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STUDY QUESTION: Is it possible to establish a genetically engineered mouse model (GEMM) of endometriosis that mimics the natural
spread of invasive endometrium?

SUMMARY ANSWER: Endometriosis occurs in an ARIDIA (AT-rich interactive domain-containing protein |A) and PIK3CA
(phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha) mutant GEMM of endometrial dysfunction following salpingectomy.

WHAT IS KNOWN ALREADY: Although mouse models of endometriosis have long been established, most models rely on intraperitoneal
injection of uterine fragments, steroid hormone treatments or the use of immune-compromised mice.

STUDY DESIGN, SIZE, DURATION: Mice harboring the lactotransferrin-Cre (Lthre0/+), Arid | df!, (Gt)R26P1k3ca*HIO47R and
(Gt)RZémeG alleles were subject to unilateral salpingectomies at 6 weeks of age. Control (n=9), LtfCre0/+; (Gt)RZéPik3ca*H’047R; Arid | afl/+
(n=8) and LtfCre0/+; (Gt)RZéPik3ca*H/O47R; Arid | aff (n=9) were used for the study. The (Gt)RZémeG allele was used for the purpose of
fluorescent lineage tracing of endometrial epithelium. LtfCre?’*; (Gt)R26™™MC (n=3) and LtfCre?/*; (Gt)R26Pik3ca*H!047R/MTMG. i | ofi/f
(n=4) were used for this purpose. Mice were followed until the endpoint of vaginal bleeding at an average time of 17 weeks of age.

PARTICIPANTS/MATERIALS, SETTING, METHODS: At 6 weeks of age, mice were subjected to salpingectomy surgery. Mice were
followed until the time point of vaginal bleeding (average |17 weeks), or aged for | year in the case of control mice. At time of sacrifice,
endometriotic lesions, ovaries and uterus were collected for the purpose of histochemical and immunohistochemical analyses. Samples were
analyzed for markers of the endometriotic tissue and other relevant biomarkers.

MAIN RESULTS AND THE ROLE OF CHANCE: Following salpingectomy, LtfCre?’*; (Gt)R26Pik3ca*H!047R mTmG. Ariq| gft/fl mice
developed endometriotic lesions, including lesions on the ovary, omentum and abdominal wall. Epithelial glands within lesions were negative
for ARIDIA and positive for phospho-Sé staining, indicating ARID|A-PIK3CA co-mutation status, and expressed EGFP (enhanced green
fluorescent protein), indicating endometrial origins.

LARGE-SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: LtfCre?/*; (Gt)R26Pik3ca*!047R; Arid | af/fl mice develop vaginal bleeding as a result of
endometrial dysfunction at an average age of |7 weeks and must be sacrificed. Furthermore, while this model mimics the natural spread
of endometriotic tissue directly from the uterus to the peritoneum, the data presented do not reject current hypotheses on endometriosis
pathogenesis.

WIDER IMPLICATIONS OF THE FINDINGS: The idea that endometriosis is the result of abnormal endometrial tissue colonizing the
peritoneum via retrograde menstruation has gained widespread support over the past century. However, most models of endometriosis take
for granted this possibility, relying on the surgical removal of bulk uterine tissue and subsequent transplantation into the peritoneum. Growing
evidence suggests that somatic mutations in ARIDIA and PIK3CA are present in the endometrial epithelium. The establishment of a GEMM
which mimics the natural spread of endometrium and subsequent lesion formation supports the hypothesis that endometriosis is derived from
mutant endometrial epithelium with invasive properties.
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Introduction

Endometriosis is a disease in which cells lining the uterus (endometrium)
grow outside of the uterus, causing pain and infertility in 5 to 10% of
women (Alimi et al., 2018). Formation of endometriosis is thought
to result from the translocation of endometrium via retrograde
menstruation (Chui et al., 2017). The retrograde menstruation theory
is supported by several clinical observations that obstruction of
menstrual flow increases the incidence of endometriosis (Burney
and Giudice, 2012). Other theories for endometriosis pathogenesis
propose that lesions arise from peritoneal tissue or extra-uterine stem
cells which have become transformed into ectopic endometrium,
while additional theories hold that endometrium arrives into the
peritoneum by lymphatic or hematogenous dissemination (Burney and
Giudice, 2012). Studies have suggested that the invasive phenotype
of endometriosis shares aspects with tumor metastasis, including
migration and invasion (Giudice and Kao, 2004). In order for
endometriosis to occur, endometrial cells may undergo epithelial-to-
mesenchymal transition (EMT) in order to invade distal tissues (Bartley
etal., 2014), a probable scenario given the inherent plasticity of the
endometrium (Matsuzaki and Darcha, 2012).

