
ORIGINAL ARTICLE: ENDOMETRIOSIS
Sorafenib inhibits growth, migration,
and angiogenic potential of ectopic
endometrial mesenchymal stem cells
derived from patients
with endometriosis
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Objective: To characterize the proliferation, migration, and angiogenic properties of mesenchymal stem cells (MSC) from ectopic and
eutopic endometrial tissue and to investigate the effect of the tyrosine kinase inhibitor sorafenib.
Design: In vitro studies.
Setting: University hospital and research center.
Patient(s): Patients receiving surgical treatment of endometriosis (n ¼ 4) and control patients without endometriosis (n ¼ 2) under-
going surgery for benign gynecologic diseases.
Intervention(s): Mesenchymal stem cell lines were isolated from ectopic and eutopic endometrial tissue, and sorafenib was adminis-
tered to them.
Main Outcome Measure(s): Proliferation, migration, invasion of endometrial MSC, and expression of ezrin, vascular endothelial
growth factor, and hypoxia-inducible factor-1a (HIF-1a) were measured.
Result(s): Ectopic endometrial MSC from patients with endometriosis showed a higher proliferation, migration, and angiogenic ability
than eutopic MSC from the same patient or control MSC from patients without endometriosis. Sorafenib reduced the proliferation, mo-
tility, ezrin phosphorylation, vascular endothelial growth factor release, and HIF-1a expression of ectopic MSC.
Use your smartphone
Conclusion(s): The increased proliferative, migratory, and angiogenic phenotype of ectopic
MSC may be reverted by treatment with sorafenib. Targeting of the MSC population involved
in sustaining the ectopic lesions might be useful in eradicating endometriotic implants. (Fertil
Steril� 2012;-:-–-. �2012 by American Society for Reproductive Medicine.)
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E ndometriosis is a common gyne-
cologic disorder characterized by
the growth of endometrial tissue
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(2). Many hypotheses have been made
about the histologic origin of endometri-
osis. First, Sampson's theory postulated
that endometriotic implants may arise
from retrograde menstruation of endo-
metrial tissue through the fallopian
tubes into the peritoneal cavity (3, 4).
In addition, genetic and immunologic
factors seem to play important roles in
the pathogenesis of endometriosis,
because they may be involved in the
survival of cells inside the ectopic
lesions (5–7). In the last decade, cell
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populations displaying stem cell markers/properties were
identified in the basalis layer of endometrium (8–17), adding
new perspectives to the pathogenesis of endometriosis (18).
Endometrial stem cells were concordantly isolated and
characterized as cells with mesenchymal origin and multi-
differentiative properties (13–17) and were implicated in
cyclic endometrial regeneration (9, 10, 15–17). Stem cells
with a mesenchymal phenotype were also isolated from
ectopic endometrial implants (19). It was proposed that
endometrial stem cells, shed through the fallopian tube
during menstruation, could be responsible for the
establishment of endometrial implants (18). However, the
biological mechanisms triggering the characteristics of
mesenchymal stem cells (MSC) in the eutopic and ectopic
endometrium still deserve further investigation.

Endometriosis is not a cancer; however, it is characterized
by some of the adaptive properties of tumor cells, such as mi-
gration, invasion, and angiogenesis. Indeed, survival and pro-
liferation of endometrial lesions strictly depend on the
formation of new blood vessels, which provide oxygen and
nutrient supply (19–21). Accordingly, antiangiogenic
treatment and vascular-disrupting agents could represent
a possible therapeutic strategy against this pathology (22, 23).

In the present study, we isolated MSC from ectopic
endometrial tissue to evaluate their characteristics in terms
of proliferation, migration, ezrin phosphorylation, hypoxia-
inducible factor-1a (HIF-1a), and vascular endothelial
growth factor (VEGF) expression with respect to MSC ob-
tained from eutopic tissue of the same patient. Subsequently,
we tested the effect of sorafenib, a multi-tyrosine kinase in-
hibitor (24), as a possible tool to modulate their growth, mi-
gration, and angiogenic properties.
MATERIALS AND METHODS
MSC Isolation and Culture

