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Abstract

Endometriosis is ectopic growth of endometrial tissue traditionally thought to arise through 

retrograde menstruation. We aimed to determine if cells derived from endometriosis could enter 

vascular circulation and lead to hematogenous dissemination. Experimental endometriosis was 

established by transplanting endometrial tissue from DsRed+ mice into the peritoneal cavity of 

DsRed− mice. Using flow cytometry, we identified DsRed+ cells in blood of animals with 

endometriosis. The circulating donor cells expressed CXCR4 and mesenchymal stem cell (MSC) 

biomarkers, but not hematopoietic stem cell markers. Nearly all the circulating endometrial stem 

cells originated from endometriosis rather than from the uterus. Cells expressing DsRed, CXCR4 

and MSCs markers were identified in the peritoneal wall and surrounding vessels of recipient 

mice, contributing to both endometriosis and angiogenesis. Cells originating in endometriosis 

lesions migrated and implanted in lung tissue and displayed makers of differentiation, indicating 

retained multipotency. In vitro these cells demonstrated multipotency and were able to 

differentiate into adipogenic, osteogenic, and chondrogenic lineages. Endometriosis lesions also 

expressed high levels of CXCL12, the CXCR4 receptor ligand. Serum CXCL12 levels were 

greater than in sham control mice. In humans with endometriosis, serum CXCL12 levels were 

significantly higher than controls, suggesting that the CXCL12/CXCR4 axis is operational in 

women with spontaneous endometriosis as well. Stem cells, rather than differentiated cells from 

endometriosis, enter the circulation in response to CXCL12. We identify an endometriosis-derived 

stem cell population, a potential mechanism of dissemination of this disease and a potential target 

for treatment of endometriosis.
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Introduction

Endometriosis is a chronic, estrogen-dependent condition in which ectopic endometrial 

glands and stroma are present outside the uterine cavity. Endometriosis has been estimated 

to affect approximately 10% of reproductive-age women, 25% to 50% of women with 

infertility, and up to 50% of women with pelvic pain [1,2]. While endometriosis lesions are 

primarily located in the pelvis they have also been found in areas remote from the peritoneal 

cavity including pericardium, pleura, lung parenchyma, liver, spine, and the brain [3,4].

The definitive pathogenesis of endometriosis remains uncertain; the most commonly 

accepted mechanism is Sampson's theory of retrograde menstruation, whereby endometrial 

cells are shed through the fallopian tubes into the peritoneal cavity [5]. While this theory 

explains intraperitoneal endometriosis lesions, to account for the presence of endometriosis 

at distant sites outside the pelvis it has been suggested that lymphatic and hematogenous 

migration of endometrial tissue contributes to the pathogenesis of endometriosis [5,6]. In 

previous studies we demonstrated in both humans and a murine endometriosis model that 

bone marrow-derived mesenchymal stem cells contribute to the makeup of the eutopic 

endometrium and to endometriosis lesions, likely traveling through the circulatory system 

[7,8].

Here we hypothesized that vascular metastasis of endometriosis-derived mesenchymal stem 

cells may be a source of new lesions and contribute to pre-existing distant endometriosis [9]. 

To investigate the potential contribution of circulating ectopic endometrial-derived cells to 

the pathogenesis of endometriosis, we used an established mouse model of surgically 

induced endometriosis to identify and characterize circulating endometriosis derived cells.

Experimental Procedures

Experimental murine endometriosis

All murine experiments were approved by the Yale Institutional Animal Care and Use 

Committee (IACUC, 2014-07113). The endometriosis mouse model was created using forty 
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C57BL/6 female mice obtained from Charles River Laboratories (Wilmington, MA) as 

tissue recipients and ten DsRed mice [Tg(CAGDsRed* MST)1Nagy/J (Jackson 

Laboratories, Bar Harbor) [10–12]. In the endometriosis group (EMS group, n=10), each 

recipient animal received one DsRed donor uterus cut into three one-centimeter segments. 

