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Abstract Extracellular vesicles fromhighlymetastatic tumor cells have been shown tomediate
epithelial-mesenchymal transition (EMT)-related events in recipient cells. In endometrial
epithelial cells, EMT processes are known to be involved in the development of adenomyosis.
We aimed to investigate whether adenomyosis-derived extracellular vesicles (AMEVs) are able
to induce an EMT process in endometrial epithelial cells. In this study, AMEVs were isolated from
patientswithadenomyosis andcharacterizedby transmissionelectronmicroscopy,Westernblot,
and nanoparticle tracking. Primary endometrial epithelial cells (EECs) were derived from normal
endometrium tissues from patients with leiomyoma and co-cultured with AMEVs in vitro. AMEV
uptake was examined by fluorescence confocal microscopy. The invasion of EECs was confirmed
by Transwell assay. Immunohistochemistry, Western blot, and qRT-PCR were performed on EECs
to illustrate the expression levels of cytokeratin 19, E-cadherin, vimentin, and zinc finger E-box-
binding homeobox 1 (ZEB1). The results indicated that the cellular fluorescence intensity grad-
ually increased after 48 h of co-culture, but decreased after 72 h. After co-culturing with AMEVs
for 72 h, EECs expressed significantly lower levels of cytokeratin 19 and E-cadherin, and signifi-
cantly higher levels of vimentin and ZEB1. Together these results demonstrated that AMEVs
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induce an EMT process and enhance the invasion of EECs. These changes may contribute to the
pathogenesis and progression of adenomyosis.
Copyrightª 2020, ChongqingMedical University. Productionandhosting byElsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Adenomyosis is a gynecologic medical condition charac-
terized by the abnormal invasion of endometrial epithelial
cells (EECs) and stromal cells deep into the myometrium,1

and it threatens the uterine health of women all over the
world. While the pathogenesis of adenomyosis remains
unclear, its development may be explained by acquired
invasiveness of endometrial cells. Previous studies have
implicated the epithelial-mesenchymal transition (EMT) in
disease progression.2

Through the process of EMT, epithelial cells first lose
their polarity and intercellular adhesion, then acquire the
ability to migrate, and finally convert to a mesenchymal
phenotype.3 This transition is essential for development
and wound healing, as well as for cancer metastasis. Loss of
E-cadherin is considered to be a critical event during EMT,
involving certain transcription factors such as ZEB1, which
could affect the expression of both epithelial (e.g., E-
cadherin) and mesenchymal (e.g., N-cadherin, vimentin)
markers.4 Previous reports have described the invasive
behavior of EECs during ectopic endometrial
implantation.5e7 EMT processes of EECs were postulated to
play a pivotal role in the progression of adenomyosis.

Recent studies have demonstrated the involvement of
extracellular vesicles (EVs) in EMT-associatedevents, inducing
the formation of pre-metastatic niches.8 In addition to their
apparent role in EMT, EVs are also known to be involved in
cellecell communication, homeostasis, and disease pro-
gression.9e11 EVs, including microvesicles and exosomes, are
lipid bilayer-delimited particles derived from various cell
types; they have been isolated from human uterus, uterine
epithelial cells, and endometriotic stromal cells.12,13 Notably,
EVs isolated from several different cell models have been
observed to induce EMT in recipient cells.14,15

In the present study, adenomyosis-derived EVs (AMEVs)
were isolated from adenomyotic lesions, EECs were
collected from normal endometrium tissues, and then they
were co-cultured in vitro (Fig. 1). The expression levels of
E-cadherin, cytokeratin 19, vimentin, and ZEB1 were
detected in order to understand the possible effect of
AMEVs on the invasion and EMT process of EECs. The results
might provide a new insight for exploring the recurrence
and progression of adenomyosis.
Materials and methods

Ethical approval

The study of human tissue specimens as performed in these
experiments was approved by the Ethical Committee of
Chongqing Medical University. Each patient provided writ-
ten informed consent. Reference Number:2018014.