The cell lines were obtained from four patients receiving sur-
gery for treatment of ovarian and peritoneal endometriosis
and from two control patients undergoing polypectomy and
myomectomy (Supplementary Table 1, available online) in
the Department of Obstetrics and Gynecology, University of
Torino. Two samples were collected from the same patient
with endometriosis—one of eutopic endometrium and one of
ectopic implant. This study was approved by the Ethics Re-
view Board of Ospedale Infantile Regina Margherita Sant
Anna (Torino). Preoperative informed consent was obtained
from each patient. Tissues were processed enzimatically
with 0.1% type I collagenase (Sigma-Aldrich) for 30 minutes
in a 37�C incubator. Later, cell aggregates were filtered
through 60-mm and 120-mm meshes. Cells were seeded at
a density of 1.0–1.5� 105 viable cells (80% viable cells deter-
mined by trypan blue) per cm2 in endothelial cell basal me-
dium with an EGM-MV kit (Lonza; containing epidermal
growth factor, hydrocortisone, bovine brain extract, and 5%
fetal calf serum [FCS]) previously described for MSC isolation
(25). Dead cells were poured off 72 hours later and, after 5–7
days, cell clones were typically observed. Cells were passaged
at confluence and after 2–3 days in the subsequent passages.
The endometrial MSC obtained (eutopic MSC, n ¼ 4; ectopic
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MSC, n ¼ 4; control MSC, n ¼ 2) were cultured for at least
20 passages to test the self-renewal ability typical of MSC.
Bone marrow–derived MSC were cultured in mesenchymal
stem cells basal medium (Lonza).

Flow Cytometric Analysis

Cytometric analysis was performed using FACScan (Becton
Dickinson) as previously described (25). Details are provided
in Supplementary Materials and Methods (available online).

Real-Time Polymerase Chain Reaction Analysis

Gene expression was performed by quantitative real time
reverse transcription-polymerase chain reaction (RT-PCR)
with Applied Biosystems StepOne, as previously described
(26). Details are provided in Supplementary Materials and
Methods.

Immunofluorescence and Immunohistochemistry

Immunofluorescence was performed on chamber slides
(Sigma) on which cells were fixed in 4% paraformaldehyde
containing 2% sucrose for 15 minutes at 4�C, permeabilized
with 0.1% Triton X-100 (Sigma) for 8 minutes at 4�C, and
then incubated overnight at 4�C with the appropriate anti-
bodies. Anti–pan-cytokeratin (Biomeda), anti-vimentin
(Sigma), mouse anti–E-cadherin (DakoCytomation), and rab-
bit anti-estrogen receptor (ER) (clone SP1; Ventana-Diapath)
antibodies were used. Primary antibodies were detected using
anti-mouse or rabbit secondary antibodies conjugated with
Alexa Fluor 488 or Texas Red (Molecular Probes). Hoescht
33258 dye (Sigma) was added for nuclear staining, and imag-
ingwas performedusing an LSM5Pascal confocalmicroscope
(Carl Zeiss International). Substitution with an unrelated rab-
bit serum or mouse IgG served as negative control. For immu-
nohistochemistry, cell lines were harvested by cell scraper
before reaching confluence, washed, and fixed in 4%
neutral-buffered formalin (Histo-Line Laboratories) at room
temperature. Afterward, cell pellets were processed to paraffin
embedding with an automatic processor (ASP 300; Leica Mi-
crosystems). One section from each block was stainedwith he-
matoxylin and eosin. Immunohistochemistry was performed
on additional sections using an automated slide-processing
platform (BenchMark AutoStainer; Ventana) with prediluted
anti-ER monoclonal antibody (clone SP1; Ventana-Diapath).

In Vitro Differentiation

The MSC lines were seeded in differentiating conditions, as
previously described (25). For in vitro osteogenic differenti-
ation, cells were cultured (50,000 cells per well) in osteo-
genic medium (Lonza) for 2 weeks, and differentiation was
analyzed by staining with alizarin red (Lonza) for 20 min-
utes. For epithelial differentiation, cells were seeded at
50,000 cells per well with Roswell Park Memorial Institute
1640 medium (Lonza) with addition of 10% FCS, 20 ng/
mL hepatocyte growth factor, 10 ng/mL fibroblast growth
factor-4, and 10�9 M dexamethasone (all from Sigma). After
2 weeks of differentiation, cells were subjected to immuno-
fluorescence. Expression of epithelial markers was analyzed
VOL. - NO. - / - 2012
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semi-quantitatively by measuring fluorescence intensity by
digital image analysis after subtraction of the background
fluorescence, using the LSM image analysis program (Carl
Zeiss International). Ten microscopic fields (magnification,
�40) were analyzed for each marker.
Drugs and Reagents

Sorafenib (BAY-9006), provided by Bayer Pharmaceuticals,
was dissolved in polyethylene glycol 400 (Sigma) at a final
concentration of 10 mM and stored at �20�C. The drug was
diluted in the culture medium to the desired concentration,
range 1–10 mM, as previously described to be effective
in vitro (27). 17b-Estradiol (Sigma) was dissolved in absolute
ethanol and subsequently diluted in phenol-free Roswell Park
Memorial Institute 1640 medium (Lonza). Solvent vehicle was
added to cultures as control.
Cell Proliferation Assay