Each segment was sutured into the peritoneum at separate sites so that the uterine serosa was 

in contact with the peritoneal wall. In the endometriosis plus ovariectomy group (EMS

+OVX group, n=10), each host underwent simultaneous ovariectomy as well as 

endometriosis induction as described above. In control groups, sham surgeries were 

conducted either with (n=10) or without ovariectomy (n=10), placing sutures in the 

peritoneal wall. Animals were treated with 1 mg/kg/day SQ of Meloxicam as an analgesic 

for 72hrs post-operatively.

Flow Cytometry Analysis and Cell Sorting (FACS) of Circulating Ectopic Cells

FACS analysis was performed after surgeries at set intervals to determine the presence of 

donor DsRed-positive cells in the peripheral blood. We collected 100µl of peripheral blood 

from each mouse by cheek puncture into tubes pre-treated with unfractionated heparin. 

Blood was kept on ice until processing, and red blood cells were lysed using ACK Lyse 

Solution (Life Technique, New York, USA), per the manufacturer's directions.

Flow cytometry was performed using a Beckman Coulter MoFlo (Beckman Coulter, 

SanJose, CA) and acquired data were analyzed with FLOWJO flow cytometry analysis 

software v9.5 (Treestar, Ashland, OR) with analysis gates designed to remove residual 

platelets and cellular debris. RFP-positive cells were defined by setting gates to exclude any 

background DsRed signaling found in control animals and IgG isotype staining. Between 

500,000 and 1,000,000 events were counted in each sample, and duplicate measurements 

were performed for each sample. DsRed positive cells were sorted into sterile PBS on ice for 

further qRT-PCR and fluorescent-immunocytochemistry analysis.

Fluorescent -Immunocytochemistry (FICC)

Sorted cells were smeared on slides and fixed using 4% paraformaldehyde overnight and 

blocked with 5% BSA for two hours. Slides were incubated with primary antibody (1:200 

diluted in PBS with 1% donkey serum) in a humidified chamber overnight at 4°C, followed 

by and secondary antibodies for 1 h at 37 °C. Primary antibodies used included goat 

polyclonal DsRed (Santa Cruz Biotechnology, sc-33354, Dallas, TX), rabbit polyclonal anti-

CD140B (abcam, ab32570, Cambridge, UK), rat polyclonal anti-CD146 (abcam, ab75769), 

followed by donkey-anti-goat secondary antibody AlexaFluor® 633 (Life Technologies, 

A-21082, Carlsbad, CA), donkey-anti-rabbit secondary antibody AlexaFluor® 568 (Life 

Technologies, A-10012) and donkey anti-rat secondary antibody AlexaFluor® 488 (Life 

Technologies, A-21208) conjugate for 1 h at 37 °C respectively. Vectashield/4, 6-

diamidino-2-phenylindole (DAPI, Vector laboratories, Peterborough, UK) was added onto 

the cells before observation on a Zeiss LSM 710 Duo NLO/Multiphoton Confocal 

Microscope (Zeiss Company, Germany). Negative and positive controls for DsRed consisted 

of smears of sorted DsRed negative from C57BL/6 female mice and DsRed positive DsRed 

mice uterine cells, respectively. Negative and positive control cells were processed 
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simultaneously in each staining run. For each group, at least 2000 cells were counted. Cells 

were counted by two observers blinded to the experimental group.

Paraffin-embedded Tissue Immunofluorescence

As described previously [13], one uterine horn, one lung and the spleen were harvested from 

each mouse. Tissues were fixed in 4% paraformaldehyde for 24 hours, transferred into 70% 

ethanol, and then paraffin embedded. Three-micrometer thick sections of the mounted 

formalin-fixed paraffin-embedded uterine, lung and spleen sections were deparaffinized and 

rehydrated, followed by 10 min boiling in sodium citrate (pH 6) for antigen retrieval and 

30min blocking using 2% donkey serum (Invitrogen, Carlsbad, CA). Slides were incubated 

with primary antibodies (1:200, diluted in 1% donkey serum in PBS) in a humidified 

chamber overnight at 4°C, followed by secondary antibodies (1:500, diluted in 1% BSA in 

PBS) for 45 min at 37°C. Primary antibodies used were goat polyclonal DsRed (Santa Cruz 

