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Background: Long non-coding RNA (lncRNA) and exosomes are implicated in endometriosis development. We measured the
expression of an exosomal lncRNA, homeobox transcript antisense RNA (HOTAIR), and explored its molecular mechanism in
endometriosis progression.
Methods: Expression of HOTAIR and microRNA (miR)-761 in different endometrial tissues was measured. Exosomes were isolated
from a culture medium of endometrial stromal cells (ESCs). RT-qPCR was used to measure HOTAIR expression in different exosome
types. CCK-8, Edu, wound healing, transwell assays, flow cytometry and tube formation were used to detect the role of exosomal
HOTAIR on ESCs and human umbilical vein endothelial cells (HUVECs). The relationship among miR-761, HOTAIR, and histone
deacetylase 1 (HDAC1) was verified by dual-luciferase reporter assay. ESCs were transfected with miR-761 mimics or HDAC1 small
interfering RNA (si-RNA) to ascertain if alterations in expression of miR-761 or HDAC1 could reverse the effect of exosomal
HOTAIR. Then, we detected the effect of the HOTAIR/miR-761/HDAC1 axis on signal transducer and activator of transcription 3
(STAT3)-mediated inflammation. In vivo experiments were conducted to verify in vitro results.
Results: HOTAIR expression was upregulated and miR-761 expression was downregulated in ectopic endometrium tissues. HOTAIR
was packaged into exosomes and transported from ESCs to surrounding cells. Exosomal HOTAIR promoted the proliferation,
migration, and invasion, and inhibited the apoptosis of ESCs. Angiogenesis of HUVECs was enhanced after cultured with exosomal
HOTAIR. HOTAIR acted as a competing endogenous RNA to downregulate miR-761 and increase HDAC1 expression. miR-761
overexpression or HDAC1 knockdown reversed the role of exosomal HOTAIR on ESCs and HUVECs. The HOTAIR/miR-761/
HDAC1 axis could activate STAT3-related proinflammatory cytokines and stattic (inhibitor of phosphorylated-STAT3) could reverse
the effect of HOTAIR on ESCs and HUVECs. In vivo experiments suggested that exosomal HOTAIR promoted the growth of
endometrial lesions in vivo.
Conclusion: Exosomal HOTAIR promoted the progression and angiogenesis of endometriosis by regulating the miR-761/HDAC1
axis and activating STAT3-mediated inflammation in vitro and in vivo, which may provide promising treatment for endometriosis.
Keywords: endometriosis, HOTAIR, exosomes, miR-761, HDAC1, STAT3, inflammation

Introduction
Endometriosis is a chronic inflammatory disease. It is characterized by endometrial tissue being present outside of the
uterus.1 Endometriosis is a leading cause of pelvic pain and infertility that affects the health and quality of life of 6–10%
of women of childbearing age.2 The etiology of endometriosis is complicated and multifactorial: retrograde menstruation,
hormone secretion, local immunity, environment, and susceptible genes.3 The exact pathogenesis of endometriosis is
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largely unclear. Hence, more efforts are needed to explore the underlying mechanisms of endometriosis to create new
therapeutic regimens.

Long non-coding RNAs (lncRNAs) have a length >200 nucleotides and have no protein-coding function.4 Recently,
lncRNAs have been shown to have crucial roles in regulation of gene expression through modulation of transcription and
post-transcription regulation.5 Accumulating evidence has demonstrated lncRNAs to be involved in numerous physio-
logical and pathological processes, such as the proliferation, migration, invasion, and differentiation of cells.6–8

Several lncRNAs have been reported to be dysregulated upon endometriosis development. For instance, lncRNA H19
promotes the proliferation and invasion of cells of ectopic endometrium via the miR-124-3p/ITGB3 pathway.9 LncRNA
LINC00261 inhibits the growth and migration of cells in endometriosis.10 Homeobox transcript antisense RNA
(HOTAIR) can serve as a functional lncRNA in several disease types by sponging specific miRNAs and regulating
downstream gene transcription. HOTAIR promotes hepatocellular carcinoma by sponging miR-23b-3p and targeting
ZEB1.11 HOTAIR can also serve as a sponge of miR-331-3p to regulate HER2 expression in gastric cancer.12 However,
the role of HOTAIR in endometriosis is not clear.