The cells were seeded at 2,500 cells per well into 96-well
plates. Deoxyribonucleic acid synthesis was detected as incor-
poration of 5-bromo-2-deoxyuridine (BrdU) into the cellular
DNA after 48 hours of culture in expansion medium. Cells
were fixed with ethanol/HCl and incubated with nuclease.
The BrdU incorporated into the DNA was detected using an
anti-BrdU peroxidase-conjugated antibody and visualized
with a soluble chromogenic substrate (Roche Applied Sci-
ence). Optical density was measured with an ELISA reader (Bi-
oRad) at 415 nm. In selected experiments, cells were treated
with sorafenib (2.5–10 mM), 10 nM E2, or vehicle alone.
Migration and Invasion Assay

Cells were seeded in transwell chambers with 8-mm pore, at
a concentration of 50,000 cells per well in 200-mL endothelial
cell basal medium. For invasion assay, cells were seeded on
a filter coated with Matrigel (1:5 dilution). In selected exper-
iments, cells were treated with sorafenib (5 mM) or with vehi-
cle alone. After 24 hours the cells on the underside of the
filters were fixed with methanol for 10 minutes and stained
with crystal violet solution for 20 minutes. The numbers of
cells migrated and invaded to the underside of the membrane
were quantitatively determined by ImageJ software (freely
available at http://rsbweb.nih.gov/ij/).
Cytokine Assay

Vascular endothelial growth factor was analyzed by multi-
plex cytokine array, based on fluorescently dyed micro-
spheres (Bio-Plex; BioRad). Mesenchymal stem cells were
cultured to a confluence of 90%. Cells were then exposed to
a-minimal essential medium with 0.5% albumin (Sigma) for
12 hours. The supernatant was collected, centrifuged (1,200
rpm, 4�C, 5 minutes), and frozen at �20�C.
Western Blot Analysis

Western blot analysis was performed as previously described
(26). For protein analysis, cells were lysed at 4�C for 30
minutes in RIPA buffer (20 nM Tris-Hcl, 150 nM NaCl, 1%
VOL. - NO. - / - 2012
deoxycholate, 0.1% sodium dodecyl sulfate, and 1% Triton
X-100, pH 7.8) supplemented with protease and phosphatase
inhibitors cocktail and phenylmethylsulfonyl fluoride
(Sigma). Aliquots of the cell lysates containing 40 mg protein,
as quantified by the Bradford BioRad Protein Assay (BioRad),
were run on 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluor-
ide (PVDF) membrane by the iBlot Dry Blotting System (Invi-
trogen). Primary antibodies were anti-actin (Santa Cruz
Biotechnology), anti-ezrin, anti-fosfo-ezrin-radixin-moesin
(ERM) proteins, and anti–hypoxia-inducible factor-1a
(HIF-1a) from Cell Signaling Technology. After incubation,
membranes were stained with secondary antibodies (Pierce)
conjugated with horseradish peroxidase (Pierce). Results
were analysed with Quantity One software (BioRad). Quanti-
fication of the bands was done by Quantity One software (Bi-
oRad), and the relative quantification of the band was
calculated through the ratio band-specific antibody/band ac-
tin. Every experiment was repeated three times.

Statistical Analysis

Results were expressed as means � SD. Analysis of variance
with Dunnett's multicomparison test or Student's t test were
performed. Significance was set at P< .05.

RESULTS
Isolation and Characterization of Ectopic, Eutopic,
and Control MSC

We isolated and generated MSC lines from biopsy specimens
of eutopic (Euto-MSC) and ectopic (Ecto-MSC) endometrium
of women with endometriosis (n ¼ 4) (Supplementary
Table 1), as described in Materials and Methods. Control
MSC lines were obtained from biopsy specimens of women
without endometriosis (Ctrl-MSC; n ¼ 2). The Euto-MSC,
Ecto-MSC, and Ctrl-MSC lines were phenotypically and func-
tionally characterized and were kept in culture until the 20th–
28th passage, showing the self-renewal ability typical of
mesenchymal stem cells (14). Experiments were performed
on cells between the 3rd and 10th culture passages.

By FACS analysis, all lines were highly positive for the
MSC markers CD105, CD73, and CD44 (Fig. 1A;
Supplementary Table 1). The expression of CD29 and of the
embryonic stem cell marker SSEA4 was variable among lines
(Supplementary Table 1). The absence of contaminating cells
was shown by the lack of CD34, CD45, and CD14 expression
by endometrial MSC lines (Supplementary Table 1). The phe-
notype of these lines was also confirmed by expression of the
mesenchymal marker vimentin but not of the epithelial
marker cytokeratin by all cell lines, as evaluated by immuno-
fluorescence staining (Fig. 2). Moreover, all MSC lines were
able to differentiate in osteoblasts, as shown by staining
with alizarin red (Fig. 2). No differentiation was observed
into adipocytes in all endometrial MSC lines (data not shown).
We also evaluated the expression of embryonic stem cells
transcription factors by quantitative real time RT-PCR analy-
sis. Klf and c-Myc and c-Myc genes were overexpressed in the
Ecto-MSC with respect to Euto-MSC derived from the same
patient, as well as with respect to Ctrl-MSC (Fig. 1B). No
3
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FIGURE 1