Biotechnology, sc-33354), rabbit polyclonal CXCR4 (Santa Cruz Biotechnology, sc-9046) 

and rabbit anti-Prosurfactant Protein C (abcam, ab90716). Secondary antibodies used were 

donkey-anti-goat secondary antibody, AlexaFluor® 633 (Life Technologies, A-21082) and 

donkey-anti-rabbit secondary antibody, AlexaFluor® 568 (Life Technologies, A-10012) 

conjugates for 1 h at 37° C. Alternatively, slides were incubated with 1:200 rat polyclonal 

anti-CD140B (abcam, ab23914) or 1:200 rat polyclonal anti-CD146 (abcam, ab75769) at 4° 

C overnight, followed by donkey anti-rat secondary antibody, Alexa Fluor 488 (Life 

Technologies, A-21208). Vectashield containing 4, 6-diamidino-2-phenylindole (DAPI, 

Vector laboratories, Peterborough, UK) was added onto the cells and allowed to incubate for 

3 hours before confocal microscopy and photography using a Zeiss LSM 710 Duo NLO/

Multiphoton Microscope (Zeiss Company, Germany). Negative and positive controls for 

DsRed tissue consisted of sections uteri of from C57BL/6 female mice and DsRed positive 

mice, respectively. Spleen tissue was used as a negative control for anti-Prosurfactant Protein 

C. Negative and positive control cells were processed simultaneously in each staining run. 

Microscopy of lung tissue was performed by individuals blinded to the treatment group.

In-vitro Mesenchymal Cell Differentiation and Imaging

Diestrous uteri from 7–8 weeks old cycling female mice were isolated, horns longitudinally 

dissected and the lumen exposed. Four 3-mm2 pieces were sutured onto the peritoneum (4 in 

each side) of C57BL/6J females, with the luminal side facing the peritoneum. Females were 

kept cycling by changing the cages’ bedding 3 time per week with fresh male urine. On day 

8 of endometriosis induction, corresponding to the day dsRed+/CD146+/CD140b+/CD45− 

cells demonstrated highest levels in circulation, lesions were extracted, finely minced and 

digested in a solution of Hanks’ balanced salt solution (HBSS) containing 25 mM HEPES 

(Life Technologies), 1 mg/mL collagenase B (Roche Diagnostics) and 0.1 mg/mL 

deoxyribonuclease I (Sigma-Aldrich) for 45 minutes at 37°C with periodic pipetting. 

Samples were filtered using 70-µm mesh, centrifuged at 2000 rpm at 4°C for 8 minutes, and 

washed in PBS. Cells were resuspended in DMEM/F12 10% FBS with 1% antibiotic and 

cultured on gelatin-coated 24-well plates. Differentiation into multiple mesenchymal 

lineages was performed using the Mouse Mesenchymal Stem Cell Functional Identification 

Kit (R&D, catalog# SC010). Mature phenotype of adipocytes, osteocytes, and chondrocytes 

was defined by staining for anti-mFABP4, anti-Osteopontin, and anti-Collagen II, 
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respectively, according to manufacturer’s instructions. Images of osteocytes and adipocytes 

were viewed in the Zeiss Observer.Z1 fluorescence microscope and images were capture 

using the Volocity Software. Paraffin sections of cell pellets undergoing chondrogenic 

differentiation were imaged using laser scanning confocal microscope (LSM 710; Zeiss) and 

captured using ZEN software (Carl Zeiss).

Human Study Population

The human portion of our study was approved by the institutional review board of Gangnam 

Severance Hospital, where deidentified samples were collected, and by Yale School of 

Medicine (HIC Waiver 9808010450). Twenty-one women aged 22 to 45 years participated in 

this study after giving written informed consent. As described in our previous study [14], 

volunteers were recruited from patients who underwent laparoscopy for various indications 

including, pelvic masses, pelvic pain, endometriosis, infertility, and diagnostic evaluation of 

benign gynecologic disease between June 2010 and March 2013. Women were recruited 

based on the following inclusion criteria: aged 20 to 50 years, no hormone therapy for at 

least 3 months, nonsmoker, no history or signs of any inflammatory disease, and who were 

undergoing surgical treatment/exploration. Participants were rejected from the study based 

on the following exclusion criteria: postmenopausal status; previous hormone or 

gonadotropin-releasing hormone (GnRH) agonist use; adenomyosis; endometrial cancer, 

uterine hyperplasia, or endometrial polyps; infectious diseases; chronic or acute 

inflammatory diseases; malignancy; autoimmune disease; and cardiovascular disease. 

