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Abstract

Background: Bone morphogenetic protein 2 (BMP2), growth differentiation factor 8 (GDF8) and their functional
receptors are expressed in human ovarian follicles, and these two intrafollicular factors play essential roles in regulat-
ing follicle development and luteal function. As BMP antagonists, gremlin1 (GREM1) and gremlin2 (GREM2) suppress
BMP signaling through blockage of ligand-receptor binding. However, whether BMP2 regulates the expression of
GREM1 and GREM? in follicular development remains to be determined.

Methods: In the present study, we investigated the effect of BMP2 on the expression of GREM1 and GREM2 and the
underlying mechanisms in human granulosa-lutein (hGL) cells. An established immortalized human granulosa cell
line (SVOG) and primary hGL cells were used as study models. The expression of GREM1 and GREM2 were examined
following cell incubation with BMP2 at different concentrations and time courses. The TGF-(3 type | inhibitors (dorso-
morphin, DMH-1 and SB431542) and small interfering RNAs targeting ALK2, ALK3, SMAD2/3, SMAD1/5/8 and SMAD4
were used to investigate the involvement of the SMAD-dependent pathway.

Results: Our results showed that BMP2 significantly increased the expression of GREM2 (but not GREM1) in a dose-
and time-dependent manner. Using a dual inhibition approach combining kinase inhibitors and siRNA-mediated
knockdown, we found that the BMP2-induced upregulation of GREM2 expression was mediated by the ALK2/3-
SMAD1/5-SMAD4 signaling pathway. Moreover, we demonstrated that BMP2 pretreatment significantly attenuated
the GDF8-induced phosphorylation of SMAD2 and SMAD3, and this suppressive effect was reversed by knocking
down GREM2 expression.

Conclusions: Our findings provide new insight into the molecular mechanisms by which BMP2 modulates the cel-
lular activity induced by GDF8 through the upregulated expression of their antagonist (GREM2).
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female reproduction. BMP2 and its functional receptors
are expressed in human ovarian follicles and the corpus
luteum, and this intrafollicular factor plays an essential
role in regulating follicle development and luteal func-
tion [2]. Specifically, BMP2 stimulates primordial fol-
licle formation by promoting the differentiation of germ
cells to oocytes and somatic cells to pregranulosa cells
in the hamster ovary [3]. Additionally, BMP2 promotes
follicular growth by upregulating the expression of fol-
licle-stimulating hormone (FSH) receptor and estradiol
production in human granulosa cells [4, 5]. Moreover,
BMP2 is an anti-luteinization factor because of its ability
to suppress the expression of luteinizing hormone (LH)
receptor and progesterone production [4, 5]. Our previ-
ous studies also demonstrated that BMP2 interacts with
other intrafollicular factors and modulates cell-cell com-
munication and cumulus expansion in human granulosa-
lutein (hGL) cells [5-9]. Evidence obtained from clinical
studies indicated that BMP2 is also a potential indicator
of oocyte maturation and fertilization [10]. In modern
nomenclature, growth and differentiation factor 8 (GDFS,
also known as myostatin) is also a member of the BMP
subfamily [2]. GDF8 is a potent negative regulator of
skeletal muscle growth and development, as the targeted
depletion of Gdf8 in mice results in muscle fiber hyper-
trophy and hyperplasia [11, 12]. In addition to its crucial
role in the musculoskeletal system, GDF8 is expressed
in the ovaries of chicken [13], cattle [14], and humans
[2]. Our previous studies have shown a novel role for
GDEF8 in upregulating various follicular functions dur-
ing folliculogenesis [15—20]. Similar to other members
of the transforming growth factor B (TGF-p superfam-
ily), BMPs/GDFs initiate their cellular activity by binding
to type I and type II serine/threonine kinase receptors.
Upon ligand-receptor binding, the type I receptors are
phosphorylated in the highly conserved juxta-mem-
brane region known as the Gly-Ser (GS) domain, which
then triggers downstream signaling pathways and regu-
late target gene transcription in the cell nucleus [10].
BMP signaling activity is extensively regulated at multi-
ple levels, including extracellular modulation by antago-
nists through direct binding, intracellular modulation
by blocking R-SMAD phosphorylation via inhibitory
SMADs (SMAD6 and SMAD7), and membrane modula-
tion via pseudoreceptors such as BAMBI [21]. Extracel-
lular BMP antagonists contain cystine knots, by which
these antagonists compete with BMP receptors and
directly bind to BMP ligands. As members of the differ-
ential screening-selected gene in neuroblastoma (DAN)
family, gremlinl (GREM1) and gremlin2 (GREM2) are
well-known extracellular BMP antagonists that form
highly stable noncovalent dimers [22]. In cultured mouse
granulosa cells, the addition of either GREM1 or GREM2
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significantly antagonizes the BMP4-induced suppres-
sion of progesterone production [23]. The antagonistic
effect of these two antagonists varies in different cells.
Compared with GREM1, GREM2 has a broad and strong
inhibitory effect on SMAD signaling induced by BMP2
and BMP4, whereas both GREM1 and GREM2 have no
antagonistic effect on the reporter activity induced by
activin, TGF-p, GDF5 and GDF9 in 293T cells [23]. To
date, whether GREM1 or GREM2 has an antagonis-
tic effect on other members of the TGF-B superfamily,
such as GDF8, in human granulosa cells has never been
reported. GREM1 and GREM2 are expressed in the ova-
ries of mice [11] and humans [24], and these two factors
play functional roles in regulating embryological ovar-
ian and follicular development, and several reproduc-
tive disorders, such as polycystic ovary syndrome [25],
diminished ovarian reserve [26], endometriosis [27],
and endometrial cancer [28]. Global GREM1 knockout
mice die within 48 h after birth with an abnormal ovarian
phenotype: a decreased number of oocytes and delayed
primordial follicular development [29]. Elevated expres-
sion of GREM1 in cumulus cells is associated with oocyte
maturity, embryonic development, and pregnancy out-
come in women undergoing in vitro fertilization (IVF)
[30, 31]. GREM2 (but not GREM1) is expressed in pri-
mordial and early-stage developing follicles, and GREM2
participates in regulating the primordial to primary fol-
licle transition [24, 32].

