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Endometriosis (EMS) is a prevalent disease in women characterized by the presence of endometrial stroma and glands outside
the uterus. Recent studies have showed that EMS is correlated with the resistance of endometrial stromal cells (ESCs) to ferroptosis,
an iron-dependent nonapoptotic cell death. Fibulin-1 (FBLN1) is a newly identified target regulated by progesterone in the process
of ESC decidualization. However, the role of FBLN1 in regulating ESC ferroptosis and EMS remains unclear. In the present study,
the gene expression profiles of GSE58178, GSE23339, and GSE25628 were downloaded from the Gene Expression Omnibus (GEO)
database, and the commonly differential genes were identified using Venn diagram analysis. The role of FBLN1 in ESC viability and
migration was evaluated using Cell Counting Kit-8, transwell, and western blot analysis. We found that the FBLN1 expression was
increased significantly in eutopic and ectopic endometrial tissues of patients with EMS compared with normal endometrium.
FBLNI1 overexpression in normal ESCs (NESCs) promoted cell viability and migration, whereas FBLN1 inhibition in ectopic
ESCs (EESCs) decreased cell viability and migration. Furthermore, FBLN1 inhibition facilitated EESC death by triggering
ferroptosis, as evidenced by increased Fe*, lipid ROS, and malondialdehyde (MDA) level and decreased glutathione peroxidase
4 (GPX4) expression and glutathione (GSH) level. Mechanistically, FBLN1 interacted with EGF-containing fibulin-like
extracellular matrix protein 1 (EFEMP1) and increased the protein stability of EFEMP1. More importantly, EFEMP1 silencing
repressed the effect of FBLN1 on regulating EESC ferroptosis, death, and migration. Taken together, these results verify the role
of the FBLN1/EFEMP1/ferroptosis pathway in the pathogenesis of EMS, and silencing of FBLN1/EFEMP1 might be an effective
approach to treat EMS.

1. Introduction

Endometriosis (EMS) is a common gynecological disease in
women characterized by the implantation of active endometrial
cells outside the uterine cavity [1]. The main pathological
changes of EMS are periodic bleeding of ectopic endometrium
and fibrosis of surrounding tissues [2]. The incidence of EMS
is as high as 35-50% in women with pain and infertility [3].
Unfortunately, EMS is underdiagnosed, with an average latency
of 6.7 years from symptom onset to final diagnosis [4]. It is
urgent to identify the molecular mechanism involved in the eti-
ology of EMS to improve the diagnosis and treatment of EMS.

Ferroptosis is a newly identified mechanism of nonapo-
ptotic cell death mediated by iron [5-8]. Ferroptosis clearly
differs from other forms of cell death including apoptosis,
autophagy, and necrosis. Ferroptosis is induced by an imbal-
ance between generation and degradation of iron-dependent
lipid reactive oxygen species (ROS) [9, 10]. Mounting stud-
ies have demonstrated that ferroptosis might be implicated
in a variety of pathologic processes, such as neurodegenera-
tive diseases, acute renal failure, hepatotoxicity, and cardio-
vascular disease [11, 12]. The role of ferroptosis in EMS
has not yet been systematically described. Previous studies
revealed the increased levels of iron and lipid peroxide
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content within low-density lipoprotein (LDL) particles in
the peritoneal fluid of women with EMS compared to those
without [13-15]. Iron conglomerates are typically found in
endometriotic lesions in murine models of EMS and in
patients with EMS [16, 17]. These data suggest that EMS is
correlated with dysregulation of localized iron homeostasis
that promotes lipid peroxidation and subsequent ferroptosis
within the peritoneal cavity [13, 18, 19].

FBLNI1 is a secretory glycoprotein that maintains the
stability of the extracellular matrix (ECM) [20, 21]. FBLN1
can bind to target proteins (fibronectin, fibrinogen, angio-
poietin, laminin-1, etc.) to inhibit the signal transduction,
cancer cell growth, migration, and invasion [22]. Conse-
quently, FBLN1 functions as a tumor suppressor in gastric
cancer, prostate cancer, breast cancer, and ovarian cancer
[23]. Besides, FBLN1 is aberrantly expressed in ovarian
and breast cancer cells and has been identified as a breast
cancer-restricted antigen [24]. Interestingly, FBLNI is a
newly identified target regulated by progesterone during
ESC decidualization. However, the role of FBLN1 in EMS
remains poorly understood.

Based on above findings, we investigated whether the
expression of FBLN1 was dysregulated in ectopic endome-
trial tissues and whether aberrant FBLN1 was correlated
with EMS. We demonstrated that FBLN1 expression was
upregulated in eutopic and ectopic endometrial tissues of
patients with EMS. FBLNI silencing decreased EESC viability
and migration and facilitated EESC ferroptosis by increasing
the protein stability of EFEMP1.