Eleven patients had histologically confirmed peritoneal and/or ovarian endometriosis, and 

ten patients without endometriosis participated as controls. Blood samples were collected 

into 10 mL sterile tubes with no additives and were immediately centrifuged at 1000 g for 10 

minutes. Sediment-free serum samples were obtained and aliquots were frozen at −80°C for 

further analysis.

CXCL12 (SDF-1) Enzyme-Linked Immunosorbent Assay (ELISA) analysis

To study circulating CXCL12 (SDF-1) concentration after induction, blood samples were 

taken from murine EMS, EMS+OVX and control groups and serum stored at −20 °C until 

use. Mouse and human Serum CXCL12 concentrations were determined with ELISA per the 

manufacturer's instructions (R&D Systems, Wiesbaden Norderstedt, Germany).

Quantitative Real-time reverse transcription-polymerase chain reaction (real-time RT-PCR)

The mRNA of sorted cells by FACS was extracted using mirVana PARIS RNA and Native 

Protein Purification Kit (Life technologies, AM1556) per the manufacturer's protocol. 

Complementary cDNA was synthesized using reverse transcriptase iScript cDNA Synthesis 

Kit (Bio-Rad, Hercules, CA) in a 20 µL reaction mixture. Real-time quantitative RT-PCR 

using the CFX Connect Real-Time PCR Detection System (Bio-Rad) was performed with 20 

µL of the single stranded cDNA sample with iQ SYBR Green supermix (Bio-Rad) following 

the manufacturer's protocol. Melting curve analysis was performed after the real-time RT-

PCR to monitor PCR specificity and primer efficacy. Samples were run in technical 

triplication, and samples from all 20 animals were analyzed. Samples were evaluated for the 

presence of β-actin, CD90, CD105, CD9, CD45, CD34, Oct-3/4, CXCR4 and DsRed 

transcripts. We define samples as negative that had not crossed the automated Cq threshold 
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after 40 cycles and had valid β-actin signals. All samples that are positive for a marker 

crossed the Cq threshold by 35 cycles and had valid β-actin signals.

Western blotting

Protein extracts from endometriosis lesions were subjected to 12% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). The blots were transferred to PVDF 

membrane, blocked with 5% BSA in PBS-Tween-20 (PBS-T) and processed for 

immunodetection with rabbit polyclonal anti-SDF-1a (1:1000) (Abcam, ab25117) and rabbit 

polyclonal anti-GAPDH (1:1000) (Cell signaling, USA, D16H11) at 4 °C overnight. Bands 

were visualized with the corresponding secondary antibody conjugated with horseradish 

peroxidase diluted at 1:8,000 (Cell signaling, USA) by enhanced chemiluminescence 

(Amersham Life Sciences, Little Chalfont, UK). The density of specific bands was 

quantified using Quantity One software (Bio-Rad). The relative band density was calculated 

as a ratio of sample to GAPDH.

Results

Endometriosis-Derived Cells in the Circulation of mice

To determine if endometriosis-derived cells could be detected in the circulation, DsRed 

positive cells in blood were measured by flow cytometry in the EMS and EMS+OVX mouse 

models. We detected endometriosis-derived cells in the circulation of all animals with 

experimental endometriosis and none in the controls. Circulating endometriosis-derived cell 

counts rose from day 5 after disease induction and remained elevated for approximately two 

weeks (Figure 1). We recorded a significant overall mean elevation in endometriosis-derived 

cell counts within the EMS and EMS+OVX groups from day 5 through day 16, with peaks 

at day 7 in the EMS+OVX group (8.7 cells/µL) and day 9 for the EMS group (7.9 cells/µL). 

Circulating endometriosis-derived cells levels in the EMS+OVX group were significantly 

higher from D2 to D8 but decreased after D8 compared with the EMS group. No significant 

difference was detected between sham surgery animals, or between sham surgeries versus 

non-treated C57BL/6 mice.