Patients and samples collection

This study was conducted on 30 Chinese women, 18 of whom
were diagnosed with adenomyosis (9 proliferate, 9 secre-
tory) and 12 with leiomyoma (6 proliferate, 6 secretory) by
transvaginal ultrasound, and who were all undergoing hys-
terectomy at the First Affiliated Hospital of Chongqing Med-
ical University (see Table S1). None of the women had
received any hormonal therapies for at least 3months before
hysterectomy. All tissue samples were evaluated by two gy-
necological pathologists to confirm tissue quality. The study
was conducted in accordance with the Declaration of Hel-
sinki of the World Medical Association. Clinical history of
patients was obtained as published previously.16

Isolation and identification of AMEVs

AMEVs were isolated and purified using previously published
protocols.11 Briefly, fresh adenomyotic lesions were washed
in cold phosphate-buffered saline (PBS) (Hyclone, USA) and
immediately homogenized. Differential centrifugation was
used to remove tissue debris and red blood cells from the
homogenates (800�g for 10 min followed by 1000�g for
10 min), which were then ultrafiltered through a 1.2 mm
Minisart Syringe Filter (Sartorius, Germany). The superna-
tant was then subjected to differential centrifugation
(50,000�g for 90 min followed by 100,000�g for 90 min)
and the resulting pellet resuspended in 1 mL PBS. The
retained precipitates were further purified by layering
them onto iodixanol (AXIS-SHIELD, Norway) density medium
with a top-down gradient of 5, 10, 20, 30, 40, and 50%, and
centrifuging at 100,000�g for 90 min. A gradient layer of
the density medium containing purified EVs was then
collected from the tube side with a 2 mL pipette, and EVs
were washed with 3 mL cold PBS and centrifuged at
100,000�g for 90 min. Purified EVs were resuspended in PBS
and stored at �80 �C. The membrane protein markers of
AMEVs were then evaluated by mass spectrometry and
Western blot using three commercially available antibodies
purchased from Abcam plc, USA: flotillin 2 (1:1000;
ab181988, Abcam plc, USA), CD9 (1:2000; ab92726, Abcam
plc, USA), and CD63 (1:1000; ab134045, Abcam plc, USA).

High-performance liquid chromatography-mass
spectrometry (LC-MS)

All LC-MS analysis was performed on a Q-Exactive mass
spectrometer (Thermo Fisher Scientific, USA). Protein
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Figure 1 Schematic illustration of the effect of AMEVs on EECs. (A) AMEVs were isolated from adenomyosis tissues. (B) EECs
were co-cultured with AMEVs in vitro.
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identification was performed with MASCOT software by
searching Uniprot. Carbamidomethylation of cysteines was
set as a fixed modification. The first, overnight, digestion
was done with a trypsin-to-protein mass ratio of 1:50, and
the second, 4 h, digestion was done at 1:100. The maximal
mass tolerance in MS mode was set to 20 ppm for the first
search and fragment mass tolerance was set to 0.6 Da. The
maximum false discovery rate (FDR) for both peptide and
protein identification were set to 0.05.
Isolation and identification of primary endometrial
epithelial cells

As described in previous studies,14,17 endometrial tissues
collected from leiomyoma patients were minced and ho-
mogenized immediately, then enzymatically digested in
1 mg/mL of collagenase IV (Sigma, USA) with gentle shaking
at 37 �C for 60 min. The cells were filtered through a 100 mm
cell strainer (Corning, USA) and then a 40 mm cell strainer
(Corning, USA) to remove tissue debris. Glandular elements
from the 40 mm membrane were backwashed several times
with PBS and transferred to a universal tube and pellet by
centrifugation at 300�g for 5 min. The sediment was then
collected and resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) (Hyclone, USA) þ 10% fetal bovine serum
(FBS) (Hyclone, USA) þ 1% penicillin/streptomycin (Beyo-
time Biotechnology, China) and incubated for 14 days at
37 �C and 5% CO2. Antibodies purchased from Abcam plc,
USA, were used to identify EECs: rabbit anti-cytokeratin 19
(1:200; ab52625, Abcam plc, USA) and goat anti-rabbit IgG -
Alexa Fluor� 488 (1:200; ab150077, Abcam plc, USA).
Nanoparticle tracking analysis

Purified AMEVs (1 mL) were diluted in 1 mL PBS and quan-
tified using nanoparticle tracking analysis (Malvern Nano-
sight NS 3000, UK) to determine the size distribution and
particle concentration.

Transmission electron microscopy (TEM) with
negative-contrast staining

Purified AMEVs (1 uL) were resuspended in 100 mL PBS, dried
onto TEM grids (freshly glow discharged 300 mesh formvar/
carbon-coated) (Ted Pella, USA), and negatively stained
with 2% Potassium Phosphotungstate. All transmission
electron micrographs were obtained using an H7500 trans-
mission electron microscope (Hitachi, Japan) operated at
80 KV.