Mutations in ARID | A (AT-rich interactive domain-containing protein
IA), a well-established tumor suppressor gene, are also found in
endometriosis (Samartzis et al., 2012), and ARIDIA loss may indicate
malignancy in atypical endometriosis (Wiegand et al., 201 I). Addition-
ally, mutations in PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-
kinase, catalytic subunit alpha) may be a prerequisite to ARIDIA loss
in endometriosis (Anglesio et al., 2017; Suda et al., 2018).

Recently, we characterized a new genetically engineered mouse
model of endometrial dysfunction which results in endometrial hyper-
plasia, vaginal bleeding and lesion formation (Wilson etal., 2019).
We utilized the lactotransferrin-Cre (LtfCre) allele, which drives Cre-
recombinase expression specifically to the endometrial epithelium. The
mice displayed loss of ARIDIA expression and expression of the
oncogenic PIK3CA™*R mutation, resulting in endometrial hyperplasia,
lesion formation and invasion into the uterine myometrium (Wilson
etal., 2019). We employed genome-wide methodologies to exam-
ine changes in gene expression and chromatin accessibility of sorted
endometrial epithelial cells in vivo and identified upregulation of EMT
pathways and epithelial transdifferentiation in the mutant cells. We
found that ARIDIA and PIK3CA mutant endometrial epithelium was
capable of invasion locally into the myometrium (Wilson et al., 2019).
Given that endometriosis may be derived from invasive endometrial
epithelium and ARIDIA and PIK3CA mutations, we sought to utilize
our model of endometrial dysfunction to explore the development of
endometriosis.

Mice do not menstruate; therefore, the opportunity for endometrial
tissue to translocate to the peritoneum via retrograde menstruation
does not exist in mice. Traditional mouse models of endometriosis
were developed via the surgical transplantation of autologous or

syngeneic uterine tissue into the peritoneum (Cummings and Metcalf,
1995; Hirata et al., 2005; Rossi et al., 2000; Cheng et al., 201 |; Greaves
et al.,, 2014), or transplantation of human endometrial or endometri-
otic tissue into immune-compromised mice (Aoki etal., 1994;
Grummer et al., 2001), often with estrogen supplementation (Zamah
etal., 1984; Bergqvist et al., 1985). Previously developed genetically
engineered mouse models of endometriosis have relied on mutation
of genes in the ovarian surface epithelium rather than the endometrium
(Dinulescu et al., 2005; Budiu et al., 2009). Here, we developed a
model of endometriosis derived from the endometrial epithelium by
surgical incision at the uterotubal junction followed by salpingectomy
in mice harboring ARID A and PIK3CA mutations in the endometrial
epithelium. This procedure created an opening in the uterus at the
uterotubal junction, thereby exposing the uterine cavity and providing
mutant cells an opening to invade into the peritoneal cavity, resulting
in endometriosis formation. In this study, we have characterized a new
genetically engineered mouse model of endometriosis derived from
mutant endometrial epithelium which mimics the natural spread of
invasive endometrium.

Materials and Methods

Contact for reagent and resource sharing

Requests for further information, resources and reagents should be
addressed to the lead contact, Ronald L. Chandler (rlc@msu.edu).

Mice

All mice were maintained on an outbred genetic background using
CD-I mice (Charles River, Wilmington, MA, USA). (Gt)R26™™°,
(Gt)R26Pik3ca*'*" and LtfCre (Tg(Ltf-iCre)[4Mmul) alleles were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA)
and identified by PCR using published methods (Muzumdar et al.,
2007; Adams etal., 2011; Daikoku et al., 2014). The Arid/a" allele
was detected by PCR as previously described (Chandler etal.,
2013; Chandler etal, 2015). Endpoints were vaginal bleeding,
severe abdominal distension and signs of severe illness, such as
dehydration, hunching, jaundice, ruffled fur, signs of infection or non-
responsiveness. Sample sizes within each genotype were chosen based
on the proportions of animals with vaginal bleeding between each
experimental group or a Kaplan—Meyer log-rank test for survival
differences. Mice were housed at the Van Andel Research Institute
Animal Facility and the Michigan State University Grand Rapids
Research Center in accordance with protocols approved by Michigan
State University. Michigan State University is registered with the US
Department of Agriculture (USDA) and has an approved Animal
Welfare Assurance from the NIH Office of Laboratory Animal Welfare
(OLAW). MSU is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).
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Table I Immunohistochemistry antibodies.