2. Materials and Methods

2.1. Clinical Specimens. The protocol was approved by the
Ethics Committee of Shanghai Municipal Hospital of Tradi-
tional Chinese Medicine, Shanghai University of Traditional
Chinese Medicine (2018SHL-KYYS-19), and informed con-
sent was obtained from all volunteers. Twelve volunteers (6
patients with ovarian EMS (1 patient in stage II, 3 patients
in stage III, and 2 patients in stage IV) and 6 normal controls
with fibroid or other benign gynecological disorders) were
recruited to participate in the research from July 2019 to July
2020. Inclusion criteria were as follows: patients aged 22 to
45 years old and met the diagnostic criteria of EMS [25],
women with regular menstrual cycles, and no hormonal
medicine therapy for 3 months before surgery. Exclusion
criteria were as follows: patients with primary dysmenor-
rheal, pelvic inflammatory disorders, reproductive system
and other types of cancers, and polycystic ovary syndrome,
and women with recent contraception and bacterial, fun-
gal, or virus infection were excluded from the present
study. Ectopic and paired eutopic endometrial tissues were
obtained from patients with EMS at the proliferative phase
of menstrual cycles. The normal endometrial tissue samples
were obtained from controls undergoing surgery for fibroid
or other benign gynecological disorders.

2.2. Primary Cell Extraction. Primary normal ESCs (NESCs)
were isolated from normal endometrial tissues, and ectopic
ESCs (EESCs) were obtained from ectopic endometrial

BioMed Research International

tissues in patients with EMS as described previously [26].
In brief, the tissues were washed using PBS, cut into 1 mm”
pieces, and digested with 5% dispase enzyme and collagenase
(Sigma-Aldrich, St. Louis, MO, USA) for 1h at 37°C,
continuously filtered to separate, and then treated with red
blood cell lysis buffer (Sigma-Aldrich). Epithelial cells were
separated by a 40 um sieve, and stromal cells were further
enriched. The NESCs and EESCs were kept in DMEM con-
tained with 10% (v/v) FBS, 1% penicillin/streptomycin, and
0.025 mg/mL of amphotericin B, in a humidified 5% CO,
environment at 37°C.

2.3. RNA Interference (RNAi) and Overexpression. FBLN1
siRNA, EFEMP1 siRNA, and control siRNA were purchased
from HANBIO (Shanghai, China). The pcDNA3.1 vector
was obtained from Vazyme (Nanjing, Jiangsu, China). Full-
length FBLN1 was subcloned into pcDNA3.1 vector to con-
struct recombinant plasmid pcDNA-FBLN1 to overexpress
FBLN1. Before transfection, the ESCs of logarithmic growth
phase were inoculated into culture dish, and the cell fusion
reached 60-80% confluence on the second day. Lipofecta-
mine™ 3000 (Invitrogen, Carlsbad, CA, USA) was applied
to prepare the mixture of FBLN1-siRNA, EFEMP1 siRNA,
control-siRNA, or pcDNA-FBLN1-Lipofectamine™ 3000 as
the instructions. The cells were collected for 48 hours after
transfection.

2.4. Quantitative Real-Time PCR (qPCR). Total RNA was
extracted from normal endometrial tissues and eutopic and
ectopic endometrial tissues in patients with EMS with Trizol
RNA extraction kit (Invitrogen). To assess the mRNA level
of GPX4, total RNA was obtained from EESCs after erastin
treatment and FBLN1 overexpression. The reverse transcrip-
tion (RT) was carried out using SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific, MA, USA). qPCR
was performed on an Applied Biosystems 7300 real-time
PCR system (Applied Biosystems, CA, USA) using 2x SYBR
Green qPCR Master Mix (APExBIO, Houston, USA). The
relative expression was calculated through the 2744
method, and the f-actin gene was set as the reference gene.

2.5. Fluorescein Diacetate (FDA) Staining. After washing
with HBSS, ESCs were incubated with 10 mL FDA solution
(10 mg/mL; Sigma-Aldrich) at 37°C for 15min. Then, the
cells were observed and photographed with an inverted
fluorescence microscope (Olympus Corporation, Japan).
FDA-positive ratio from 10 random fields was quantified
by Image] software.

2.6. Cycloheximide Chase Assay. ESCs were treated with
15 ug/mL CHX for 0, 2, 4, and 8h. Cell lysate was collected
and analyzed through western blotting using antibodies
against EFEMP1 and GAPDH. EFEMP1 protein band inten-
sity at each time point was quantified and normalized to
GAPDH using Image] software.

2.7. Reduced Glutathione (GSH) Assay. The glutathione
assay kit (Sigma-Aldrich) was used to evaluate the relative
GSH concentration in the EESC lysate as the manufacturer’s
protocol.
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2.8. Iron Assay. Intracellular ferrous iron (Fe*™) level was
detected with the iron assay kit (ab83366, Abcam) as the
manufacturer’s instructions.

2.9. Lipid Peroxidation (MDA) Assay. The concentration of
malondialdehyde (MDA), one of the end products of lipid
peroxidation, was detected with the lipid peroxidation assay
kit (K739-100, BioVision) following the manufacturer’s
instructions.

2.10. Lipid ROS Detection. Intracellular lipid ROS levels were
detected with a peroxide-sensitive fluorescent probe CI11-
BODIPY (Thermo Fisher Scientific) as the manufacturer’s
instructions. In brief, the EESCs were seeded into 6-well
plates and exposed to erastin 10 uM for 24 h or transfected
with FBLN1 siRNA, pcDNA3.1-FBLN1, or EFEMP1 siRNA
for 48 h. Then, cells were incubated with C11-BODIPY at a
final concentration of 10 M in medium without FBS at
37°C for 0.5h and washed three times using medium.