In the ovary, the expression of GREM1 and GREM2 is
regulated by gonadotropins. In mouse ovaries, GERM2 is
upregulated by PMSG and downregulated by HCG [23].
In addition to gonadotropins, a variety of locally pro-
duced growth factors, such as TGF-f1 and BMP7, have
been shown to promote the expression of GREMI in
humans and mice [33-35]. To date, whether the expres-
sion of GREM1 and GREM2 can be regulated by BMP2
in human granulosa cells remains to be elucidated. In
the present study, we sought to investigate the effect of
BMP2 on the regulation of its antagonists (GREM1 and
GREM2) and the underlying molecular mechanisms.
Furthermore, we also examined the antagonistic effect of
GREM2 on BMP2 and GDF8 in hGL cells.

Materials and methods

Cell culture

All the experiments were carried out after approval
by the University of British Columbia Research Ethics
Board. In the present study, we used a non-tumorigenic
immortalized human granulosa cell line, SVOG cells,
which was previously produced by transfecting primary
hGL cells with the SV40 large T antigen [36] as the cell
model. SVOG cells have been used to study the bio-
logical functions and molecular mechanisms of human



Luo et al. Reproductive Biology and Endocrinology ~ (2021) 19:173

granulosa cells [37-39]. Primary hGL cells were isolated
from the follicle fluid of the patients undergoing IVF
treatment with informed consent as previously described
[16, 40]. Briefly, SVOG cells and primary hGL cells were
seeded at a density of 5x 10° cells per well in 6-well
plates and 2 x 10° cells per well in 12-well plates respec-
tively. All the cells were cultured in Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12 (DMEM/F-12)
medium (Sigma—Aldrich Corp., Oakville, ON) supple-
mented with 10% charcoal/dextran-treated fetal bovine
serum (HyClone, Logan, UT), 100U/mL penicillin (Inv-
itrogen, Life Technologies, Carlsbad, CA), 100ug/mL
streptomycin sulfate (Invitrogen) and 1 x GlutaMAX
(Invitrogen) in a humidified atmosphere containing 5%
CO, at 37°C. The culture medium was changed every
48h. Serum starvation was induced by culturing cells in
serum-free medium for 18—24h before specific treatment
in all experiments.