Exosomes can mediate cell-to-cell communication by transmitting active molecules, including lipids, proteins, and
non-coding RNAs.13 We have demonstrated that exosomes are deeply involved in endometriosis development.14–16 but
the role of lncRNAs packaged in exosomes in endometriosis needs further investigation. Exosomal lncRNAs have certain
roles in mediating cell proliferation, migration, apoptosis, and autophagy.17–19 Exosomal HOTAIR has been shown to
reduce the radiosensitivity of laryngeal cancer cells by regulating the miR-454-3p/E2F2 pathway.20 Exosomal HOTAIR
promotes the progression of lung cancer by regulating miR-203 expression.21 However, the role of exosomal HOTAIR in
endometriosis has not been elucidated.

In the present study, expression of HOTAIR and miR-761 in the normal endometrium, eutopic endometrium, and
ectopic endometrium was measured. Then, we explored the biological functions of exosomal HOTAIR in the activity of
endometrial stromal cells (ESCs) and human umbilical vein endothelial cells (HUVECs). Furthermore, we investigated
the downstream mechanisms by which exosomal HOTAIR has crucial roles in endometriosis as a competing endogenous
RNA (ceRNA).

Materials and Methods
Ethical Approval
The study protocol was approved by the Medical Ethics Committee of Qilu Hospital of Shandong University. Written
informed consent was obtained from all women to use their samples for analyses. The study protocol complied with the
Declaration of Helsinki was obtained from all participants.

Patients
Patients with ovarian endometrial cysts served as the endometriosis group (n = 50). The control group (n = 50) was
defined as patients who had undergone laparoscopic surgery for obstruction of fallopian tubes. The exclusion criteria
were ovarian cancer, other benign ovarian cysts, pelvic inflammation, and polycystic ovarian syndrome. Normal
endometria from the control group, and samples of eutopic endometrium and ectopic endometrium from the endome-
triosis group were collected. All women had regular menstrual cycles and had not taken any hormonal medications
within 6 months before tissue collection.

Isolation and Culture of ESCs
ESCs were isolated from endometrial tissues. Briefly, the endometrial tissues were minced into pieces and digested with
type-IV collagenase (0.1%; MilliporeSigma, USA) for 45 min at 37°C. To remove undigested epithelial cells and debris,
the tissue pieces were filtered through sterile sieves of size 150 μm and 37.4 μm. Then, the suspension was centrifuged at
1000 × g for 5 min at room temperature. This action was followed by culture in red blood cell lysis buffer for 10 min to
remove erythrocytes. After centrifugation at 1000 × g for 5 min at room temperature, the ESCs were plated in flasks.
Subsequently, the ESCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 supplemented with 10%

https://doi.org/10.2147/IJN.S354314

DovePress

International Journal of Nanomedicine 2022:171156

Zhang et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


fetal bovine serum (Gibco, USA), penicillin (100 µ/mL), and streptomycin (100 mg/mL) in a humidified atmosphere of
5% CO2 at 37°C.

RNA Extraction and Real-Time Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)
Total RNA from tissues, cells, or exosomes was extracted with TRIzol Reagent (Invitrogen, USA) according to
manufacturer instructions. Real-time RT-qPCR was undertaken using a SYBR Green-based PCR kit (Takara, Japan).
GAPDH or U6 was used as an endogenous reference gene. The 2−ΔΔCt method was employed to calculate relative gene
expression. The results were normalized to the expression of GAPDH (for lncRNA and mRNA) or U6 (for miRNA).

Isolation and Identification of Exosomes
The culture supernatants of ESCs were harvested for exosome isolation by sequential centrifugation (Optima L-100
ultracentrifuge; Beckman Coulter, USA). Briefly, supernatants were centrifuged at 300 × g for 10 min followed by
2000 × g for 10 min at room temperature. Then, the supernatants were centrifuged at 10,000 × g for 30 min at room
temperature to remove cell debris, followed by ultracentrifugation twice at 100,000 × g for 70 min at room
temperature. The final pellets were exosomes. Transmission electron microscopy (TEM) using a JEOL (Tokyo,
Japan) system was employed to identify exosome morphology. The size and concentration of exosomes were analyzed
by Nanoparticle-tracking analysis (NTA) using an analyzer (NanoSight NS300; Malvern Instruments, Malvern, UK).
Specific markers for exosomal proteins, CD9 and CD63, were identified by Western blotting.

Labeling and Internalization of Exosomes
Exosomes were labeled with Dil dye (1 mM) for 30 min. ESCs were co-cultured with DiI-labeled exosomes for 24 h. ESCs
were incubated with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, USA) for 10 min at 37°C. Fluorescence was
detected under a fluorescence microscope (Olympus, Japan).

