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ARTICLE INFO ABSTRACT

Keywords: Hyaluronan serves as a structural component of ovarian follicles, and hyaluronan-mediated signaling cascades
TGF-B1 lead to follicular development, oocyte maturation, and ovulation. Transforming growth factor-p (TGF-f1) is
Hyaluronan highly expressed in human oocytes and granulosa cells and involved in the regulation of follicular development
;\’I\:i and ovulation. Previous studies have shown the imperative role for TGF-f signaling in the regulation of hya-

luronan-mediated cumulus expansion and ovulation in human granulosa-lutein (hGL) cells. However, the de-
tailed underlying molecular mechanisms by which TGF-f regulates the synthesis of hyaluronan in hGL cells are
not fully elucidated. Using both primary and immortalized hGL cells as study models, we provide the first data
showing that TGF-B1 significantly promoted the synthesis of hyaluronan by upregulating the expression of
hyaluronan synthase 2 in these cells. Additionally, using dual inhibition approaches, we show that the TGF-$
type II (TBRII) receptor and TGF-B type I (ALKS5) receptor are functional receptors that mediate stimulatory
effects in response to TGF-31. Moreover, we found that the canonical SMAD2/SMAD3-SMAD4 signaling pathway
is the principal intracellular signaling pathway that upregulates the expressionhyaluronan synthase and sub-
sequent hyaluronan synthesis. Notably, we showed that SNAIL transcription factor is a critical molecule med-
iating the TGF-f signaling, which contributes to the increase in hyaluronan synthesis. These results of our in
vitro studies suggest that intraovarian TGF-B1 plays a functional role in the local regulation of hyaluronan

SMAD signaling
Human granulosa-lutein cells

synthesis in hGL cells.

1. Introduction

Transforming growth factor-f1 (TGF-f1) is a canonical member of
the TGF-B superfamily. TGF-B1 and its putative receptors are highly
expressed in the granulosa cells, theca cells and oocytes of both small
and large follicles, indicating that this autocrine/paracrine growth
factor plays functional roles in the regulation of follicular development
[1]. In our previous studies, we showed that in human granulosa cells
(GCs), TGF-B1 is involved in the regulation of multiple follicular
functions, including GC gap junction intercellular communication,
ovarian steroidogenesis, extracellular matrix remodeling, cumulus-oo-
cyte complex (COC) formation, and prostaglandin formation [2-5].
Blocking TGF-P1 signaling by inducing the conditional knockout of the
TGF-f type I receptor (Tgfbrl, also known as Alk5) in mice led to a
sterile phenotype that included multiple defects in the oviduct and
uterine myometrium [6]. In addition, the natural occurrence of gene
mutations in TGFB1 (which encodes TGF-f1 protein) and the

dysregulation of the TGF-f1 signaling pathway have been reported in
several pathological disorders in the female reproductive system [7].
For instance, serum levels of TGF-B1 were higher in women with
polycystic ovary syndrome (PCOS) than in normal controls [8]. Fur-
thermore, studies have demonstrated the involvement of TGF-f1 in the
process of extracellular matrix deposition in patients with chocolate
cysts or PCOS [7]. Collectively, these findings indicate that TGF-B1 is a
critical intraovarian factor that is involved in the regulation of extra-
cellular matrix remodeling during the periovulatory stage.
Approximately 36 h before ovulation, the pituitary-derived lutei-
nizing hormone (LH) surge reactivates meiosis in the oocyte and sti-
mulates the rapid production of a unique oocyte-embedding matrix,
leading to the expansion of the COC (also known as cumulus expansion)
[9]. This critical physiological process involves the rapid synthesis and
accumulation of hyaluronan, a polysaccharide that belongs to the gly-
cosaminoglycan family [10]. In mammalian dominant follicles, a sub-
stantial amount of hyaluronan is secreted by cumulus cells and can be
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detected in follicular fluid [11]. Hyaluronan serves as a structural
component of ovarian follicles, and hyaluronan-mediated signaling
cascades lead to follicular development, oocyte maturation, and ovu-
lation [12]. Furthermore, studies have shown that the hyaluronan-rich
COC matrix is essential for oocyte maturation, successful ovulation, in
vivo fertilization, and early embryonic development [13]. Indeed, stu-
dies performed using clinical samples have demonstrated that the
quality of cumulus expansion can be used as a selection criterion for
good oocytes during in vitro fertilization [14]. The increase in the
production of hyaluronan can be mediated via either an increase in its
synthesis or a decrease in its degradation, which involve hyaluronan
synthases and hyaluronan-degrading enzymes (also known as hyalur-
onidases or HYALs), respectively. At present, three hyaluronan syn-
thases (HAS1, HAS2, and HAS3, which are encoded by three different
genes) [15] and two major hyaluronidases (HYAL1 and HYAL2) [16]
have been identified in mammals.