Characterization of endometrial MSC. (A) Representative FACS analyses of Ecto-MSC, Euto-MSC, and Ctrl-MSC at early culture passages. The filled
area shows binding of the specific antibody, and the dark line shows the isotypic control. All four Ecto-MSC and Euto-MSC lines and two Ctrl-MSC
lines showed similar marker expression. (B) Quantitative real-time RT-PCR analysis of endometrial MSC showing the expression of mRNAs encoding
for the embryonic transcription factors Klf and c-Myc. All data were normalized to TATA binding protein (TBP) mRNA. The mean of three different
cell lines was normalized to 1 for Ecto-MSC.
Moggio. Sorafenib and ectopic endometrial MSC. Fertil Steril 2012.
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Oct4A gene expression was observed (data not shown), as re-
ported in bone marrow–derived MSC (26). Finally, all MSC
lines showed the ability to differentiate into epithelial cells af-
ter 14-day culture in epithelial differentiating medium, as
shown by the acquisition of the epithelial markers cytokeratin
and E-cadherin, as well as of the ER (Fig. 2). Altogether, these
data indicate that Ecto-, Euto-, and Ctrl-MSC present a similar
mesenchymal phenotype.
Increased Proliferation, Migration, and VEGF
Release in Ecto-MSC

We subsequently compared the MSC lines by a functional
point of view. Because MSC from peritoneal lesions and ovar-
ian cyst represent different tissue types, migration, invasion,
and proliferation ability were analyzed independently. Ecto-
MSC derived from peritoneal lesions (n ¼ 3) showed a higher
proliferation rate and migration ability than Euto-MSC and
Ctrl-MSC (Fig. 3A and B). No significant difference was found
in the invasion (Fig. 3C). Analogously, Ecto-MSC from an
ovarian cyst showed increased proliferation, migration, and
invasion with respect to Euto-MSC deriving from the same
patient (Fig. 3A–3C, inset), indicating similar behavior.
4

All Ecto-MSC lines released a significantly higher amount
of VEGF in the cell supernatant than Euto-MSC and Ctrl-MSC
(Fig. 3D). This was confirmed at the gene expression level,
showing a greater VEGF transcription in Ecto-MSC
(Fig. 3E). We therefore assayed the gene expression of the ma-
jor transcription factor involved in VEGF expression,HIF-1a,
because it is also known to be overexpressed in endometriotic
implants (28). As shown in Figure 3F, the HIF-1a messenger
RNA (mRNA) was significantly higher in Ecto-MSC. These
data suggest a role for MSC in the growth and in the angio-
genic process of endometriotic lesions.
Identification of Endometrial MSC Targets

To identify strategies to inhibit the altered characteristics of
Ecto-MSC, we evaluated the expression by endometrial
MSC of the ER and the influence of E2 on cell functions. All
cell lines were negative for ER expression (Fig. 3H). In addi-
tion, E2 stimulation did not enhance proliferation (Fig. 3I),
migration, or invasion (not shown) of MSC cells.

We subsequently focused our attention on sorafenib,
a multi-kinase inhibitor targeting Raf kinases, such as RAF-
1 and B-RAF, as well as growth factor receptors (24, 27, 29).
VOL. - NO. - / - 2012



FIGURE 2

Characterization and differentiation of endometrial MSC. (A) Representative confocal immunofluorescencemicrographs showing the expression of
vimentin and the absence of cytokeratin by Ecto-MSC, Euto-MSC, and Ctrl-MSC in basal culture conditions. When cultured in osteogenic medium
(14 days), MSC lines presented osteogenic differentiation, as shown by alizarin red positivity.When cultured in epithelial differentiatingmedium (14
days), MSC lines acquired positivity for cytokeratin, E-cadherin, and ER. Nuclei were stainedwith Hoechst dye 33342. Original magnification:�630.
All four Ecto-MSC and Euto-MSC lines and two Ctrl-MSC lines showed similar results. (B) Semiquantitative analysis of the expression of epithelial
markers as detected by immunofluorescence staining after 14 days of differentiation of endometrial MSC. Data are mean � SD of all cell lines.
Student's t test was performed. *P<.05 vs. day 0.
Moggio. Sorafenib and ectopic endometrial MSC. Fertil Steril 2012.
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We evaluated the expression of the sorafenib targets CD117
(c-Kit), VEGF-R2 and -3, and CD140 (platelet growth
factor-b receptor), as well as of the Raf-1 downstream protein
ezrin. This cytoskeletal protein was previously shown to be
involved in migration of endometrial stromal cells of patients
with endometriosis (30). All endometrial MSC lines expressed
CD140, and not c-Kit or VEGF-R2 and VEGF-R3 (Fig. 3G).
Moreover, the expression of the activated phosphorylated
VOL. - NO. - / - 2012
form of ezrin was higher in Ecto-MSC with respect to Euto-
MSC and Ctrl-MSC (Fig. 4A).
Effect of Sorafenib on Endometrial MSC Lines