Cell Transfection
HOTAIR small interfering RNA (si-HOTAIR), HOTAIR siRNA control (si-HOTAIR-control), HOTAIR-overexpression
plasmid (Oe-HOTAIR), HOTAIR-overexpression plasmid negative control (Oe-control), miR-761 mimics, miR-761
mimics negative control (mimics NC), HDAC1 siRNA (si-HDAC1), and HDAC1 siRNA control (si-HDAC1-control)
were designed, synthesized, and transfected into ESCs by Lipofectamine 2000 (Invitrogen, USA).

HOTAIR-Interfering Exosomes
ESCs were transfected transiently with si-HOTAIR, si-HOTAIR-control, Oe-HOTAIR, or Oe-control by Lipofectamine
2000 (Invitrogen, USA) for 48 h. exosi-HOTAIR, exosi-HOTAIR-control, exoOe-HOTAIR, and exoOe-control were isolated from the
culture supernatants of HOTAIR-interfering ESCs.

Cell Proliferation Assay
ESCs proliferation was measured using Cell Counting Kit-8 (CCK-8; Dojindo, China) according to manufacturer
protocols. Briefly, ESCs were added to 96-well culture plates. CCK-8 reagent (10 μL) was added to each well at 24,
48, 72, 96, and 120 h respectively, and the mixture allowed to incubate for an additional 4 h at 37°C. The absorbance at
450 nm was measured using a microplate spectrometer (Thermo Fisher Scientific, USA).

5-Ethynyl-2′-Deoxyuridine (EdU) Assay
Treated ESCs were plated on 96-well plates (5×103 cells per well) followed by incubation with 100 μL of EdU solution
(50 μm; RiboBio, China) for 2 h, fixed with 4% paraformaldehyde (50 μL) for 30 min and finally, incubated with 50 μL
of glycine (2 mg/mL) for 5 min at room temperature. Then, cells were incubated with 100 μL of an osmotic agent (0.5%
Triton X-100) for 10 min, incubated in the dark with 100 μL of Apollo solution for 30 min, and decolorized with
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methanol, at room temperature. Finally, cells were stained with DAPI and observed under a fluorescence microscope
(Olympus, Japan).

Cell Migration and Invasion Assay
Transwell chambers were precoated with Matrigel (BD Biosciences, USA). ESCs in DMEM/F12 containing 0.1% bovine
serum albumin were added to the upper chamber. DMEM/F12 medium supplemented with 20% fetal bovine serum was
added to the bottom chamber. After incubation for 24 h at 37°C, non-invading cells were removed. Cells invading into
the bottom chamber were fixed with methanol and stained with 0.1% crystal violet. Cell invasion was photographed
under a microscope and quantified by counting five random fields. Cell migration assays were also carried out using the
same method but without Matrigel.

Flow Cytometry
ESCs apoptosis was detected by flow cytometry using annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) staining assay kits (Solarbio, China) according to manufacturer instructions. The fluorescence of FITC and PI was
detected via a FACSCalibur flow cytometer (BD Biosciences, USA) and apoptosis was analyzed.

Tube Formation Assay
Different exosomes were added to HUVECs. Matrigel was thawed at 4°C overnight and placed in 96-well plate at 37°C
for 30 min. HUVECs (1 × 105 cells per well) were seeded in 96-well plates for 6 h at 37°C in a 5% CO2 humidified
incubator. Tube formation was observed and imaged with a light microscopy. The branch points per well were scanned
and quantified by Image J.

Luciferase Activity Assay
Potential miRNA binding sites in HOTAIR sequences were predicted by StarBase V2.0 (http://starbase.sysu.edu.cn/
starbase2/). Wild-type (wt) or mutant (mut) HOTAIR binding sites was subcloned into the pGL3-control vector
(Promega, USA). miR-761 mimics or mimics NC were co-transfected with wt-HOTAIR or mt-HOTAIR into ESCs.
Similarly, putative miR-761 binding sites in the 3′-untranslated region (UTR) of HDAC1 mRNA were synthesized and
inserted into the pGL3-control vector. ESCs were transfected with wt or mut HDAC1 and miR-761 mimics or mimics
NC. A dual-luciferase reporter assay system (Promega, USA) was employed to measure fluorescence intensity according
to manufacturer instructions.

RNA Immunoprecipitation (RIP) Assay
The binding of HOTAIR to Ago2 was detected by a RIP kit (Millipore, USA). Cells were collected and resuspended in an
equal volume of RNA RIP lysis buffer plus protease and RNase inhibitors. Then, they were centrifuged at 12,000 × g for
30 min at room temperature, and incubated with anti-Ago2 magnetic beads for 4 h at 4°C with anti-immunoglobulin
G magnetic beads as negative control. The magnetic beads were washed thrice with lysis buffer. Expression of HOTAIR
in the RNA–protein complex was detected by RT-qPCR.

