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Increased a2-6 sialylation of endometrial
cells contributes to the development of
endometriosis
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Abstract

Endometriosis is a disease characterized by implants of endometrial tissue outside the uterine cavity and is strongly
associated with infertility. Focal adhesion of endometrial tissue to the peritoneum is an indication of incipient
endometriosis. In this study, we examined the effect of various cytokines that are known to be involved in the
pathology of endometriosis on endometrial cell adhesion. Among the investigated cytokines, transforming growth
factor-B1 (TGF-B1) increased adhesion of endometrial cells to the mesothelium through induction of a2-6 sialylation.
The expression levels of B-galactoside a2-6 sialyltransferase (ST6Gal) 1 and ST6Gal2 were increased through activation
of TGF-BRI/SMAD2/3 signaling in endometrial cells. In addition, we discovered that terminal sialic acid glycan epitopes
of endometrial cells engage with sialic acid-binding immunoglobulin-like lectin-9 expressed on mesothelial cell
surfaces. Interestingly, in an in vivo mouse endometriosis model, inhibition of endogenous sialic acid binding by a
NeuAca2-6Gal31-4GIcNAc injection diminished TGF-31-induced formation of endometriosis lesions. Based on these
results, we suggest that increased sialylation of endometrial cells by TGF-31 promotes the attachment of endometrium
to the peritoneum, encouraging endometriosis outbreaks.

Introduction

Endometriosis is a common chronic gynecological dis-
order that affects ~ 10% of women of reproductive age’. It
is characterized by the presence of endometrial tissue
outside the uterus and is associated with pelvic pain,
dysmenorrhea, and infertility®. Surgical treatment aims to
remove the endometriotic lesions, and medical follow-up
monitors and controls symptoms and recurrence. How-
ever, conventional therapy cannot efficiently reduce the
high relapse rate of endometriosis. Despite the fact that
endometriosis is a significant disease in fertile women—
because of its association with infertility—the molecular
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mechanisms remain unclear®. Therefore, more research
examining the factors related to endometriosis recurrence
is needed for managing endometriosis.

The theory of retrograde menstruation suggests that
reflux of endometrial tissues during menstruation is the
source of ectopic endometrium, and it is the most widely
accepted hypothesis of pathogenesis in endometriosis®. At
the initial stage of the disorder, adhesion of refluxed
endometrial tissues to the peritoneal mesothelium is cri-
tical in ectopic endometriosis lesion formation®. In
women suffering from endometriosis, modified expres-
sion of cytokines and growth factors creates a micro-
environment that promotes adhesion of the endometrium
to the peritoneum®. A number of cytokines, such as
transforming growth factor-f1 (TGF-B1), tumor necrosis
factor alpha (TNF-a), interferon gamma (INF-y), inter-
leukin (IL)-1P, IL-6, and IL-8, have been suggested to
induce the expression of adhesion molecules on the
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surface of human endometrial cells’™°. In this respect,
investigating and regulating the mechanism of cytokine-
induced endometrial cell attachment may be an effective
method for preventing endometriosis relapse.

Although endometriosis is a benign disorder, it exhibits
characteristics similar to those of cancer, such as cell
proliferation, migration, invasion, and adhesion®. Glyco-
sylation is one of the most common post-translational
modifications of secretory and membrane proteins in all
eukaryotes and modulates cell—cell and
cell-microenvironment interactions'®'!. Aberrant sialy-
lation promotes cancer cell metastasis by increasing
adhesion of cancer cells to the extracellular matrix'*?,
Similarly, it has been reported that the levels of glyco-
proteins are increased in serum, peritoneal fluid, and
eutopic endometrium of patients with endometriosis'*~°.
Moreover, inhibition of CD44 glycosylation decreases
attachment of endometrial cells in early endometriotic
lesion establishment'’. However, the effect and under-
lying mechanisms of altered sialylation on endometriosis
establishment, especially on the adhesion between endo-
metrial cells and peritoneal mesothelial cells, are still
unclear.

In the present study, we demonstrated the effect of
sialylation on the adhesion of endometrial cells and found
that TGF-P1 increased the adhesion of endometrial cells
to peritoneal mesothelial cells through induction of a2-6
sialylation. We also determined that sialic acid epitopes of
endometrial cells interacted with sialic acid-binding
immunoglobulin-like lectin (Siglec)-9 expressed in peri-
toneal mesothelial cells. Furthermore, inhibition of glycan
binding prevented the formation of TGF-Bl-induced
endometriotic lesions in a mouse endometriosis model.
Therefore, we suggest that altered sialylation of endo-
metrial cells plays a pivotal role in the initiation of
endometriosis.

Materials and methods
Antibodies and reagents

Recombinant human TGF-f1 (100-21), IL-1B (200-
01B), IL-6 (200-06), and IL-8 (200-08 M) cytokines were
purchased from Peprotech (Rocky Hill, NJ). Cell Tracker™
Green CMFDA (5-chloromethylfluorescein diacetate) was
supplied by Thermo Fisher Scientific (Waltham, MA).
a2-3,6,8 Neuraminidase (P0720S) was acquired from
New England Biolabs (Ipswich, MA). Biotinylated
Maackia amurensis lectin II (MAL II) and biotinylated
Sambucus nigra lectin (SNA) were provided by Vector
Laboratories  (Burlingame, CA). NeuAca2-3Galpl-
4GlcNAc  (3-SLN) and NeuAca2-6Galpfl-4GlcNAc
(6"-SLN) were purchased from Carbosynth (Berkshire,
UK). TGF-BRI inhibitor (§5B525334) was purchased from
Sigma-Aldrich (St. Louis, MO), and cells were treated
with 10 um SB525334 1h before TGF-f1 (10 ng/mL)
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stimulation. Information regarding the antibodies used in
this study is listed in Supplementary Table 1.