Endometrial MSC lines were treated with sorafenib at 2.5–10
mM for 24 hours. Cytotoxicity tests using Annexin V/propi-
dium iodide staining showed that sorafenib was not cytotoxic
5



FIGURE 3

Functional properties and targeting of endometrial MSC. Evaluation of proliferation (A), migration (B), and invasion (C) of Ecto-MSC, Euto-MSC,
and Ctrl-MSC from peritoneal lesions (A–C) (n ¼ 3) or from an ovarian cyst (A–C, inset). Values are mean � SD of three different experiments
performed in triplicate. (D) Evaluation of VEGF release in the culture supernatant of MSC lines. Values are mean � SD of two different
experiments performed with two different cell lines in duplicate. (E, F) Quantitative RT-PCR analysis of endometrial MSC showing the
expression of mRNAs encoding for VEGF and HIF-1a. Data were normalized to TBP mRNA. The mean of three different cell lines was
normalized to 1 for Ecto-MSC. Ecto-MSC showed significant higher proliferation, migration, VEGF, and HIF-1a expression than Euto-MSC or
Ctrl-MSC. Analysis of variance with Dunnett's comparison test was performed. *P<.05, Ecto-MSC vs. Euto-MSC or Ctrl-MSC. (G)
Representative FACS analyses of sorafenib-target receptors in MSC lines, showing binding of the specific antibody (filled area) and of the
isotypic control (dark line). Only CD140 was expressed on MSC lines. All Ecto-MSC (n ¼ 4), Euto-MSC (n ¼ 4), and Ctrl-MSC (n ¼ 2) lines were
tested and showed similar marker expression. (H) Representative micrographs showing the absence of the estrogen receptor by MSC lines by
immunohistochemistry. Magnification: x 250. All MSC lines were analyzed with similar results. (I) Evaluation of proliferation of MSC lines after
stimulation with 10 nM E2 with respect to vehicle alone. Basal culture condition (10% FCS) was used as positive control. Values are mean � SD
of three different experiments performed with three different cell lines in triplicate.
Moggio. Sorafenib and ectopic endometrial MSC. Fertil Steril 2012.
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at the used doses (7.5 mM sorafenib: Ecto-MSC 0.37%� 0.4%;
Euto-MSC 0.42% � 0.5%; Ctrl-MSC 0.17% � 0.1% Annexin
V/propidium iodide–positive cells).
6

Sorafenib treatment induced a reduction of the increased
phosphorylation of ezrin observed in the Ecto-MSC, evalu-
ated as phospho-ezrin/ezrin ratio (Fig. 4B). Moreover,
VOL. - NO. - / - 2012



FIGURE 4

Effect of sorafenib on endometrial MSC. (A, B) Western blot micrograph and densitometric analysis of phospho-ezrin (P-Ezrin) and ezrin expression
in Ecto-MSC, Euto-MSC, and Ctrl-MSC. (A) Ecto-MSC showed higher P-ezrin levels. Analysis of variance with Dunnett's comparison test was
performed. *P<.05, Ecto-MSC vs. Euto-MSC or Ctrl-MSC. (B) Treatment with 2.5–7.5 mM sorafenib reduced both P-ezrin/ezrin ratio and
protein expression levels. Data, shown as arbitrary units, are representative of three different experiments and were normalized to actin
expression. (C–E) Sorafenib treatment also inhibited the increased migration (C) and proliferation (D) of Ecto-MSC, as well as VEGF mRNA
expression (E), evaluated by quantitative real-time RT-PCR analysis and normalized to TBP mRNA. (C, D) Data are mean � SD of three different
experiments performed with three different cell lines in triplicate. (E) Data are mean of three different cell lines normalized to 1 for vehicle in
Ecto-MSC. (F) Western blot micrograph and densitometric analysis showing the reduction of HIF-1a expression in Ecto-MSC treated with 5 mM
sorafenib. Data are shown as arbitrary units and are representative of two different experiments performed on different cell lines and were
normalized to actin expression. (B–F) Student's t test was performed: *P<.05, sorafenib vs. vehicle.
Moggio. Sorafenib and ectopic endometrial MSC. Fertil Steril 2012.
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Sorafenib decreased both the basic and activated forms of ez-
rin in all endometrial MSC lines. In particular, Euto-MSC and
Ctrl-MSC showed ezrin reductionwhen treatedwith a concen-
tration of 5 mM sorafenib, whereas Euto-MSCwere responsive
VOL. - NO. - / - 2012
only at 7.5 mM sorafenib (Fig. 4B). Because ezrin modulates
cell migration, we evaluated whether sorafenib treatment of
the Ecto-MSC could affect the observed increase in their mi-
gratory properties. Sorafenib, at the concentration of 5 mM,
7
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reduced cell migration. (Fig. 4C) but not cell invasion (data
not shown). In addition, sorafenib induced a dose-
dependent decrease in the proliferation of Ecto-, Euto-, and
Ctrl-MSC, with a prominent effect on the observed increased
proliferation of Ecto-MSC (Fig. 4D). No significant effect of
sorafenib (5 mM) was observed on the proliferation of bone
marrow–derived MSC (vehicle: 0.63 � 0.11; sorafenib 0.67
� 0.03 o.d.; n ¼ 3). Finally, treatment with sorafenib (5
mM) induced a significant reduction of HIF-1a and VEGF ex-
pression in Ecto-MSC (Fig. 4E and F). These data indicate that
sorafenib is effective on MSC lines and may act in particular
by reducing the increasedmigration, proliferation, and angio-
genic properties of MSC from ectopic lesions.
DISCUSSION
In the present study, we isolated stem cell lines from ectopic
and eutopic endometrium of women complaining of endome-
triosis, as well as from the normal endometrium of control
subjects without endometriosis. These cells showed similar
mesenchymal phenotype but different functional properties.
In particular, Ecto-MSC from both peritoneal lesions and
ovarian cyst displayed increased proliferation and invasion
capacity in comparison with Ctrl-MSC and Euto-MSC derived
from the same patient. Moreover, Ecto-MSC showed an in-
creased VEGF release and HIF-1a expression. The antiangio-
genic drug sorafenib was able to reduce the increased
proliferation and motility of Ecto-MSC, possibly acting
through the inhibition of the Raf-dependent cytoskeletal pro-
tein ezrin, shown to be overexpressed in Ecto-MSC, and re-
duced the observed increased VEGF and HIF-1a expression.