RNA Pull-Down Assay
ESCs were treated with biotin-labeled Bio-miR-761-wt, Bio-miR-761-mut, or the corresponding Bio-NC for 48 h. Cells were
incubated in specific lysis buffer (Ambion, USA). Lysates were centrifuged at 14,000 × g at room temperature to extract the
supernatant, and then incubated with M-280 streptavidin beads (MilliporeSigma, USA) that had been precoated with bovine
serum albumin without RNase and yeast tRNA (MilliporeSigma, USA). After cleansing with washing buffer, the bound
RNAwas purified by TRIzol Reagent, and enrichment of HOTAIR expression was detected by RT-qPCR.

Western Blotting
The protein extracted from cells was separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis on 10%
gels, and then transferred onto polyvinylidene-fluoride membranes (Millipore, USA). We used antibodies against CD9
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(ab2215, 1:1000), CD63 (ab59479, 1:1000), HDAC1 (ab19845, 1:1000), STAT3 (ab68153, 1:1000), p-STAT3 (ab76315,
1:1000) and GAPDH (ab181602; 1:10,000). Bands were visualized using a chemiluminescent substrate (Thermo Fisher
Scientific, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
The culture supernatants of ESCs were collected and analyzed using ELISA kits (Thermo Fisher Scientific) according to
manufacturer protocols. The endometrial lesions was weighed and homogenized with RIPA buffer on ice followed by
centrifugation at 12,000 × g for 15 min at 4°C. Expression of proinflammatory cytokines in supernatants was also
measured by ELISA kits.

Endometriosis Mouse Model
A model of endometriosis mouse was established according to the method described in our previous study.22 Six-week-old
female nude mice were purchased from Beijing HFK Bioscience (Beijing, China). Mice suffering from endometriosis were
divided into five groups: blank group (no treatment); exosi-HOTAIR-control group (exosi-HOTAIR-control injection); exosi-HOTAIR

group (exosi-HOTAIR injection); exoOe-control group (exoOe-control injection); exoOe-HOTAIR group (exoOe-HOTAIR injection). Equal
volumes of various solutions were injected into the tail vein of mice. The injections were repeated every 2 days until day-14.
Mice were killed 24 h after the last injection, and endometrial lesions were collected to record their weight and calculate the
volume (volume = 0.5 × (length × width2)) after measuring their length and width. Animal experiments were approved by the
Medical Ethics Committee of Qilu Hospital of Shandong University and conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals (US National Institutes of Health).

Statistical Analysis
Statistical analyses were undertaken using Prism 7.0 (GraphPad, USA). Comparisons of the data from two groups were
done using the Student’s t-test. Multiple comparisons were carried out with one-way ANOVA. Data are the mean ± SD.
Experiments were repeated at least three times. Differences were considered significant if P < 0.05.

Results
HOTAIR Expression is Upregulated and miR-761 Expression is Downregulated in
Ectopic Endometrial Tissues
Expression of HOTAIR and miR-761 in different endometrial tissues was measured by RT-qPCR. The ectopic endometrium
exhibited higher expression of HOTAIR (Figure 1A) and lower expression of miR-761 (Figure 1B) compared with that in
paired eutopic endometrium and normal endometrium. Correlation analysis indicated that HOTAIR expression and miR-761
expression in ectopic endometrium was negatively correlated (r = −0.855, P < 0.001) (Figure 1C). Then, we analyzed the
relationship between HOTAIR expression and clinicopathological features in endometriosis. HOTAIR expression was
independent of dysmenorrhea, abortion times, and cyst size >3 cm. Endometriosis patients at stages III + IV (according to
the revised American Fertility Society classification, r-AFS) or with infertility and deeply infiltrating endometriosis had higher
expression of HOTAIR (Table 1).

ESCs Transport HOTAIR to Surrounding Cells Through Exosomes
Exosomes were isolated from the culture medium of ESCs by differential centrifugation and identified by TEM, NTA, and
Western blotting. TEM showed that exosomes were round or oval with a bilayer membrane (Figure 2A). According to NTA,
the diameter of exosomes was 50–200 nm (Figure 2B). We measured expression of the exosomal markers D63 and CD9 via
Western blotting (Figure 2C). Fluorescence microscopy revealed that Dil-labeled exosomes were distributed around the
DAPI-labeled nuclei of ESCs (Figure 2D). Differential expression of HOTAIR was compared between exosi-HOTAIR-control,
exosi-HOTAIR, exoOe-control, and exoOe-HOTAIR groups. We documented a decrease in HOTAIR expression in the exosi-HOTAIR

group and an increase in HOTAIR expression in the exoOe-HOTAIR group (Figure 2E). ESCs were co-cultured with different
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exosomes: treatment with exosi-HOTAIR induced a decrease in HOTAIR expression in ESCs, whereas treatment with exoOe-
HOTAIR revealed the reverse phenomenon (Figure 2F).

