
Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier.com/locate/mce

ALK4-SMAD3/4 mediates the effects of activin A on the upregulation of PAI-
1 in human granulosa lutein cells

Beili Chena,b, Hsun-Ming Changb, Zhiguo Zhanga,c,d, Yunxia Caoa,c,d,∗∗, Peter C.K. Leungb,∗

a Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical University, No 218 Jixi Road, Hefei, 230022,
Anhui, China
bDepartment of Obstetrics and Gynaecology, BC Children's Hospital Research Institute, University of British Columbia, Vancouver, British Columbia, Canada
cNHC Key Laboratory of Study on Abnormal Gametes and Reproductive Tract (Anhui Medical University), No 81 Meishan Road, Hefei, 230032, Anhui, China
d Key Laboratory of Population Health Across Life Cycle (Anhui Medical University), Ministry of Education of the People's Republic of China, No 81 Meishan Road, Hefei,
230032, Anhui, China

A R T I C L E I N F O

Keywords:
Activin a
PAI-1
ALK4
SMAD signaling
Human granulosa cells

A B S T R A C T

In the mammalian ovary, the proteolysis of the extracellular matrix is dynamically regulated by plasminogen
activator and plasminogen activator inhibitor (PAI), and it is a critical event that influences various physiological
and pathological processes. Activin A is a member of the transforming growth factor-β superfamily and is ex-
pressed at a high level in human luteal cells that play an essential role in the regulation of the luteal function. At
present, it is not known whether activin A can regulate the expression and production of PAI in human granulosa
lutein (hGL) cells. The present study aimed to examine the effects of activin A on the expression and production
of intraovarian PAI-1 and the underlying molecular mechanisms. Using primary and immortalized hGL cells as
the cell model, we demonstrated that activin A upregulated the expression of PAI-1 and increased the production
of PAI-1 in an autocrine/paracrine manner. Additionally, using a dual inhibition approach (molecular inhibitors
and siRNA-mediated knockdown), we showed that this biological function is mediated by the ALK4-mediated
SMAD3-SMAD4-dependent signaling pathway. Our findings suggest that activin A may be involved in the reg-
ulation of luteal function via the induction of PAI-1 expression and an increase in PAI-1 production.

1. Introduction

In the female reproductive cycle, the ovary produces and releases
mature oocytes with the subsequent formation of the corpus luteum.
These repeated processes include a series of sequential steps that in-
volve dramatic structural changes of the ovarian matrix and stroma
tissues. The accommodation of these physiological processes primarily
depends on the functional degradation of extracellular matrix and is
controlled by a tightly regulated and targeted extracellular proteolytic
activity (Liu, 2004). The extracellular matrix proteolysis is catalyzed by
plasminogen activators (PAs) and is tightly regulated by plasminogen
activator inhibitors (PAIs) (Saksela and Rifkin, 1988). Accumulating
evidence suggests that the precise multilevel regulation of the finetuned
expression of the PA and PAI systems provides a properly controlled
proteolytic activity in the mammalian ovary (Ny et al., 1985). Studies
using kinetic analysis have identified four distinct PAIs; PAI-1 and PAI-

2 are the only physiologically relevant plasminogen activator inhibitors
(van Mourik et al., 1984). PAI-1, also known as serpine1, belongs to the
serpine protease inhibitor superfamily that acts to inhibit plasminogen
activation by suppressing the activity of tissue plasminogen activator (t-
PA) and urokinase plasminogen activator (u-PA) (Liu et al., 2013).
Previous animal studies have demonstrated that the interaction and
regulation of PAs and PAI-1 in mammalian ovaries is critical in the
maintenance of normal follicular function and ovulation (Liu, 2004).
Specifically, coordinated expression of PAI-1 and t-PA in the ovary is
essential for the induction of successful ovulation in various mammals
including rats, rhesus monkeys and cattle (Dow et al., 2002). Ad-
ditionally, the intraovarian proteolytic activities that are spatiotempo-
rally regulated by PAs and PAI-1 are crucial for the formation and re-
gression of the corpus luteum in rats (Liu et al., 1996). In addition to the
physiological role of PAI-1 in female reproductive function, the data
obtained from clinical studies have shown that PAI-1 is overexpressed
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in the ovarian tissues of women with polycystic ovary syndrome
(PCOS), indicating that PAI-1 may be involved in the pathogenesis of
PCOS (Atiomo et al., 1998, Lindholm et al., 2010; Orio et al., 2004).

Activin A is one of the members of the pleiotropic transforming
growth factor-β (TGF-β) superfamily and is a homodimer of the inhibin
βA subunit; activin A has broad physiological functions in various tis-
sues, including the ovary (Mather et al., 1997). In humans, activin A is
produced in the growing follicles; follicular fluid obtained from the
antral follicles contains a mature form of activin A (Evans et al., 1997;
Sidis et al., 1998). Previous studies have shown that activin A is a
critical regulator of various ovarian functions, including the develop-
ment of primordial follicles, folliculogenesis, steroidogenesis, oocyte
maturation, ovulation and luteal formation and regression (Bayne et al.,
2015; Chang et al., 2014a, 2015a, 2016a; Knight et al., 2012; Liu et al.,
2016). Additionally, activin A is a principal luteinization inhibitor be-
cause of its suppressive effect on the production of progesterone in
human granulosa-lutein (hGL) cells (Chang et al., 2014a, 2015a).
Moreover, our recent studies have shown that activin A is involved in
the modulation of extracellular matrix remodeling by the suppression of
the expression of pentraxin 3 in human granulosa cells (Liu et al.,
2019).