Antibody Dilution
Rabbit monoclonal anti-ARID | A/BAF250A (D2A8U) 1:200
Rabbit monoclonal anti-Phospho-Sé Ribosomal 1:400
Protein (Ser235/236) (D57.2.2E)

Rat monoclonal anti-TROMA-| [:100
Goat polyclonal anti-ICAM-1/CD54 [:100
Rat monoclonal anti-FRA-2 (REY 146C) 1:200
Rabbit monoclonal anti-c-Jun (60A8) 1:300
Rabbit monoclonal anti-Kié7 (D3B5) 1:400

Source

Cell Signaling Technology
Cell Signaling Technology

Developmental Studies Hybridoma Bank
R&D Systems

EMD Millipore

Cell Signaling Technology

Cell Signaling Technology

Identifier

Cat# 12354; RRID: AB_2637010
Cat# 4858; RRID: AB_2721245

Cat# TROMA-I; RRID: AB_531826
Cat# AF796-SP; RRID: AB_2248703
Cat# MABS|261

Cat# 9165; RRID: AB_2130165
Cat# 12202; RRID:AB_2620142

RRID, Research Resource Identifier; ARID | A, AT-rich interactive domain-containing protein |A; ICAM-1, intercellular adhesion molecule |; Fra2, Fos-related antigen 2; TROMA-I,

trophectoderm-specific marker |.

Uterotubal incision and salpingectomy
surgery

Ovarian surgical protocol was followed as previously described
(Chandler etal., 2015). Mice were anaesthetized using avertin
(0.3 mg/g intraperitoneal injection). Avertin was composed of sterile
embryo water (Sigma, cat# W1503, St. Louis, MO, USA), 2-methyl-
2-butanol (Sigma, cat# 152463) and 2,2,2-tribromoethanol (Sigma,
cat# T48402). Anesthesia was confirmed by the absence of reflex
withdrawal to toe pinch. Hair at the procedure site was removed with
small electric shears and scrubbed with betadine solution (Povidone—
lodine Veterinary Surgical Scrub, McKesson, Pompano Beach, FL,
USA). Salpingectomy surgeries were performed on 6-week-old mice.
Following incision through the left flank muscle, the ovary was removed
and an incision was made at the uterotubal junction, being careful to
avoid the uterine artery. Following uterotubal incision, the oviduct was
removed. During the procedure, the ovary was kept moistened using a
gauze soaked in PBS. The ovary was gently placed back, and the muscle
layer was closed using sutures. Following surgery, mice were monitored
for basic biologic functions and post-procedure distress. Surgeries
were performed in the afternoon. The surgeon was blinded from
the genotype of the mouse. Mice were housed randomly following
surgery. All surgical data has been reported to ensure the study is free
of selective outcome reporting.

Histology and immunohistochemistry

Upon vaginal bleeding, mice were euthanized by carbon dioxide inhala-
tion and uterus, ovaries and relevant tissues were collected. For indirect
immunohistochemistry (IHC), 10% neutral buffered formalin (NBF)-
fixed paraffin sections were processed for heat-based antigen unmask-
ing in 10 mM sodium citrate (pH 6.0). Sections were incubated with
antibodies at the following dilutions: 1:200 ARIDIA (12354, Cell
Signaling, Danvers, MA); 1:400 Phospho-S6 (4585, Cell Signaling);
[:100 KRT8 (Ketatin 8) (TROMAI, DHSB); 1:100 ICAM-1 (inter-
cellular adhesion molecule |) (AF796-SP, R&D Systems, Minneapolis,
MN, USA); 1:200 Fra2 (MABSI261, EMD Millipore, Burlington, MA,
USA); 1:300 c-Jun (9165, Cell Signaling); and 1:400 Ki67 (12202, Cell
Signaling). TROMA-| antibody was deposited to the Developmental
Studies Hybridoma Bank (DSHB) by Brulet, P./Kemler, R. (DSHB
Hybridoma Product TROMA-I). Primary antibody dilutions and cata-
log numbers are compiled in Table |. The following biotin-conjugated

secondary antibodies were used: donkey anti-rabbit IgG (71 [-065-152,
Jackson ImmunoResearch Lab, West Grove, PA, USA) and donkey anti-
rat 1gG (#705-065-153, Jackson ImmunoResearch Lab). Secondary
antibodies were detected using VECTASTAIN Elite ABC HRP Kit
(Vector, Burlingame, CA, USA). Sections for IHC were lightly counter-
stained with Hematoxylin QS or Methyl Green (Vector Labs). Routine
hematoxylin and eosin (H&E) staining of sections was performed by
the Van Andel Research Institute (VARI) Histology and Pathology
Core. A VARI animal pathologist reviewed histological sections. For
picrosirius red staining, the Picrosirius Red Stain Kit (Polysciences, Inc.,
Warrington, PA, USA, cat# 24901-250) was used according to the
manufacturers’ instructions.