Low vacuum scanning electron microscopy (LVSEM)

AMEVs (1 uL) were resuspended in 100uL PBS, and then
resuspended in 900uL glutaraldehyde solution (2.5%)
(P1126, BeiJing Solarbio Science & Technology Co. Ltd,
China) at 4 �C overnight. Micrographs of AMEVs were ob-
tained using a low vacuum scanning electron microscopy
(Nova Nano SEM 450, FEI, USA) operated at 5 KV.

Laser scanning confocal microscopy (LSCM)

The uptake of AMEVs by EECs was performed as described
previously.18 Briefly, AMEV pellets (30 mL, approximately
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8.04 � 1010�1.128 � 1010 particles) were incubated with a
DiO dye (Beyotime Biotechnology, China) solution (10 mM)
for 30 min at 37 �C. After washing twice with PBS, pellets
were centrifuged at 100,000�g for 90 min, and DiO-AMEVs
were resuspended in 100 mL of PBS. EECs (1 � 106/mL)
were incubated with DAPI dye (Beyotime Biotechnology,
China) (10 mg/mL) in a 15 mm glass bottom cell culture dish
(NEST, Hong Kong, China) at 37 �C for 24 h, then washed
three times with PBS and treated with DMEM containing
10 mL of DiO-AMEVs for 0 h, 48 h, and 72 h. Images were
obtained using laser scanning confocal microscopy (Nikon
Microsystems, Japan). Digital images were recorded and
analyzed using NIS 4.2 Viewer (Nikon Microsystems, Japan).

Fluorescence activated cell sorting (FACS) analysis

To study the effect of inhibiting actin polymerization on
AMEV uptake, AMEV pellets (30 mL) were incubated with a
DiI dye (Beyotime Biotechnology, China) solution (10 mM)
for 30 min at 37 �C. After washing twice with PBS, pellets
were centrifuged at 100,000�g for 90 min, and DiI-labeled
AMEVs were resuspended in 100 mL PBS. EECs (1 � 106/mL)
were co-cultured with the actin polymerization inhibitor
cytochalasin D (10 mM; C102396, aladdin, China) for 1 h, and
then for an additional 6 h with DiI-labelled AMEVs, after
which the cultured cells were washed 3 times with PBS. The
percentage of fluorescent cells was quantified by FACS
analysis (BD Accuri Flow Cytometer) using FlowJo software
version 7.6 (TreeStar Inc.).

Cell viability assays

EECs were placed in a 96-well plate at a density of 1 � 104/
well. Then, 100 mL of cell culture medium plus 1, 2, 4, 8,
16, 32, 64, or 100 uL of AMEVs was added (6 wells per dose).
After 72 h, 10 mL of cell counting kit-8 (CCK-8) solution
(Enzo Life Sciences, USA) was added to the cells. Optical
density values were obtained at 450 nm using an ELx800
Universal Microplate Reader (Bio-Tek Instruments, USA). All
assays were performed three times.

EEC invasion assay

EEC invasion assay was performed as described previ-
ously.19 Briefly, the upper chamber of a 24-well Transwell
plate (Corning, USA) was coated with matrigel (R&D Sys-
tems, USA) that had been diluted in DMEM (matrigel/
DMEM Z 1:8). The plates were dried on super-clean bench
at 37 �C for 30 min prior to cell seeding. EECs were cultured
in serum-free medium for 24 h to starve the cells and then
inoculated into 24-well Transwell plates. EECs (200 uL,
1 � 106/mL) in 10% FBS þ DMEM medium were seeded into
the upper chamber, and 10% FBS þ DMEM þ 30 mL AMEV
solution (approximately 8.04 � 1010�1.128 � 1010 parti-
cles/L) was used as a chemoattractant. Cells that migrated
to the bottom chamber were fixed in 100% methanol and
stained with 0.5% crystal violet. Cell quantification was
performed by randomly selecting five regions of the filter
and counting the cells in each region. The experiments
were repeated three times.
Immunohistochemistry (IHC) and
immunocytochemistry (ICC)