In a mouse study, activin A upregulated the expression of micro-
phthalmia-associated transcription factor (MITF, a tissue-specific tran-
scription factor expressed in melanocytes), which further increased the
PAI-1 mRNA level in melanocytes, indicating that the production of
PAI-1 can be regulated by activin A in in vitro system (Murakami et al.,
2006). Considering the importance of PAI-1 for extracellular matrix
proteolysis and subsequent ovulation and luteal function, a number of
studies have investigated the regulation of PAI-1 in the ovarian follicle.
In the corpus luteum of rats and monkeys, the PAI-1 mRNA reaches a
peak level at the time of initiation of luteolysis (Liu et al., 2003). The
peak expression level of PAI-1 mRNA dramatically declines in asso-
ciation with an increased expression level of t-PA, indicating that the
PAI-1-mediated t-PA activity is critical for the initiation of luteolysis in
the mammalian corpus luteum (Liu et al., 2003; Liu, 2004). Interest-
ingly, inhibin βA (functional unit of activin A) is highly expressed in the
corpus luteum, and the secreted level of the bioactive form of activin A
protein reaches a peak at the mid-luteal phase of the female menstrual
cycle, suggesting that activin A is a potent luteolytic factor
(Muttukrishna et al., 1994). The coordinated spatiotemporal expression
patterns of inhibin βA and PAI-1 in the corpus luteum may suggest that
activin A serve as a luteolytic initiator to induce the expression and
production of PAI-1 in hGL cells. Therefore, we designed an in vitro
study to test this hypothesis and sought to examine the effect of activin
A on the expression and production of PAI-1 and the underlying mo-
lecular mechanisms in hGL cells.

2. Materials and methods

2.1. Culture of the immortalized human granulosa lutein cells (SVOG cells)

In the present study, we used a nontumorigenic immortalized
human granulosa cell line, SVOG cells as a model to investigate the
effect of activin A on the activity of PAI-1 in human cells. This cell line
was produced by transfecting primary human granulosa-lutein (hGL)
cells with the simian virus 40 large T antigen (Chang, Qiao et al., 2016c;
Lie et al., 1996). Biological responses of these immortalized cells to
various hormone or growth factor treatments are similar to those of hGL
cells because this cell line was generated from primary hGL cells (Bai
et al., 2017a, 2018; Wu et al., 2017; Zhang et al., 2018). SVOG cells
were cultured in Dulbecco's Modified Eagle's Medium/Ham's F-12 nu-
trient mixture (DMEM/F-12; Sigma-Aldrich Corp., Oakville, ON) sup-
plemented with 10% charcoal/dextran-treated fetal bovine serum (FBS,
HyClone, Logan, UT), 100 U/ml penicillin (Invitrogen, Life Technolo-
gies, Carlsbad, CA), 100 μg/ml streptomycin sulfate, (Invitrogen), and
1 × GlutaMAX (Invitrogen) in a humidified atmosphere containing 5%

CO2 at 37 °C. The cells were counted with a hemocytometer using
0.04% Trypan blue to assess cell viability and seeded (2–4 × 105 cells/
ml) in 6-well plates. Culture medium was changed every 48 h in all
experiments. Prior to specific treatments, these cells were cultured
overnight in serum-free medium. To prepare the conditioned medium,
the cultures were changed to DMEM/F-12 without serum (2 ml per well
in 6-well plates) and this medium was left on the cultures after specific
treatment. The serum-free conditioned medium was collected with
micropipette under a microscope to ensure that the aspirate was free of
cells. Finally, the collected conditioned medium was centrifuged at
10,000×g for 10 min at 4 °C to remove debris and stored at −20 °C
until assay.

2.2. Preparation and culture of primary human granulosa-lutein cells

Primary hGL cells were obtained from patients undergoing an in
vitro fertilization (IVF) procedure; these cells express the steroidogen-
esis-related genes (CYP19A1, StAR, CYP11A1 and HSD3B) and several
growth factors, including members of the TGF-β superfamily (Chang
et al., 2013a, 2014b; Chang et al., 2014a, 2016c; Chang, Fang et al.,
2016b; Chang, Klausen et al., 2013b; Chang et al., 2019). The study was
approved by the Research Ethics Board of the University of British
Columbia, and all participants signed a written informed consent form.
Follicular aspirates were obtained at the time of oocyte retrieval from
IVF patients as previously described (Chang et al., 2016b). Briefly, hGL
cells were seeded in 12-well plates (2 × 105 cells per well) and cultured
in DMEM/F-12 (Sigma-Aldrich Corp) supplemented with 10% char-
coal/dextran-treated FBS (HyClone Laboratories, Inc.), 100 U/ml pe-
nicillin, 100 μg/ml streptomycin sulfate (Life Technologies, Inc.), and
1 × GlutaMAX (Life Technologies, Inc.). Cells were cultured in a hu-
midified atmosphere with 95% air and 5% CO2 at 37 °C, and the culture
medium was changed every other day in all experiments. Before spe-
cific treatments, the cells were cultured in medium with 0.5% charcoal/
dextran-treated FBS.