2.11. Immunohistochemistry (IHC). Endometrial tissues were
fixed with 10% buffered formalin for 2 days, cut into 4-6 mm
slices, dehydrated by ethanol, and prepared in paraffin. Then,
the slices were incubated with primary antibody against
FBLNI1 (1:200, ab211536, Abcam) overnight at 4°C. In addi-
tion, the slices were incubated with secondary antibody Goat
Anti-Mouse I1gG H&L (HRP) (1:500, ab205719, Abcam),
and the DAB solution (Solarbio, Beijing, China) was applied
to visually analyze the reaction products. FBLN1 IHC score
was calculated as previously described [27].

2.12. Cell Viability. Cell viability was assessed using CCK-8
(Dojindo Laboratories, Japan) following the manufacturer’s
instructions. In brief, cells were seeded into 96-well plates
at a density of 5x 10° cells/well to incubate for 24h, and
the cells were transfected with FBLN1 siRNA, pcDNA3.1-
FBLN1, or EFEMP1 siRNA for 48h and then treated with
indicated inhibitors (ZVAD-FMK, 10uM; necrostatin-1,
10 uM; ferrostatin-1, 1uM) for 24h. After that, 10uL
CCK-8 solution was added to each well and incubated for
4h. The absorbance (450 nm) was calculated with a micro-
plate reader (Molecular Devices, CA, USA).

2.13. Transwell Migration Assay. Transwell migration assay
was carried out using a transwell chamber (24-well, 8 ym
pore size). Cells (4 x 10*) resuspended in 100 uL of serum-
free medium were seeded into the upper chamber, and the
lower chamber was added with 600 L DMEM medium
supplemented with 10% FBS. Transwell chamber was incu-
bated for one day at 37°C. The nonmigrated cells were
removed using cotton swabs, and the migrated cells were
fixed with formaldehyde and stained with 0.1% crystal violet
for 15 min.

2.14. Western Blot Analysis. Total protein was collected
from normal endometrial tissues, eutopic and ectopic
endometrial tissues with EMS, or cells with RIPA Lysis
and Extraction Buffer (Thermo Scientific). Approximately
20 ug of total protein was loaded on 12% sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) and transferred to

a 0.2 ym PVDF membranes (Roche, Basel, Switzerland). The
blots were incubated overnight at 4°C with primary anti-
bodies against FBLN1 (1:1000, ab17204, Abcam), EFEMP1
(1:1000, ab256457, Abcam), and f-actin: (1:2000, ab8227,
Abcam) and were then incubated with a goat anti-rabbit
HRP-conjugated secondary antibody. The protein signals
were visualized by an ECL kit (Solarbio).

2.15. Statistical Analyses. Data are represented as the
mean + SD from at least three independent experiments.
The differences between two groups were conducted by Stu-
dent’s t-test or one-way ANOVA followed by the Schefté test.
P <0.05 was considered to indicate a statistically significant
difference. All statistical analyses were performed using the
SPSS program (version 20.0; IBM, Somers, NY, USA).

3. Results

3.1. FBLNI Expression Was Upregulated in Eutopic and
Ectopic Endometrial Tissues with EMS. To investigate the
molecular mechanisms involved in EMS, the datasets of
GSE58178, GSE23339, and GSE25628 were downloaded
from GEO (https://www.ncbi.nlm.nih.gov/gds/?), and differ-
entially expressed genes in these datasets were separately
identified using GEO2R tool (log | FC|>1.5 and p < 0.05).
The results from Venn diagram analysis (Venny 2.1 tool,
https://bioinfogp.cnb.csic.es/tools/venny_old/index.html)
showed that 9 genes (FBLN1, PDLIM3, MYH11, AEBP1,
EFEMPI1, CXCL12, TCEAL2, RARRES2, and PDGFRL)
were concurrently upregulated and 2 genes (CXADR and
MME) were concurrently downregulated in ectopic endo-
metrial tissues compared with normal endometrial tissues
(Figure 1(a)). To validate this, eutopic and ectopic endome-
trial tissues of patients with EMS were collected and the
expression of these genes was assessed using qPCR. As
shown in Figure 1(b), the mRNA expression of FBLNI,
MYHI11, and CXCL12 was upregulated significantly in
eutopic and ectopic endometrial tissues of patients with
EMS compared with normal endometrial tissues. Among
the three genes, we investigated FBLN1 expression pattern
and biological function in EMS because FBLN1 was the
most significantly upregulated gene. Figure 1(c) shows that
FBLN1 protein expression was increased in eutopic and
ectopic endometrial tissues of patients with EMS com-
pared with controls. IHC analysis also revealed that
FBLN1 protein level was upregulated in eutopic and
ectopic endometrial tissues (Figure 1(d)). These results
indicate that the aberrant expression of FBLN1 might
be correlated with EMS.