Cell culture

Immortalized human endometriotic epithelial cells (12Z
cells)'® were generously provided by Dr. Starzinski-Powitz
(Johann-Wolfgang-Goethe-Universitaet, Germany). Human
endometrial cells derived from human adenocarcinoma
(Ishikawa cells)'® were established by Dr. Nishida (National
Hospital Organization, Kasumigaura Medical Center,
Japan) and were generously provided by Dr. Jacques Simard
(CHUL Research Center, Quebec, Canada). Immortalized
human endometrial stromal cells (THESCs) and human
peritoneal mesothelial cells (Met-5A cells) were purchased
from American Type Culture Collection (ATCC; Rockville,
MD).

Ishikawa cells were grown in Dulbecco’s modified
Eagle’s medium (Welgene, Daegu, Republic of Korea), and
127 cells were maintained in Roswell Park Memorial
Institute medium (1640; Lonza, Basel, Switzerland). Both
media were supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific), 100 U/mL penicillin and
100 pug/mL streptomycin (Thermo Fisher Scientific), and
cells were cultured at 37 °C in a humidified atmosphere
with 5% CO, Met-5A cells were cultured in Medium 199
(M199; Welgene) containing 10% FBS, 100 U/mL peni-
cillin and 100 pg/mL streptomycin. THESCs were grown
in 1:1 mixture of Dulbecco’s modified Eagle’s medium and
Ham’s F-12 medium without phenol red supplemented
with 100 U/mL penicillin, 100 pg/mL streptomycin, 1%
ITS + Premix (BD Biosciences; San Jose, CA), 500 ng/mL
puromycin, and 10% charcoal/dextran (Sigma-Aldrich)-
treated FBS.

Cell adhesion assay

Met-5A cells were seeded on six-well plates and cultured
to a confluent monolayer. THESCs, Ishikawa, and 127
cells were incubated in serum-free medium containing
human recombinant cytokines for 48 h. THESCs, Ishi-
kawa, and 12Z cells were labeled with Cell Tracker™ Green
CMEFDA according to the manufacturer’s protocol. In
brief, we aspirated the supernatant and added pre-warmed
Cell Tracker™ working solution (5 uv CMFDA in serum-
free medium). After 20 min of incubation under growth
conditions, we removed the Cell Tracker™ working solu-
tion and washed the cells three times. Cells were harvested
by centrifugation and resuspended in culture medium.
Fluorescence-labeled cells were added onto a monolayer of
Met-5A cells. After incubation for 20 min at 37 °C, the
cells were washed with phosphate-buffered saline (PBS)
three times to remove non-binding cells. Adhered cells
were visualized using a fluorescence microscope (Axio
Imager M1, Zeiss, Germany) by measuring the excitation
at 470nm and emission at 525nm. Five fields in each
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sample were chosen randomly, and the number of adhered
cells were averaged after quantification with Image] soft-
ware (NIH; Bethesda, MD).

Lectin blot analysis

Cells were homogenized in radioimmunoprecipitation
assay buffer (RIPA buffer) (20 mm Tris-HCl/pH 7.5, 1%
NP-40, 150 mm NaCl, 1 mm EDTA, 1mm EGTA, 1 mm
NazVOy,, 1% sodium deoxycholate, 2.5 mm sodium pyr-
ophosphate, 1 mm B-glycerophosphate, and 1 pg/mL leu-
peptin), and the concentration of extracted proteins was
determined with a Bradford assay. Equal amounts (10 pug)
of proteins were separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a nitrocellulose membrane (GE Health-
care Life Sciences; Buckinghamshire, UK). The mem-
branes were blocked for 30 min in Carbo-free blocking
solution (Vector Laboratories) prior to incubation with
10 pg/mL MAL II and SNA at room temperature for 1 h.
After  incubation of the  membranes  with
Vectastain (Vector Laboratories) at room temperature for
30 min, the proteins of interest were visualized using a
Chemiluminescent/Fluorescent Substrate Kit (Vector
Laboratories).

Lectin fluorescence-activated cell sorting (FACS) analysis

THESCs, Ishikawa, and 12Z cells were fixed with 3.7%
formaldehyde and incubated with 10 pg/mL biotinylated
lectins, MAL II and SNA for 2 h at 4 °C. After incubation
with Alexa Fluor 488-conjugated streptavidin (Thermo
Fisher Scientific) for 30 min at 4 °C, the cells were eval-
uated by flow cytometry (BD FACSCANTO II; BD Bios-
ciences) at an excitation wavelength of 488 nm and an
emission wavelength of 530 nm.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells using a GeneJET
RNA Purification Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Synthesis of
complementary DNA was carried out using RevertAid
Reverse Transcriptase (Thermo Fisher Scientific), and
targeted genes were amplified using AccuPower® PCR
PreMix (Bioneer; Daejon, Republic of Korea). The
sequences of the primers used in this study are listed in
Supplementary Table 2.

Western blot analysis

Total protein was isolated in RIPA buffer. Extracted
protein was separated on a 10% SDS-PAGE gel, and size-
fractioned protein samples were transferred to a nitro-
cellulose membrane. Membranes were blocked with 5%
skim milk (Sigma-Aldrich) and incubated with primary
antibodies overnight at 4°C. After reaction with the
appropriate horseradish peroxidase-conjugated secondary
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antibodies, signaling was visualized using an ECL che-
miluminescence system (Thermo Fisher Scientific).

Gene knockdown with small interfering RNA (siRNA)

To knock down endogenous human ST6Gall, ST6Gal2,
and Siglec-9, human siRNA constructs were obtained
from Bioneer. Ishikawa and Met-5A cells (5 x 10° cells/
well) were seeded into six-well plates. Cells were trans-
fected with siRNAs (200nMm) using Lipofectamine®
RNAiIMAX Reagent (Thermo Fisher Scientific) according
to the manufacturer’s protocol. The knockdown efficiency
of siRNA was verified by RT-PCR and western blot ana-
lysis 24 h after transfection.