Exosomal HOTAIR Promotes the Proliferation, Migration, and Invasion of ESCs, and
Inhibits ESCs Apoptosis
To explore the biological effect of exosomal HOTAIR on ESCs, ESCs were transfected with exosi-HOTAIR-control, exosi-HOTAIR,
exoOe-control, or exoOe-HOTAIR. CCK-8 and Edu assays revealed that exosi-HOTAIR inhibited ESCs proliferation significantly, but
exoOe-HOTAIR showed the opposite effect (Figure 3A and B). Transwell assay demonstrated that exosi-HOTAIR induced
a decrease in the invasion and migration of ESCs (Figure 3C). Flow cytometry revealed apoptosis promotion in ESCs treated
with exosi-HOTAIR (Figure 3D). Additionally, exoOe-HOTAIR induced more tube formation of HUVECs than that observed in
exoOe-control group (Figure 3E).

HOTAIR Acts as a ceRNA to React with miR-761 to Regulate HDAC1
An online database (http://starbase.sysu.edu.cn/starbase2/) predicted potential binding sites between HOTAIR and miR-
761 (Figure 4A). The luciferase reporter assay showed that co-transfection with miR-761 mimics and the HOTAIR-wt
vector lowered the luciferase activity significantly, whereas co-transfection with miR-761 mimics and the HOTAIR-mut
vector did not affect the luciferase activity (Figure 4B). The RIP assay revealed higher specific adsorption of HOTAIR on
Ago2 (Figure 4C). The RNA pull-down assay indicated that HOTAIR enrichment was increased in the Bio-miR-761-wt
group than that in Bio-miR-761-mut group (Figure 4D).

Then TargetScanHuman database (www.targetscan.org/vert_71/) was used to predict the target genes of miR-761.
HDAC1 was targeted by miR-761 because HDAC1 had potential complementary binding sites for miR-761 within its 3′-
UTR (Figure 4E). To validate HDAC1 as a direct target of miR-761, we used luciferase reporter plasmids of HDAC1-wt
and HDAC1-mut. We discovered that miR-761 overexpression decreased the luciferase activity of the HDAC1-wt 3ʹUTR

Figure 1 HOTAIR expression is upregulated and miR-761 expression is downregulated in ectopic endometrial tissues. (A) Expression of HOTAIR in normal endometrium,
eutopic endometrium, and ectopic endometrium was detected by RT-qPCR. (B) miR-761 expression in different types of endometrium was detected by RT-qPCR. (C)
Correlation between the expression of HOTAIR and miR-761 in ectopic endometrium analyzed by Pearson’s correlation analysis. **P < 0.01.
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significantly, but not that of the HDAC1-mut in ESCs (Figure 4F). We also revealed that HOTAIR overexpression led to
higher protein expression of HDAC1, and that miR-610 mimics led to a reduction in the protein expression of HDAC1
(Figure 4G).

Exosomal HOTAIR Promotes the Proliferation, Migration, and Invasion of ESCs and
Angiogenesis of HUVECs, and Inhibits ESCs Apoptosis Through Sponging miR-761
We wished to further investigate the role of the exosomal HOTAIR/miR-761/HDAC1 axis in endometriosis. Hence,
ESCs were transfected with exoOe-control or exoOe-HOTAIR, followed by co-culture with miR-761 mimics or mimics NC.
miR-761 mimics significantly reversed the exosomal HOTAIR-mediated decrease in miR-761 expression (Figure 5A).
miR-761 mimics significantly reversed the exosomal HOTAIR-mediated proliferation, migration, and invasion induction
of ESCs (Figure 5B–D), and inhibition of ESCs apoptosis (Figure 5E). Additionally, the exosomal HOTAIR-mediated
tubes formation by HUVECs was also reversed by miR-761 mimics (Figure 5F).Collectively, these results indicated that
miR-761 overexpression reversed the role of exosomal HOTAIR on ESCs and HUVECs.