3.2. FBLNI Increased ESC Viability and Facilitated ESC
Migration. Given that FBLNI1 expression was higher in
ectopic endometrial tissues than in normal endometrial tis-
sues, FBLN1 was overexpressed in normal ESCs (NESCs)
and knocked down in ectopic ESCs (EESCs), and then,
the effect of FBLN1 on NESC and EESC viability was
assessed. Figures 2(a) and 2(b) show that FBLNI overex-
pression increased NESC viability. The results from FDA
staining also exhibited the effect of FBLN1 on enhancing
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FiGure 1: FBLN1 expression was upregulated in eutopic and ectopic endometrial tissues with EMS. (a) The datasets of GSE58178,
GSE23339, and GSE25628 were downloaded from the GEO database, and the differentially expressed genes were identified using Venn
diagram analysis. (b) qQPCR analysis of 11 common dysregulated genes (FBLN1, PDLIM3, MYH11, AEBP1, EFEMP1, CXCL12, TCEAL2,
RARRES2, PDGFRL, CXADR, and MME) in ectopic endometrial tissues (n = 3), paired eutopic endometrial tissues (n = 3), and normal
endometrial tissues (1 =3). (c) Western blot analysis of FBLN1 protein expression in ectopic endometrial tissues (n = 3), paired eutopic
endometrial tissues (n = 3), and normal endometrial tissues (n = 3). (d) IHC analysis of FBLNI1 level in ectopic endometrial tissues (n = 3),
paired eutopic endometrial tissues (# = 3), and normal endometrial tissues (n = 3). The representative IHC image was shown in the left
panel, and FBLN1 IHC score was shown in the right panel. *p <0.05, **p < 0.01, and ***p < 0.001.

cell viability (Figure 2(c)). On the contrary, FBLN1 silenc-
ing in EESCs repressed cell viability (Figures 2(d)-2(f)).
Moreover, FBLN1 overexpression facilitated NESC migra-
tion, whereas FBLN1 silencing repressed EESC migration
(Figures 2(g) and 2(h)). Interestingly, the CCK-8 assay
revealed that FBLN1 silencing-mediated cell death of EESCs
was blocked significantly by ferrostatin-1 (Fer-1, a specific
inhibitor of ferroptosis) but not ZVAD-FMK (a specific
inhibitor of apoptosis) and necrostatin-1 (a specific inhibitor
of necroptosis) (Figure 2(i)). Sorafenib was reported as an

effective drug to control EMS progression [28], and sorafenib
could facilitate cell death by inducing ferroptosis [29].
Consistent with previous studies, Figure 2(j) shows that
sorafenib-induced EESC death was blocked markedly by
Fer-1, but not ZVAD-FMK and necrostatin-1. Erastin (a
specific activator of ferroptosis) treatment facilitated EESC
death, but FBLN1 overexpression repressed significantly the
effect of erastin on EESC death (Figure 2(k)). These data
demonstrate that FBLN1 increased ESC viability and migra-
tion, at least in part by regulating ferroptosis.
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FI1GURE 2: FBLN1 increased ESC viability and facilitated ESC migration. (a) Normal ESCs (NESCs) were treated with pcDNA-FBLNI (or
pcDNA control) for 48 h, and then, qPCR and western blot analysis were carried out to assess the FBLN1 protein expression in NESCs.
After FBLN1 overexpression in NESCs, (b) CCK-8 assay and (c) FDA staining were carried out to assess cell viability. (d) Ectopic ESCs
(EESCs) were treated with siFBLN1 (or negative control (N.C)) for 48 h, and then, qPCR and western blot analysis were carried out to
assess the FBLN1 protein expression in EESCs. After FBLN1 silencing in EESCs, (e) CCK-8 assay and (f) FDA staining were carried out
to assess cell viability. (g) After FBLNI overexpression in NESCs, transwell migration assay was carried out to assess NESC migration.
Scan bar = 50 ym. Magnification x20. (h) After FBLN1 silencing in EESCs, transwell migration assay was carried out to assess NESC
migration. Scan bar =50 ym. Magnification x20. (i) EESCs were treated with ZVAD-FMK (10 4M), necrostatin-1 (10 M), and
ferrostatin-1 (1 uM) in the presence or absence of siFBLNI, and then, CCK-8 assay was carried out to assess EESC viability. (j) EESCs
were treated with ZVAD-FMK (10 uM), necrostatin-1 (10 uM), and ferrostatin-1 (1 uM) in the presence or absence of sorafenib, and
then, CCK-8 assay was carried out to assess EESC viability. (k) EESCs were treated with erastin (10 uM) in the presence or absence of
FBLNI overexpression, and then, CCK-8 assay was carried out to assess EESC viability. p < 0.05 and **p < 0.01.