2.3. Antibodies and reagents

Polyclonal rabbit anti-phospho-SMAD2 (Ser465/467, 138D4, di-
luted 1:1000), anti-phospho-SMAD3 (Ser423/425, C25A9, diluted
1:1000), anti-SMAD3 (C67H9, diluted 1:1000) and anti-SMAD4
(D3M6U, diluted 1:1000) antibodies were obtained from Cell Signaling
Technology (Beverly, MA). These antibodies do not cross-react with
other SMAD-related proteins. Monoclonal mouse anti-SMAD2 antibody
(L16D3, diluted 1:1000) was obtained from Cell Signaling Technology.
Monoclonal mouse anti-PAI-1 (C-9, sc-5297, diluted 1:1000) and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (G-9; sc-365062,
diluted 1:2000) antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Horseradish peroxidase-conjugated
goat anti-rabbit and goat anti-mouse IgGs were obtained from Bio-Rad
and Santa Cruz Biotechnology, respectively. Recombinant human ac-
tivin A from R&D Systems (Minneapolis, MN) was expressed in Chinese
hamster ovary cells and was> 95% pure based on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with silver
staining. Activin A was lyophilized from a 0.2 μm filtered solution
composed of 4 mM HCl with 0.1% BSA as a carrier protein.
Dorsomorphin dihydrochloride (dorsomorphin, 3093/10) and
SB431542 (301836-41-9) were obtained from R&D Systems and Sigma-
Aldrich Corp., respectively.

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

The cells were washed with cold PBS, and total RNA was extracted
with TRIzol reagent (Invitrogen) according to the manufacturer's in-
structions. A total of 2 μg of RNA was reverse-transcribed into the first-
strand cDNA with random primers and MMLV reverse transcriptase
(Promega, Madison, WI). RT-PCR was performed on an Applied
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Biosystem 7300 real-time PCR system in 96-well optical reaction plates.
The total reaction volume of 20 μl included 10 μl of 2X SYBR Green PCR
master mix (Applied Biosystems), 20 ng of cDNA, and 250 nM of each
specific primer mix. The following primers were used in this study: PAI-
1 (SERPINE1): 5′-GAGAAACCCAGCAGCAGATT-3’ (sense) and 5′-TGG
TGCTGATCTCATCCTTG -3’ (antisense); SMAD2: 5′-GCCTTTACAGCTT
CTCTGAACAA-3’ (sense) and 5′- ATGTGGCAATCCTTTTCGAT-3’ (anti-
sense); SMAD3: 5′- CCCCAGCACATAATAACTTGG-3’ (sense) and
5′-AGGAGATGGAGCACCAGAAG-3’ (antisense); SMAD4: 5′-TGGCCCA
GGATCAGTAGGT-3′(sense) and 5′-CATCAACACCAATTCCA
GCA-3′(antisense); and GAPDH: 5′-ATGGAAATCCCATCACCATCTT-3’
(sense) and 5′-CGCCCCACTTGATTTTGG-3’ (antisense). Alternatively,
TaqMan gene expression assays were used to examine ACVR1B (ALK4),
TGFBR1 (ALK5) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression (Hs00244715_m1, Hs00610320_m1, and
Hs02758991_g1, respectively; Applied Biosystems) in triplicate using
the corresponding cDNA samples. The total reaction volume of 20 μl
included 4 μl of cDNA, 5 μl of RNase-free water, 10 μl of 2X TaqMan
gene expression master mix (Applied Biosystems) and 1 μl of
20 × TaqMan gene expression assay mix. RT-qPCR was performed on
an Applied Biosystems 7300 real-time PCR system in 96-well optical
reaction plates. The PCR parameters used for the reaction were 50 °C
for 2 min, 95 °C for 10 min and 40 cycles of 95 °C for 15 s and 60 °C for
1 min. Assay performance was validated by evaluating amplification
efficiencies using the calibration curves while ensuring that the plot of
log input amount vs. ΔCq (also known as ΔCt) has a slope < 0.1. Three
separate experiments were performed for different cultures, and each
sample was assayed in triplicate. A mean value was used to determine
the mRNA levels using the comparative Cq method according to
equation 2−ΔΔCq (2−ΔΔCt). GAPDH was used as the reference gene.