A stem cell population with mesenchymal characteristics
was previously reported to reside in the human endometrium
as well as in ectopic endometrial implants (8–17, 19). Herein,
we isolated MSC from both eutopic and ectopic endometrium
of the same patient, and we used the normal endometrium of
healthy women as control. The phenotypic characterization
showed a comparable mesenchymal phenotype of MSC
from control, eutopic, and ectopic endometrial tissue; in
fact, they expressed the mesenchymal surface markers
CD105, CD44, CD73, the stromal cytoplasmic marker
vimentin, and showed osteogenic and epithelial
differentiative ability, as described for bone marrow–
derived MSC (31). Moreover, they expressed the stem
embryonic marker SSEA-4 (31) and the stem transcription
factors (32) c-Myc and Klf-4 but not Oct4-A. This result is
in contrast with the identified expression of Oct4 in endome-
trial MSC cells (33). However, this discrepancy can be ex-
plained by the possible detection in previous studies of
different Oct4 isoforms that can be generated by alternative
splicing. Because only the Oct-4A isoform is considered to
be stem cell specific, we restricted our analysis to this isoform
(34, 35). Indeed, MSC from bone marrow are known to lack
Oct-4A (27, 36). Interestingly, MSC from ectopic
endometriosis lesions displayed altered functional
properties, such as increased proliferation and migration,
with respect not only to MSC obtained from the
endometrium of normal subjects, but also to MSC from the
eutopic endometrium derived from the same patient. These
8

data are in accordance with the reported increase in
proliferation and matrix invasion of stromal endometrial
cells in endometriosis (19, 37). In addition, we found an
increased proangiogenic phenotype of MSC derived from
ectopic endometriosis implants: they expressed in basal
culture conditions HIF-1a, known to transcriptionally
activate proangiogenic cell signals, including VEGF. Indeed,
VEGF was present at high levels in the supernatant of MSC
from ectopic lesions, whereas it was detectable in that of
MSC from normal and eutopic endometrium. This
observation parallels the increased angiogenesis found in
endometrial ectopic implants (21, 38) and supports the
notion that MSC may alter their phenotype within the
ectopic environment.

Different hypotheses could explain the altered phenotype
detected in ectopic MSC with respect to eutopic or control
MSC. Mesenchymal stem cells, once located in the microenvi-
ronment of the ectopic lesion, may undergo a selection pro-
cess that could lead to the survival of the MSC cells/clones
with enhanced migratory, proliferative, and angiogenic prop-
erties. Alternatively, it can be postulated that the extrauterine
microenvironment found in ectopic sites might epigenetically
modulate the endometrial MSC, thus changing their charac-
teristics. Indeed, the importance of epigenetic changes
induced by the microenvironment is gaining great consider-
ation in the pathogenesis of cancer and several other human
diseases (39). Accordingly, various epigenetic aberrations
have been described in endometriosis (40).