Immunochemistry staining procedures were performed as
described previously.20,21 Briefly, expression levels of E-
cadherin (1:500; ab40772, Abcam plc, USA), cytokeratin 19
(1:400), vimentin (1:100; AF7013, Affinity Biosciences,
USA), ZEB1 (1:100; ab203829, Abcam plc, USA), and HSPB1
(1:100; ab203829, Abcam plc, USA) were determined using
specific, commercially available antibodies. Control sec-
tions (incubated without the primary antibody) showed
little to no immunostaining. Five digital images were
collected from random areas of IHC slides using an optical
microscope (BX51, Olympus, Japan) and ISCapture software
(Tucsen, China). Immunostaining intensity was then quan-
tified using Image Pro Plus v. 6.0 software (Media Cyber-
netics, USA).
Western blot

Proteins were separated with SDS-PAGE (Beyotime
Biotechnology, China) using a 10% separation gel and then
transferred to a PVDF (Millipore, USA) membrane. After the
transfer, the membrane was blocked with 5% nonfat milk in
PBS (pH 7.2) þ 0.1% Tween 20 (BeiJing Solarbio Science &
Technology Co. Ltd, China). After washing three times with
wash buffer (PBS (pH 7.2) þ 0.1% Tween 20 (BeiJing Solarbio
Science & Technology Co. Ltd, China)), the membrane was
incubated overnight at 4 �C with primary antibody. Mem-
branes were washed three times with wash buffer and
incubated for 1 h at 37 �C with secondary antibody. Un-
bound secondary antibodies were removed by washing
three times with wash buffer, after which the immunore-
active bands were visualized using ECL detection reagents.
Films were scanned using the Azure c400 scanner (Azure
Biosystems, USA), and labeled bands were quantified using
ImageJ software (NIH, USA). Commercially available anti-
bodies were used: E-cadherin (1:2000), cytokeratin 19
(1:2000), vimentin (1:500), ZEB1 (1:500), HSPB1 (1:1000),
GAPDH (1:1000; E021060-03, EarthOx, LLC, USA) and a goat
polyclonal secondary antibody (1:1000; E030120-01,
EarthOx, LLC, USA).
Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

TRIZOL reagent (G3013, Servicebio, China) was used to
extract total RNA from cultured cells, and 1 mg of RNA was
used for cDNA synthesis. The cDNA (100 ng) was added to
the real-time PCR mixture containing SYBR Green (04 913
914 001, Roche, Switzerland) and the following primers
were used: ZEB1, forward 50-CTGCAGTCCAA-
GAACCACCCTTG-30 and reverse 50-CCA-
CACTCATGAGGTCTTTTACC-3’; GAPDH (used as an internal
control), forward 50- GGAAGCTTGTCATCAATGGAAATC-
30and reverse 50-TGATGACCCTTTTGGCTCCC-3’. All re-
actions were run in triplicate using a StepOnePlus� real-
time PCR system (Applied Biosystems Inc, USA), and rela-
tive expression levels were calculated using the compara-
tive cycle threshold (Ct value).22



Figure 2 Immunochemistry for EMT markers in normal endometrium, eutopic endometrium, and adenomyosis. The EMT
markers cytokeratin 19, E-cadherin, and vimentin were visualized by immunohistochemistry and compared across tissues. Scale
bar: 200 mm.
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Statistical analysis

All data were analyzed with SPSS software (version 21, IBM,
USA) using analysis of variance (ANOVA) or an independent
samples t-test. Results are expressed as mean � standard
deviation (SD). The ManneWhitney U-test was used to
compare the incidence of hypermenorrhea in patients with
adenomyosis or uterine fibroids. All other categorical vari-
ables were expressed as binary and tested by Fisher’s exact
test; these results are presented as fractions and percent-
ages. For all tests, P < 0.05 was considered statistically
significant.
Results

EMT occurs in the glandular epithelial cells of
adenomyosis samples

To determine whether EMT occurs in adenomyosis, we
performed IHC for EMT markers (cytokeratin 19, E-cad-
herin, and vimentin) in normal (secretory phase, n Z 6;
proliferate phase, n Z 6), eutopic (secretory phase, n Z 9;
proliferate phase, n Z 9), and adenomyotic endometrial
tissue (n Z 18). Representative IHC results, and the
expression profile of EMT markers, are shown in Fig. 2.
Cytokeratin 19 and E-cadherin were both present in the
majority of normal, eutopic, and adenomyotic tissue,
particularly in the cytomembrane and cytoplasm of glan-
dular epithelial cells. Positive vimentin staining was
detected in the cytomembrane and cytoplasm of partial
glandular epithelial cells and total stromal cells.