Animals

Six-week-old female C57BL/6 mice were purchased
from Orient Bio (Seongnam, Republic of Korea). The
mice were ovariectomized and recuperated for 14 days
before estrogen treatment. Animals were fed a mouse diet
(Orent Bio) with ad libitum access to water and main-
tained under controlled conditions with a light/dark cycle
of 12:12h. All experimental procedures described here
were approved by the Institutional Animal Care and Use
Committee of Pusan National University (Pusan, Republic
of Korea; PNU-2017-1430).

Induction of the in vivo endometriosis model

Endometriosis lesions were induced according to the
method described by Somigliana et al.*’. Both donor and
recipient mice were subjected to an ovariectomy 14 days
before receiving estrogen treatment and injected sub-
cutaneously with 100 mg/kg B-estradiol (Santa Cruz Bio-
technology; Dallas, TX) in corn oil every week, starting
from 7 days before endometriosis induction. One donor
mouse was sacrificed for every two mice challenged with
endometriosis. Uterine sa.mples to be inoculated were
isolated from syngeneic donor mice and finely chopped.
Endometrial fragments were suspended in 0.8 mL of PBS
and used to inoculate the peritoneal cavity of recipient
mice at day 0. Mice challenged with endometriosis were
injected intraperitoneally with 2.5ug/kg recombinant
mouse TGF-B1 (Peprotech) at days 0, 4 2, and + 4. 6-SLN
(1 or 2mg/kg) was administered intraperitoneally as a
daily injection for 21 days starting from endometriosis
induction. Three weeks after endometrium challenge, the
mice were killed, and endometriotic lesions were excised
from the surrounding tissue to evaluate number, weight
and volume (n =6 mice per group).

Statistical analysis

The number of adhered endometrial cells and the
expression levels of sialylation were converted into fold
differences compared with the control group. The values are
expressed as the mean + standard deviation. A two-tailed
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Student’s ¢ test for comparison between two different groups
or one-way ANOVA followed by Tukey’s ad hoc test for
comparison between multiple groups was performed with
the assistance of GraphPad Prism software (GraphPad
Software, San Diego, CA, USA). The minimum significance
level was set at a p value of 0.05 for all analyses. All
experiments were independently conducted three times,
except the animal study.

Results
TGF-B1 increases the adhesion of endometrial cells to
peritoneal mesothelial cells through induction of
sialylation in endometrial cells

To investigate the effects of cytokines on endometrial
cell adhesion to mesothelial cells, before the adhesion
assay, Ishikawa cells were treated with six types of cyto-
kines known to be associated with endometrial cell
attachment”~”. Among them, TGE-B1, IL-1f, IL-6, and
IL-8 treatment increased the adhesion of Ishikawa cells to
Met-5A cells (Fig. 1a). On the other hand, TNF-a and
INF-y treatment decreased the adhesion of Ishikawa cells
compared with untreated cells (Supplementary Figure 1).

It has been reported that aberrant sialylation on cancer
cell surfaces plays a vital role in the regulation of adhesion
between cells and the extracellular matrix®'. Therefore,
we determined the role of sialylation in endometrial cell
attachment by using neuraminidase—a glycoside hydro-
lase enzyme that cleaves the glycosidic linkage of sialic
acid—before cytokine stimulation. As shown in Fig. 1a,
neuraminidase treatment abolished cytokine-induced
adhesion of endometrial cells, especially in TGF-B1-
treated Ishikawa cells. As the adhesion of TGF-P1-
treated Ishikawa cells showed the highest sialic acid
dependence, further studies were performed with TGEF-
B1-stimulated Ishikawa cells. As shown in Fig. 1b, TGF-p1
treatment elevated cell adhesion levels in Ishikawa cells in
a concentration-dependent manner. Similarly, TGF-$1
also increased the adhesion of THESCs and 12Z cells to
Met-5A cells, whereas neuraminidase treatment alleviated
the adhesion (Fig. 1c). These results suggest that TGF-$1
enhances the adhesion of endometrial cells to peritoneal
mesothelial cells through sialylation of endometrial cells.

TGF-B1 induces a2-6 sialylation by enhancing
sialyltransferase expression in endometrial cells

Results from the lectin blot analysis showed that a2-6
sialylation was significantly increased by TGF-P1 treat-
ment in Ishikawa, THESCs, and 12Z cells (Fig. 2a). In
addition, the results of lectin FACS analysis also revealed
that the expression of a2-6 sialic acid was elevated by
TGF-B1 stimulation (Fig. 2c). Meanwhile, the expression
of a2-3 sialic acid was not affected by exposure to TGF-1
(Fig. 2b—d). From these results, we verified that TGF-1
induces a2-6 sialylation in endometrial cells.
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There are more than 20 sialyltransferases that link sialic
acid via their second carbon (C2) to the carbon atom at
position C3 («2-3 sialyltransferase) or C6 (a2-6 sialyl-
transferase) of Gal/GalNAc glycan or to C8 (a2-8 sialyl-
transferase) of another sialic acid*®>. Among o2-6
sialyltransferases, ST6Gall and ST6Gal2 gene expres-
sion was elevated by TGF-B1 treatment in THESCs, Ish-
ikawa and 127 cells (Fig. 3a). To elucidate their role in
TGEF-B1-induced endometrial cell adhesion, we abated the
expression of ST6Gall and ST6Gal2 genes using siRNA
targeting. As shown in Fig. 3b, the expression of ST6Gall
and ST6Gal2 was diminished in Ishikawa cells transfected
with siRNA, and the adhesion of TGF-p1-induced Ishi-
kawa cells was significantly reduced by knockdown of
ST6Gall and ST6Gal2 (Fig. 3c, d, Supplementary Fig-
ure 2b and c). However, suppressing only one (either
ST6Gall or ST6Gal2) gene decreased TGF-P1-induced
adhesion of endometrial cells to the basal level. Therefore,
we examined whether the effects of siRNA targeting of
ST6Gall or ST6Gal2 interfered with the expression of the
other. As shown in Supplementary Figure 2a, there was no
interference between the two siRNAs. Thus, we assume
that the activity of ST6Gall and ST6Gal2 may be related
to each other. Further studies are needed to determine the
functional relationship between these two genes.