Exosomal HOTAIR Promotes the Proliferation, Migration and Invasion of ESCs and
Angiogenesis of HUVECs, and Inhibits ESCs Apoptosis Through Upregulating HDAC1
Next, ESCs were co-cultured with exoOe-control or exoOe-HOTAIR followed by the transfection with si-HDAC1 or si-
HDAC1-control. Knockdown of HDAC1 expression significantly reversed the HOTAIR-mediated increase in mRNA and
protein expression of HDAC1 (Figure 6A and B). si-HDAC1 significantly reversed the exosomal HOTAIR-mediated
proliferation, migration, and invasion induction of ESCs (Figure 6C–E), and inhibition of ESCs apoptosis (Figure 6F).
Additionally, the exosomal HOTAIR-mediated tubes formation by HUVECs was also reversed by si-HDAC1

Table 1 Relationship Between the Expression of HOTAIR and Clinicopathological Features in
Endometriosis

Clinicopathological Features Cases (n) HOTAIR

Relative Expression P value

r-AFS stage
I, II 22 5.37 ± 0.28 < 0.01**

III, IV 28 7.32 ± 0.22

Infertility
No 28 5.69 ± 0.24 < 0.01**

Yes 22 7.44 ± 0.28

DIE
No 31 5.78 ± 0.27 < 0.01**

Yes 19 7.57 ± 0.20

Cyst size (cm)
<3 25 6.36 ± 0.32 0.657

≥3 25 6.56 ± 0.30

Dysmenorrhea
Mild 17 6.52 ± 1.58 0.760

Moderate 20 6.58 ± 1.50

Severe 13 6.19 ± 1.72
Abortion times

0 17 6.41 ± 1.33 0.983

1 21 6.49 ± 1.67
≥2 12 6.49 ± 1.83

Note: **P<0.01.
Abbreviations: DIE, deeply infiltrating endometriosis; r-AFS, the revised American Fertility Society classification.
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(Figure 6G).Taken together, these results indicated that knockdown of HDAC1 expression reversed the role of exosomal
HOTAIR.

The HOTAIR/miR-761/HDAC1 Axis Activates STAT3-Mediated Inflammation
Considering the interaction between HDAC1 and STAT3,23 several experiments were undertaken to explore the underlying
signaling pathway which mediated the effects of the HOTAIR/miR-761/HDAC1 axis. Western blotting showed that the
protein expression of p-STAT3 was decreased in the group with knockdown of HDAC1 expression (Figure 7A). Exosomal
HOTAIR could enhance the protein expression of p-STAT3, whereas overexpression of miR-761 could reverse these effects
(Figure 7B). The viability, migration, and invasion of ESCs were decreased after treatment with stattic (inhibitor of p-STAT3),
and stattic could reverse the promoting effects of exosomal HOTAIR on the viability, migration, and invasion induction of
ESCs (Figure 7C and D). Moreover, the tube formation of HUVECs was obviously restrained by stattic (Figure 7E).

Figure 2 ESCs transport HOTAIR to surrounding cells through exosomes. (A) Exosome morphology as observed by TEM. Scale bar = 100 nm. (B) NTA was employed to
detect the size and concentration of exosomes. (C) Expression of two biomarkers of exosomes, CD9 and CD63, was measured by Western blotting. (D) Internalization of
DiI-labeled exosomes (red) in DAPI-labeled ESCs (blue). Scale bar = 20 μm. (E) HOTAIR expression in exosi-HOTAIR, exosi-HOTAIR-control, exoOe-HOTAIR, and exoOe-control. (F)
HOTAIR expression in ESCs co-cultured with different types of exosomes. **P < 0.01.
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ELISAwas used to measure expression of STAT3-related proinflammatory cytokines, including IL-1β, IL-6, IL-8, and
TNF-α. The levels of IL-1β, IL-6, IL-8, and TNF-α were enhanced markedly by upregulation of exosomal HOTAIR
expression, but were rescued by miR-761 mimics, si-HDAC1, or stattic (Figure 7F).

Exosomal HOTAIR Promotes the Growth of Endometrial Lesions in vivo
To investigate if exosomal HOTAIR was crucial for endometriosis progression in vivo, we established an endometriosis
model in mice. Once mice had been killed after the injection of different types of exosomes, we observed a significant
reduction of the ectopic endometrial cysts in the exosi-HOTAIR group and a significant increment of the ectopic
endometrial cysts in the exoOe-HOTAIR group (Figure 8A). The volume and weight of ectopic endometrial cysts was
increased significantly in the exoOe-HOTAIR group compared with that in the exoOe-control group and blank group
(Figure 8B and C). To ascertain if these effects were due to the abnormal expression of HOTAIR, miR-761, and
HDAC1, we undertook RT-qPCR and Western blotting. Expression of HOTAIR and HDAC1 mRNAwas enhanced in the
exoOe-HOTAIR group and decreased in the exosi-HOTAIR group, whereas the change in miR-761 expression revealed the
reverse phenomenon (Figure 8D). Protein expression of HDAC1 and p-STAT3 was enhanced in the exoOe-HOTAIR group
and decreased in the exosi-HOTAIR group (Figure 8E). Levels of IL-1β, IL-6, IL-8, and TNF-α in endometrial lesions were
increased in the exoOe-HOTAIR group and decreased in the exosi-HOTAIR group (Figure 8F). Therefore, exosomal HOTAIR
exerted a stimulating effect in a mouse model of endometriosis via the miR-761/HDAC1/STAT3 axis.