In the proliferative phase of normal endometrial
epithelial cells, the protein level of cytokeratin 19 was
significantly higher than in eutopic endometrium (P < 0.05)
and adenomyosis lesions (P < 0.05) (Fig. 2). In the secretory
phase, the level of cytokeratin 19 was significantly higher in
the epithelial cells of eutopic endometrium than in control
endometrium (P < 0.05). A significant decrease in cyto-
keratin 19 staining was observed in eutopic endometrium
and adenomyosis lesions.

E-cadherin expression was lower in eutopic endome-
trium and adenomyosis lesions than in normal endome-
trium. Vimentin levels were significantly higher in
adenomyotic lesions compared with normal endometrium
(P < 0.05), but not significantly different between
normal and eutopic or eutopic and adenomyotic tissues
(Fig. 2).



Figure 3 Biological characteristics of AMEVs. (A) TEM image with negative staining, (B) LVSEM image, (C) size distribution, and
(D) membrane biomarker (flotillin-2, CD63 and CD9) of AMEVs. (E) Total proteins and (F) top 10 proteins enriched in AMEVs.
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Table 1 Conventional markers of extracellular vesicles.

Protein family Accession Score Mass Matches Sequences Protein description

Tetraspanins CD9 223 25,969 20 (9) 6 (3) CD9 antigen
CD 63 111 26,474 24 (4) 8 (2) CD63 antigen
CD 81 361 26,476 6 (6) 1 (1) CD81 antigen

Adhersion proteins CD44 521 82,001 19 (11) 7 (2) CD44 antigen
ICAM1 139 58,587 17 (5) 10 (4) Intercellular adhesion molecule 1
ITB1 874 91,664 63 (35) 26 (13) Integrin beta-1
ITA1 530 132,304 57 (26) 33 (15) Integrin alpha-1
ITAV 365 117,048 46 (18) 32 (13) Integrin alpha-V
ITAM 409 128,410 40 (16) 31 (12) Integrin alpha-M
ITB2 264 87,976 29 (11) 13 (7) Integrin beta-2
ITA5 352 115,605 25 (12) 16 (10) Integrin alpha-5
ITB3 312 90,194 34 (12) 21 (6) Integrin beta-3
ITA6 275 127,724 45 (10) 31 (8) Integrin alpha-6
ITB5 148 91,303 41 (6) 14 (5) Integrin beta-5
ITA2B 239 114,446 11 (8) 9 (6) Integrin alpha-IIb
ITA3 128 117,735 29 (6) 23 (5) Integrin alpha-3
ITA11 103 134,527 26 (4) 20 (4) Integrin alpha-11
ITA7 91 130,121 20 (3) 16 (3) Integrin alpha-7
ITAL 79 129,942 14 (3) 12 (3) Integrin alpha-L
ITA2 70 130,468 20 (3) 14 (3) Integrin alpha-2
ITA9 28 115,727 17 (1) 15 (1) Integrin alpha-9
ITA4 26 116,252 20 (1) 15 (1) Integrin alpha-4
ITB4 53 205,745 42 (1) 30 (1) Integrin beta-4

Vesicle trafficking-related proteins ANXA1 2530 38,918 115 (79) 31 (19) Annexin A1
ANXA2 4829 38,808 207 (156) 40 (27) Annexin A2
ANXA3 184 36,524 11 (5) 11 (5) Annexin A3
ANXA4 1292 36,088 78 (41) 32 (16) Annexin A4
ANXA5 2201 35,971 107 (68) 34 (25) Annexin A5
ANXA6 4079 76,168 209 (144) 68 (45) Annexin A6
ANXA7 486 52,991 46 (19) 26 (12) Annexin A7
ARF3 651 20,645 55 (27) 15 (10) ADP-ribosylation factor 3
ARF4 564 20,612 37 (25) 13 (9) ADP-ribosylation factor 4
ARF5 486 20,631 40 (20) 15 (7) ADP-ribosylation factor 5
ARF6 233 20,183 26 (11) 12 (5) ADP-ribosylation factor 6
TSG101 45 44,088 28 (1) 16 (1) Tumor susceptibility gene 101 protein

Flotillins FLOT1 357 47,554 45 (11) 26 (8) Flotillin-1
FLOT2 478 47,434 39 (17) 21 (11) Flotillin-2
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The structural characteristics and protein cargoes
of AMEVs

AMEVs were isolated from adenomyosis lesions (Fig. 3A).
TEM with negative contrast staining and LVSEM were used to
visualize AMEVs (Fig. 3B). AMEVs were approximately
100e1000 nm in diameter and had a round shape.