Given that the hyaluronan-rich COC matrix is critical for the female
reproductive system, studies exploring the regulation of hyaluronan
synthases and hyaluronidases in the follicular environment have been a
focus of research in this area. During mammalian cumulus expansion,
compared to HAS1 and HAS3, HAS2-mediated synthesis accounts for a
much higher proportion of hyaluronan molecules [17]. The expression
of HAS2 is mainly activated by the preovulatory LH surge or human
chorionic gonadotropin (hCG) [18]. In the mouse COC, the cumulus
cells secrete a peak level of hyaluronan at 4-10h after the LH surge
[19]. In addition to LH/hCG, the synthesis of hyaluronan and the ac-
tivity of HAS2 can also be modulated by locally produced growth fac-
tors [20].

Previous studies have demonstrated that TGF-B/SMAD2/3/4 sig-
naling is required for the regulation of hyaluronan-mediated cellular
activities in various cells, including fibroblasts, epithelial cells, en-
dothelial cells, tumour cell lines, chondrocytes, cardiomyocytes
[21-23]. Moreover, our and previous studies have demonstrated that
the expression of HAS2 and subsequent hyaluronan synthesis can be
regulated by several intraovarian TGF-B superfamily members, in-
cluding bone morphogenetic protein (BMP)4, BMP6, BMP7, and growth
differentiation factor 9 (GDF9) [24-26]. These findings prompted us to
hypothesize that intrafollicular TGF-$1 may be involved in the reg-
ulation of hyaluronan synthesis by targeting HAS2 expression in human
GCs. In the present study, we sought to investigate the biological role of
TGF-B1 in the regulation of hyaluronan synthesis and the underlying
molecular mechanisms in human GCs.

2. Materials and methods
2.1. Cell culture

Primary human granulosa lutein (hGL) cells were collected from
infertile patients who underwent in vitro fertilization (IVF) treatment.
All participants signed an informed consent form, which was approved
by the University of British Columbia Research Ethics Board. The hGL
cells were purified with Ficoll Paque density centrifugation as pre-
viously described [27]. The cells were seeded at 2 X 10° cells per well
in 12-well plates and cultured in a humidified atmosphere of 5% CO2
and 95% air at 37 °C. The cells were cultured in Dulbecco's modified
Eagle's medium/nutrient mixture F-12 Ham (DMEM/F-12; Sigma-Al-
drich, Oakville, ON, Canada) supplemented with 10% charcoal/dex-
tran-treated fetal bovine serum (HyClone, Logan, UT, USA), 100 U/ml
penicillin (Life Technologies, Inc./BRL, Grand Island, NY, USA),
100 pg/ml streptomycin sulfate (Life Technologies), and 1 X GlutaMAX
(Life Technologies). A nontumorigenic immortalized hGL cell line
(SVOG), which was established by transfecting hGL cells with the SV40
large T antigen [28], was used in the present study. SVOG cells retain
the physiological characteristics of hGL cells, including steroidogenic
function and responsiveness to many growth factors in manner similar
to that of primary hGL cells [29,30]. SVOG cells were seeded
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(4-8 X 10° cells per well in 6-well plates) and cultured in DMEM/F-12
medium supplemented with 10% charcoal/dextran-treated fetal bovine
serum (HyClone), 100 U/ml penicillin (Life Technologies), 100 pg/ml
streptomycin sulfate (Life Technologies) and 1 x GlutaMAX (Life
Technologies) in a humidified incubator at 37 °C with 5% CO2. The
culture medium was changed every other day for all of the experiments,
and the cells were maintained in serum-free medium for 24 h before
specific treatment with growth factors.

2.2. Antibodies and reagents

Anti-SMAD2, anti-phospho-SMAD2, anti-SMAD3, anti-phospho-
SMAD3, anti-SMAD4, and anti-SNAIL antibodies were obtained from
Cell Signaling Technology (Beverly, MA, USA). Anti-HAS2 (sc-514,737)
and anti-GAPDH (sc-32,233) antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Recombinant human TGF-31,
recombinant human soluble TGF-B type II receptor (TGF-B RII) Fc
chimera protein (rTbRII, #341-BR-050) and 4-[6-[4-(1-Methylethoxy)
phenyl] pyrazolo[1,5-a] pyrimidin-3-yl]-quinoline (DMH-1, #4126)
were obtained from R&D Systems (Minneapolis, MN, USA). The TGF-3
type I receptor inhibitor SB505124 (S4317) and epidermal growth
factor receptor (EGFR) inhibitor AG1478 was purchased from Sigma-
Aldrich.