3.3. FBLNI Inhibited EESC Ferroptosis. To investigate the  stin on inhibiting the Gpx4 expression and GSH content
role of FBLN1 in ESC ferroptosis, ferroptosis signaling was  (Figures 3(g)-3(i)). These results verify that upregulated
first evaluated in NESCs and EESCs. Figures 3(a)-3(c) show FBLNT1 repressed the signaling of EESC ferroptosis.

that the levels of Fe**, MDA, and ROS levels were decreased

significantly in EESCs compared with NESCs, indicating  3.4. FBLNI1 Inhibited ESC Ferroptosis, Viability, and
a decreased ferroptosis signaling in EESCs. Furthermore, = Migration via Increasing the Stability of EFEMPI Protein.
FBLN1 overexpression repressed erastin-induced increase = To explore the molecular mechanism involved in FBLN1-
of Fe**, MDA, and ROS levels in EESCs (Figures 3(d)-  regulated ESC ferroptosis, we carried out a protein-protein
3(f)). FBLNI overexpression also blocked the effect of era-  interaction network analysis by STRING (https://string-db
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FiGure 3: FBLN1 inhibited the ferroptosis of ESCs. The levels of (a) Fe®* and (b) MDA and (c) ROS were assessed using the indicated kits in
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kits in EESCs after erastin (10 uM) treatment in the presence or absence of FBLN1 overexpression. *p < 0.05 and **p < 0.01.

.org/cgi/input). As shown in Figure 4(a), one of the 11 con-
currently differentially expressed genes in GSE58178,
GSE23339, and GSE25628 datasets (shown in Figure 1(a)),
EFEMPI, was a potential protein interacting with FBLN1.
Therefore, EFEMP1 was selected for further validation.
Although the mRNA level of EFEMP1 was not differential
between normal endometrium and eutopic endometrium
(Figure 1(b)), the protein level of EFEMP1 was upregulated
in EESCs compared with NESCs (Figures 4(c) and 4(d)).
Similarly, the mRNA level of EFEMP1 was unchanged in
EESCs after FBLN1 silencing (Figure 4(b)), but FBLN1
silencing resulted in a significant decrease of EFEMPI
protein level (Figures 4(c) and 4(d)), indicating that FBLN1
regulates the stability of EFEMP1 protein. The cyclohexi-
mide chase assay showed that FBLNI silencing in EESCs
decreased significantly the half-life of EFEMP1 protein
(Figures 4(e) and 4(f)), whereas FBLNI1 overexpression
increased significantly the half-life of EFEMP1 protein in
NESCs (Figures 4(g) and 4(h)). Functionally, EFEMP1
silencing blocked significantly the effect of FBLN1 on
repressing EESC ferroptosis, as evidenced by assessing the
level of Fe?* (Figure 5(a)), MDA (Figure 5(b)), and ROS

(Figure 5(c)). As a result, EFEMP1 silencing partially
destroyed the effect of FBLN1 on facilitating EESC viability
(Figure 5(d)) and migration (Figures 5(e) and 5(f)). Taken
together, the current results demonstrate that upregulated
FBLNT1 increased ESC viability and migration by regulating
EFEMPI1-dependent ferroptosis in EMS.

4. Discussion

At present, the incidence of EMS is increasing year by
year, but its pathogenesis is still unclear. In the present
study, we demonstrated that (i) FBLN1 expression was
upregulated in eutopic and ectopic endometrial tissues
with EMS; (ii) FBLNI increased ESC viability and migra-
tion; (iii) FBLN1 decreased the ferroptosis of ESCs; and
(iv) FBLN1 repressed ESC ferroptosis, viability, and migra-
tion via increasing the stability of EFEMP1 protein.
FBLNI is a member of family of extracellular glycopro-
teins that regulates cell morphology, cell migration, and cell
interaction with extracellular matrix [30, 31]. The tumor-
suppressing role of FBLN1 has been described in many types
of cancers like gastric carcinoma, prostate cancer, breast
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cancers, and ovarian cancers [32]. EMS is an estrogen-
dependent gynecological condition influenced by multifarious
environmental and genetic factors [33]. The increase of
estrogen activity is the main hormonal substrate of EMS and
is correlated with inflammation [34]. Previous studies have
demonstrated that the expression of FBLNI is regulated by
estrogen [35]. Moreover, the association of aberrant expres-
sion of FBLN1 with EMS has been verified [35]. However,
the biological role of FBLN1 in EMS progression remains
unclear. In the current study, the results from CCK-8, FDA
staining, and transwell analysis showed that FBLN1 overex-
pression increased NESC viability and migration, whereas
FBLNI silencing in EESCs repressed cell viability and migra-
tion. These data demonstrate for the first time that upregula-
tion of FBLNI facilitates EMS progression. Furthermore, the
present data showed that sorafenib-induced cell death of
EESCs was blocked markedly by Fer-1, but not ZVAD-FMK
and necrostatin-1, indicating that FBLN1 increased ESC via-
bility and migration, at least in part by regulating ferroptosis.
Given that FBLNT1 silencing in EESCs repressed cell viability
and the levels of Fe**, MDA, and ROS were significantly
decreased in EESCs compared with NESCs, we only assessed
the effect of ferrostatin-1, ZVAD-FMK, and necrostatin-1 on
EESCs after FBLNI silencing.