Circulating Endometriosis-Derived Cells Expressed CXCR4 and Mesenchymal Stem Cell 
Biomarkers

Fluorescent-ICC was performed on sorted cells to confirm DsRed expression as well as 

endometrial MSC biomarkers. Co-expression of CD146 and platelet-derived growth factor 

receptor beta (PDGF-Rb, also known as CD140B) was also evaluated here as a well 

characterized marker used to identify endometrial mesenchymal stem cells [15]. When 

circulating cells were sorted using CD146 and CD140B in the EMS and EMS+OVX groups, 

90.1% and 89.3%, respectively, (P=0.35) of sorted cells were DsRed positive. When sorted 

for DsRed, 96% and 97% (P=0.41) of the positive cells expressed both CD146 (green) and 

CD140B (orange), respectively (Figure 2 A–E). We did not find any DsRed signal in cells 

from control C57BL/6 female mice. These data indicate that a majority of the circulating 

endometrial stem cells are derived from endometriosis rather than from the endometrium.
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Further characterization was done by real-time RT-PCR measuring CXCR4, mesenchymal 

stem/stromal cell biomarkers CD90, CD105, CD9, and Oct3/4, endometrial mesenchymal 

stem cell markers CD146 and CD140B as well as hematopoietic stem cell markers CD34 

and CD45. Circulating DsRed cells in both EMS and EMS+OVX mice expressed CXCR4 

and CD90, CD105, CD9 and Oct3/4 mesenchymal stem cell biomarkers as well as CD146 

and CD140b but not hematopoietic stem cell markers CD34 and CD45[16–18]. The 

presence of known endometrial and mesenchymal stem cell markers and a lack of 

hematopoietic stem cell biomarkers indicates that circulating endometriosis-derived cells are 

likely endometrial mesenchymal stem cells.

Endometriosis Derived Cells Retain Potency after Hematogenous Dissemination

To confirm that populations of cells within endometriosis lesions retain multipotency, we 

performed a mesenchymal stem cell differentiation assay on lesions after 8 days of 

implantation, the same time frame where we see maximal dissemination of mesenchymal 

stromal cells via FACS. Mesenchymal stem cells from endometrial lesions were able to 

differentiate into adipogenic, osteogenic and chondrogenic lineages, demonstrating retained 

potency at the time of hematogenous dissemination (Figure 3). We verified that 

endometriosis-derived cells exhibit stem-cell properties in vivo by examining regions 

accessible only by vascular dissemination for the presence of Dsred cells, and for evidence 

of differentiation into non-endometrial cells. Cells that co-express Dsred and Prosurfactant 

Protein C were identified within the lung of EMS animals 8 weeks after endometriosis 

induction (Figure 4). Prosurfactant Protein C is a membrane bound protein expressed by 

type II alveolar cells but not expressed in uterine endometrial cells or leukocytes [19].These 

differentiated cells provide evidence that endometriosis-derived cells retain multipotency, 

and implant in regions accessible only by vascular dissemination. Clusters of cells were 

found in four different animals that co-expressed both DsRed (red) and Prosurfactant Protein 

C (Green), indicating that cells originating from endometriosis lesions have traveled to the 

lung, engrafted, and differentiated in vivo within the lung. These data indicate that a 

population of cells disseminating from the endometriosis lesion are likely endometriosis-

derived stem cells.

Elevated CXCL12 (SDF-1) Levels in Serum and Ectopic lesions

The level of serum CXCL12 (SDF-1) was determined in EMS, EMS+OVX and sham 

control groups. As shown in Figure 5, we found a significantly higher concentration of 

serum CXCL12 (SDF-1) at D7 after surgeries in EMS+OVX (1.46±0.134 ng/ml) and EMS 

(1.31±0.208 ng/ml) than sham control mice (0.44±0.187 ng/ml). Serum CXCL12 abundance 

diminished over time; at D14 CXCL12 was significantly higher in EMS (0.94±0.262 ng/ml) 

and EMS+OVX (0.75±0.182 ng/ml) than sham control mice (0.44±0.187 ng/ml) (Figure 

5A). Levels of CXCL12 were also elevated in the serum of women with endometriosis 

compared to disease free controls (Figure 5B), however to a far lesser extent than in the 

murine model.