2.3. Reverse transcription quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Life Technologies)
according to the manufacturer's instructions. RNA (3 pg) was reverse-
transcribed into first-strand ¢cDNA with random primers and Moloney
murine leukemia virus (MMLV) reverse transcriptase (Promega,
Madison, WI, USA). RT-qPCR was performed on an Applied Biosystems
7300 Real-time PCR System in 96-well optical reaction plates. Each
20 ul RT-qPCR reaction contained 1x SYBR Green PCR Master Mix
(Applied Biosystems, USA), 20 ng of cDNA and 250 nM of each specific
primer. The sequences of the primers used in this study were as follows:
HAS2, 5-GACCAAGAGCTGAACAAGATGC-3’ (sense) and 5- GGTGTG
ATGCCAAAAAGGCA-3’ (antisense); glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), 5-GAGTCAACGGATTTGGTCGT-3" (sense) and
5’-GACAAGCTTCCCGTTCTCAG-3’ (antisense); SNAIL, 5-CCCCAATCG
GAAGCCTAACT-3’ (sense) and 5-GCTGGAAGGTAAACTCTGGATT
AGA-3’ (antisense); SMAD2, 5-GCCTTTACAGCTTCTCTGAACAA-30
(sense) and 5-ATGTGGCAATCCTTTTCGAT-3’ (antisense); SMAD3, 5’-
CCCCAGCACATAATAACTTGG-3’ (sense) and 5-AGGAGATGGAGCAC
CAGAAG-3’ (antisense); and SMAD4, 5-TGGCCCAGGATCAGTAGGT-3’
(sense) and 5’-CATCAACACCAATTCCAGCA-3’ (antisense). The primers
used for the TagMan gene expression assays were as follows: ACVRIB
(ALK4, Hs00244715_m1), TBRI (ALK5, Hs00610320_m1), and GAPDH
(Hs02758991 g1) (Applied Biosystems). RT-qPCR was performed in
triplicate using the corresponding cDNA samples. For each 20pl
TagMan reaction, 100ng of cDNA was mixed with 10ml of
2 x TagMan gene expression master mix (Applied Biosystems), and
1ml of 20 x TagMan gene expression probe. The specificity of each
assay was validated using dissociation curve analysis and agarose gel
electrophoresis of the PCR products. Assay performance was validated
by evaluating amplification efficiencies using calibration curves to en-
sure that the plot of the log input amount vs ACt had a slope < |0.1].
The relative quantification of the mRNA levels was performed using the
comparative cycle threshold (Ct) method with the formula 284Ct and
GAPDH was used as a reference gene.

2.4. Western blot analysis

Cells were lysed in lysis buffer (Cell Signaling Technology) con-
taining a protease inhibitor cocktail (Sigma-Aldrich). The cell lysate
was centrifuged at 20,000 xg for 10min at 4°C, and protein con-
centrations were determined using a DC Protein Assay (Bio-Rad
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Fig. 1. Effects of TGF-31 on the expression of HAS1, HAS2, and HAS3 in human granulosa-lutein cells. A, C, and E, SVOG cells were treated with vehicle control (PBS)
or 5ng/ml TGF-B1 for 1, 3, 6, 9, 12, or 24 h, and the mRNA levels of HAS1 (A), HAS2 (C), and HAS3 (E) were examined using RT-qPCR. B, D, and F, SVOG cells were
treated with vehicle control (PBS) or different concentrations (0.1, 1, 5, or 10 ng/ml) of TGF-B1 for 9 h, and the mRNA levels of HAS1 (B), HAS2 (D), and HAS3 (F)
were examined using RT-qPCR. G, Primary hGL (hGL) cells were treated with 5ng/ml TGF-31 for 1, 3, 9, 12, or 24 h, and the mRNA level of HAS2 was examined
using RT-qPCR. H, Primary hGL cells were treated with vehicle control (PBS) or different concentrations (0.1, 1, 5, or 10 ng/ml) of TGF-f1 for 9 h, and the mRNA
level of HAS2 was examined using RT-qPCR. The results are expressed as the mean + SEM of at least three independent experiments. Values marked with different
letters are significantly different (P < 0.05). Ctrl, Control.
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Laboratories, Hercules, CA, USA). Equal amounts of protein were se-
parated using 10% SDS-PAGE and then transferred onto polyvinylidene
fluoride membranes. After 1 h of blocking in Tris-buffered saline con-
taining 0.05% Tween 20 and 5% nonfat dried milk, the membranes
were then incubated overnight at 4 °C with the relevant primary anti-
bodies. After the membranes were washed, they were incubated with
peroxidase-conjugated secondary antibodies (Bio-Rad Laboratories) for
1 h. Immunoreactive bands were detected using enhanced chemilumi-
nescence reagents or SuperSignal West Femto chemiluminescence
substrate (Pierce, Rockford, IL, USA) followed by exposure to CL-
XPosure film (Thermo Fisher). The membranes were stripped with
stripping buffer (50mM Tris-HCl pH7.6, 10 mmol/L [-mercap-
toethanol and 1% SDS) at 50 °C for 30 min and then reprobed with
mouse anti-SMAD2, rabbit anti-SMAD3 or mouse anti-GAPDH anti-
bodies as a loading control. Immunoreactive band intensities were
quantified by densitometry (Scion Image software, Scion Corporation,
Frederick, MD, USA). Targeted protein levels were normalized to those
of GAPDH, and the results are expressed as the fold-change relative to
the respective control.