2.5. Western blot analysis

After the treatments, the cells were washed with cold PBS and lysed
in lysis buffer (Cell Signaling) containing a protease inhibitor cocktail
(Sigma-Aldrich). Extracts were centrifuged at 20,000×g for 15 min at
4 °C to remove cellular debris, and protein concentrations were quan-
tified using a DC protein assay (Bio-Rad). Equal amounts of protein
were separated by 10% SDS–PAGE and transferred to polyvinylidene
difluoride membranes. The membranes were blocked for 1 h in TBS
containing 0.05% Tween 20 and 5% nonfat dried milk and incubated
overnight at 4 °C with the relevant primary antibodies. The membranes
were washed and incubated with a peroxidase-conjugated secondary
antibody (Bio-Rad) for 1 h. Immunoreactive bands were detected using
enhanced chemiluminescence reagents or a SuperSignal West Femto
chemiluminescence substrate (Pierce, Rockford, IL) and exposed to a
CL-XPosure film (Thermo Fisher, Waltham, MA). The membranes were
stripped with stripping buffer (50 mM Tris–HCl pH 7.6, 10 mmol/l β-
mercaptoethanol and 1% SDS) at 50 °C for 30 min and reprobed with
goat anti-actin antibodies as a loading control. Films were scanned and
quantified by densitometry using the Scion imaging software (Scion
Corp., Frederick, MD, USA).

2.6. Small interfering RNA (siRNA) transfection

Transient knockdown assays were performed using an ON-
TARGETplus nontargeting control pool or separate ON-TARGETplus
SMARTpools siRNA reagents targeting ALK4, ALK5, SAMD2, SMAD3 or
SMAD4 (Thermo Fisher Scientific, Lafayette, CO) as described pre-
viously (Bai, Chang et al., 2017b; Chang et al., 2013b). Briefly, the cells
were cultured to 50% confluence in antibiotic-free DMEM/F12 con-
taining 10% charcoal/dextran-treated FBS and transfected with 25 nM
siRNA using Lipofectamine RNAiMAX (Life Technologies) for 48 h. The
knockdown efficiency of each target was confirmed by RT-qPCR or
Western blot analysis as previously described (Li et al., 2018).

2.7. Measurement of PAI-1 concentration

After treatment with activin A for 24 h, the concentration of PAI-1
in the conditioned medium was measured using a quantitative sand-
wich enzyme immunoassay Quantikine kit (DSE100, R&D Systems)
according to the manufacturer's instructions. After the removal of the
particulates by centrifugation, cell culture supernatants were collected
and immediately assayed. The inter- and intra-assay coefficients of
variation for this assay were less than 9%, and the minimum detectable
dose of PAI-1 ranged from 0.014 to 0.142 ng/ml with a mean of
0.059 ng/ml. Each sample was measured in triplicate, and the secreted
PAI-1 concentration was normalized to the total cellular protein content
of each cell lysate. The normalized PAI-1 concentration for each treated
sample is displayed as fold changes of the normalized control levels.

2.8. Statistical analysis

The data are presented as the mean ± standard error of the mean
of at least three independent experiments. PRISM software (GraphPad
Software Inc, San Diego, CA) was used to perform one-way analysis of
variance followed by Duncan's test for multiple comparisons of the
means. P < 0.05 was considered statistically significant.

3. Results

3.1. Activin A induced the expression of PAI-1 in immortalized and primary
hGL cells

Initially, we examined the effect of activin A on PAI-1 expression in
hGL cells. Immortalized SVOG cells were treated with vehicle control
and various concentrations (1, 10 or 100 ng/ml) of recombinant human
activin A (activin A) for 3 h, and the mRNA levels were examined using
RT-qPCR. The results showed that activin A treatment significantly
increased the mRNA levels of PAI-1 in a concentration-dependent
manner (Fig. 1A). Similar to the mRNA results, Western blot analysis
showed that activin A treatment (1, 10 or 100 ng/ml) significantly in-
creased the protein levels of PAI-1 in SVOG cells (Fig. 1B). The con-
centrations of activin A used in this study varied from 1 ng/ml to
100 ng/ml and were within the range of the average concentrations of
activin A in follicular fluid and serum (1110–1210 ng/ml and
30–40 ng/ml, respectively) (Harada et al., 1996; Lau et al., 1999).
Therefore, 30 ng/ml activin A was used as the treatment in subsequent
experiments. The time-course studies showed that the stimulatory ef-
fects of activin A (30 ng/ml) on the mRNA levels of PAI-1 were detected
after 1 h incubation and persisted until 24 h (Fig. 1C). The protein le-
vels of PAI-1 started to increase at 6 h and remained elevated 24 h after
activin A treatment (Fig. 1D). To confirm the stimulatory effect of ac-
tivin A on PAI-1 expression, primary hGL cells were used to investigate
the effect of activin A on PAI-1 expression. Consistent with the results
obtained in SVOG cells, activin A (1, 10 or 100 ng/ml) treatment for 3 h
or 12 h significantly increased the mRNA and protein levels of PAI-1 in
primary hGL cells in a concentration-dependent manner (Fig. 1E and F).