To identify the potential source of the elevated serum CXCL12, ectopic lesions in EMS, 

EMS+OVX and sham groups were analyzed using western blotting. CXCL12 was expressed 

at high levels in the endometriosis lesions (Figure 4C). The expression decreased in parallel 
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with the serum levels when the ectopic and serum SDF-1a levels were compared (Figure 5A 

and C).

CXCR4 positive Endometriotic-Derived Cells Contribute to the growth and Angiogenesis of 
Endometriotic Implants

To investigate whether donor endometriosis derived CXCR4+ cells can contribute to the 

implantation of ectopic endometrium, uterine segments from DsRed mice were transplanted 

into the peritoneal walls of same strain CD57BL/6 mice. Histologic study of ectopic lesions 

with immunofluorescence staining demonstrated the presence of new vessels and single cells 

from donor tissue in the peritoneal wall of recipient mice. Those new vessels and single cells 

expressed DsRed, CXCR4 and CD146 and CD140B [15] (Figure 6). These data demonstrate 

that endometriotic-derived CXCR4 positive stem cells likely contributed to endometriosis 

growth and angiogenesis.

Discussion

Endometriosis-derived cells circulate, express MSCs markers and implant in remote 
locations

In this study, we demonstrated that cells from endometriosis lesions entered the circulation 

and had several characteristics of mesenchymal stem cells including proliferation, the 

immunophenotype of endometrial mesenchymal stem cells, as well as the ability to 

differentiate into type II alveolar cells in vivo. We additionally confirmed that cells within 

endometriosis lesions have potent stem cell populations 8 days after lesion implantation as 

defined by in vitro differentiation assay per ISTC guidelines. Endometriosis lesions have 

been identified in organs remote from the peritoneal cavity, and we speculate that 

hematogenous spread of stem cells derived from the endometriosis lesions contributes to the 

distant spread [3,4]. In our experiments, almost all the cells identified in circulation that 

expressed endometrial stem cell markers CD140b and CD146 were derived from the donor 

tissue that comprised the endometriosis. This suggests that populations of potent 

mesenchymal stem cells from endometriosis lesions, and not just the native uterus, can 

spread over large distances. Treatment of peritoneal lesions may prevent the propagation of 

further disease as well as the occurrence of remote lesions outside of the peritoneal cavity.

Endometriosis-derived circulating cells were consistently found in the blood of animals with 

endometriosis, and may be useful as a biomarker of disease in humans. Interestingly, the 

number of circulating donor endometriosis-derived cells increased during lesion 

establishment in the mouse endometriosis model, indicating active vascular trafficking of 

endometrial-derived cells in the early stages of lesion development. In the murine model, 

endometriosis is established by suturing portions of the endometrium to the peritoneal 

cavity, which is a different pathogenesis than in humans. This subjects the developing 

lesions to a potentially more profound hypoxic and inflammatory environment, possibly 

enhancing cell mobilization. A similar study using a mouse endometriosis model showed 

that donor bone marrow derived circulating endothelial progenitor cells were found to be 

elevated acutely after disease induction [20]. Both cell types may be involved in disease 

establishment and serve as biomarkers of active disease.
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Here the majority of circulating endometriosis derived cells were likely mesenchymal stem 

cells given their expressed biomarkers and ability to differentiate in vivo. The circulating 

donor endometriosis-derived stem cells expressed mesenchymal stem cell markers but 

lacked hematopoietic stem cell markers. Several lines of experimental evidence suggest that 

endometrial stem cells function in the development of endometriosis, providing a another 

mechanism of disease origin [7,9,13,21–25]. Endometrial stem cells are capable of self-

renewal, multipotency, immunomodulation, homing, and are well positioned to migrate and 

differentiate under the influence of different stimuli from the surrounding environment 

[26,27]. Similarly, we have demonstrated that endometriosis-derived stem cells retain their 

potency after leaving the lesion. We identified at least one site in each animal studied where 

endometriosis-derived mesenchymal cells implanted and differentiated into type II alveolar 

cells. Additionally we demonstrate through in vitro differentiation into chondrogenic, 

osteogenic and audiogenic lineages, that mesenchymal stem cells within endometriosis 

lesions retain their potency at the time of vascular dissemination. These findings support the 

hypothesis that that a population of the circulating endometriosis derived cells have retained 

the ability to differentiate remotely.