2.5. Small interfering RNA transfection

We used transient knockdown assays with ON-TARGET plus
Nontargeting Control Pool or separate ON-TARGET plus SMARTpools
(Thermo Fisher Scientific) to knock down endogenous activin receptor-
like kinase (ALK)4, ALK5, SMAD2, SMAD3, SMAD4, and SNAIL (L-
004925-00-0005, L-003929-00-0005, L-003561-00-0005, L-020067-00-
0005, L-003902-00-0005, and L-010847-01-0005, respectively). Cells
were precultured to 50% confluence in antibiotic-free DMEM/F12
medium containing 10% charcoal/dextran-treated fetal bovine serum
and then transfected with 25nM small interfering RNA (siRNA) using
Lipofectamine RNAIMAX (Life Technologies) for 48 h. The knockdown
efficiency of each target was confirmed using RT-qPCR.

2.6. Immunofluorescence staining

Cells were plated on glass cover slips, fixed with 4% paraf-
ormaldehyde in PBS for 20 min, and then permeabilized with 0.1%
Triton X-100 in PBS for 5 min. After the cells were washed with PBS, the
cover slips were mounted on microscope slides and blocked with Dako
Protein Block (Dako, Mississauga, ON, Canada) for 1 h followed by an
overnight incubation with HAS2 antibodies (1:50 diluted in Dako
Protein Block). Alexa Fluor 555 donkey antirat IgG (Life Technologies)
was used as a secondary antibody. Finally, the cells were counterstained
with the chromosomal dye DAPI (Sigma-Aldrich), rinsed with PBS,
mounted in Gelvatol and imaged under a Zeiss Axiophot fluorescence
microscope equipped with a digital camera (Q Imaging, Burnaby, BC,
Canada).

2.7. Measurement of hyaluronan

After the specified treatment, the culture medium was obtained and
stored at —20°C until analyzed. The accumulated concentrations of
hyaluronan in the conditioned media were measured using a quanti-
tative sandwich enzyme immunoassay Quantikine kit (R&D Systems)
according to the manufacturer's instructions. The inter- and intra-assay
coefficients of variation for these assays were 7.7% and 8.9%, respec-
tively. The detection limit of hyaluronan was 0.068 ng/ml. Each sample
was measured in triplicate, and the secreted hyaluronan levels were
normalized to the total cellular protein content.

2.8. Statistical analysis
The results are presented as the mean + SEM of at least three in-

dependent experiments performed using three separate cultures. The
results were analyzed by one-way analysis of variance followed by
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Tukey's multiple comparison tests in PRISM software (GraphPad
Software, Inc., San Diego, CA, USA). Data were considered significantly
different if P < 0.05.

3. Results

3.1. TGF-f1 increased the mRNA levels of HAS2 but not HAS1 or HAS3 in
hGL cells

To investigate the functional role of TGF-B1 in the regulation of
hyaluronan production, we first examined the effects of TGF-f1 on
related enzymes (hyaluronan synthases, HAS1, HAS2, and HAS3) in-
volved in the synthesis of hyaluronan. The time-course studies showed
that in SVOG cells, treatment with 5ng/ml TGF-p1 for different dura-
tions (1, 3, 6, 9, 12, or 24 h) led to increases in the levels of HAS2
mRNA starting at 3h after treatment (Fig. 1C). However, the same
treatment course did not have these effects on the mRNA levels of HAS1
or HAS3 (Fig. 1A and E). Additionally, the concentration-dependent
studies showed that treatment with different concentrations (0.1, 1. 5,
or 10 ng/ml) of TGF-B1 for 9 h significantly increased the mRNA levels
of HAS2 but not HAS1 or HAS3 in SVOG cells (Fig. 1B, D, and F). To
increase the physiological relevance of these results, we used primary
hGL cells isolated directly from the follicular fluid of IVF patients to
confirm the regulatory effect of TGF-f1 on the expression of HAS2.
Similar to the results obtained in SVOG cells, treatment with 5ng/ml
TGF-f1 for different durations increased the mRNA level of HAS2 be-
ginning at 3 h and lasting until 24 h (Fig. 1G). Additionally, in primary
hGL cells, treatment with different concentrations (0.1, 1. 5, or 10 ng/
ml) of TGF-B1 for 9h increased the mRNA level of HAS2 (effects were
significant beginning at a concentration of 1 ng/ml) (Fig. 1H).