Ferroptosis is an iron-dependent form of nonapoptotic
cell death [36]. The accumulation of ROS in cells is one of
the direct causes of ferroptosis [10]. Ng et al. showed (i) that
a major defect in EMS is abnormal eutopic endometrium
characterized by resistance to ferroptosis, which allows cells
spread through retrograde menstrual spreading to survive,
implant, and establish endometrial lesions in the peritoneal
cavity, and (ii) that the dysregulation of iron homeostasis
may be vital to the subsequent pathophysiology of endome-
trial pathologies accompanied by local iron overload and
inflammation [8]. In our study, the role of FBLN1 in ESC
ferroptosis was investigated. The levels of Fe*", MDA, and
ROS were decreased significantly in EESCs compared with
NESCs; FBLNI1 overexpression repressed erastin-induced
increase of Fe’*, MDA, and ROS levels and blocked the
effect of erastin on Gpx4 and GSH levels. The present results
were partly inconsistent with those previously reported, in
which ROS levels are high in endometriosis tissue and follic-
ular fluid [37-39]. The reason why oxidative stress activity
was decreased in EESCs will be investigated in the future.

To explore the molecular mechanism underlying the
regulation of FBLNI1 for ESC ferroptosis, the target proteins
that may act with FBLN1 were predicted through STRING
website. EFEMP1 was found to be associated with EMS
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FIGURE 5: FBLNI inhibited EESC ferroptosis, viability, and migration via increasing the stability of EFEMP1 protein. The levels of (a) Fe**
and (b) MDA and (c) ROS were assessed using the indicated kits in erastin (10 4uM)-treated EESCs after FBLN1 overexpression in the
presence or absence of EFEMP1 silencing. (d) The cell death was assessed using CCK-8 assay in erastin (10 uM)-treated EESCs after
FBLN1 overexpression in the presence or absence of EFEMPI1 silencing. (e, f) Erastin (10 yM)-treated EESCs were transfected with
pcDNA-FBLNI in the presence or absence of EFEMP1 silencing, and then, transwell migration analysis was carried out to assess EESC

migration silencing. *p < 0.05 and **p < 0.01.

and FBLNI. Although the mRNA level of EFEMP1 was not
differential between normal endometrium and eutopic endo-
metrium, FBLN1 silencing resulted in a significant decrease
of EFEMP1 protein level, indicating that FBLN1 regulates
the stability of EFEMP1 protein. Functionally, EFEMP1
silencing blocked significantly the effect of FBLN1 on repres-
sing EESC ferroptosis, as evidenced by assessing the level of
Fe?*, MDA, and ROS. EFEMP1 inhibition destroyed the effect
of FBLN1 on repressing ESC death and facilitating ESC migra-
tion. Taken together, the current results demonstrate that
upregulated FBLN1 increased ESC viability and migration by
regulating EFEMP1-dependent ferroptosis in EMS.

Abbreviations
EMS: Endometriosis
GEO: Gene Expression Omnibus

ESCs: Endometrial stromal cells

MDA:  Malondialdehyde

GPX4:  Glutathione peroxidase 4

GSH: Glutathione

EFEMPI1: EGF-containing fibulin-like extracellular matrix
protein 1.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Consent

All patients provided written informed consent.



BioMed Research International

Conflicts of Interest

All authors declare that they have no competing interests.

Acknowledgments

This work was supported by the Shanghai Innovation Pilot
Construction Project of TCM Diagnosis and Treatment
Model (No. ZY(2018-2020)-FWTX-6006), the Project of
Shanghai Health Bureau (No. 201840163), the Shinkang
Phase II Three-Year Action Plan Major Clinical Research
Program (No. SHDC2020CR4056), the Project of National
Veteran TCM Expert Inheritance Studio (No. MLZJGZS-
2017003), the Project of Shanghai Three-Year Action Plan
for the Cause and Development of Traditional Chinese
Medicine (No. ZYSNXD-CC-MZY050), the Construction
Project of Shanghai Chinese Medicine Specialist Alliance
(No. ZY(2018-2020)-FWTX-4005), and the project of con-
struction of academic experience research workshop of the
fourth senior Chinese medicine experts, Shanghai University
of Traditional Chinese Medicine (No. SZYMZYGZS4020).

References

[1] L. C. Giudice and L. C. Kao, “Endometriosis,” Lancet, vol. 364,

no. 9447, pp. 1789-1799, 2004.

A. Czyzyk, A. Podfigurna, A. Szeliga, and B. Meczekalski,

“Update on endometriosis pathogenesis,” Minerva Ginecolo-

gica, vol. 69, no. 5, pp. 447-461, 2017.

[3] C. Meuleman, B. Vandenabeele, S. Fieuws, C. Spiessens,
D. Timmerman, and T. D'Hooghe, “High prevalence of
endometriosis in infertile women with normal ovulation and
normospermic partners,” Fertility and Sterility, vol. 92, no. 1,
pp. 68-74, 2009.

[4] K. E. Nnoaham, L. Hummelshoj, P. Webster et al., “Impact of
endometriosis on quality of life and work productivity: a mul-
ticenter study across ten countries,” Fertility and Sterility,
vol. 96, no. 2, pp. 366-373.e8, 2011.

[5] T. Hirschhorn and B. R. Stockwell, “The development of
the concept of ferroptosis,” Free Radical Biology ¢ Medicine,
vol. 133, pp. 130-143, 2019.