ST6Gall and ST6Gal2 are known to increase the
expression of the 6-SLN glycan structure of cell surface
glycoproteins. Therefore, we incubated 6-SLN with Met-
5A cells before the adhesion assay to compete with the
same epitope expressed on the surface of TGF-f1-
exposed endometrial cells. Adhesion of Ishikawa cells to
Met-5A cells was decreased by pre-incubation with 6~
SLN (Fig. 3e, Supplementary Figure 2d). Interestingly, 3’
SLN treatment also decreased endometrial cell adhesion
(Fig. 3e, Supplementary Figure 2c). These data suggest
that receptors in Met-5A cells may interact with sialic acid
linked via a2-3 or a2-6 bonds to Gal/GalNAc.

TGF-B1 elevated the expression of sialyltransferase in
endometrial cells through the TGF-BRI/SMAD2/3 signaling
pathway

To determine the signaling pathway involved in
the increased adhesion of endometrial cells induced by
TGEF-P1 treatment, we examined the effect of TGF-f1
treatment on mothers against decapentaplegic homolog
(SMAD), mitogen-activated protein kinases and protein
kinase B (Akt) signaling, which are known to be down-
stream signaling pathways of TGE-B1%°. As shown in
Fig. 4a, TGF-B1 significantly boosted the phosphorylation
of SMAD2 and SMAD3 in Ishikawa cells 30 min after
treatment. Moreover, treatment with a TGF-BRI inhibitor
effectively suppressed the phosphorylation of SMAD2 and
SMAD3 (Fig. 4b) and the expression of ST6Gall,
ST6Gal2, and a2-6 sialic acid epitopes (Fig. 4b, ¢ and
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Fig. 1 TGF-B1 enhances the adhesion of endometrial cells by increasing sialylation on N-glycoproteins a-c Fluorescence-labeled endometrial
(Ishikawa or THESCs) or endometriotic (122) cells were added to a confluent monolayer of Met-5A cells. After 20 min of incubation at 37 °C, the

number of adhered Ishikawa, THESCs or 127 cells was calculated and is expressed as fold-difference relative to the control (mean + SD). a Ishikawa
cells were treated with neuraminidase (4 U/mL) for 1 h and then stimulated with cytokines (10 ng/mL) for 48 h. b Ishikawa cells were stimulated with
the indicated concentration of TGF-B1 for 48 h. ¢ Ishikawa, THESCs and 127 cells were incubated with neuraminidase 1 h before TGF-31 (10 ng/mL)

Supplementary Figure 3). TGF-p1l-induced adhesion of
Ishikawa cells to Met-5A cells was also reversed by the
TGEF-BRI inhibitor treatment (Fig. 4d). These results
indicate that TGF-P1 increases the expression of sialyl-
transferase through TGF-BRI/SMAD2/3 signaling.

6-SLN glycan epitopes in endometrial cells interact with
Siglec-9 in peritoneal mesothelial cells

Of the 14 different mammalian Siglecs, it was previously
reported that Siglec-2, Siglec-3, Siglec-5, Siglec-9, and
Siglec-10 bind to 6"-SLN glycan epitopes (Supplementary
Table 3)***°. Among these proteins, we found that only
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Siglec-9 was expressed in Met-5A cells (Supplementary
Figure 4). To date, there have been no reports showing a
Siglec-9 presence in mesothelium. Therefore, to examine
if Siglec-9 can bind to 6"-SLN glycan epitopes on endo-
metrial cells, we performed a pull-down assay using 6’-
SLN glycan labeled with biotin. As shown in Fig. 5a,
Siglec-9 expressed in Met-5A cells significantly interacted
with the 6’-SLN epitope. To confirm the role of Siglec-9 in
enhanced endometrial-mesothelial attachment, the
expression of Siglec-9 was abated by siRNA targeting in
Met-5A cells (Fig. 5b). TGF-B1-induced adhesion of Ish-
ikawa cells to Met-5A cells was markedly attenuated after
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knockdown of Siglec-9 (Fig. 5¢ and Supplementary Fig-
ure 5a) and after addition of a neutralizing anti-Siglec-9
antibody (Fig. 5d and Supplementary Figure 5b). These
data suggest that 6-SLN glycans bind to Siglec-9
expressed on peritoneal mesothelial cells.

6’-SLN prevents TGF-B1-induced endometriotic lesion
formation in mice

As shown in Fig. 6a, we established an in vivo endo-
metriosis model according to the method described by
Somigliana et al*’. Three weeks after endometriosis
induction, mice were killed to investigate the effects of
TGF-B1 and 6"-SLN on the development of endometriotic
lesions. TGF-B1-injected mice had more endometriotic
lesions than untreated mice, whereas 6-SLN inoculation
reduced the number of TGF-B1-induced total foci (Fig. 6b
and Supplementary Figure 6). No significant difference
was observed in the volume and weight of endometriotic
lesions between the groups of mice (Fig. 6¢, d). These
results indicated that increased formation of endome-
triotic lesions owing to TGF-f1 can be prevented by using
6’-SLN to inhibit sialic acid binding (Fig. 7).
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Discussion