Nanoparticle tracking analysis revealed that the AMEVs
at 50,000�g þ100,000�g had a mean diameter of
221.0 � 8.3 nm and mean concentration of 2.68 � 1012 �
3.76 � 1011 particles/ml (Fig. 3C).

LC-MS revealed notable enrichment in AMEVs for con-
ventional EV markers,23 including tetraspanins, adhesion
proteins, vesicle trafficking-related proteins, and flotillins
(Table 1).

Therefore, we used Western blotting to determine
expression levels of flotillin-2, CD9, and CD63 as markers of
AMEVs (Fig. 3D).
In total, 2449 proteins were found to be involved in the
cell biological process (Fig. 3E). The top 10 enriched pro-
teins (with an exponentially modified protein abundance
index (emPAI) > 10) in AMEVs included: annexin A2, annexin
A5, annexin A6, HSPB1, and Transgelin (Fig. 3F) (Table S2).
Cellular uptake, intracellular distribution, and
invasive changes of EECs

To investigate the effect of AMEVs on EECs, EECs were
isolated from normal endometrium. Immunocytochemistry
and immunofluorescence staining showed that cytokeratin
19 was expressed in EECs, and that the purity of EECs was
up to 95% (Fig. S1).

When co-cultured with DiO-labeled AMEVs for 0 h, 48 h,
and 72 h, LSCM showed that the cellular fluorescence in-
tensity of EECs was slightly higher at 48 h, but not at 72 h,



Figure 4 Cellular endocytosis and distribution, and invasive changes of EECs. (A) Confocal microscopy images of the endo-
cytosis of DiO-labeled AMEVs (green fluorescence) in EECs for 0, 48, and 72 h. After coculture with AMEVs for 72 h, the cell viability
and proliferation rate (B) and invasive ability (C) of EECs were enhanced (n Z 6 per group; P < 0.05 for all). Scale bar: 200 mm. The
asterisk indicates a comparison made to the control. *P < 0.05; **P � 0.01; ***P � 0.001 for all figures.

AMEVs endow EECs with invasiveness via EMT 643
as compared to baseline. The AMEVs were typically
concentrated in the cytoplasm, particularly in the subcel-
lular compartment (Fig. 4A).

To further examine the toxicity of AMEV to EEC, we
evaluated the effect of AMEV on cell viability and cell
proliferation using CCK-8. After co-culturing with 8 mL of
AMEVs for 72 h, both EEC viability and proliferation were
significantly increased compared to untreated controls
(n Z 6, P < 0.05). This effect was even more pronounced
when EECs were treated with 30 mL of AMEVs (Fig. 4B).



Figure 5 An EMT-like process in EECs induced by AMEVs. When cocultured with AMEV for 72 h, Western Blot (A) and immu-
nochemical staining (B) showed that cytokeratin 19 and E-cadherin expression was significantly decreased, and vimentin increased,
as compared to the control group (P < 0.05). Scale bar: 200 mm.
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Based on the Transwell assay, 72 h of co-culture with
AMEVs appeared to promote migration and invasion of EECs
(n Z 6, P < 0.05) (Fig. 4C).

An EMT-like process in EECs induced by AMEVs

During EMT, cells lose E-cadherin expression, intermediate
filaments switch from cytokeratin to vimentin, and vimen-
tin expression is increased.24,25 Therefore, after being
treated with AMEVs for 72 h, Western blot showed that EEC
lysates expressed significantly less cytokeratin 19 (n Z 3,
P< 0.05) and E-cadherin (nZ 3, P < 0.05), and significantly
more vimentin (n Z 3, P < 0.05), than untreated controls
(Fig. 5A).

To further confirm these changes, immunocytochemistry
also demonstrated that levels of cytokeratin 19 and E-
cadherin were significantly lower in treated than in un-
treated EECs (n Z 3, P < 0.05), and levels of vimentin were
significantly higher (n Z 3, P < 0.05) (Fig. 5B).