Reagents and antibodies

Recombinant human BMP2 Protein, Recombinant
human GDF8 Protein, Recombinant human GREM?2
Protein, dorsomorphin dihydrochloride (DM) and dor-
somorphin homolog 1 (DMH-1; 4-[6-[4-(1-methyleth-
oxy) phenyl] pyrazole [1, 5-a] pyrimidin-3-yl]-quinoline)
were obtained from R&D Systems (Minneapolis, MN).
SB431542 was purchased from Sigma—Aldrich. Rabbit
polyclonal anti-phospho-SMAD1 (Ser463/465)/SMAD5
(Serd63/465)/SMADS  (Ser426/428) (#13820), rabbit
monoclonal anti-phospho-SMAD2 (Ser465/467; 138D4,
diluted at 1:1000), mouse monoclonal anti-SMAD2
(L16D3, diluted at 1:1000), rabbit monoclonal anti-phos-
pho-SMAD3 (Ser423/425; C25A9, diluted at 1:1000), rab-
bit monoclonal SMAD3 (C67H9, diluted at 1:1000), and
rabbit polyclonal anti-SMAD4 (catalog no. 9515, diluted
at 1:1000) antibodies were obtained from Cell Signal-
ing Technology (Danvers, MA). Rabbit polyclonal anti-
SMAD1/5/8 (N-18; sc-6031-R) and mouse monoclonal
anti-GAPDH antibodies (sc-47,724) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Horserad-
ish peroxidase-conjugated goat anti-rabbit IgG and goat
anti-mouse IgG were purchased from Bio—Rad Laborato-
ries (Hercules, CA).

Real-time RT-qPCR

After treatment, the cells were washed with cold phos-
phate-buffered saline (PBS), and total RNA was extracted
with TRIzol reagent (Invitrogen, Life Technologies)
according to manufacturer’s instructions. A total of 2 ug
RNA was reverse transcribed into first-strand ¢cDNA
with random primers and Moloney murine leukemia
virus (MMLV) reverse transcriptase (Promega, Madison,
WI) in a final volume of 20uL. SYBR Green or TagMan
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RT-qPCR was performed using an Applied Biosystems
7300 Real-Time PCR System. Each 20pL SYBR Green
qPCR reaction contained 10 uL of 2 x SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, Califor-
nia), 20ng cDNA, and 250nM of each specific primer.
The primer sequences used in this study were as follows:
GREM]1: 5'-TCATCAACCGCTTCTGTTACG-3' (sense)
and 5-GGCTGTAGTTCAGGGCAGTT-3' (antisense);
GREM?2: 5'-ATCCCCTCGCCTTACAAGGA-3' (sense)
and 5-TCTTGCACCAGTCACTCTTGA-3' (antisense);
GAPDH: 5'-GAGTCAACGGATTTGGTCGT-3' (sense)
and 5-GACAAGCTTCCCGTTCTCAG-3(antisense);
SMAD2: 5'-GCCTTTACAGCTTCTCTGAACAA-3/
(sense) and 5-ATGTGGCAATCCTTTTCGAT-3’ (anti-
sense); SMAD3: 5-CCCCAGCACATAATAACTTGG-
3’ (sense) and 5-AGGAGATGG AGCACCAGAAG-3/
(antisense); and SMAD4: 5-TGGCCCAGGATCAGT
AGGT-3' (sense) and 5-CATCAACACCAATTCCAG
CA-3' (antisense); TagMan gene expression assays for
ALK2 (Hs00153836_m1), ALK3 (Hs01034913_gl),
SMADI1 (Hs01077084_m1), SMADS (Hs00195437_m]1),
SMADS8 (Hs00195441_m1l), and GAPDH (catalog no.
Hs02758991_gl) were purchased from Applied Biosys-
tems. Each 20 uL. TagMan qPCR reaction contained 10 uL
2 x TagMan Gene Expression Master Mix (Applied Bio-
systems), 20ng cDNA, and 1 x specific TagMan assay
containing primers and probe. The specificity of each
assay was validated by dissociation curve analysis and
agarose gel electrophoresis of PCR products. All experi-
ments were performed for at least three times, and each
sample was loaded in triplicate. GAPDH was used as the
reference gene, and the relative mRNA levels of target

genes were quantified using the comparative Ct method
(2—AACt)