[6] S.J.Dixon, K. M. Lemberg, M. R. Lamprecht et al., “Ferropto-
sis: an iron-dependent form of nonapoptotic cell death,” Cell,
vol. 149, no. 5, pp. 1060-1072, 2012.

[7] B.R.Stockwell, J. P. Friedmann Angeli, H. Bayir et al., “Ferrop-
tosis: a regulated cell death nexus linking metabolism, redox
biology, and disease,” Cell, vol. 171, no. 2, pp. 273-285, 2017.

[8] S. W. Ng, S. G. Norwitz, H. S. Taylor, and E. R. Norwitz,
“Endometriosis: the role of iron overload and ferroptosis,”
Reproductive Sciences, vol. 27, no. 7, pp. 1383-1390, 2020.

[9] S.7J. Dixon and B. R. Stockwell, “The role of iron and reactive
oxygen species in cell death,” Nature Chemical Biology,
vol. 10, no. 1, pp. 9-17, 2014.

[10] Y. Xie, W. Hou, X. Song et al., “Ferroptosis: process and func-
tion,” Cell Death and Differentiation, vol. 23, no. 3, pp. 369-
379, 2016.

[11] A. Linkermann, R. Skouta, N. Himmerkus et al., “Synchro-
nized renal tubular cell death involves ferroptosis,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 111, no. 47, pp. 16836-16841, 2014.

(2

—_—

[12] W. Tonnus and A. Linkermann, “The in vivo evidence for
regulated necrosis,” Immunological Reviews, vol. 277, no. 1,
pp. 128-149, 2017.

[13] A. A. Murphy, N. Santanam, A. J. Morales, and
S. Parthasarathy, “Lysophosphatidyl choline, a chemotactic
factor for monocytes/T-lymphocytes is elevated in endometri-
osis,” The Journal of Clinical Endocrinology and Metabolism,
vol. 83, no. 6, pp. 2110-2113, 1998.

[14] K. Arumugam and Y. C. Yip, “De novo formation of adhesions
in endometriosis: the role of iron and free radical reactions,”
Fertility and Sterility, vol. 64, no. 1, pp. 62-64, 1995.

[15] J. C. Lousse, S. Defrere, A. Van Langendonckt et al., “Iron
storage is significantly increased in peritoneal macrophages
of endometriosis patients and correlates with iron overload
in peritoneal fluid,” Fertility and Sterility, vol. 91, no. 5,
pp. 1668-1675, 2009.

[16] A.Van Langendonckt, F. Casanas-Roux, and J. Donnez, “Iron
overload in the peritoneal cavity of women with pelvic endo-
metriosis,” Fertility and Sterility, vol. 78, no. 4, pp. 712-718,
2002.

[17] A. Van Langendonckt, F. Casanas-Roux, J. Eggermont, and
J. Donnez, “Characterization of iron deposition in endome-
triotic lesions induced in the nude mouse model,” Human
Reproduction, vol. 19, no. 6, pp. 1265-1271, 2004.

[18] A. A. Murphy, N. Santanam, and S. Parthasarathy, “Endome-
triosis: a disease of oxidative stress?,” Seminars in Reproductive
Endocrinology, vol. 16, no. 4, pp. 263-273, 1998.

[19] S. Defrere, J. C. Lousse, R. Gonzalez-Ramos, S. Colette,
J. Donnez, and A. Van Langendonckt, “Potential involvement
of iron in the pathogenesis of peritoneal endometriosis,”
Molecular Human Reproduction, vol. 14, no. 7, pp. 377-385,
2008.

[20] R. Timpl, T. Sasaki, G. Kostka, and M. L. Chu, “Fibulins: a ver-
satile family of extracellular matrix proteins,” Nature Reviews.
Molecular Cell Biology, vol. 4, no. 6, pp. 479-489, 2003.

[21] G. Liu, M. A. Cooley, A. G. Jarnicki et al., “Fibulin-1 regulates
the pathogenesis of tissue remodeling in respiratory diseases,”
JCI Insight, vol. 1, no. 9, 2016.

[22] A. Alexopoulos and G. P. Chrousos, “Stress-related skin disor-
ders,” Reviews in Endocrine ¢ Metabolic Disorders, vol. 17,
no. 3, pp. 295-304, 2016.

[23] R. Holmila, A. Sklias, D. C. Muller et al, “Targeted deep
sequencing of plasma circulating cell-free DNA reveals vimen-
tin and fibulin 1 as potential epigenetic biomarkers for hepato-
cellular carcinoma,” PLoS One, vol. 12, no. 3, article e0174265,
2017.

[24] S. Forti, M. J. Scanlan, A. Invernizzi et al., “Identification of
breast cancer-restricted antigens by antibody screening of
SKBR3 ¢DNA library using a preselected patient’s serum,”
Breast Cancer Research and Treatment, vol. 73, no. 3,
pp. 245-256, 2002.

[25] L. Muzii, C. Di Tucci, M. Di Feliciantonio et al., “Management
of endometriosis from diagnosis to treatment: roadmap for the
future,” Minerva Ginecologica, vol. 71, no. 1, pp. 54-61, 2019.