Because increases in hyaluronan production can be mediated by
either an increase in the synthesis or a decreased in the degradation of
the protein, we next investigated the effects of TGF-B1 on the expres-
sion of hyaluronidases, including HYAL1 and HYAL2. As shown in
Supplemental Fig. 1, treatment with 5ng/ml TGF-f1 for different
durations (1, 3, 6, 9, 12, or 24h) (Supplemental Fig. 1A and C) and
treatment with different concentrations (0.1, 1. 5, or 10 ng/ml) of TGF-
B1 for 9 h (Supplemental Fig. 1B and D) did not affect the mRNA levels
of HYAL1 and HYAL2 in SVOG cells.

3.2. TGF-B1 increased the protein levels of HAS2 in SVOG cells

Because TGF-PB1 treatment increased the mRNA level of HAS2 in
hGL cells, we next examined the effect of TGF-f1 on the localization
and expression of the HAS2 protein in SVOG cells. To ensure the ap-
plication of the antibodies used in this study, we first chose a targeted
siRNA-mediated approach to validate the specificity of the HAS2 anti-
bodies. As shown in Fig. 2A, knocking down HAS2 for 24 h using an
siRNA targeting HAS2 significantly decreased the protein level of HAS2
in SVOG cells. To determine the subcellular localization of the HAS2
protein, we immunolabelled and probed SVOG cells with HAS2 anti-
bodies. The immunofluorescence staining in SVOG cells showed cyto-
plasmic immunoreactivity for HAS2, which was not localized in nuclei
(Fig. 2B). Additionally, the expression of HAS2 increased following 12-
h of TGF-f1 stimulation (Fig. 2B). Notably, western blot analysis
showed that treatment with 5ng/ml TGF-31 for 12 or 24 h but not 6 h
increased the protein levels of HAS2 in SVOG cells (Fig. 2C). Con-
centration-dependent studies showed that treating cells with TGF-p1
(1 ng/ml to 10ng/ml) for 12h increased the protein level of HAS2
(Fig. 2D).

3.3. TPRII and TPRI are involved in the TGF-B1-induced upregulation of
HAS2 expression in SVOG cells

In many mammalian cells, TGF-P1 initiates its cellular activities by
binding to the TGF-f type II receptor (TBRII); it then recruits and
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Fig. 2. Effects of TGF-$1 on the localization and expression of HAS2 in SVOG cells. A, SVOG cells were transfected with 25 nM control siRNA (siCtrl) or 25 nM siRNA
targeting HAS2 (siHAS2) for 24 h, and the protein level of HAS2 was then examined using western blot analysis. B, SVOG cells were treated with 5 ng/ml TGF-p1 for
12 h, fixed in 4% paraformaldehyde in PBS, and examined for HAS2 (red) and nuclear (DAPI in blue) immunofluorescence. C, SVOG cells were treated with 5ng/ml
TGF-B1 for 6, 12, or 24 h, and the protein level of HAS2 was examined using western blot analysis. D, SVOG cells were treated with vehicle control (PBS) or different
concentrations (0.1, 1, 5, or 10 ng/ml) of TGF-$1 for 12 h, and the protein level of HAS2 was examined using western blot analysis. The results are expressed as the
mean + SEM of at least three independent experiments. Values marked with different letters are significantly different (P < 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

dimerizes with TGF-f type I receptor [31]. Recombinant human TGF-f3
type II receptor (rTPRII) is a soluble TGF-f type II receptor that is
capable of binding to TGF-f31 and TGF-f33 with sufficient affinity to act
as an inhibitor when present at a high concentration [32]. To evaluate
the involvement of TPRII receptor in the TGF-P1-induced upregulation
of HAS2 expression, we used rTBRII as a competitive inhibitor of en-
dogenous TPRIL The results showed that preincubating 5 ng/ml TGF-f1
with 5mg/ml rTBRII at room temperature for 1 h completely abolished
the TGF-B1-induced increases in the mRNA and protein levels of HAS2
(Fig. 3A and B). Currently, seven distinct TGF-f type I receptors (also
known as activin receptor like-kinase 1-7, ALK1-7) have been identi-
fied and shown to mediate cellular activities in response to TGF-f su-
perfamily members [33]. Next, we used two receptor kinase inhibitors,
SB505124 (a potent and specific inhibitor of ALK4/5/7) [34], and
DMH-1 (an inhibitor of ALK2/3) [35], to investigate the involvement of
TGF-p type I receptors in TGF-B1-induced cellular activity. The results
showed that pretreatment with 10 uM SB505124 completely abolished

the stimulatory effects of TGF-B1 on the expression of HAS2 at both the
mRNA and protein levels (Fig. 3C and D). However, pretreatment with
10 uM DMH-1 did not have these effects (Fig. 3E and F).