Endometriosis may be regarded as a stem cell disease; these endometrial stem cells 

differentiate into local tissue types, but cells may also differentiate into epithelium, glands, 

and stroma to form functional ectopic endometrial tissue [9,28]. Endometrial-derived stem 

cell vascular metastasis as described in this study might provide a valuable explanation for 

those cases of distant, deep infiltrating and recurrent endometriosis.

CXCR4/CXCL12 (SDF-1) axis and Endometriosis-Derived MSCs

Circulating endometriosis-derived stem cells expressed CXCR4 in our murine endometriosis 

model. CXCR4 is the receptor for CXCL12, a prototype of several chemotactic factors and 

membrane receptors involved in the migration of mesenchymal stem cells [29]. Our results 

are consistent with another study cataloging gene expression of endometrial mesenchymal 

stem cells in the uterus which showed that those cells had a high expression of CXCR4 [26]. 

Here we show that the cells that enter the circulation are likely stem cells and nearly all 

expressed CXCR4. It is possible that CXCR4 is a primary means by which these cells are 

directed to endometriosis which expressed high levels of CXCL12. We found that CXCL12 

was increased in serum as well as in the endometriosis lesions. The role of the CXCR4/

CXCL12 axis in both migration/circulation of normal stem cells and metastasis of malignant 

stem cells has been demonstrated in several laboratory model systems [23,30–38]. While the 

difference in serum CXCL12 levels between women with and without endometriosis is less 

than that between murine groups, human lesions are often small; the effect may be more 

important locally where the microenvironment surrounding endometriosis may contain high 

levels of CXCL12 [39–41]. Here, the elevated levels of CXCL12 produced by the ectopic 

lesions likely contribute to the pool of circulating CXCL12, however it is likely that locally 

elevated levels and large concentration gradients surrounding the lesions serve to attract cells 

that engraft and propagate the disease.

Stem cell metastasis is mediated by the CXCR4/CXCL12 axis through a multistep process 

in which CXCR4 positive cells first leave their stem cell niche, then are transported via the 
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peripheral blood or lymph to the target tissues following the gradient of CXCL12 [31,42–

45]. This axis may also explain the presence of CXCR4+ endometriosis-derived cells in the 

circulation as well as in ectopic sites in this study. Further, endometriosis-derived CXCR4 

positive single cells and newly-formed vessels with endometrial and mesenchymal stem 

cells biomarkers were detected in the recipient peritoneal wall of ectopic sites, indicating 

that the CXCR4/CXCL12 axis may underlie the pathogenesis of ectopic endometrial stem 

cell mobilization as well as angiogenesis. These cells are capable of contributing to both the 

endometriosis itself as well as the new vasculature required to support the lesion. We 

speculate that aberrant CXCL12 expression may also attract these cells to new sites and lead 

to additional lesions of endometriosis.

The number of circulating donor endometriosis-derived cells peaked and decreased earlier in 

EMS+OVX mice. Consistent with the number of circulating endometriosis-derived cells, 

serum CXCL12 levels were also higher in EMS+OVX mice than EMS mice 7 days after 

induction. Although several in vitro studies have shown that estrogen positively regulates 

CXCL12 in human breast and ovarian cancer cells as well as endometrial cells in vitro [46–

48], surprisingly, in our in vivo study serum CXCL12 levels were increased in OVX mice. 

Increased CXCL12 levels following OVX indicate that estrogen is not the only factor that 

controls CXCL12 production [46]. Endometriosis derived stem cells from normal tissue and 

endometriosis lesions were reported to lack estrogen receptors that were then acquired only 

during differentiation, suggesting that their survival and growth were estrogen independent 

[24]. CXCL12 mRNA levels paralleled numbers of circulating endometriosis-derived stem 

cells in animals with or without ovaries; therefore serum CXCL12 is elevated in active 

disease, independent of regulation by estrogen. Endometriosis results in CXCL12 mediated 

ectopic endometriosis-derived stem cell mobilization.