Glycosylation is involved in diverse pathophysiological
processes and contributes to the development of various
diseases, such as cancer, diabetes, rheumatoid arthritis, and
immunological ~ disorders**™>®,  Particularly, aberrant
expression of terminal sialic acid has been detected in
various carcinoma cells, especially those that are associated
with adhesion and invasion of tumor cells***°, However,
the effect of sialic acid glycan epitopes on the development
of endometriosis is not as investigated as their effect on
cancer. Previous studies have verified that glycoproteins,
including carbohydrate antigen (CA) 125, CA19-9, bigly-
cans, and N-glycans, are elevated in the serum or perito-
neal fluid of endometriosis patients**~*°, It has also been
reported that the endometrium of women with endome-
triosis expresses more glycans than that of normal women,
and endometriotic tissues showed increased glycan
expression in a baboon model of endometriosis*"***. Rod-
gers et al.'” reported that inhibition of CD44 glycosylation
decreases the adhesion of endometrial cells to the meso-
thelium. Although there are various theories regarding the
pathogenesis of endometriosis—retrograde menstruation,
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coelomic metaplasia, altered immunity, and genetic basis—
the attachment of endometrial cells is known as a pivotal
step in the onset of endometriosis>*>. In the present study,
we showed that enhanced expression of sialylated glycan
increases adhesion of endometrial cells to the peritoneal
mesothelium. Subsequently, induced mesothelial adhesion
of endometrial cells and tissues was efficiently prevented by
the application of a glycan epitope.

TGEF-p is a multifunctional growth factor involved in
regulating cell proliferation, differentiation, and cell—cell
interaction”*, It has been reported that TGF-B1 expres-
sion is significantly higher than normal in serum, perito-
neal fluid, and cyst tissues of endometriosis patients and
that TGF-P1 plays a pivotal role in the progression of
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endometriosis®*>™*’, In the present study, TGF-B1

enhanced adhesion of endometrial cells to peritoneal
mesothelial cells through induction of endometrial cell
sialylation. IL-1B, IL-6, and IL-8 also increased the
adhesion of endometrial cells. However, neuraminidase
treatment could not sufficiently restore cytokine-induced
adhesion of endometrial cells to the mesothelium.
Therefore, there may be other factors responsible for the
increased cell adhesion induced by IL-1f, IL-6, or IL-8
treatment aside from sialylation changes.

Sialic acid, a terminal monosaccharide of glyco-con-
jugates, is linked via an a2-3 or a2-6 bond to Gal/GalNAc
or an a2-8 bond to another sialic acid in proteins®.
According to the lectin blot and lectin FACS analysis
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results, a2-6 sialylation increased after TGF-B1 stimula-
tion. Sialyltransferase, an enzyme that transfers sialic acid
to oligosaccharides, is responsible for the degree of sia-
lylation on cell surfaces®®. Therefore, we examined whe-
ther the expression of sialyltransferase was altered by
TGF-f1 treatment. Among the 20 human sialyl-
transferases, only two, ST6Gall and ST6Gal2, were more
highly expressed in TGF-PB1-treated endometrial cells
than in untreated cells. Both enzymes are part of the a2-6
sialyltransferase family and transfer sialic acid residues to
GalP1-4GlcNAc disaccharide sequences using an a2-6
linkage to form a 6-SLN glycan structure®. Although
ST6Gall is detected in almost every tissue, ST6Gal2
shows a restricted, tissue-specific expression pattern,
mainly in brain and fetal tissues and is expressed to a
lesser degree in testes, thyroid glands, lungs, and other
tissues. Previous studies have shown that ST6Gall is
aberrantly expressed in various cancers, such as colon,
breast, and pancreatic cancer. In addition, altered
expression of ST6Gall is associated with adhesion and
metastasis of cancer cells’>***', However, pathological
alterations in ST6Gal2 expression are not well under-
stood®>***2, The expression of ST6Gall and ST6Gal2 is
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regulated at the transcriptional level through specific
promoters. Three different promoters have been reported
to adjust ST6Gall expression®’. In particular, Spl and
SMAD binding sites within the ST6Gall promotor were
involved in the upregulation of ST6Gall during TGF-p1-
induced epithelial-mesenchymal transition in mouse
epithelial GE11 cells™. Lehoux et al.*” suggested that Sp1-
binding sites are also essential for transcription of
ST6Gal2 in human neuronal cells, but regulation of
ST6Gal2 under the stimulation of TGF-B1 has not yet
been reported. In this study, the expression of both
ST6Gall and ST6Gal2 increased after TGF-B1 treatment,
and consequently, both are likely involved in the adhesion
of endometrial cells through increasing sialylation levels.
We assumed that TGF-B1 increased the expression of
ST6Gall and ST6Gal2 via a similar mechanism in endo-
metrial cells.

Next, we confirmed the signaling pathways engaged in
glycosylation-mediated adhesion of endometrial cells
after TGE-P1 treatment. In the canonical pathway, TGEF-
Bl signaling is initiated by the formation of a serine/
threonine kinase receptor complex, and then, phos-
phorylated-SMAD2/3 protein binds to SMAD4 and is
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translocated to the nucleus, where it binds to DNA®,
However, it has been reported that SMAD-independent
signaling pathways, such as extracellular signal-regulated
kinase, p38, c-Jun N-terminal kinase, and Akt, also par-
ticipate in TGF-p signaling®>**. In our experiments, only
SMAD-dependent signaling responded to TGF-P1 sti-
mulation in endometrial cells.
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To identify the receptor for sialic acid-conjugated gly-
can structures, we examined the expression and function
of Siglecs in mesothelial cells. Siglecs are cell surface
proteins that consist of an immunoglobulin-like domain
with a site that binds to sialic acid-containing glycans, a
trans-membrane domain, and a cytosolic domain that
contains a signaling motif*®. There are, at present, 14
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known Siglecs in humans and nine Siglecs in mice that are
primarily expressed on immune cell surfaces®. Siglecs
have been thought to regulate the functions of innate and
adaptive immune cells and promote cell-cell interaction
through sialic acid recognition®>*”**, Previously, studies
have shown that Siglecs are specific receptors for sialy-
lated glycans in leukocytes and carcinoma cells and that
they regulate the adhesion of these cells to the endothe-
lium for migration**~".