3.2. Activin A induced the phosphorylation of SMAD2 and SMAD3 and
upregulation of PAI-1 in SVOG cells in a SB431542-dependent manner

The SMAD-dependent pathway is activated by activin A in various
human cells, including granulosa cells (Chang et al., 2014a; Ding et al.,
2016). To determine whether activin A activates the SMAD signaling
pathways in hGL cells, SVOG cells were treated with activin A (30 ng/
ml) for 30, 45 or 60 min, and the levels of phosphorylated SMAD2 and
SMAD3 were examined using Western blot analysis. As shown in
Fig. 2A and B, activin A significantly increased the levels of phos-
phorylated SMAD2 (Fig. 2A) and SMAD3 (Fig. 2B) at all examined time
points.

To confirm that the stimulatory effect of activin A on the activation
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of the SMAD signaling pathway is mediated by the conventional activin
receptor, we used two potent TGF-β type I receptor inhibitors,
SB431542 and dorsomorphin. SB431542 is a specific inhibitor of ALK4/
5/7, and dorsomorphin is a specific inhibitor of ALK2/3/6 (Inman
et al., 2002; Yu et al., 2008). The results obtained by the inhibition
approach showed that pretreatment of SVOG cells with 10 μM
SB431542 for 60 min completely abolished the activin-A-induced in-
creases in the phosphorylated protein levels of SMAD2 (Fig. 2C) and
SMAD3 (Fig. 2D). However, pretreatment of SVOG cells with 10 μM
dorsomorphin for 60 min did not influence the activin A-induced in-
crease in the levels of phosphorylated SMAD2 (Fig. 2C) and SMAD3
(Fig. 2D). Similarly, pretreatment with 10 μM SB431542, but not with
10 μM dorsomorphin, for 60 min completely abolished the activin A-
induced increase in mRNA (Fig. 2E) and protein (Fig. 2F) levels of PAI-1
in SVOG cells.

3.3. ALK4 is the activin type I receptor that mediates the activin A-induced
phosphorylation of SMAD2/3 and the upregulation of PAI-1 in SVOG cells

To determine which type I receptor mediates the activin A-induced
effects in hGL cells, we used an siRNA-mediated knockdown approach.
We examined the knockdown efficiency of siRNAs targeting two TGF-β
type I receptors, ALK4 and ALK5. As shown in Fig. 3A, knocking down
ALK4 or ALK5 using siRNAs targeting ALK4 (siALK4) or ALK5 (siALK5)
for 24 h or 48 h specifically decreased the mRNA levels of ALK4 and
ALK5, respectively, by up to 75%–85%. Additionally, knocking down
ALK4 but not ALK5 for 48 h significantly abolished the activin A-in-
duced phosphorylation of SMAD2 and SMAD3 in SVOG cells (Fig. 3B).
Notably, knocking down ALK4 for 48 h significantly abolished the ac-
tivin A-induced increase in the mRNA and protein levels of PAI-1 in
SVOG cells (Fig. 3C). However, knocking down ALK5 for 48 h had no

Fig. 1. Activin A upregulates the expression of PAI in primary and immortalized human granulosa lutein cells. (A and B) SVOG cells (n = 5) were treated with vehicle
control or various concentrations (1, 10, or 100 ng/ml) of activin A for 3 h (A) or 12 h (B), and the mRNA and protein levels of PAI-1 were examined using RT-qPCR
(A) and Western blot analysis (B), respectively. (C and D) SVOG cells (n = 6) were treated with 30 ng/ml activin A for 1, 2, 3, 6, 12, or 24 h, and the mRNA and
protein levels of PAI-1 were examined using RT-qPCR (C) and Western blot analysis (D), respectively. (E and F) Primary human granulosa lutein cells (hGL, n = 6)
were treated with vehicle control or various concentrations (1, 10, or 100 ng/ml) of activin A for 3 h (E) or 12 h (F), and the mRNA and protein levels of PAI-1 were
examined using RT-qPCR (E) and Western blot analysis (F), respectively. The results are expressed as the mean ± SEM of six independent experiments, and values
labeled with different letters are significantly different (P < 0.05). Ctrl, control; ActA, activin A treatment.
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effect on the activin A-induced increase in the mRNA and protein levels
of PAI-1 in SVOG cells (Fig. 3D).

3.4. SMAD3-SMAD4-mediated SMAD signaling pathway is required for the
activin A-induced upregulation of PAI-1 in SVOG cells

To determine whether the SMAD-dependent pathway mediates the
activin A-induced effects in hGL cells, we used the siRNA-mediated
inhibition approach that targeted specific SMADs. As shown in Fig. 4A,
knocking down SMAD2, SMAD3 or SMAD4 for 24 h or 48 h using
siRNAs targeting SMAD2 (siSMAD2), SMAD3 (siSMAD3) or SMAD4
(siSMAD4) specifically decreased the mRNA levels of SMAD2, SMAD3
and SMAD4, respectively, by up to 70%–80%. Notably, knocking down

SMAD3 but not SMAD2 for 48 h completely abolished the activin A-
induced increases in the mRNA (Fig. 4B) and protein (Fig. 4C) levels of
PAI-1 in SVOG cells. Similarly, knocking down SMAD4 for 48 h com-
pletely abolished the activin A-induced increase in the mRNA (Fig. 4D)
and protein (Fig. 4E) levels of PAI-1 in SVOG cells.