Figure 3 Exosomal HOTAIR promotes the proliferation, migration, and invasion, and inhibits the apoptosis of ESCs. (A) The CCK-8 assay was used to evaluate ESCs
proliferation. (B) ESCs proliferation was examined by EdU assay. (C) The migration and invasion of ESCs were detected by transwell assays. (D) Flow cytometry was applied
to detect ESCs apoptosis. (E) The tube formation capacity of HUVECs treated with different exosomes was determined. **P < 0.01.
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Discussion
Recently, numerous studies have demonstrated that lncRNA dysregulation has crucial functions in various diseases.24

lncRNAs have been shown to have important roles in the development and progression of endometriosis.25 We found that
HOTAIR was overexpressed in the ectopic endometrium and promoted the proliferation, migration, and invasion of
ESCs, and the angiogenesis of HUVECs by targeting the miR-761/HDAC1 axis and activating STAT3-mediated

Figure 4 HOTAIR acts as a ceRNA to react with miR-761 to regulate HDAC1. (A) Binding sites and mutant sites between miR-761 and HOTAIR. (B) The dual-luciferase
reporter assay was used to detect the combination of HOTAIR and miR-761. (C) The combination of HOTAIR and Ago2 was detected by the RIP assay. (D) Enrichment of
HOTAIR expression by miR-761 was detected by the RNA pull-down assay. (E) Binding sites between miR-761 and HDAC1. (F) The binding between miR-761 and MDM2
was assessed by the dual-luciferase reporter assay. (G) Protein expression of HDAC1 was detected by Western blotting. **P < 0.01.
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inflammation via an exosomal pathway. We revealed that an exosomal HOTAIR/miR-761/HDAC1/STAT3 regulatory
network participated in endometriosis development. Our data provide a new molecular target for endometriosis treatment.

HOTAIR is a lncRNA that has been reported to show abnormal expression in several diseases, and to be implicated in
the development of those diseases.26,27 Wang et al reported that HOTAIR can promote osteosarcoma development by
sponging miR-217 and regulating ZEB1 expression.28 HOTAIR targets miR-217 to promote progression of gastric cancer
by upregulating expression of GPC5.29 Chang et al found that HOTAIR had a prominent role in endometriosis.30 Similar
to those findings, we also found that HOTAIR expression was increased significantly in the ectopic endometrium, which
may promote endometriosis progression.

Exosomes can protect lncRNAs from degradation,31 and serve as a bridge of bioinformation transmission between
different cells.32 Yuan et al demonstrated that laryngeal cancer cells can transport HOTAIR to surrounding cells, thereby
negatively regulating the radiosensitivity of target cells.33 Similarly, we found that ESCs transmitted HOTAIR to

Figure 5 Exosomal HOTAIR promotes the proliferation, migration, and invasion of ESCs and angiogenesis of HUVECs, and inhibits ESCs apoptosis through sponging miR-
761. (A) miR-761 expression measured by RT-qPCR. (B) The CCK-8 assay was used to evaluate ESCs proliferation. (C) ESCs proliferation was examined by the EdU assay.
(D) The migration and invasion of ESCs were detected by transwell assays. (E) Flow cytometry was applied to detect ESCs apoptosis. (F) The angiogenesis capacity of
HUVECs was evaluated by the tube formation assay. **P < 0.01.
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surrounding cells through exosomes, and that exosomal HOTAIR could promote the growth, migration, and invasion and
the angiogenesis of HUVECs, and inhibit the apoptosis of ESCs.