Microscopy and imaging

Fluorescent images were taken using a Nikon SMZ 18 microscope, X-
Cite Series 120 PC Q (Excelitas Technologies, Waltham, MA, USA)
fluorescent lamp and a Nikon DS-Ril camera. Images were analyzed
using Nikon NIS Elements Advanced Research software.

Statistics

Statistical analyses were performed using GraphPad (San Diego, CA,
USA) Prism 8 software.

Results

Salpingectomy of genetically engineered
mice results in a broad spectrum of
endometriotic phenotypes

To determine if the invasive cellular phenotypes observed in LtfCre®;
(Gt)R26Pik3ca*'*’%;  Arid1a"* and LtfCre”*; (Gt)R26Pik3ca™'**’%;
Arid @™ mice (Fig. IA) promote the extrauterine spread of mutant
endometrial epithelium, we devised a surgical protocol that mimics
retrograde translocation of endometrial tissue into the peritoneal
space (Fig. IB and C). In contrast to humans, the isthmus and ampulla
of mouse oviducts are tightly coiled and the infundibulum of the
mouse oviduct opens into the bursal space, rather than the peritoneal
cavity (Rendi et al., 2012). We reasoned that exposing the endometrial
lumen and removing the anatomic barrier of the oviducts and bursal
membrane via surgery would allow invasive luminal endometrial
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Figure | LtfCre”t ; (Gt)R26Pik3ca*'*'® ; Aridla* and LtfCre®*; (Gt)R26Pik3ca*"'*’?; Aridla™" mice develop ovarian lesions,
anastomosis and ascites following salpingectomy. (A) Diagram depicting mouse alleles used in this study. ARID | A, AT-rich interactive domain-
containing protein |A; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha; mEGFP, mouse enhanced green fluorescent
protein. (B) Schematic representation of uterotubal incision and salpingectomy surgery. (C) Timeline for experimental mouse model. (D) Survival of
mice following surgery. Survival was based on vaginal bleeding and other endpoints (see Table Il). Control mice were aged for | year (n=9, black line).
No difference in survival was observed between LtfCre®"; (Gt)R26Pik3ca*!'**’R; Arid | a™+ (n = 8, blue line) and LtfCre®*; (Gt)R26Pik3ca*'’®; Arid | a!
(n=29, purple line) mice following surgery (P=0.7421, unpaired t test, two-tailed). (E) Age at surgery vs. age at death. No significant relationship
was observed (P=0.1151 for LtfCre®*; (Gt)R26Pik3ca*!%’%; Arid|a'*, blue line; P=0.3584 for LtfCre”*; (Gt)R26Pik3ca*'**’R; Arid | a™", purple line
Pearson’s). (F) Example of LtfCre”*; (Gt)R26Pik3ca*!!®’®; Arid|a™" mice with ascites following surgery. (G) Ovarian cysts are observed in animals
6 weeks post-salpingectomy on the ipsilateral ovary. Arrow indicates cyst. (H) Example of animal with hemorrhagic ‘chocolate cyst’ endometrioma on
ovary ipsilateral to incision. Arrow indicates lesion. (I) Intestinal obstruction in mutant mice following surgery. White arrows denote intestines, black
arrows denote omental metastasis. (J) Intestinal anastomosis following salpingectomy. Black arrows denote omental lesions. (K) Bright-field image and
fluorescent green image (K’). EGFP fluorescence denotes Cre + endometrial epithelium on or near the ovary. Ov: ovary. (L) Histogram compiling
observational data upon necropsy.
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Table Il Summary of mice.

Genotype Age at
surgery (days) (days)