3.5. Activin A increased the production of PAI-1 in an SB431542-
dependent manner in SVOG cells

To investigate whether activin A increases the production of PAI-1
in hGL cells, we used an enzyme immunoassay to examine the PAI-1
concentration in the conditioned medium after activin A treatment. As
shown in Fig. 5A, treatment with various concentrations (1, 10 or

Fig. 2. TGF-β receptor inhibitor SB431542 but not dorsomorphin attenuates the activin A-induced phosphorylation of SMAD2/3 and upregulation of PAI-1 in SVOG
cells. (A and B) SVOG cells (n = 6) were treated with 30 ng/ml activin A for 30, 45 or 60 min, and the levels of phosphorylated SMAD2 (A) or SMAD3 (B) were
examined using Western blot analysis. (C and D) SVOG cells (n = 5) were pretreated with dimethyl sulfoxide (DMSO) or TGF-β receptor inhibitors, SB431542
(10 μM) or dorsomorphin (10 μM) for 1 h and then treated with 30 ng/ml activin A for an additional 30 min. The levels of phosphorylated SMAD2 (C) and SMAD3 (D)
were examined using Western blot analysis. (E and F) SVOG cells (n = 4) were pretreated with DMSO or TGF-β receptor inhibitors, SB431542 (10 μM) or
dorsomorphin (10 μM), for 1 h and then treated with 30 ng/ml activin A for an additional 3 h (E) or 12 h (F). The mRNA (E) and protein (F) levels of PAI-1 were
examined using RT-qPCR (E) and Western blot analysis (F), respectively. The results are expressed as the mean ± SEM of six independent experiments, and values
labeled with different letters are significantly different (P < 0.05). Ctrl, control; ActA, activin A treatment.
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100 ng/ml) of activin A significantly increased the production of PAI-1
in SVOG cells in a concentration-dependent manner. Notably, pre-
treatment of SVOG cells with 10 μM SB431542 for 60 min completely
abolished the activin-A-induced increases in the production of PAI-1

(Fig. 5B).

Fig. 3. The TGF-β type I receptor ALK4, but not ALK5, mediates the activin A-induced phosphorylation of SMAD2/3 and upregulation of PAI-1 in SVOG cells. (A)
SVOG cells (n = 4) were transfected with 25 nM siCtrl, siALK4 or siALK5 for 24 h or 48 h. The mRNA levels of ALK4 and ALK5 were examined using RT-qPCR. (B)
SVOG cells (n = 4) were transfected with siCtrl, siALK4 or siALK5 for 48 h, and then treated with 30 ng/ml activin A for an additional 60 min. The protein levels of
phosphorylated SMAD2 and SMAD3 were examined using Western blot analysis. (C) SVOG cells (n = 5) were transfected with 25 nM siCtrl, siALK4 or siALK5 for
48 h, and then treated with 30 ng/ml activin A for an additional 3 h. The mRNA levels of PAI-1 were examined using RT-qPCR. (D) SVOG cells (n = 5) were
transfected with 25 nM siCtrl, siALK4 or siALK5 for 48 h and then treated with 30 ng/ml activin A for an additional 12 h. The protein levels of PAI-1 were examined
using Western blot analysis. The results are expressed as the mean ± SEM of 5 independent experiments, and values labeled with different letters are significantly
different (P < 0.05). siCtrl, siControl; Ctrl, control; ActA, activin A treatment.
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4. Discussion

In the developing follicles of rats and mice, the t-PA activity in the
oocyte is mainly controlled by inhibins produced in granulosa cells (Liu,
2004). The expression level of inhibin subunits in granulosa cells has

been demonstrated to be negatively correlated with the activity of t-PA
in oocytes (Liu, 2004). The present study is the first to demonstrate that
activin A increased the production of PAI-1 by upregulating the ex-
pression of PAI-1 in hGL cells. Because inhibins are the antagonists of
activins and PAI-1 suppresses the activity of t-PA, we speculate that the