Several studies have reported a lncRNA-miRNA-mRNA regulatory network.34 lncRNAs can act as a ceRNA to
sponge miRNAs in this network. To further investigate the underlying molecular mechanism by which exosomal
HOTAIR regulates endometriosis, we used a bioinformatics tool to predict the potential target of HOTAIR and found
miR-761 to be a potential candidate. Dual-luciferase reporter assays identified miR-761 as a downstream target of
HOTAIR. Shi and collaborators demonstrated that miR-761 inhibited the proliferation and invasion of the ovarian cancer
cells by targeting MSI1.35 Cho et al reported that miR-761 can inhibit the proliferation and migration of angiotensin II–
induced vascular smooth muscle cells by targeting mTOR.36 In this study, we found that miR-761 overexpression

Figure 6 Exosomal HOTAIR promotes the proliferation, migration, and invasion of ESCs and angiogenesis of HUVECs, and inhibits ESCs apoptosis through upregulating
HDAC1. (A) mRNA expression of HDAC1 measured by RT-qPCR. (B) Protein expression of HDAC1 measured by Western blotting. (C) The CCK-8 assay was used to
evaluate ESCs proliferation. (D) ESCs proliferation was examined by the EdU assay. (E) The migration and invasion of ESCs were detected by transwell assays. (F) Flow
cytometry was applied to detect ESCs apoptosis. (G) The angiogenesis capacity of HUVECs was evaluated by the tube formation assay. **P < 0.01.
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reversed the promoting effect of exoOe-HOTAIR on the proliferation, migration, and invasion of ESCs and the angiogenesis
of HUVECs, thereby indicating miR-761 overexpression could inhibit endometriosis progression.

We also explored the downstream mechanism of action of miR-761. Bioinformatics analysis showed that miR-761
interacted with the 3’-UTR of HDAC1, which was verified via the dual-luciferase reporter assay. HDAC1 regulates the
acetylation status of histones.37 miR-34a inhibits the proliferation and chemoresistance of ovarian cancer cells by
downregulating HDAC1 expression.38 The proliferation and invasion of colorectal cancer cells can be restrained by
miR-761 through targeting HDAC1.39 In a previous report, it has been shown that HDAC1 expression was increased
significantly in endometriosis.40 We demonstrated that knockdown of HDAC1 expression significantly reversed the
exoOe-HOTAIR-mediated proliferation, migration, and invasion induction, as well as apoptosis inhibition of ESCs. Hence,
HDAC1 serves as a promoting factor in endometriosis.

STAT3 has been found to mediate the biological action of HDAC1.41 STAT3 signaling is activated in endometriosis,
which may be a viable method for endometriosis treatment.42 Okamoto et al demonstrated that miR-210 promoted
endometriosis pathogenesis by activating STAT3.43 We found that HOTAIR and HDAC1 enhanced the protein expres-
sion of p-STAT3, and that inhibition of p-STAT3 expression could reverse the effects of HOTAIR on ESCs. The
HOTAIR/miR-761/HDAC1 axis also enhanced the production of IL-1β, IL-6, IL-8, and TNF-α in ESCs by activating

Figure 7 The HOTAIR/miR-761/HDAC1 axis activates STAT3-mediated inflammation. (A) Protein expression of STAT3 and p-STAT3 was measured. (B) Expression of
STAT3 and p-STAT3 in ESCs co-transfected with HOTAIR or miR-761 mimics. (C) Cell proliferation was detected using the CCK-8 assay. (D) Cell migration and invasion
was evaluated using transwell assays. (E) The angiogenesis capacity of HUVECs was evaluated by the tube formation assay. (F) ELISA was used to measure the levels of IL-1β,
IL-6, IL-8, and TNF-α. **P < 0.01.
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STAT3, which also verified the role of STAT3-mediated inflammation in endometriosis. In vivo experiments also showed
that exoOe-HOTAIR promoted the growth of endometrial lesions via the miR-761/HDAC1 axis and activation of STAT3-
mediated inflammation, which provides a new avenue for endometriosis treatment.

Conclusion
In summary, our studies showed that exosomal HOTAIR served as a molecular sponge of miR-761 to promote the
progression and angiogenesis of HUVECs endometriosis by regulating HDAC1 and activating STAT3-mediated inflam-
mation. These findings provide a novel mechanism for endometriosis development and a new therapeutic target for this
disease.
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Figure 8 Exosomal HOTAIR promotes the growth of endometrial lesions in vivo. (A) Photograph of endometrial lesions. (B) Total volume of endometrial lesions. (C) Total
weight of endometrial lesions. (D) RT-qPCR was carried out to measure expression of HOTAIR, miR-761, and HDAC1 mRNA in different group. (E) Protein expression of
HDAC1, STAT3, and p-STAT3 was detected via Western blotting. (F) ELISA was used to measure the levels of IL-1β, IL-6, IL-8, and TNF-α in endometrial lesions. *P < 0.05,
**P < 0.01.
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