Control 42 43
Control 35 103
Control 35 103
Control 35 103
Control 4?2 403
Control 45 406
Control 45 406
Control 45 406
Control 48 418
LtfCre®*; Arid1a"*; (Gt)R26Pik3ca*"!o*R 39 71
LtfCre®*; Arid1a"*; (Gt)R26Pik3ca*"!o*R 35 103
LtfCre®*; Arid1a"*; (Gt)R26Pik3ca*!%*R 42 112
LtfCre®*; Aridla*; (Gt)R26Pik3ca*H!*R 45 12
LtfCre®*; Aridla*; (Gt)R26Pik3ca*H!*R 35 6
LefCre®*; Aridla*; (Gt)R26Pik3ca*H!*R 45 120
LtfCre®*; Aridla*; (Gt)R26Pik3ca*H!*R 48 126
LefCre®*; Aridla*; (Gt)R26Pik3ca*H!*R 48 162
LefCre®*; Aridla"; (Gt)R26Pik3ca*H!o*7R 42 82
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!*R 33 92
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!*R 45 94
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!*R 48 98
LtfCre®*; Arida"; (Gt)R26Pik3ca*H!o*R 48 98
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!*R 33 6
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!o*R 48 135
LtfCre®*; Aridla"; (Gt)R26Pik3ca*H!*’R 42 148
LtfCre®*; Arid1a™f; (Gt)R26Pik3ca*!%47® 42 176
LtfCre®*;(GY)R26™™C 54 149
LtfCre®*;(GY)R26™™C 33 94
LtfCre®+;(GY)R26™™C 64 125
LtfCre®*; Arid|a™f; (Gt)R26Pik3ca*H!7R/mmG 28 123
LefCre®*; Arid | a™f; (Gt)R26Pik3ca*H!047R/mmG 38 99
LefCre®*; Arid | a™f; (Gt)R26Pik3ca*H!047R/mimG 33 92
LefCre®*; Arid | a™f; (Gt)R26Pik3ca*H!047R/mimG 33 6

Age at death

Cause of death/ Observations

reason for sacrifice

FD Complications from surgery

ED No phenotype

ED No phenotype

ED No phenotype

ES No phenotype

ES No phenotype

ES No phenotype

ES No phenotype

ES No phenotype

VB

VB Lesion on ipsilateral ovary

AB, VB Lesions throughout peritoneum,
organ anastomosis, ascites

FD

VB Intestinal anastomosis, ascites

VB, DA Ovarian lesions, intestinal

anastomosis, ascites

Lesions on both ovaries and
omentum, intestinal anastomosis

Distressed, VB

VB, DA Ascites

Lethargic, pale Lesion on cervix, blood in
intestines

VB

DA Lesions on ovary and mesentery

ED Lesion on ovary

ED Intestinal anastomosis, ascites

VB Intestinal anastomosis, ascites

Distressed, VB Anemic intestines

AB, VB Ipsilateral ovary fused with kidney,
ascites

VB Lesion on ovary

ED No phenotype

ED No phenotype

ED No phenotype

VB Lesion on omentum, abdominal
wall

VB Lesion on ovary

VB Lesion on abdominal wall

VB Lesion on omentum

Summary of mice. VB, vaginal bleeding; AB, abdominal bulge; FD, found dead; DA, distended abdomen; ES, end of study; ED, explorative dissection.

epithelial cells undergoing delamination and luminal shedding to more
easily translocate into the peritoneal space. By performing unilateral
salpingectomies at 6 weeks of age, we maximized the period between
lactoferrin activation (beginning at 4 weeks) and expected mortality
due to vaginal bleeding at 14—17 weeks (Fig. | C).

Following surgery, mice were followed until vaginal bleeding or
other endpoints (Table Il). One control mouse died from complication
from surgery the following day and was excluded from survival

analysis (Table Il). No phenotypes were observed in control mice
subjected to salpingectomy and aged for approximately | year (Fig. 1D,
Table Il). LtfCre®*t; (Gt)R26Pik3ca*!'**'*;  Aridla™t and LtfCre”*;
(Gt)R26Pik3ca*'*’F; Arid [a™" mice lived for an average of |7 weeks,
I'l weeks beyond surgery (Fig. ID). Survival differences between
groups following surgery was not significant (P=0.7421, unpaired t
test, two-tailed), and age at time of surgery did not correlate with
age at death (Fig. |E) (R* =0.3612 for LtfCre”t; (Gt)R26Pik3ca*'**"?;
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_ARIDIA

Hegy A ;

Picrosirius Red

Figure 2 Endometrial glands formed in ovary are ARID | A-negative. (A) H&E staining in sections of ovarian lesion. (B—=D) Immunohisto-
chemistry (IHC) for ARIDIA (B), KRT8 (ketatin 8) (C) and phospho-S6 (P-S6) (D) in sections of ovarian lesion. Panels A-D represent near-adjacent
sections of extrauterine endometrial lesions, while panels A’~D’ represent portion of slide in panels A-D surrounded by black box. Arrows indicate
epithelial gland formation. (E=J) Picrosirius red staining in sections of adjacent uterine tissue (E, F), omental lesions (G) and peritoneal lesions (H-]).
Panel | represents portion in panel ] surrounded by black box. Ab: abdominal wall; Cy: cyst; Fs: fibrotic stroma; Of: ovarian fat; Om: omentum; Oo:

oocyte; Ov: ovary: Sr: serosa.