Fig. 4. SMAD3 and SMAD4, but not SMAD2, mediate the activin A-induced upregulation of PAI-1 in SVOG cells. (A) SVOG cells (n = 5) were transfected with 25 nM
control siRNA (siControl), SMAD2 siRNA (siSMAD2), SMAD3 siRNA (siSMAD3) or SMAD4 siRNA (siSMAD4) for 48 h. The mRNA levels of SMAD2, SMAD3 and
SMAD4 were examined using RT-qPCR. (B and C) SVOG cells (n = 4) were transfected with 25 nM control siRNA (siControl), SMAD2 siRNA (siSMAD2) or SMAD3
siRNA (siSMAD3) for 48 h and then treated with 30 ng/ml activin A for an additional 3 h (B) or 12 h (C). The mRNA (B) and protein (C) levels of SMAD2, SMAD3 and
PAI-1 were examined using RT-qPCR (B) and Western blot analysis (C), respectively. (D and E) SVOG cells (n = 5) were transfected with 25 nM control siRNA
(siControl) or SMAD4 siRNA (siSMAD4) for 48 h and then treated with 30 ng/ml activin A for an additional 3 h (D) or 12 h (E). The mRNA (D) and protein (E) levels
of PAI-1 were examined using RT-qPCR (D) and Western blot analysis (E), respectively. The results are expressed as the mean ± SEM of 5 independent experiments,
and values labeled with different letters are significantly different (P < 0.05). siCtrl, siControl; Ctrl, control; ActA, activin A treatment.
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increased level of inhibins produced by granulosa cells inhibits the
action of intraovarian activins and, in turn, decreases the production of
PAI-1 and increases the activity of t-PA in the developing follicles in the
ovary. After ovulation, the human corpus luteum has a glandular
structure and primarily secretes progesterone to maintain early preg-
nancy (Stocco et al., 2007). This temporary endocrine tissue is derived
from a ruptured ovarian follicle that contains granulosa cells, theca
cells, capillaries and fibroblasts. The development of the corpus luteum
is modulated by the interactions among multiple luteotropic and lu-
teolytic factors and is characterized by a complex process of a series of
tissue remodeling processes, including luteal formation, maintenance
and regression (Stocco et al., 2007). The formation of corpus luteum
involves dramatic morphological and biochemical processes that are
tightly and dynamically controlled by the matrix-degrading proteases
(Findlay, 1986; Pate, 1994). However, if no conception occurs, the
functional maintenance of corpus luteum is terminated, followed by the
regression of the corpus luteum. This process involves two changes: a
rapid decline in progesterone production (functional luteolysis) and the
degradation of the luteal tissue (structural luteolysis) (Liu, 2004). Stu-
dies have shown that the luteal expression level of steroidogenic reg-
ulatory protein (StAR) is highly correlated with the production of
progesterone and is thus a key regulator of the corpus luteum function
(Chen et al., 2003). In the corpus luteum of rats and monkeys, an in-
creased activity of PAI-1 is closely related to a dramatic decrease in the
production of StAR/progesterone in the late luteal phase, indicating
that the coordinated expression levels of PAI-1 and StAR in the corpus
luteum are involved in the process of luteal regression (Chen et al.,
1999; Liu et al., 2003). Previous studies have shown that activins (in-
cluding activin A, activin B and activin AB) are potent luteinization
inhibitors because activins suppress basal and FSH-, LH- and human
chorionic gonadotropin-induced StAR/progesterone production in hGL
cells (Chang et al., 2014a; Rabinovici et al., 1990). Moreover, the ex-
pression levels of inhibin βA and PAI-1 reach their peak levels at the
time of initiation of luteolysis (Liu et al., 2003; Liu et al., 1995;
Muttukrishna et al., 1994). In combination with the results of the
previous studies, our findings suggest that activin A acts as a luteolytic
factor that initiates luteolysis by promoting the expression and activity
of PAI-1 in human corpus luteum. In this regard, activin A is a principal
luteinization inhibitor or a luteolytic factor in the corpus luyeum. In-
deed, previous studies have shown that activins suppress the proges-
terone production induced by human chorionic gonadotropin (hCG)-,
FSH-, or LH in hGL cells (Chang et al., 2014a; Rabinovici et al., 1990).
The source of activin A during the luteolytic period is mainly from
granulosa-lutein cells and the production of bioactive form of activin A
is regulated by bone morphogenetic protein (BMP)4 and BMP7, two
theca cell-derived growth factors (Chang, Cheng et al., 2015b). Taken
together, these three intraovarian factors (activin A, BMP4 and BMP7)
coordinately inhibit luteiolization by suppressing progesterone

production in the human ovary (Chang et al., 2014a; Zhang et al.,
2015). Moreover, in cultured hGL cells, treatment with hCG up-regu-
lated the expression of follistatin (an activin-binding protein), which
further antagonized the cellular activities of endogenous activin A
(Tuuri et al., 1994). Intriguingly, both inhibin α and inhibin βA (the
components of mature inhibin A) are expressed at a high level in the
corpus luteum, and the bioactive mature inhibin A reaches a peak level
at the mid-luteal phase of the menstrual cycle, indicating that activin A
is a critical luteolytic factor (Muttukrishna et al., 1994).

The selection of a suitable material for functional in vitro studies is
critical to comprehensively understand the cellular activities and the
underlying molecular mechanisms of ovarian biology. In the mature
ovarian follicle, granulosa cells undergo proliferation, differentiation
and luteinization during the terminal stage of follicular development. In
this study, we used primary and immortalized (SVOG cells) hGL cells as
an in vitro model to investigate the effect of activin A on the expression
and production of PAI-1. These cells were clinically derived from hGL
cells that were obtained from patients undergoing in vitro fertilization
procedure and luteinized because of stimulation with a pharmacolo-
gical dose of human chorionic gonadotropin before cell isolation (Lie
et al., 1996). Therefore, these hGL cells provide an attractive model for
studying the cellular activities related to luteal function during luteal
development. However, a limitation of this study is that the results
obtained in an in vitro system may be not relevant to the in vivo mi-
croenvironment in the ovarian tissue, which contains multiple compo-
nents. Future studies should be aimed at addressing the interactions of
activin/inhibin and t-PA/PAI-1 systems in the developing follicle or
corpus luteum using an in vivo animal model; such studies will be of
great interest.

