’). (C) Histogram showing adenomyosis frequency in L/H-Pgds+/+
(WT) and L/H-Pgds-/- (KO) females at the indicated ages (m: months). Adenomyosis frequency was
expressed as the percentage of animals without adenomyosis (Grade 0), Grade 1, Grade 2 and Grade 3
lesions relative to all analysed mice. (D-E) Representative images of uterus samples from 12-month-old
L/H-Pgds+/+ (D) and L/H-Pgds-/- (E) females after haematoxylin-eosin staining. The dashed black line
delineates the JZ at the endometrium/myometrium junction (D) and the area within dashed purple squares
(D1, E1-E2) is enlarged in the lower panels (D1’, E1’-E2’) to show adenomyotic lesions (black arrows). (A-B,
D-E) oml: outer myometrium layer; iml: inner myometrium layer; JZ: junctional zone; ES: endometrial
stroma; GE: glandular epithelium and LE: luminal epithelium. Scale bars: 3000m (A-B 1-3, D-E 1-2) and
1500m (A1’, B1'-B3’, D1’, E1"-E2’).
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Figure 5 Characterisation of the L/H-Pgds-/- uterus phenotype. (A-B) Representative immunohistochemistry
images of pan-cytokeratin (A) and OOSma (B) expression in serial sections in the uterus of 6-month-old
L/H-Pgds+/+ and L/H-Pgds-/- females at the proliferative stage of the oestrous cycle and in an adenomyotic
uterus (L/H-Pgds-/- Adm); (C) Representative images of picro-sirius red staining highlighting collagen fibres
in uteri from L/H-Pgds+/+ and L/H-Pgds-/- females and in an adenomyotic uterus (L/H-Pgds-/- Adm) at the
proliferative stage of the oestrous cycle. Black arrows (A-C) indicate adenomyotic lesions in L/H-Pgds-/-
uteri. (A-C) Oml: outer myometrium layer; iml: inner myometrium layer; JZ: junctional zone; ES:
endometrial stroma; GE: glandular epithelium; LE: luminal epithelium. Scale bars: 3000m (A-C).
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Figure 6 Adenomyosis biomarker identification in L/H-Pgds-/- uteri. Representative immunostaining images
of Ki67 (A) and CD31 (C) expression in 6-month-old L/H-Pgds+/+ and L/H-Pgds-/- uteri, and in
adenomyotic lesions (L/H-Pgds-/- Adm). Dashed black lines delineate the junctional zone (JZ) between
endometrial stroma and myometrium. Black arrows highlight proliferating cells (A) and blood micro-vessels
(B); black arrowheads identify adenomyotic lesions. Scale bar= 150 Om. (B, D) Quantification of Ki67 (B)
and CD31 (D) staining density in the endometrial stroma (ES)-junctional zone (JZ) and inner myometrium
(iml) of L/H-Pgds+/+ (WT) and L/H-Pgds-/- (KO) uteri. Data are shown as the mean +/- SEMs (n=3to 6
ROIs overlapping the ES-JZ-iml zones) of WT and KO uteri (n= 5/genotype). P-values: ****P<(0.0001. (E)
Representative immunofluorescence images of vimentin expression (in red) in 6-month-old L/H-Pgds+/+
and L/H-Pgds-/- uteri, and adenomyotic lesions (L/H-Pgds-/- Adm); nuclei were stained with Hoescht (HST,
in blue). Dashed white lines delineate the endometrial stroma/myometrium junction. White arrow identifies
an adenomyotic lesion. Oml: outer myometrium layer; iml: inner myometrium layer; ES: endometrial
stroma; GE: glandular epithelium and LE: luminal epithelium. Scale bars: 3000m (A-C).
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