Small interfering RNA transfection

When cells were 50-60% confluent, we transfected them
for 48h with 25nM ON-TARGETplus Nontargeting
Control Pool siRNA or ON-TARGETplus SMART Pool
siRNA (Dharmacon, GE Healthcare Life Sciences) target-
ing ALK2, ALK3, SMAD2, SMAD3, SMAD1, SMADS5,
SMADS, SMAD4, or GREM2 using Lipofectamine
RNAiIMAX (Life Technologies) according to the manu-
facturer’s instructions as previously described [41]. RT-
qPCR or western blot analysis was carried out to confirm
the knockdown efficiency of each siRNA.

Western blot analysis

The protocol of the western blot analysis was based on
our previous study [42]. Briefly, after specific treat-
ment, cells were washed 3 times with cold PBS and lysed
in ice-cold lysis buffer supplemented with a protease
inhibitor cocktail (Sigma—Aldrich) for 30min on ice.
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The extracts were centrifuged at 12,000xg for 15min at
4°C to remove cellular debris. Protein concentrations
were measured using the DC Protein Assay (Bio—Rad
Laboratories) with bovine serum albumin (BSA) as the
standard. A total of 30 ug protein from each sample was
loaded and separated by 10% sodium dodecyl sulfate pol-
yacrylamide gel electrophoresis and transferred onto the
polyvinylidene difluoride (PVDF) membranes for 90 min.
The membranes were blocked with 5% nonfat dry milk
for 1h at room temperature in tris-buffered saline con-
taining 0.1% Tween 20 (TBST) and incubated with spe-
cific primary antibodies at 4°C overnight. The next day,
membranes were washed 3 times with TBST and incu-
bated with appropriate secondary antibodies (1:5000 in
TBST) for 1h at room temperature. The immunoreactive
bands were detected using an enhanced chemilumines-
cent substrate or a SuperSignal West Femto Chemilumi-
nescence Substrate (Pierce, Rockford, IL, USA) followed
by exposure to CL-XPosure film (Thermo Fisher, Invit-
rogen). When required, membranes were stripped with
stripping buffer (62.5mM Tris-HCl [pH6.8], 100mM
B-mercaptoethanol, and 2% (wt/vol) SDS) at 50°C for
30min and reprobed with antibodies against GAPDH,
SMAD 1/5/8, SMAD2, or SMAD3. The films were
scanned and the protein expression levels were quanti-
fied with Image] software.

Measurement of the protein levels of GREM2

After specific treatments, cell proteins were harvested
using the same approach used for western blot analysis. A
human GREM2 ELISA kit (MBS8248357, Mybiosource,
San Diego, CA) was used to detect the protein levels of
GREM2 according to the manufacturer’s instructions.
The inter- and intra-assay coefficients of variation for the
assays were < 7%. Each sample was measured in triplicate,
and the results are presented as the fold change relative
to the control.

Statistical analysis

Three independent replicated experiments were per-
formed with at least three culture plates per experiment.
The results were analyzed by one-way ANOVA followed
by Tukey’s multiple-comparison tests using PRISM soft-
ware (GraphPad Software, San Diego, CA). All the data
are presented as the mean+ SEM. A P<0.05 was consid-
ered significantly different.

Results

BMP2 upregulates the expression of GREM2 in SVOG cells
To investigate the effects of BMP2 on the expression of
GREM1 and GREM2, we first treated SVOG cells with
a vehicle control (Ctrl) or different concentrations (1,
10, or 100ng/ml) of BMP2 for 12h. The doses of BMP2
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that were used in this study were based on previous clini-
cal studies showing that the concentrations of BMP2 in
human follicular fluid range from 1 to 115ng/ml (with
an average of 45-55ng/ml) [10]. The results showed
that BMP2 treatment did not affect the mRNA levels of
GREM1 (Fig. 1A). However, treatment with BMP2 sig-
nificantly increased the mRNA level of GREM2 in a
concentration-dependent manner (Fig. 1B). Similarly, the
time-course study showed that BMP2 treatment (50 ng/
ml) did not affect the mRNA levels of GREM1 at any of
the time points examined (1, 3, 6, 12, and 24'h) (Fig. 1C).
However, BMP2 significantly increased the mRNA levels
of GREM?2 starting at 3h, and the effect persisted until
24h after treatment (Fig. 1D). Additionally, the protein
levels of GREM2 were measured using ELISA, and the
results showed that BMP2 treatment increased the pro-
tein levels of GREM2 in a concentration-dependent man-
ner (Fig. 1E).