Siglecs are mainly expressed by cells of the hemato-
poietic, immune, and nervous systems, and expression in
other tissues is rarely reported”. In the present study, we
demonstrated that Siglec-9 is expressed in peritoneal
mesothelial cells and interacts with sialylated glycan epi-
topes in endometrial cells. To the best of our knowledge,
this is the first study showing Siglec-9 expression in the
mesothelium. Furthermore, inhibiting the function of
Siglec-9 reduces the interaction between the endome-
trium and mesothelium. Siglec-9 is predominantly
expressed on monocyte and neutrophil surfaces, and both
cells are descendants of hematopoietic stem cells®. The
embryological origin of both hematopoietic stem cells and
mesothelium is the embryonic mesoderm cell layer™*.
Therefore, we theorize that the expression of Siglec-9 in
peritoneal mesothelial cells may be related to an embry-
ological origin.

Previous studies have reported that genetic deficiency of
TGEF-B1 or pharmacological inhibition of TGF-BR sup-
presses endometriotic lesion development in a mouse
endometriosis model®>*°, However, in women with
endometriosis, the concentration of TGF-B1 is enhanced
in the peritoneal cavity, which plays an important role in
the establishment of endometriosis®®. In this study, we
demonstrated that TGF-B1 injections increased the for-
mation of endometriotic foci in a murine endometriosis
model. As far as we know, this is the first report showing
in an in vivo model that the formation of endometriotic
lesions is induced by TGF-P1 stimulation. Moreover,
intraperitoneal injection of 6-SLN glycan ameliorates the
development of TGF-P1l-induced endometriotic lesions.
6-SLN is an oligosaccharide component possessing var-
ious structures that is present in human milk®”. Previous
studies have reported that human milk oligosaccharides
have various biological functions, such as inhibition of
microbial adhesion, prevention of pathogen attachment,
and immune system regulation, as well as anti-
inflammatory and  anti-angiogenic  properties®®~.
Therefore, 6-SLN could be a potentially useful ther-
apeutic candidate for endometriosis treatment by pre-
venting the attachment of endometrial tissues onto the
peritoneum.

In the present study, we have demonstrated for the first
time that TGF-B1 increases a2-6 sialylation of endo-
metrial cells through the induction of ST6Gall and
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ST6Gal2 sialyltransferase expression and consequently
increased endometrial-mesothelial adhesion. We also
discovered that sialylated glycan epitopes bind to Siglec-9
expressed on mesothelial cell surfaces. In addition,
application of 6-SLN glycan was shown to prevent
adhesion of endometrial cells and formation of endome-
triotic lesions in an in vivo endometriosis model. Based on
these results, we suggest that altered sialylation of the
endometrium is a significant factor in endometriosis
development.

Acknowledgements

This study was supported by grants from the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and ICT of the Korean
Government (Grant nos. NRF-2015R1D1A1A01060264 and NRF-
2014R1A5A20009936).

Author details

'Department of Korean Medical Science, School of Korean Medicine, Seoul,
Republic of Korea. *Healthy Aging Korean Medical Research Center, Pusan
National University, Yangsan, Gyeongnam 50612, Republic of Korea. *Graduate
Training Program of Korean Medicine for Healthy-aging, Pusan National
University, Yangsan, Gyeongnam 50612, Republic of Korea. “Department of Life
and Nanopharmaceutical Sciences and Department of Oriental Pharmacy,
Kyung Hee University, Seoul 02447, Republic of Korea. *Department of
Biological Science, Sungkyunkwan University, Suwon, Kyunggi-do 16419,
Republic of Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at https://doi.org/
10.1038/512276-018-0167-1.

Received: 7 November 2017 Revised: 30 May 2018 Accepted: 12 June 2018.
Published online: 12 December 2018

References

1. Bulun, S. E. Endometriosis. N. Engl. J. Med. 360, 268-279 (2009).

2. Giudice, L. C. & Kao, L. C. Endometriosis. Lancet 364,
(2004).

3. Young, V. J, Brown, J. K, Saunders, P. T. & Home, A. W. The role of the
peritoneum in the pathogenesis of endometriosis. Hum. Reprod. Update 19,
558-569 (2013).

4. Miller, J. E et al. Implications of immune dysfunction on endometriosis
associated infertility. Oncotarget 8, 7138-7147 (2017).

5. Sundqvist, J, Andersson, K. L, Scarselli, G, Gemzell-Danielsson, K. & Lalitkumar,
P. G. Expression of adhesion, attachment and invasion markers in eutopic and
ectopic endometrium: a link to the aetiology of endometriosis. Hum. Reprod.
27, 2737-2746 (2012).

6. Bumey, R O. & Giudice, L. C. Pathogenesis and pathophysiology of endo-
metriosis. Fertil. Steril. 98, 511-519 (2012).

7. Barcz E. et al. Peritoneal cytokines and adhesion formation in endometriosis:
an inverse association with vascular endothelial growth factor concentration.
Fertil. Steril. 97, 1380-1386 (2012).

8. Omwandho, C. O, Konrad, L, Halis, G, Oehmke, F. & Tinneberg, H. R. Role of
Tgf-betas in normal human endometrium and endometriosis. Hum. Reprod.
25, 101-109 (2010).

9. Wu, M. Y. & Ho, H. N. The role of cytokines in endometriosis. Am. J. Reprod.
Immunol. 49, 285-296 (2003).

1789-1799


https://doi.org/10.1038/s12276-018-0167-1
https://doi.org/10.1038/s12276-018-0167-1

Choi et al. Experimental & Molecular Medicine (2018) 50:164

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33

34.
35.

Dall'Olio, F, Malagolini, N, Trinchera, M. & Chiricolo, M. Mechanisms of cancer-
associated glycosylation changes. Front. Biosci. (Landmark Ed,) 17, 670-699
(2012).