Aridla"*, R*=0.0669 for LtfCre”*; (Gt)R26Pik3ca*"'*’*; Arid|a™",
Pearson’s). Following salpingectomy, LtfCre”*; (Gt)R26Pik3ca*"'**"*;
Arid @™ mice developed hemorrhagic ascites within 6 weeks following
surgery (Fig. |F). Extrauterine endometriotic lesions were observed
on the ovary (Fig. IG), with some lesions bearing resemblance to
hemorrhagic ‘chocolate cyst’ endometriomas (Fig. | H). In some cases,
we observed intestinal anastomosis resulting from endometrial spread
and fibrosis in the omentum (Fig. |1 and ). LtfCre contains an internal
ribosomal entry site (IRES)-enhanced green fluorescent protein (EGFP)
cassette. Based on EGFP expression, we detected mutant endometrial
epithelial cells at sites ipsilateral to the site of incision, but not
contralateral ovaries or uterine horns (Fig. IK). Mice developed a
spectrum of phenotypic conditions, including ascites, anastomosis and
lesion formation (Fig. IL). Over 50% of mice displayed visible lesion
formation upon dissection (Fig. |L). The phenotypes observed in this

model reflect the broad spectrum of conditions affecting women with
endometriosis.

Endometrial glands within lesions display
markers of ARIDIA/PIK3CA mutant
endometrium

In order to determine the role of the mutant endometrium in the for-
mation of endometriotic lesions, we used histological analysis and IHC
to identify ARIDIA and PIK3CA mutant endometrium within lesions.
Extrauterine lesions in the ovary were composed of disorganized
and dysplastic ARID|A-negative glandular epithelial cells and were
observed invading abdominal smooth muscle (Fig. 2A and B). Loss of
ARID | A immunoreactivity in the epithelial compartment of the lesions
supports endometrial epithelial origins. The extrauterine endometri-
otic cells also expressed KRT8, a marker of endometrial epithelium,
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Figure 3 Lineage tracing of ectopic endometrium with (Gt)R26mTmG allele. (A-K) Bright-field images of mouse intestines and
gynecologic tract following salpingectomy. (A’=K’) Fluorescent images of the same tissues, depicting cells derived from LtfCre®*;(Gt)R26™™° (n=3)
or LtfCre®*; (Gt)R26Pik3ca*'**R /m™mC; Arid | a™ (n=4) mice. In control mice, GFP expression was confined to the uterus (A-B). In LtfCre”*;
(Gt)R26Pik3ca*!%47R /mm& . Arid [ a™" mice, lesions were observed on the omentum (C-E), the ovary (F-G) and the peritoneum (H—K). Ab: abdominal
wall; Om: omentum; Ov: ovary; Ut: uterus.
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and phospho-S6 ribosomal protein (P-S6), a marker for the activated
PI3K pathway (Fig. 2C and D). Endometriotic lesions appeared highly
fibrotic, as indicated by picrosirius red staining, relative to adjacent
uterine tissue (Fig. 2E—]). The identification of these markers within
endometriotic lesions indicates a role for mutant endometrium in the
formation of these lesions.

Ovarian and omental lesions are derived
from lactoferrin-activated endometrium

o+ has been

In order to follow the lineage of cells in which LtfCre
activated, we introduced the (Gt)R26™° allele into our model
(Muzumdar et al., 2007). Both control LtfCre”*; (Gt)R26™™ and
LtfCre®*; (Gt)R26Pik3ca*!%’® /mme; Arid | ™" mice displayed prominent
GFP expression in the uterus (Fig. 3). Post-salpingectomy, GFP
expression in LtfCre”*; (Gt)R26™™° mice remained limited to the
uterus (Fig. 3A and B). However, spread of metastatic cells in the
LtfCre®*; (Gt)R26Pik3ca*™'*" /mme; Arid | a™" model was observed in
lesions occupying the omentum (Fig. 3C—E), the ovary (Fig. 3F and G)
and throughout the peritoneum (Fig. 3H-K) by GFP expression in
whole mount tissues. Endometrial epithelium and endometrial glands
occupied only a small portion of visible lesions, with clear evidence of
blood accumulation in afflicted tissues (Fig. 3E, F, H and J).

Endometriotic lesions display novel
biomarkers

Endometrial epithelium was identified within endometriotic lesions
of the omentum (Fig. 4A and B). Endometriotic tissue included both
endometrial epithelium as well as fibrotic stroma (Fig. 4A and B). Inone
case, omental tissue was fused to the kidney through endometriotic
anastomosis (Fig. 4A). These endometrial glands were negative for
ARID | A staining by IHC (Fig. 4C) and positive for KRT8 (Fig. 4D) and
P-S6 (Fig. 4E).