ALK2 and ALK3 mediate the BMP2-induced upregulation
of GREM2 in SVOG cells

Similar to other TGF-f superfamily members, BMPs
exert their biological functions by binding to type I and
type II receptors, of which the type I receptor determines
the specificity of biological responses by targeting dif-
ferent downstream signaling proteins and thus initiates
distinct intracellular signaling cascades [2]. To determine
which type I receptors are involved in the BMP2-induced
upregulation of GREM2, we first used a pharmacologi-
cal inhibition approach using different inhibitors of the
type I receptor. We pretreated SVOG cells with DMSO
(vehicle control), DM (a specific receptor kinase inhibi-
tor of ALK2/ALK3/ALK6), DMH-1 (a selective inhibi-
tor of ALK2/ALK3), or SB431542 (a selective inhibitor
of ALK4/ALK5/ALK7) for 1h prior to treatment with
BMP2 for another 12h. The results showed that DM or
DMH-1 completely abolished the BMP2-induced upreg-
ulation of GREM2 (Fig. 2A and B), while pretreatment
with SB431542 did not have such an effect (Fig. 2C).
Thus, to further explore the specific type I receptor
involved in this cellular activity, we used a siRNA-based
depletion approach to knock down endogenous ALK2
and ALK3 in SVOG cells. The knockdown efficiency of
specific ALKs was evaluated using RT-qPCR (Fig. 2D and
E). Intriguingly, knockdown of ALK2 or ALK3 with siR-
NAss significantly attenuated the mRNA levels of GREM2
induced by BMP2 treatment (Fig. 2F and G). Consistent
with the mRNA results, the BMP2-induced increase in
the protein levels of GREM2 was significantly attenu-
ated by the knockdown of ALK2 or ALK3 with siRNAs
(Fig. 2H and I). These results indicate that both ALK2
and ALK3 are involved in the BMP2-induced upregula-
tion of GREM2 in SVOG cells.
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SMAD1 and SMAD5 mediate the BMP2-induced

upregulation of GREM2 in SVOG cells
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receptor-regulatory SMAD

(R-SMAD)
including SMADI1/5/8 and
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SMAD2/3 [2]. To investigate which SMAD mediated
the BMP2-induced upregulation of GREM2, we first
used siRNA-mediated target depletion to knock down
endogenous SMAD2 and SMAD3. RT-qPCR was used
to evaluate the knockdown efficiency of each SMAD,
and the results showed that the mRNA levels of each
SMAD were significantly decreased by up to 80-90%
48h after cell transfection (Fig. 3A and C). Notably,
knockdown of either SMAD2 or SMAD3 did not alter
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the stimulatory effects of BMP2 on GREM2 expression
(Fig. 3B and D). Similarly, we used the same approach
to knock down endogenous SMAD1, SMAD5 and
SMADS. The knockdown efficiency of each targeted
SMAD was confirmed using RT-qPCR (Fig. 4A, C and
E). The results showed that knockdown of SMADI1 or
SMADS5 (but not SMADS8) using siRNA completely
abolished the mRNA levels of GREM2 in response to
BMP2 (Fig. 4B, D, and F).
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SMAD4 mediates the BMP2-induced upregulation
of GREM2 in SVOG cells