Lannoo, N. & Van Damme, E. J. Review/N-glycans: the making of a varied
toolbox. Plant Sci. 239, 67-83 (2015).

Bassaganas, S. et al. Pancreatic cancer cell glycosylation regulates cell adhesion
and invasion through the modulation of Alpha2betalintegrin and E-cadherin
function. PLoS ONE 9, 98595 (2014).

Oliveira-Ferrer, L, Legler, K. & Milde-Langosch, K. Role of protein glycosylation
in cancer metastasis. Semin. Cancer Biol. 44, 141-152 (2017).

Berkes, E, Muzinic, A, Rigo, J. Jr, Tinneberg, H. R. & Oehmke, F. The analysis of
the human plasma N-glycome in endometriosis patients. Eur. J. Obstet.
Gynecol. Reprod. Biol. 171, 107-115 (2013).

Kocbek, V., Hevir-Kene, N, Bersinger, N. A, Mueller, M. D. & Rizner, T. L.
Increased levels of biglycan in endometriomas and peritoneal fluid samples
from ovarian endometriosis patients. Gynecol. Endocrinol. 30, 520-524 (2014).
Nakagawa, N. et al. Reactivity of Ca19-9 and Ca125 in histological subtypes of
epithelial ovarian tumors and ovarian endometriosis. Acta Med. Okayama 69,
227-235 (2015).

Rodgers, A. K, Nair, A, Binkley, P. A, Tekmal, R. & Schenken, R. S. Inhibition of
Cd44 N- and O-linked glycosylation decreases endometrial cell lines attach-
ment to peritoneal mesothelial cells. Fertil. Steril. 95, 823-825 (2011).
Zeitvogel, A, Baumann, R. & Starzinski-Powitz, A. Identification of an invasive,
N-cadherin-expressing epithelial cell type in endometriosis using a new cell
culture model. Am. J. Pathol. 159, 1839-1852 (2001).

Nishida, M, Kasahara, K, Kaneko, M, Iwasaki, H. & Hayashi, K. Establishment of
anew human endometrial adenocarcinoma cell line, Ishikawa cells, containing
estrogen and progesterone receptors. Nihon Sanka Fujinka Gakkai Zasshi 37,
11031111 (1985).

Somigliana, E. et al. Endometrial ability to implant in ectopic sites can be
prevented by interleukin-12 in a murine model of endometriosis. Hum. Reprod.
14, 2944-2950 (1999).

Yuan, Y, Wu, L, Shen, S, Wu, S. & Burdick, M. M. Effect of alpha 2,6 sialylation
on integrin-mediated adhesion of breast cancer cells to fibronectin and col-
lagen Iv. Life. Sci. 149, 138-145 (2016).

Bull, C, Stoel, M. A, den Brok, M. H. & Adema, G. J. Sialic acids sweeten a
tumor’s life. Cancer Res. 74, 3199-3204 (2014).

Rodriguez-Garcia, A. et al. Tgf-Betal targets Smad, P38 Mapk, and Pi3k/Akt
signaling pathways to induce Pfkfb3 gene expression and glycolysis in glio-
blastoma cells. Febs. J. 284, 3437-3454 (2017).

OReilly, M. K- & Paulson, J. C. Siglecs as targets for therapy in immune-cell-
mediated disease. Trends Pharmacol. Sci. 30, 240-248 (2009).

Crocker, P. R, Paulson, J. C. & Varki, A. Siglecs and their roles in the immune
system. Nat. Rev. Immunol. 7, 255-266 (2007).

Pinho, S. S. & Reis, C. A. Glycosylation in cancer: mechanisms and clinical
implications. Nat. Rev. Cancer 15, 540-555 (2015).

Ohtsubo, K. & Marth, J. D. Glycosylation in cellular mechanisms of health and
disease. Cell 126, 855-867 (2006).

Axford, J. The impact of glycobiology on medicine. Trends Immunol. 22,
237-239 (2001).

Cui, H, Lin, Y, Yue, L, Zhao, X. & Liu, J. Differential expression of the alpha2,3-
sialic acid residues in breast cancer is associated with metastatic potential.
Oncol. Rep. 25, 1365-1371 (2011).

Lin, S, Kemmner, W,, Grigull, S. & Schlag, P. M. Cell surface alpha 2,6 sialylation
affects adhesion of breast carcinoma cells. Exp. Cell Res. 276, 101-110 (2002).
Jones, C. J, Denton, J. & Fazleabas, A. T. Morphological and glycosylation
changes associated with the endometrium and ectopic lesions in a baboon
model of endometriosis. Hum. Reprod. 21, 3068-3080 (2006).

Jones, C. J, Inuwa, I. M, Nardo, L. G, Litta, P. & Fazleabas, A. T. Eutopic
endometrium from women with endometriosis shows altered ultrastructure
and glycosylation compared to that from healthy controls-a pilot observa-
tional study. Reprod. Sci. 16, 559-572 (2009).

Witz, C. A. Pathogenesis of endometriosis. Gynecol. Obstet. Invest. 53, 52-62
(2002).

Massague, J. TGF beta in cancer. Cell 134, 215-230 (2008).

Pizzo, A. et al. Behaviour of cytokine levels in serum and peritoneal
flud of women with endometriosis. Gynecol. Obstet. Invest. 54, 82-87
(2002).

Official journal of the Korean Society for Biochemistry and Molecular Biology

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 12

Young, V. J, Brown, J. K, Saunders, P. T, Duncan, W. C. & Horne, A. W. The
peritoneum is both a source and target of Tgf-Beta in women with endo-
metriosis. PLoS ONE 9, e106773 (2014).

D'Hooghe, T. M, Xiao, L. & Hill, J. A. Cytokine profiles in autologous peritoneal
fluid and peripheral blood of women with deep and superficial endome-
triosis. Arch. Gynecol. Obstet. 265, 40-44 (2001).