In conclusion, endometriosis-derived cells circulate during the establishment of 

endometriosis. These CXCR4 positive endometriosis-derived cells are likely endometriosis-

derived stem cells and respond to serum CXCL12. They contribute to the endometriosis and 

angiogenesis in ectopic sites. We speculate that circulating endometriosis stem cells 

propagate the disease through vascular dissemination, and may also serve as biomarkers of 

active lesion establishment. Blocking endometriosis derived stem cell migration, potentially 

through the CXCL12/CXCR4 axis is a novel approach to control the spread of this common 

disease.
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Figure 1. Endometriosis-derived cells circulate in the vascular system after lesion implantation
A: Circulating DsRed total cell counts in endometriosis induced mice compared to sham 

surgery control group, ** P < 0.01, * P < 0.05; B: Circulating DsRed cells in endometriosis 

induced and OVX mice. Compared to sham surgery group, ** P < 0.01, * P < 0.05; C: 

Circulating DsRed cells in EMS vs. EMS+OVX mice, compare to sham surgery group, ** P 
< 0.01, * P < 0.05; compare to EMS+OVX group, ΔΔ P < 0.01, Δ P < 0.05. N=10 per 

treatment group.
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Figure 2. Endometriosis-derived stem cells co-express mesenchymal stem cell markers
Fluorescent -ICC Analysis of sorted circulating DsRed Cells in experimental endometriosis 

without OVX. Sorted cells were confirmed to be DsRed positive cells, and proved to express 

endometrial mesenchymal stem cell markers CD146 & CD104B. Scale bars are 20µM.
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Figure 3. Differentiation of Endometriosis Derived Cells in vitro
Cells derived from endometriosis lesions eight days after implantation differentiate in vitro 
into adipogenic lineages expressing FABP4 (A), osteogenic lineages expressing osteopontin 

(B) and chondrogenic lineages expressing collagen II (C). Scale Bars for A, B= 110µM; 

C=50µM
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Figure 4. Endometriosis Derived Stem Cells Differentiate in vivo into Alveolar Cells
A: DsRed positive lung tissue shows global DsRed and Prosurfactant Protein C expression. 

Staining shows Prosurfactant Protein C (green), DsRed (red), and nuclei (DAPI; blue). B: 

Sham surgery animals that received suture only show no DsRed staining in the lung. C: 

Concurrent DsRed and Prosurfactant Protein C staining in the lung indicates that cells from 

a DsRed endometriosis lesion have traveled from the lesion in the peritoneum to the lung 

and differentiated into Type II alveolar epithelial cells in vivo. Scale bars = 20µM (N=4)
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Figure 5. Serum CXCL12 (SDF-1) levels are increased in animals with endometriosis lesions
A: Serum CXCL12 expression in endometriosis induced (EMS) and endometriosis induced 

and ovariectomy (EMS+OVX) mice at one and two weeks after induction. Compared to the 

sham surgery group, high serum CXCL12 levels were detected in all four experimental 

groups (P < 0.01). B: Similar to the murine model, human serum CXCL12 levels were 

increased in women with endometriosis. C: Western blotting analysis of ectopic lesions in 

EMS and EMS+OVX mice. Compared to the sham group higher levels of CXCL12 was 

detected in endometriosis; a indicates sham vs EMS P < 0.01; b indicates sham vs EMX

+OVX P < 0.01.
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Figure 6. The CXCR4/CXCL12 pathway is involved in lesion expansion and proliferation
Immunofluorescence Analysis of ectopic lesions in endometriosis induced mice. A: To 

investigate the contribution of CXCR4 positive ectopic endometrial-derived stem cells to the 

expansion of ectopic lesion, DsRed(A-1,B-1), CXCR4 (A-2,B-2), CD140B (A-3), and 

CD146(B-3) were used to mark mesenchymal stem cells that give rise to blood vessels 

within a lesion and lesion expansion. B: CXCR4 positive new blood vessels (yellow arrow) 

and single cells expressing mesenchymal stem cell markers (blue arrows) were found in 

recipient peritoneal wall. Scale bars = 20µM.
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