HSPB1 and ZEB1 expression during EMT

To identify EMT-related proteins, LC-MS combined with the
Uniprot database revealed 20 EMT-related proteins in
AMEVs (Fig. 6A, Table 2). Of these proteins, HSPB1 and
Annexin A2 had an emPAI>20, HSPA5 and MSN had an
emPAI>5, S100A4 and EZR had an emPAI�1, and 14 proteins
had an emPAI<1 (CTBP1, CTNNB1, PDCD6, PPP3R1, PEF1,
CTBP2, TRIM28, RTN4, DDX17, CCAR2, GSK3B, PDCD4,
BMP7, and ENG). HSPB1 had the highest emPAI (44.96), and
Annexin A2 ranked eighth (23.25).

To analyze the network clustering of these 20 EMT-
related proteins, the STRING Database (version 11.0)
(https://string-db.org/) showed that HSPB1 could interact
with HSPA5, MSN, and CTNNB1. Immunohistochemical
staining showed that HSPB1 expression was significantly
increased after co-culture with AMEVs (P < 0.05) (Fig.
6B). FACS analysis revealed that EEC uptake of AMEVs was
significantly inhibited by cytochalasin D (P < 0.05) (Fig. 6C),
and HSPB1 expression was significantly reduced after co-
culture with AMEVs and cytochalasin D (P < 0.05) (Fig. 6D).

The E-cadherin transcriptional repressor ZEB1 was not
expressed in AMEVs. To examinewhether AMEVs enhance the
mRNA and protein level of ZEB1 during EMT in EECs, immu-
nochemical staining and qRT-PCR were used to examine the
mRNA and protein level of ZEB1 in EECs. After co-culturing
EECs with AMEVs for 72 h, immunochemical staining showed
that ZEB1 expression was significantly higher in treated EECs
than in untreated controls (n Z 3, P < 0.05) (Fig. 6E).

https://string-db.org/


Figure 6 HSPB1 and ZEB1 expression during EMT of EECs. (A) EMT-related proteins and (B) network clustering of EMT-related
proteins in AMEVs. (C) Effect of cytochalasin D on endocytosis of AMEVs and (D) HSPB1 expression in EECs treated with AMEVs for
72 h. After 72 h co-culture with AMEVs, immunochemical staining (P < 0.05) (E) and qRT-PCR (P < 0.05) (F) showed that ZEB1
expression in EECs was up-regulated, and E-cadherin expression levels were negatively correlated with ZEB1 (R Z 0.762, P < 0.05)
and HSPB1 (R Z 0.894, P < 0.05) expression levels (G). Scale bar: 100 mm.
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Table 2 20 EMT-related proteins in AMEVs.

Protein name Gene name Score Mass Matches Sequences emPAI

Heat shock protein beta-1 HSPB1 HSP27 HSP28 2829 22,826 142
(104)

20 (17) 44.96

Annexin A2 ANXA2 ANX2 ANX2L4 CAL1H
LPC2D

4829 38,808 207
(156)

40 (27) 23.25

78 kDa glucose-regulated protein HSPA5 GRP78 3713 72,402 162
(112)

55 (35) 6.36

Moesin (Membrane-organizing extension spike
protein)

MSN 1301 67,892 137 (60) 69 (32) 5.61

Programmed cell death protein 6 PDCD6 ALG2 239 21,912 23 (16) 8 (6) 2.13
Protein S100-A4 S100A4 CAPL MTS1 62 11,949 13 (4) 7 (3) 1.13
Ezrin EZR VIL2 448 69,484 75 (24) 44 (12) 1
C-terminal-binding protein 1 CTBP1 CTBP 223 47,962 26 (11) 14 (8) 0.7
Catenin beta-1 CTNNB1 CTNNB OK/SW-cl.35

PRO2286
362 86,069 34 (16) 22 (13) 0.69

Calcineurin subunit B type 1 PPP3R1 CNA2 CNB 74 19,402 3 (2) 3 (2) 0.38
Peflin PEF1 ABP32 UNQ1845/PRO3573 110 30,646 7 (4) 5 (3) 0.36
C-terminal-binding protein 2 CTBP2 149 49,427 18 (4) 13 (3) 0.29
Transcription intermediary factor 1-beta TRIM28 KAP1 RNF96 TIF1B 175 90,261 22 (8) 18 (7) 0.28
Reticulon-4 RTN4 KIAA0886 NOGO My043