Harduin-Lepers, A. et al. Sialyltransferases functions in cancers. Front Biosci. (Elite
Ed) 4, 499-515 (2012).

Lehoux, S. et al. Transcriptional regulation of the human St6gal2 gene in
cerebral cortex and neuronal cells. Glycoconj. J. 27, 99-114 (2010).
Krzewinski-Recchi, M. A. et al. Identification and functional expression of a
second human beta-galactoside alpha2,6-sialyltransferase, Stégal Ii. Eur. J.
Biochem. 270, 950-961 (2003).

Hsieh, C. C. et al. Elevation of beta-galactoside alpha26-sialyltransferase 1 in a
fructoseresponsive manner promotes pancreatic cancer metastasis. Onco-
target 8, 7691-7709 (2017).

Takashima, S, Tsuji, S. & Tsujimoto, M. Characterization of the second type of
human beta-galactoside alpha 26-sialyltransferase (Stégal i), which sialylates
galbeta 1/4glcnac structures on oligosaccharides preferentially. genomic
analysis of human sialyltransferase genes. J. Biol. Chem. 277, 45719-45728
(2002).

Aas-Eng, D. A, Asheim, H. C, Deggerdal, A, Smeland, E. & Funderud, S.
Characterization of a promoter region supporting transcription of a novel
human beta-galactoside alpha-2,6-sialyltransferase transcript in Hepg2 cells.
Biochim. Biophys. Acta 1261, 166-169 (1995).

Lu, J. et al. Beta-galactoside alpha26-sialyltranferase 1 promotes transforming
growth factor-beta-mediated epithelial-mesenchymal transition. J. Biol. Chem.
289, 34627-34641 (2014).

Moustakas, A. & Heldin, C. H. Non-Smad Tgf-beta signals. J. Cell Sci. 118,
3573-3584 (2005).

Mahajan, V. S. & Pillai, S. Sialic acids and autoimmune disease. Immunol. Rev.
269, 145-161 (2016).

Wang, X. et al. Siglec-9 is upregulated in rheumatoid arthritis and suppresses
collagen-induced  arthritis through reciprocal regulation of Th17-/Treg-cell
differentiation. Scand. J. Immunol. 85, 433-440 (2017).

OSullivan, J. A, Carroll, D. J. & Bochner, B. S. Glycobiology of eosinophilic
inflammation: contributions of Siglecs, glycans, and other glycan-binding
proteins. Front. Med. (Lausanne) 4, 116 (2017).

Wang, S. et al. Alpha26-linked sialic acids on N-glycans modulate the adhe-
sion of hepatocarcinoma cells to lymph nodes. Tumour Biol. 36, 885-892
(2015).

Belisle, J. A. et al. Identification of siglec-9 as the receptor for Muc16 on human
Nk Cells, B cells, and monocytes. Mol. Cancer 9, 118 (2010).

Aalto, K et al. Siglec-9 is a novel leukocyte ligand for vascular adhesion
protein-1 and can be used in pet imaging of inflammation and cancer. Blood
118, 3725-3733 (2011).

Crocker, P. R. Siglecs: sialic-acid-binding immunoglobulin-like lectins in cell-cell
interactions and signalling. Curr. Opin. Struct. Biol. 12, 609-615 (2002).

von Gunten, S. et al. Siglec-9 transduces apoptotic and nonapoptotic death
signals into neutrophils depending on the proinflammatory cytokine envir-
onment. Blood 106, 1423-1431 (2005).

Eroschenko, V. P. Difiore’s Atlas of Histology with Functional Correlations. (Wol-
ters Kluwer Health/Lippincott. Williams & Wilkins, Philadelphia, PA, USA, 2008).
Hull, M. L, Johan, M. Z, Hodge, W. L, Robertson, S. A. & Ingman, W. V. Host-
derived Tgfb1 deficiency suppresses lesion development in a mouse model of
endometriosis. Am. J. Pathol. 180, 880-887 (2012).

Correa, L. F. et al. Tgf-beta induces endometriotic progression via a non-
canonical, Kifi1-mediated mechanism. Endocrinology 157, 3332-3343
(2016).

Wu, S, Grimm, R, German, J. B. & Lebrilla, C. B. Annotation and structural
analysis of sialylated human milk oligosaccharides. J. Proteome Res. 10,
856-868 (2011).

Bode, L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology 22, 1147-1162 (2012).

Hill, D. R. & Newburg, D. S. Clinical applications of bioactive milk omponents.
Nutr. Rev. 73, 463-476 (2015).

Chung, T. W. et al. Sialyllactose suppresses angiogenesis by inhibiting Vegfr-2
activation, and tumor progression. Oncotarget 8, 58152-58162 (2017).



	Increased α2-6 sialylation of endometrial cells contributes to the development of endometriosis
	Introduction
	Materials and methods
	Antibodies and reagents
	Cell culture
	Cell adhesion assay
	Lectin blot analysis
	Lectin fluorescence-activated cell sorting (FACS) analysis
	Reverse transcription-polymerase chain reaction (RT-PCR)
	Western blot analysis
	Gene knockdown with small interfering RNA (siRNA)
	Animals
	Induction of the in�vivo endometriosis model
	Statistical analysis

	Results
	TGF-β1 increases the adhesion of endometrial cells to peritoneal mesothelial cells through induction of sialylation in endometrial cells
	TGF-β1 induces α2-6 sialylation by enhancing sialyltransferase expression in endometrial cells
	TGF-β1 elevated the expression of sialyltransferase in endometrial cells through the TGF-βRI/SMAD2/3�signaling pathway
	6ʹ-SLN glycan epitopes in endometrial cells interact with Siglec-9 in peritoneal mesothelial cells
	6ʹ-SLN prevents TGF-β1-induced endometriotic lesion formation in mice

	Discussion
	ACKNOWLEDGMENTS