3.4. ALKS5 is required for the TGF-1-induced upregulation of HAS2
expression in SVOG cells

Considering the limitations and off-target effects of these inhibitors,
we next used a targeted siRNA-mediated approach to determine which
specific ALK mediates the TGF-B1-induced increase in HAS2 expression.
The results showed that knocking down ALK4 did not alter the TGF-B1-
induced increases in the mRNA and protein levels of HAS2 in SVOG
cells (Fig. 4A and B). In contrast, knocking down ALK5 completely
abolished the TGF-B1-induced increases in the mRNA and protein levels
of HAS2 in SVOG cells (Fig. 4C and D).
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vehicle control [dimethyl sulfoxide (DMSO)] or 10 uM SB505124. The mRNA (C) or protein (D) level of HAS2 was examined using RT-qPCR (C) or western blot
analysis (D), respectively. E and F, SVOG cells were treated with 5ng/ml TGF-$1 for 9 h (E) and 12 h (F) in the presence of vehicle control (DMSO) or 10 uM DMH-
1(d), the mRNA (E) or protein (F) level of HAS2 was examined using RT-qPCR (E) or western blot analysis (F), respectively. The results are expressed as the
mean + SEM of at least three independent experiments. Values marked with different letters are significantly different (P < 0.05).
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Fig. 4. The involvement of the TGF- type I receptors ALK4, ALK5, SMAD2 and SMAD3 in the TGF-B1-induced upregulation of HAS2 in SVOG cells. A and B, SVOG
cells were transfected with 25 nM control siRNA (siCtrl) or 25 nM siRNA targeting ALK4 (siALK4) for 24 h, and then treated with vehicle control (PBS) or 5ng/ml
TGF-B1 for 9h (A) or 12h (B). The mRNA (A) or protein (B) level of HAS2 was examined using RT-qPCR (A) or western blot analysis (B), respectively. C and D, SVOG
cells were transfected with 25 nM siCtrl or 25 nM siRNA targeting ALK 5 (siALK5) for 24 h, and then treated with vehicle control (PBS) or 5 ng/ml TGF-f1 for 9 h (C)
or 12h (D). The mRNA (C) or protein (D) level of HAS2 was examined using RT-qPCR (C) or western blot analysis (D), respectively. E, SVOG cells were transfected
with 25 nM siCtrl, 25 nM siRNA targeting SMAD2 (siSMAD2), or 25 nM siRNA targeting SMAD3 (siSMAD3) for 24 h, and then treated with vehicle control (PBS) or
5ng/ml TGF-B1 for an additional 9 h. The mRNA levels of HAS2 were examined using RT-qPCR. F, SVOG cells were transfected with 25 nM siCtrl, 25 nM siSMAD2, or
25 nM siSMADS3 for 24 h, and then treated with vehicle control (PBS) or 5 ng/ml TGF-B1 for an additional 12 h. The protein levels of HAS2, SMAD2, and SMAD3 were
examined using western blot analysis. The results are expressed as the mean + SEM of at least three independent experiments. Values marked with different letters
are significantly different (P < 0.05).
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3.5. Both SMAD2 and SMADS3 are required for the TGF-B1-induced
upregulation of HAS2 in SVOG cells

Upon TGF-p1 ligand binding, activated TGF-[3 receptors are able to
induce the phosphorylation of the receptor-regulated SMAD (R-SMAD)
proteins SMAD2 and SMAD3. Phosphorylated SMAD2 or SMAD3 then
binds to the common mediator SMAD, SMAD4, which then translocates
to the nucleus to regulate gene expression [36]. To determine which
specific R-SMAD was involved in the TGF-B1-induced upregulation of
HAS2 expression, we induced the siRNA-mediated knockdown of en-
dogenous SMAD2 and SMAD3. The results showed that knocking down
SMAD2 completely abolished the increase in the mRNA level of HAS2
induced by TGF-f1 (Fig. 4E). Similarly, knocking down SMAD3 com-
pletely abolished the increases in the mRNA level of HAS2 induced by
TGF-B1 (Fig. 4E). Notably, western blot analysis further confirmed the
results obtained from RT-qPCR as knocking down either SMAD2 or
SMAD3 completely abolished the TGF-fl-mediated increase in the
protein level of HAS2 (Fig. 4F).

3.6. SMAD4 is required for the TGF-1-induced upregulation of HAS2 and
SNAIL in SVOG cells

To further confirm the regulatory role of the SMAD-dependent
pathway, we used a targeted siRNA-mediated approach to knock down
the endogenous principal mediator of this signaling pathway, SMADA4.
As shown in Fig. 5A and B, knocking down SMAD4 completely abol-
ished the TGF-B1-induced upregulation of HAS2 expression at both the
mRNA and protein levels. Because the transcription factor SNAIL has
been identified to mediate TGF-B1-induced cellular activities in human
cells [5,37], we next investigated the involvement of the SMAD-de-
pendent signaling pathway in the induction of this transcription factor.
Interestingly, the results showed that treatment with TGF-f1 sig-
nificantly increased the mRNA and protein levels of SNAIL, and these
stimulatory effects were completely abolished by knocking down en-
dogenous SMAD4 (Fig. 5C and D).