Within endometriotic lesions bound to the abdominal muscle in the
peritoneum, we observed endometrial gland formation between the
muscle and serosa layers (Fig. 5A). Glands were negative for ARID A
(Fig. 5B) and positive for KRT8 (Fig. 5C), P-S6 (Fig. 5D) and Ki67, a
marker of proliferation (Fig. 5E). Previously, we identified ICAM-1 as a
marker of mutated endometrium in the LtfCre”*; (Gt)R26Pik3ca*'**';
Arid | a"" model, which we again observed in the peritoneal endometri-
otic epithelium (Fig. 5F). Furthermore, we identified expression of
AP-1 (activator protein |) subunits c-Jun and Fra2 (FOSL2) among
endometriotic epithelia. Previous reports have indicated a role for
AP-1 subunits in the regulation of gene transcription changes upon
ARIDIAloss (Kelso et al., 2017; Vierbuchen et al., 2017). AP-1 subunit
expression has been observed in endometriotic lesions (Hastings et al.,
2006). Here, we identified expression of c-Jun and Fra2 in the glandular
epithelium of endometriotic lesions (Fig. 5G and H).

Among lesions on the ovary, we observed endometrial glands
and associated fibrotic stroma within the ovarian fat (Fig. 6A and B),
often with hemorrhagic blood cells (Fig. 6B). Within ovarian lesions,
we identified the similar biomarkers within the endometrial glands
(Fig. 6). Epithelia were positively stained for KRT8 (Fig. 6C), P-S6
(Fig. 6D), Ki67 (Fig. 6E) and ICAM-1 (Fig. 6F). AP-1 subunit expression
was detected in these epithelial glands, including c-Jun (Fig. 6G) and
Fra2 (Fig. 6H). These data suggest that LtfCre®*; (Gt)R26Pik3ca*™'*7%;

Omental endometriotic lesions

ARID1A

Figure 4 Histological characterization of omental
endometriotic lesions. (A-B) H&E staining of lesions within
the omentum. Endometrial glands were identified between the
omentum and kidney (A) and between omental folds (B). (C-E) IHC
staining for ARID|A (C), KRT8 (D) and P-S6 (E). Panels A—E represent
near-adjacent sections of omental endometriotic lesions, while panels
A'-E' represent portion of slide in panels A—E surrounded by black
box. Arrows indicate endometrial glands. Fs: fibrotic stroma; Om:
omentum.

Arid | @' endometrial cells are capable of metastasis to the omentum,
peritoneum and ovaries and subsequent endometriotic lesion
formation following salpingectomy.

Discussion

A long-standing hypothesis suggests that retrograde menstruation and
the regurgitation of endometrium tissue into the peritoneal cavity
may play a role in the development of endometriosis (Sampson,
[927). Previously, we characterized the invasive phenotype of
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Peritoneal endometriotic lesions

ARID1A

Figure 5 Biomarker identification in peritoneal endometriotic lesions. (A) H&E staining of endometrial glands identified in the peritoneum.
Endometriotic lesions were fused to the abdominal wall. (B—=H) Immunohistochemical staining of peritoneal lesions for ARID | A (B), KRT8 (C), P-Sé (D),
Kié7 (E), ICAM-I (intercellular adhesion molecule I) (F) and AP-1 (activator protein |) subunits c-Jun (G) and Fra2 (Fos-related antigen 2) (H). Panels
A-H represent near-adjacent sections of peritoneal endometriotic lesions, while panels A’~H’ represent portion of slide in panels A-H surrounded by
black box. Arrows indicate endometrial glands. Ab: abdominal wall; Sr: serosa.

LtfCre®*; (Gt)R26Pik3ca™'**’®; Arid | a" endometrium, which resulted
in myometrial invasion and adenomyosis locally within the uterus. Here,
we detail a new model of endometriotic spread based on our GEMM of
endometrial dysfunction. ARID | A has previously been implicated as a
repressor of invasion (Yan et al., 20 14; Lakshminarasimhan et al., 2017;
Lietal., 2017; Sun et al., 2017; Wilson et al., 2019). The present study
provides in vivo mechanistic evidence suggesting that metastatic spread
of endometriotic tissue to the ovaries, omentum and peritoneum
occurs as a result of invasive endometrial phenotypes. ARIDIA and
PIK3CA are commonly mutated in the endometrium, and mutation of
the endometrium can resultin a number of invasive phenotypes, includ-
ing endometriosis, adenomyosis, endometrial cancer and ovarian can-
cer. Adenomyosis is the result of direct invasion into the myometrium,
while endometriosis forms following invasion distally into the peri-
toneum or ovary. The collective migration of mutant endometrial cells
undergoing partial EMT may enhance the invasive properties of ectopic
endometriotic tissue, permitting invasion of the surrounding tissue.
The model presented herein mimics the natural spread of
endometriotic tissue via retrograde translocation. While mice do
not menstruate, our data support the idea that anatomic barriers
obstructing the retrograde spread of invasive endometrial tissue
prevent the disease. In our mouse model, removal of the oviducts and