SP1507
317 130,250 43 (14) 21 (7) 0.25

Endoglin ENG END 422 71,559 17 (11) 8 (5) 0.25
Probable ATP-dependent RNA helicase DDX17 DDX17 160 80,906 37 (8) 18 (5) 0.22
Cell cycle and apoptosis regulator protein 2 CCAR2 DBC1 KIAA1967 98 103,465 36 (5) 17 (5) 0.17
Glycogen synthase kinase-3 beta GSK3B 30 47,228 10 (3) 8 (2) 0.14
Programmed cell death protein 4 PDCD4 H731 63 52,102 17 (2) 12 (2) 0.13
Bone morphogenetic protein 7 BMP7 OP1 26 49,681 7 (1) 7 (1) 0.07
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Similarly, qRT-PCR showed that mRNA levels of ZEB1 were
significantly higher in treatedEECs than inuntreated controls
(nZ 3, P < 0.05) (Fig. 6F). After treatment with AMEVs, the
expression of E-cadherin in EECs was negatively correlated
with ZEB1 expression (R Z 0.762, P < 0.05) and HSPB1ex-
pression (R Z 0.894, P < 0.05) (Fig. 6G).
Discussion

EVs represent a novel cell communication mechanism that
is able to operate over both short and long distances.25 EVs
are shed by both prokaryotic and eukaryotic cells and
contain messages for the surrounding biological environ-
ment, including exosomes (30e150 nm) and microvesicles
(100e1500 nm).26 In this study, we isolated AMEVs from the
homogenate of adenomyotic lesions, and subsequent anal-
ysis with LC-MS and western blot showed that AMEVs ex-
press conventional markers of exosomes and microvesicles.
We did not separate exosomes from microvesicles, because
no straightforward criteria exist to distinguish, isolate, and
identify subpopulations of cell-derived vesicles. This may
be a topic for future study.

EV-mediated cellecell communication is based on the
release and uptake of EVs.27 Our findings show that AMEVs
enhance the viability and proliferation rate of EECs, and
the internalization process of AMEVs into EECs increases
with time and occurs mainly in the subcellular compart-
ment of the cytoplasm.28 The process can be inhibited by
inhibiting actin polymerization with cytochalasin D.
EVs can transmit intracellular signals, induce EMT, pro-
mote tumorigenesis and metastasis, and are important
mediators in the tumor microenvironment.29 In our study,
after being co-cultured with AMEVs for 72 h, EECs exhibited
enhanced invasiveness, reduced expression of E-cadherin
and cytokeratin 19, and increased expression of vimentin
and ZEB1. Moreover, the downregulation of E-cadherin was
negatively associated with the upregulation of ZEB1. ZEB1
is an E-cadherin transcriptional repressor that binds to the
E-cadherin promoter at E-boxes and represses E-cadherin
transcription.30 LC-MS showed that ZEB1 was not expressed
in AMEVs. Together these results demonstrate that EMT
occurs in EECs after co-culture with AMEVs.4 As EMT of EECs
has been shown to be involved in the pathology of adeno-
myosis,6,7 these findings provide insight to better under-
stand the role of AMEVs in etiology and pathophysiology.
Therefore, the pathogenesis of adenomyosis may be
divided into two stages:

1) EECs acquire high invasiveness through EMT, and highly
invasive EECs can easily pass through the basalis of
endometrium into myometrium. These changes may be
related to high estrogen levels.7

2) EVs from existing adenomyotic lesions stimulate EECs to
acquire high invasiveness through EMT, promoting the
recurrence and progression of adenomyosis.

LC-MS analysis revealed 20 EMT-related proteins in
AMEVs, of which HSPB1 had the highest emPAI (44.96).
HSPB1 is known to be involved in chaperone activity,
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apoptosis, and cellular development and differentiation.
HSPB1 has been reported to be associated with EMT in
salivary adenoid cystic carcinoma31 and prostate can-
cer.32,33 When EECs were co-cultured with AMEVs for 72 h,
our findings showed that HSPB1 expression in EECs was up-
regulated; in contrast, co-culture with cytochalasin D
resulted in down-regulated HSPB1 expression. After co-
culture with AMEVs, the downregulation of E-cadherin in
EECs was correlated with the upregulation of HSPB1. These
results suggest that HSPB1 may participate in the devel-
opment and progression of adenomyosis.

In conclusion, our findings show that EVs from ade-
nomyotic lesions induce an EMT-like process in EECs and
endow EECs with an invasive phenotype. ZEB1 and HSPB1
may be involved in this process. The present findings pro-
vide novel insights for exploring the etiology and patho-
genesis of adenomyosis and provide great insights into the
development of new therapeutic approaches.
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