3.7. SNAIL is involved in the TGF-B1-induced upregulation of HAS2
expression in SVOG cells

Our recent studies demonstrated that SNAIL mediated the TGF-B1-
induced downregulation of pentraxin 3 expression in hGL cells [5].
Given that SNAIL is a critical transcription factor that is essential for the
formation of extracellular matrix [38], we sought to investigate the
involvement of SNAIL on the TGF-B1-induced upregulation of HAS2
expression in SVOG cells. Using a targeted siRNA-mediated inhibition
approach, the results showed that knocking down SNAIL completely
abolished the TGF-p1l-induced increase in the mRNA level of HAS2 in
SVOG cells (Fig. 6A). Similarly, the western blot analysis results showed
that knocking down SNAIL completely abolished the TGF-f1-induced
increase in the protein level of HAS2 in SVOG cells (Fig. 6B).

3.8. TGF-f1 increased the accumulation of hyaluronan via the upregulation
of SNAIL in SVOG cells

Finally, we sought to investigate whether the TGF-31-induced up-
regulation of HAS2 expression contributes to the increased levels of
accumulated hyaluronan in SVOG cells. An enzyme immunoassay
(ELISA) was used to examine the accumulated levels of hyaluronan in
conditioned medium obtained from cultured hGL cells, and the results
showed that TGF-P1 treatment significantly increased the concentra-
tions of hyaluronan produced by SVOG cells (Fig. 6C). Consistent with
the findings obtained in SVOG cells, TGF-P1 also significantly increased
the accumulated levels of hyaluronan in primary hGL cells (Fig. 6C).
Additionally, the stimulatory effect of TGF-B1 on the accumulated le-
vels of hyaluronan was abolished by knocking down SNAIL in SVOG
cells (Fig. 6D).
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Previous studies have shown that hyaluronan can promote CD44/
EGFR interaction and EGFR-mediated oncogenic signaling in head and
neck squamous cell carcinomas [39]. To investigate whether SNAIL
expression is a direct consequence of the canonical TGF-f3 signaling, or
the non-canonical coactivation of EGFR signaling, we thus used an
EGFR chemical inhibitor to examine whether EGFR plays any role in
hGL cell HA synthesis. As shown in Fig. 6E, the TGF-f1-induced in-
crease in hyaluronan synthesis was reversed by the addition of an EGFR
inhibitor AG1478 (10 pM).

4. Discussion

In the present study, we have demonstrated that TGF-1 treatment
significantly increased the synthesis of hyaluronan in both primary and
immortalized hGL cells. Consistent with the results obtained in this
study, studies performed using mouse GCs have also shown that oocyte-
and GC-derived TGF-B1 induced the synthesis of hyaluronic acid [40].
These findings suggest that TGF-P1 is an essential intraovarian factor
that promotes the synthesis of hyaluronan in GCs and cumulus cells.
Due to studies indicating that the accumulated levels of hyaluronan can
be influenced by either an increase in the synthesis or a decrease in the
degradation of the protein, we examined the effects of TGF-f1 on the
expression of several forms of HAS (HAS1, HAS2, and HAS3) and HYAL
(HYAL1 and HYAL2) in hGL cells. Our results showed that TGF-p1
treatment did not affect the expression of HYAL1 and HYAL2. However,
TGF-f1 treatment significantly upregulated the expression level of
HAS2 but not HAS1 and HAS3, indicating that HAS2 is the principal
enzyme that contributes to the TGF-B1-induced increase in the accu-
mulated level of hyaluronan. Consistent with the results obtained in the
present study, our previous data also showed that the expression levels
of HAS1 or HAS3 were significantly lower in primary hGL and SVOG
cells compared to that of HAS2 [24]. In the bovine ovary, the mRNA
levels of HAS2 were significantly increased, but the mRNA levels of
HAS3 were only slightly increased (mRNA of HAS1 was not detectable)
in response to stimulation with gonadotropins [41]. Similarly, the
mRNA level of HAS2 was substantially upregulated by FSH/eCG in
cumulus cells during cumulus expansion in several mammals [42].