In

th

e

canonical

SMAD-dependent

pathway,

phosphorylated R-SMADs form a heterotrimeric tran-
scription factor complex with SMAD4 prior to trans-
locating into the nucleus to regulate target genes. To
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further confirm the role of the SMAD signaling path- and western blot analysis (Fig. 5A and C). Notably, the
way in the BMP2-induced upregulation of GREM2, siRNA-mediated depletion of SMAD4 completely abol-
we transfected SVOG cells with siSMAD4. The knock- ished the BMP2-induced increases in the mRNA (Fig. 5B)
down efficiency of SMAD4 was verified using RT-qPCR  and protein (Fig. 5D) levels of GREM2.
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GREM?2 suppresses the BMP2-induced phosphorylation

of SMAD signaling and downregulation of StAR expression
in primary and immortalized hGL cells

To investigate the suppressive effect of GREM2 on
BMP2-induced cellular activity in hGL cells, we first
treated SVOG cells with vehicle Ctrl, 50ng/mL BMP2
or different concentrations (100, 200, or 500ng/mL)
of GREM2 for 1h. The results showed that GREM2
decreased the phosphorylated protein levels of
SMAD1/5/8, SMAD2, and SMAD3 in a dose-dependent
manner in SVOG cells (Fig. 6A). To further confirm the
biological effect of GREM2 in hGL cells, nonimmortal-
ized primary hGL cells obtained from patients undergo-
ing IVF treatment were used to perform the experiments.
Similarly, the results showed that GREM2 at 500 ng/mL
completely inhibited the protein levels of phosphoryl-
ated SMAD1/5/8, SMAD2, and SMAD3 in primary hGL
cells (Fig. 6B). Steroidogenic acute regulatory protein
(StAR) is the rate-limiting enzyme important for proges-
terone synthesis of granulosa cells that has been demon-
strated to be downregulated by BMP2 in hGL cells [5].
We thus chose StAR as the target gene to investigate the
effect of GREM2 on BMP2-induced cell function. The
result showed that cotreatment with BMP2 and GREM2
completely reversed the BMP2-induced downregula-
tion of StAR expression in SVOG cells (Fig. 6C). Simi-
larly, cotreatment with BMP2 and GREM2 completely
reversed the BMP2-induced downregulation of StAR
expression in primary hGL cells (Fig. 6D).

BMP2 suppresses GDF8-induced phosphorylation

of SMAD2/3 in SVOG and primary hGL cells

To investigate whether BMP2 affected the GDFS8-
induced cellular activity in human granulosa cells, we
pretreated SVOG cells with 50ng/mL BMP2 for 24h
and then treated the cells with 30ng/mL GDFS8 for an
additional 1h. The results showed that pretreatment
with BMP2 significantly attenuated the GDF8-induced
increases in the protein levels of phosphorylated
SMAD?2 and SMAD3 in SVOG cells (Fig. 7A and B).
Consistent with the results obtained from SVOG cells,
pretreatment with BMP2 for 24h significantly attenu-
ated the GDF8-induced increase in the protein levels of
phosphorylated SMAD2 and SMAD3 in primary hGL
cells (Fig. 7C and D).

GREM2 mediates the suppressive effects of BMP2

on the GDF8-induced increases in phosphorylated SMAD2
and SMAD3 in SVOG cells

Given that BMP2 upregulates the expression of GREM2,
we aimed to investigate the functional role of this effect
in hGL cells. To investigate whether GREM2 antagonizes
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GDF8-induced cellular activity in hGL cells, we treated
SVOG cells with vehicle Ctrl, 30ng/mL GDEF8, 500ng/
mL GREM?2, or different concentrations (100, 200, or
500ng/mL) of GREM2 for 1h. The results obtained from
western blot analysis showed that exogenous GREM2
decreased the GDF8-induced increases in the protein
levels of phosphorylated SMAD2 and SMAD3 in a dose-
dependent manner in SVOG cells (Fig. 8A and B). Simi-
larly, the addition of GREM2 also significantly decreased
the GDF8-induced increases in the protein levels of
phosphorylated SMAD2 and SMAD3 in primary hGL
cells (Fig. 8C and D). In this regard, we hypothesized
that GREM2 is the intrafollicular factor that mediates
the suppressive effects of BMP2 on GDF8-induced cellu-
lar activity in hGL cells. To test this hypothesis, we used
a siRNA-mediated inhibition approach to knock down
endogenous GREM2. Notably, transfection with 25nM
siGREM2 for 48h and 72h significantly decreased the
mRNA levels of GREM2 in SVOG cells (Fig. 8E). Most
importantly, the suppressive effects of BMP2 pretreat-
ment on the GDF8-induced increases in SMAD2 and
SMAD3 phosphorylation were significantly reversed
by knocking down GERM2 expression in SVOG cells
(Fig. 8F and G).