The endometrial MSC population is supposed to be in-
volved in the growth and maintenance of the endometrial le-
sions (18). As a consequence, as postulated for tumors (41),
the eradication of the disease cannot be achieved without tar-
geting ectopic MSC with specific treatments. Because we
found that endometrial MSC do not express ER, nor are sen-
sitive to estrogen treatment, the current use of estrogen deple-
tion therapy in endometriosis (42) is likely to spare MSC and
target only ER-positive differentiated endometrial cells, rep-
resenting the majority of the lesion. This could explain why
treatments inducing a prolonged hypoestrogenic status (e.g.,
GnRH analogues) are able to reduce symptoms of endometri-
osis but are rarely effective in eradicating the disease, their
suspension being often followed by endometriosis recurrence
after months.

As a possible pharmacologic agent for endometrial MSC,
we investigated the effect of sorafenib, an antiangiogenic
drug currently used in tumor therapy that targets the Raf/
MEK/ERK pathway and receptor tyrosine kinases involved
in tumor progression and angiogenesis (29). Endometrial
MSC indeed expressed CD140, a known target of sorafenib
(29). In addition, MSC overexpressed the activated form of ez-
rin, another possible target of sorafenib, owing to its inhibi-
tion of Raf-1/ROCKII/ezrin signaling pathway (27). Ezrin
was reported to play a major role in the regulation of cell mor-
phology, migration, and attachment, and its basal and acti-
vated forms were shown to be overexpressed in tissues as
well as in isolated MSC from ectopic endometrial implants
(30, 43).

We observed that sorafenib treatment inhibited the in-
creased phosphorylation of ezrin in ectopic MSC, and
VOL. - NO. - / - 2012
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consequently it was also effective in limiting the increased
migration of ectopic MSC. Moreover, it reduced the increased
proliferation and VEGF release found in ectopic MSC. The in-
hibitory effect of sorafenib on ectopic MSC proliferation and
the VEGF release may be explained by the effect on a tyrosine
kinases target of sorafenib, such as CD140. This mechanism
was reported for tumor cell lines, where the inhibition of re-
ceptor signaling pathways reduced the cytokine-induced pro-
liferation and HIF-1a transcriptional activity (44). Activation
of HIF-1amay also be induced in normoxic conditions by cy-
tokines (45). The possible response of MSC to sorafenib could
be influenced by the individual phenotype of endometrial
MSC and by fluctuation of receptor expression. This point
could deserve further investigation.

Our data indicate that sorafenib could exert a multilevel
effect on mesenchymal cells, limiting their attachment,
growth, invasion, and maintenance in endometriosis. Sorafe-
nib treatment seemed to be able to normalize ectopic MSC,
conferring to them a phenotype similar to the one observed
in normal and eutopic endometrium.

In conclusion, our results demonstrate that the increased
proliferative, migratory, and angiogenic phenotype present in
ectopic MSC cells may be reverted by the treatment with the
multi-tyrosine kinase inhibitor sorafenib. Targeting the
stem cell population that sustains the endometriosis ectopic
lesions may be relevant in achieving the complete eradication
of endometriotic implants.
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SUPPLEMENTARYMATERIALSANDMETHODS
Real-Time Polymerase Chain Reaction Analysis

Total RNA was extracted with Trizol reagent (Invitrogen) ac-
cording to the manufacturer's instructions, and its quality
was evaluated with Nanodrop 2000 (Thermo Scientific) and
2100 Bioanalyzer (Agilent Technologies). Briefly, first-
strand complementary DNA (cDNA) was produced from 200
ng of total RNA, using the High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). Real-time PCR experi-
ments were performed in 20-mL reaction mixture
containing 5 ng of cDNA template, the sequence-specific ol-
igonucleotide primers purchased fromMWG-Biotech, and the
Power SYBR Green PCR Master Mix (Applied Biosystems).
Relative quantization of the products was performed using
the 48-well StepOne Real-Time PCR System (Applied Biosys-
tems). Thermal cycling conditions were as follows: activation
of AmpliTaq Gold DNA Polymerase LD at 95�C for 10 min-
utes, followed by 45 cycles of amplification at 95�C for 15
seconds and 60�C for 1 minute, and a final incubation at
95�C for 15 seconds. TATA binding protein (TBP) messenger
RNAwas used to normalize RNA inputs. Fold change was cal-
culated respect to control for all samples through the formula:

RQ ¼ 2�½ðDCtsampleÞ�ðDCtreferenceÞ�; where : DCt

¼ Ctspecific�primer � CtTBP:

Sequence-Specific Oligonucleotide Primers

Human Oct4A: forward, 50-AGC AGG AGT CGG GGT GG-30,
and reverse, 50-CTG GGA CTC CTC CGGGTT-30; human KLF4:
VOL. - NO. - / - 2012
forward, 5 - CCA TTA CCA AGA GCT CAT GCC-3 , and re-
verse, 50-GGG CCA CGA TCG TCT TCC-30; human c-Myc: for-
ward, 50-CAG CGA CTC TGA GGA GGA ACA-30, and reverse,
50-TGA GGA GGT TTG CTG TGG C-30; human VEGF-A: for-
ward, 50-TCA TCA CGA AGT GGT GAA GTT CA-30, and re-
verse, 50-TCA GGG TAC TCC TGG AAG ATG TC-30; human
hypoxia-inducible factor (HIF): forward, 50-GTCGACA-
CAGCCTGGATATGAA-30, and reverse, 50-CATATCATGAT-
GAGTTTTGGTCAGATG-30; and human TBP: forward,
50-TGT GCA CAG GAG CCA AGA GT-30 (nt 938-957 iso1),
and reverse, 50-ATT TTC TTG CTG CCA GTC TGG-30 (nt
988-968 iso1).
Flow Cytometric Analysis

The cells suspensions were incubated with antibodies for 30
minutes a 4�C in 100 mL of phosphate-buffered saline with
addition of 0.1% bovine serum albumin (Sigma). The follow-
ing monoclonal antibodies, all fluorescein isothiocyanate or
phycoerythrin conjugated, were used: anti-CD117, -CD140,
-CD45, -CD73, -CD29, -CD34, -CD14 (Becton Dickinson),
-SSEA-4, vascular endothelial growth factor receptor
(VEGF-R) 2 or 3 (R&D Systems), -CD44 (BioLegend), and
-CD105 (Miltenyi Biotec). Fluorescein isothiocyanate or phy-
coerythrin mouse nonimmune isotypic IgG (R&D Systems) are
used as control. To evaluate sorafenib cytotoxicity, 10 � 106

cells were double-stained with fluorescein isothiocyanate–
conjugated Annexin V and propidium iodide for 15 minutes
at 20�C (Invitrogen) according to the manufacturer's instruc-
tion. At each experimental point, 10,000 cells were analyzed
on a FACScan (Becton Dickinson).
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SUPPLEMENTARY TABLE 1

Characterization of the endometrial cell lines.

Patient no. Cell line Sample CD105

1 Ecto-MSC1 Endometriotic ovarian cyst 82.1 � 5.7 9
Euto-MSC1 Endometrium 97.3 � .3.9 9

2 Ecto-MSC2 Endometriotic peritoneal lesion 79.8 � 8.5 9
Euto-MSC2 Endometrium 67.3 � 4.2 9

3 Ecto-MSC3 Endometriotic peritoneal lesion 99.3 � 8.5 9
Euto-MSC3 Endometrium 98.1 � 3.4 8

4 Ecto-MSC4 Endometriotic peritoneal lesion 95.0 � 2.7 9
Euto-MSC4 Endometrium 99.0 � 5.7 9

5 Ctrl-MSC1 Normal endometrium 99.9 � 1.3 9
6 Ctrl-MSC2 Normal endometrium 99.9 � 2.7 9
Note: Endometrial MSC lines were generated from four patients with endometriosis (ectopic and eutopic lesions) and fr
n ¼ 3).

Moggio. Sorafenib and ectopic endometrial MSC. Fertil Steril 2012.
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CD73 CD44 CD29 SSEA-4 CD34 CD45 CD14

2.4 � 7.9 99.8 � 6.8 23.3 � 2.6 64.8 � 6.3 1.14 � 0.5 1.33 � 0.3 0.95 � 0.1
9.4 � 2.4 99.7 � 3.3 45.5 � 3.1 20.4 � 2.6 1.32 � 0.2 0.95 � 0.2 2.08 � 0.6
3.1 � 8.9 99.9 � 7.4 56.8 � 5.0 56.8 � 5.9 0.44 � 0.3 0.66 � 0.1 1.05 � 0.7
9.1 � 3.3 99.7 � 5.0 17.8 � 1.5 36.3 � 2.0 1.02 � 0.1 1.75 � 0.1 1.49 � 0.2
9.7 � 2.3 99.8 � 2.7 29.4 � 3.4 30.7 � 1.6 1.02 � 0.3 0.66 � 0.1 0.25 � 0.1
6.8 � 5.9 99.8 � 3.1 3.4 � 0.2 11.5 � 1.3 0.50 � 0.2 1.47 � 0.1 1.76 � 0.5
9.5 � 3.7 99.4 � 1.9 8.5 � 1.3 79.8 � 5.6 2.01 � 0.1 0.97 � 0.2 0.34 � 0.1
9.2 � 4.5 99.6 � 6.8 11.8 � 0.8 69.0 � 2.6 0.65 � 0.2 1.26 � 0.1 2.17 � 0.3
9.9 � 0.7 100 � 0.9 30.4 � 0.5 49.9 � 2.3 1.34 � 0.1 0.48 � 0.5 1.47 � 0.5
9.9 � 2.3 99.9 � 3.0 4.7 � 0.4 31.3 � 0.8 1.97 � 0.3 0.52 � 0.2 1.32 � 0.2

om two control patients. In the table, the tissue origin and the percentage of cells positive for mesenchymal markers are shown (data are mean� SD,
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