In many mammalian cells, TGF-B1 initiates cellular activities by
binding to the TGF-f Type II receptor, which then recruits and activates
the TGF- type I receptor. Our data, in which soluble TPBRII (acting as a
competitive inhibitor) completely abolished the TGF-B1-induced upre-
gulation of HAS2 expression, confirm that TBRII is the principal type II
receptor that mediates TGF-B1-induced cellular activity in hGL cells.
We further used dual inhibitory approaches (pharmacological in-
hibitors and targeted siRNA-based knock down) to confirm that ALKS is
the specific type I receptor that primarily determines the biological
responses to TGF-B1 in hGL cells. Similarly, we confirmed that the
SMAD2/3-SMAD4 signaling pathway is the downstream effector that
promotes the upregulation of HAS2 expression as knocking down any of
these SMADs (SMAD2, SMAD3, or SMAD4) completely abolished this
effect. Interestingly, our previous studies showed that BMP4 can reg-
ulate the expression of HAS2 through noncanonical SMAD2/3 signaling
[24]. Notably, the SMAD2/3 signaling pathway is the canonical
pathway induced by TGF-$1, and this supports our finding that TGF-f1
is involved in the regulation of HAS2 expression via the canonical
SMAD-dependent signaling pathway in hGL cells. Consistent with these
results, previous studies have demonstrated that the TGF-3/SMAD2/3/
4 signaling is required for the regulation of hyaluronan-mediated cel-
lular activities in other cells [21-23].

Based on our data showing that the depletion of SNAIL completely
abolished the TGF-B1-induced upregulation of HAS2 expression, we
demonstrated that SNAIL is the immediately downstream target gene
that is required for this stimulatory effect in hGL cells. SNAIL belongs to
the SNAIL superfamily of zinc-finger-type transcription factors, which
regulate various physiological functions, including mesoderm forma-
tion, cell survival and cell division [38]. Animal studies have
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Fig. 5. The involvement of SMAD4 in the TGF-B1-induced upregulation of HAS2 and SNAIL expression in SVOG cells. A and C, SVOG cells were transfected with
25 nM siCtrl or 25 nM siRNA targeting SMAD4 (siSMAD4) for 24 h, and then treated with vehicle control (PBS) or 5ng/ml TGF-31 for an additional 9 h. The mRNA
levels of HAS2 (A) and SNAIL (C) were examined using RT-qPCR. B and D, SVOG cells were transfected with 25 nM siCtrl or 25 nM siSMAD4 for 24 h, and then
treated with vehicle control (PBS) or 5 ng/ml TGF-B1 for an additional 12 h. The protein levels of HAS2 (B) and SNAIL (D) were examined using western blot analysis.
The results are expressed as the mean = SEM of at least three independent experiments. Values marked with different letters are significantly different (P < 0.05).

demonstrated that SNAIL is highly expressed in mouse oocytes, follicle
cells and the corpus luteum, indicating that this transcription factor
plays potential functional roles during follicular development [43].
SNAIL is a well-established zinc finger protein that recognizes the ca-
nonical E-box sequences: CANNTG basic helix-loop-helix (HLH) motifs
[44]. Indeed, increasing evidence has indicated that several target

genes are modulated by the TGF-B1-induced upregulation of SNAIL via
binding to their promoter sequences [45]. Consistent with these data,
our recent studies showed that SNAIL is involved in the TGF-f1-induced
downregulation of PTX3 in hGL cells [5]. Using an EGFR inhibitor
AG1478, we also showed that the inhibition of EGF signaling reversed
the TGF-B1-induced increase in hyaluronan synthesis, indicating that
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letters are significantly different (P < 0.05).
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Fig. 7. Proposed model for the effect of TGF-$1 on the expression levels SNAL and HAS2 as well as the production of hyaluronan. TGF-1 binds to a complex
containing type I and II receptors leading to the phosphorylation/activation of receptor-regulated SMAD (SMAD2/3), which binds to the common SMAD (SMAD4).
This complex then translocates into the nucleus to promote the transcription of SNAIL. The upregulation of SNAIL subsequently contributes to the increase in HAS2
expression, which further promote the synthesis of hyaluronan in human granulosa cells. HA, hyaluronan; HAS2, hyaluronan synthase 2.

EGFR interaction and EGFR-mediated cellular signaling are required for
TGF-B1-induced downstream signaling in hGL cells. These results are
consistent with previous study showing that hyaluronan can promote
CD44/EGFR interaction and EGFR-mediated oncogenic signaling in
head and neck squamous cell carcinomas [39]. Future studies aimed at
addressing the interactions between SNAIL transcription factors and
CD44/EGFR will be of great interest.

In conclusion, we provided the first data showing that TGF-$1
promoted the synthesis of hyaluronan by upregulating the HAS2
synthesis in hGL cells (Fig. 7). Additionally, using dual inhibitory ap-
proaches, we demonstrated that the TBRII type II receptor and ALK5
type I receptor are functional receptors that mediate the stimulatory
effects induced in response to TGF-B1. Moreover, the canonical
SMAD2/SMAD3-SMAD4 signaling pathway is the principal intracellular
signaling pathway that upregulates the expression of SNAIL, which
subsequently contributes to TGF-fl-induced increases in HAS2 ex-
pression and hyaluronan synthesis (Fig. 7). The results of our in vitro
studies suggest that intraovarian TGF-B1 plays a functional role in the
local regulation of hyaluronan synthesis in hGL cells.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2019.109392.
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