Because the dysregulation of the activin signaling pathway is asso-
ciated with several ovarian pathologies, including PCOS (Roberts et al.,
1994), a clear understanding of the detailed molecular determinants of
the activin A-mediated cellular activities will be beneficial to develop
therapeutic strategies for the ovarian diseases and fertility-related dis-
orders. In the present study, we demonstrate that activin A increases the
expression and production of PAI-1 via the ALK4 -mediated SMAD3/
SMAD4-dependent signaling pathway in hGL cells. Knockout studies in
mice have shown that selective depletion of SMAD4 leads to multiple
defects in the mouse ovary, including impaired folliculogenesis, pre-
mature ovarian failure and decreased fertility (Pangas et al., 2006; Yu
et al., 2013). The results obtained in our study showed that knocking
down SMAD4 completely abolishes the activin A-induced upregulation
of PAI-1 in hGL cells. Previous animal studies and our findings suggest
that the SMAD-dependent signaling pathway plays a critical role in the
regulation of follicular function. Using a dual inhibition approach
(molecular inhibitors and siRNA-mediate knockdown), we demon-
strated that activin A-induced cellular activities (phosphorylation of
SMAD2/3 and increase in PAI-1 expression) in hGL cells are mediated

Fig. 5. TGF-β receptor inhibitor SB431542 abolishes
the activin A-induced increase in PAI-1 production in
SVOG cells. (A) SVOG cells (n = 5) were treated with
vehicle control or various concentrations (1, 10, or
100 ng/ml) of activin A for 24 h, and the con-
centration of PAI-1 was examined using an enzyme
immunoassay (ELISA). (B) SVOG cells (n = 5) were
pretreated with dimethyl sulfoxide (DMSO) or a TGF-
β receptor inhibitor SB431542 (10 μM) for 1 h and
then treated with 30 ng/ml activin A for an addi-
tional 24 h. The concentration of PAI-1 was examined
using an enzyme immunoassay (ELISA). The results
are expressed as the mean ± SEM of 5 independent
experiments, and values labeled with different letters
are significantly different (P < 0.05). siCtrl,
siControl; Ctrl, control; ActA, activin A treatment.

B. Chen, et al. Molecular and Cellular Endocrinology 505 (2020) 110731

8



by the TGF-β type I receptor ALK4 (ACVR1B) but not by ALK5
(TGFBR1). Indeed, recent studies have demonstrated the therapeutic
perspective of several ALK inhibitors, including LY-2157299 and
SB431542, in tumor progression and stem cell differentiation (Cui et al.,
2019). Using a similar inhibition approach, we showed that activin A
treatment induces the activation of SMAD2 and SMAD3 in hGL cells.
However, the knockdown of SMAD3, but not SMAD2, completely re-
versed the activin A-induced increase in PAI-1 expression, indicating
that only SMAD3 is required for the activin A-induced upregulation of
PAI-1 in hGL cells (Fig. 6). The results of our previous studies are not
consistent with the data of the present study and showed that only the
SMAD2, but not the SMAD3, signaling pathway mediates the suppres-
sive effect of activin A-induced regulation of StAR in SVOG cells (Chang
et al., 2015a). Additionally, SMAD2 and SMAD3 are required for the
activin A-induced upregulation of prostaglandin-endoperoxide synthase
2 (PTGS2) in the same cell model (Liu et al., 2016). Animal studies
using knockout mouse models with targeted depletion of either SMAD2
or SMAD3 indicated that these two SMADs have distinct functional
roles in mediating the action of activins (Piek et al., 2001). Therefore,
previous studies suggest that the activin A-induced cellular responses
mediated by SMAD2 or SMAD3 are dependent on the downstream
target genes. Activin A can initiate the cellular activities via SMAD or
non-SMAD signaling pathways in various cell types (Zhang, 2009);
however, our results indicate that activin A upregulates the expression
of PAI-1 via the SMAD-dependent signaling pathway in hGL cells.

In summary, we have demonstrated that activin A upregulates the
expression of PAI-1 and increases the production of PAI-1 in hGL cells.
Additionally, this biological function is mediated via the ALK4-medi-
ated SMAD-dependent signaling pathway. Furthermore, the inhibition
of activin type I receptor or knockdown of SMAD3 completely reverses
the activin A-induced upregulation of PAI-1 expression or the increase
in PAI-1 production (Fig. 6). Our findings suggest that activin A may
play an important role in the regulation of luteal function via the in-
duction of PAI-1 production in the human ovary.
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