bursal membrane promoted the spread of invasive endometrial cells
harboring ARIDIA and PIK3CA mutations from the ipsilateral uterine
horn. Established mouse models of endometriosis have been limited by
the requirement of tissue transplantation, steroid hormone treatment
or genetic perturbation in tissues other than the endometrial epithe-
lium (King et al., 2016). The present model recapitulates the retrograde
traversal of tissue, while mimicking the heterogeneous phenotypes
presented in endometriosis patients. This model may provide utility in
studying the mechanisms by which endometriosis spreads to particular
tissues. However, the present model has its own limits. Due to uterine
endometrial dysfunction and subsequent vaginal bleeding (Wilson
etal., 2019), LtfCre"*; (Gt)R26Pik3ca*'*’®; Aridlda™" mice have a
short lifespan, and disease progression cannot be tracked in the long
term. Furthermore, LtfCre”"; (Gt)R26Pik3ca*'*’*; Aridla™" display
a phenotype which is 100% penetrant throughout the endometrium
and, as such, all endometrial epithelia harbor ARIDIA and PIK3CA
mutations, which is not the case in patients with endometriosis. Even
still, many endometriotic lesions harbor mutations other than ARID 1A
or PIK3CA, suggesting that other genetic mutations may suffice for the
invasive phenotypes observed in endometriosis.

Given the widespread acceptance of the implantation theory,
it has been suggested that an inappropriate differentiation of the
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Ovarian endometriomas

Figure 6 Endometrial glands formed on ovary display ICAM-1 and AP-1 subunit expression. (A-B) H&E staining of endometrial
glands identified in the peritoneum. Endometriotic lesions were fused to the abdominal wall. (C—H) Immunohistochemical staining of peritoneal lesions
for KRT8 (C), P-S6 (D), Kié7 (E), ICAM-1 (F) and AP-1 subunits c-Jun (G) and Fra2 (H). Panels A—H represent near-adjacent sections of ovarian
endometriomas, while panels A'-H’ represent portion of slide in panels A-H surrounded by black box. Arrows indicate endometrial glands. Fs: fibrotic

stroma; Hm: hemorrhage; Of: ovarian fat; Oo: oocyte; Ov: ovary.

endometrium may be the direct cause of endometriosis (Grummer
etal., 2001). Loss of ARIDIA in the mouse endometrium results in
infertility (Kim et al., 2015) and EMT (Wilson et al., 2019), and the
present study provides evidence for endometriotic lesion formation
as a result of invasive ARID [A-PIK3CA mutant endometrium. While
endometrial cancer and endometriosis have several gene mutations
in common, including ARIDIA, PIK3CA and PTEN, epidemiologic
studies of endometrial cancer risk among women with endometriosis
have yielded mixed results (Mogensen et al., 2016; Poole et al., 2017).
PIK3CA mutations exist in normal endometrial epithelial cells without
transformation, and PIK3CA mutation is thought to be an early event
in both endometriosis and atypical endometrial hyperplasia (Berget al.,
2015; Suda et al., 2018; Lac et al., 2019). LtfCre”*; (Gt)R26Pik3ca*'**"*
mice display no phenotype, while LtfCre”*; Aridla™ epithelium
undergo apoptosis (Wilson et al., 2019). ARID | A mutations are found
in the epithelial compartment of ectopic endometriosis, but not in
normal endometrium (Suda et al., 2018; Lac et al., 2019).

Relative to the present model, mutations which contribute
to endometriosis are likely acquired more gradually, such that
endometrium may harbor a single mutation in PIK3CA, while
endometriotic lesions gain additional mutations acquired during or
subsequent to its spreading to the peritoneum. Based on our findings,

we predict that ARID | A loss occurs subsequent to PIK3CA mutation.
The addition of ARID | A mutation in a cell harboring PIK3CA mutation
results in an invasive phenotype capable of endometriotic spread.
While retrograde menstruation occurs in most women (Halme et al.,
1984), most women do not develop endometriosis. The acquisition of
invasive phenotypes in the endometrial epithelium is necessary but not
sufficient for the development of endometriosis, as retrograde men-
struation, hematogenous spread, lymphatic spread or other factors
are required for the transplantation of tissue into the peritoneal cavity.
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