[26] U. Ganieva, T. Nakamura, S. Osuka et al., “Involvement of
transcription factor 21 in the pathogenesis of fibrosis in endo-
metriosis,” The American Journal of Pathology, vol. 190, no. 1,
pp. 145-157, 2020.

[27] K. Mulati, J. Hamanishi, N. Matsumura et al, “VISTA
expressed in tumour cells regulates T cell function,” British
Journal of Cancer, vol. 120, no. 1, pp. 115-127, 2019.



10

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

M. Leconte, P. Santulli, S. Chouzenoux et al., “Inhibition of
MAPK and VEGFR by sorafenib controls the progression
of endometriosis,” Reproductive Sciences, vol. 22, no. 9,
pp. 1171-1180, 2015.

Z.Zhang, Z. Yao, L. Wang et al., “Activation of ferritinophagy
is required for the RNA-binding protein ELAVL1/HuR to reg-
ulate ferroptosis in hepatic stellate cells,” Autophagy, vol. 14,
no. 12, pp. 2083-2103, 2018.

Y. Y. Cheng, H. Jin, X. Liu et al., “Fibulin 1 is downregulated
through promoter hypermethylation in gastric cancer,” British
Journal of Cancer, vol. 99, no. 12, pp. 2083-2087, 2008.

M. M. Watany, N. M. Elmashad, R. Badawi, and N. Hawash,
“Serum FBLN1 and STK31 as biomarkers of colorectal cancer
and their ability to noninvasively differentiate colorectal
cancer from benign polyps,” Clinica Chimica Acta, vol. 483,
pp. 151-155, 2018.

J. Zhu, R. Chen, L. Mo et al., “Expression of fibulin-1 predicted
good prognosis in patients with colorectal cancer,” American
Journal of Translational Research, vol. 7, no. 2, pp. 339-347,
2015.

C. Trapero and M. Martin-Satue, “Purinergic signaling in
endometriosis-associated pain,” International Journal of
Molecular Sciences, vol. 21, no. 22, p. 8512, 2020.

H. Chen, F. Malentacchi, M. Fambrini, A. H. Harrath,
H. Huang, and F. Petraglia, “Epigenetics of estrogen and pro-
gesterone receptors in endometriosis,” Reproductive Sciences,
vol. 27, no. 11, pp. 1967-1974, 2020.

W.P.Hu,S. K. Tay, and Y. Zhao, “Endometriosis-specific genes
identified by real-time reverse transcription-polymerase chain
reaction expression profiling of endometriosis versus autolo-
gous uterine endometrium,” The Journal of Clinical Endocrinol-
ogy and Metabolism, vol. 91, no. 1, pp. 228-238, 2006.

D. G.Kim, Y. H. Hong, J. Y. Shin et al., “Pattern of respiratory
deterioration in sporadic amyotrophic lateral sclerosis accord-
ing to onset lesion by using respiratory function tests,” Exp
Neurobiol, vol. 24, no. 4, pp. 351-357, 2015.

G. Scutiero, P. Iannone, G. Bernardi et al., “Oxidative stress
and endometriosis: a systematic review of the literature,” Oxi-
dative Medicine and Cellular Longevity, vol. 2017, 2017.

J. Donnez, M. M. Binda, O. Donnez, and M. M. Dolmans,
“Oxidative stress in the pelvic cavity and its role in the patho-
genesis of endometriosis,” Fertility and Sterility, vol. 106, no. 5,
pp- 1011-1017, 2016.

A. Harlev, S. Gupta, and A. Agarwal, “Targeting oxidative

stress to treat endometriosis,” Expert Opinion on Therapeutic
Targets, vol. 19, no. 11, pp. 1447-1464, 2015.

BioMed Research International



	Upregulated Fibulin-1 Increased Endometrial Stromal Cell Viability and Migration by Repressing EFEMP1-Dependent Ferroptosis in Endometriosis
	1. Introduction
	2. Materials and Methods
	2.1. Clinical Specimens
	2.2. Primary Cell Extraction
	2.3. RNA Interference (RNAi) and Overexpression
	2.4. Quantitative Real-Time PCR (qPCR)
	2.5. Fluorescein Diacetate (FDA) Staining
	2.6. Cycloheximide Chase Assay
	2.7. Reduced Glutathione (GSH) Assay
	2.8. Iron Assay
	2.9. Lipid Peroxidation (MDA) Assay
	2.10. Lipid ROS Detection
	2.11. Immunohistochemistry (IHC)
	2.12. Cell Viability
	2.13. Transwell Migration Assay
	2.14. Western Blot Analysis
	2.15. Statistical Analyses

	3. Results
	3.1. FBLN1 Expression Was Upregulated in Eutopic and Ectopic Endometrial Tissues with EMS
	3.2. FBLN1 Increased ESC Viability and Facilitated ESC Migration
	3.3. FBLN1 Inhibited EESC Ferroptosis
	3.4. FBLN1 Inhibited ESC Ferroptosis, Viability, and Migration via Increasing the Stability of EFEMP1 Protein

	4. Discussion
	Abbreviations
	Data Availability
	Consent
	Conflicts of Interest
	Acknowledgments