Discussion

BMPs have been shown to alter the expression of vari-
ous modulators involved in BMP signaling, including
pseudoreceptors and antagonists, which provides nega-
tive feedback control in regulating BMP signaling [8, 43].
Our previous study showed that BMP2 upregulates the
expression of BAMBI (a transmembrane pseudorecep-
tor antagonizing TGF-B/BMP signaling), which presents
a negative feedback mechanism on BMP signaling in
hGL cells [8]. Extracellular BMP antagonists are charac-
terized by their direct protein-protein binding to BMP
ligands through their cystine knots, thus subsequently
preventing their interaction with receptors [44]. GREM1
and GREM2 are well-known extracellular BMP antago-
nists from the DAN family. In the present study, we
demonstrated for the first time that BMP2 significantly
increased the expression of GERM2 (but not GREM1) at
both the transcriptional and translational levels in hGL
cells. Previous studies have shown that treatment with
BMP2 downregulates the expression of GREM1, while
upregulates the expression of GREM2 in mouse myoblast
(C2C12) cells [45]. In osteoblastic cells isolated from
preosteoblasts of embryonic day 18.5 (E18.5) mouse cal-
variae, BMP2 was shown to increase the mRNA level of
GREM2 [46]. In human fetal ovarian somatic cells, BMP2
promotes the upregulation of GREM1, whereas BMP2
does not alter the expression of GREM2 [43]. These dis-
crepant results demonstrate that the regulation of the
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expression of GREM1 and GREM2 in response to BMP2  of GREM2 expression will benefit us in developing new
is species- and cell type-specific. pharmacological strategies for clinical applications.

A comprehensive understanding of the molecular BMPs initiate their cellular response by binding to TGF-3
mechanisms involved in the BMP2-induced regulation type I (also known as activin receptor-like kinase or ALK)
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and type II receptors, in which the type I receptor is the  to ALK2/3/6, whereas TGF-ps, other GDFs, activins, and
principal determinant of downstream signal specific- nodal bind to ALK4/5/7 [2]. However, this notion has
ity [47]. In general, BMPs, some GDFs, and AMH bind  been challenged by recent studies showing that BMP2
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can also bind to ALK4/5/7 and activate downstream
signaling [48, 49]. To investigate which TGF-p type I
receptor mediated the BMP2-induced upregulation of
GREM2, we used a dual inhibition approach. We first

pretreated SVOG cells with different TGF- type I recep-
tor inhibitors, including DM (inhibitor of ALK2/3/6),
DMH-1 (inhibitor of ALK2/3), and SB431542 (inhibitor
of ALK4/5/7) for 1h prior to BMP2 administration. The



Luo et al. Reproductive Biology and Endocrinology ~ (2021) 19:173

results showed that DM or DMH-1 (but not SB431542)
completely abolished BMP2 induced upregulation of
GREM2, indicating that either ALK 2 and/or ALK3 type
I receptors were involved in this cellular activity in hGL
cells. To further determine which specific ALK (ALK2
or ALK3) mediated the BMP2-induced upregulation of
GREM2, we knocked down endogenous ALK2 or ALK3
using a siRNA-mediated target depletion approach. The
results showed that the knockdown of either ALK2 or
ALK3 completely abolished the BMP2-induced increases
in the mRNA and protein levels of GREM2. Taken
together, these findings indicate that the upregulation
of GREM2 induced by BMP2 is mediated by ALK2 and
ALKS type I receptors.

In canonical SMAD-dependent signaling, phospho-
rylated ALK2/3/6 activate BMP-induced SMAD1/5/8
signaling, while phosphorylated ALK4/5/7 activate
TGF-B/activin-induced SMAD2/3 signaling [2]. How-
ever, in addition to SMAD1/5/8, our recent studies have
shown that BMP2 also activates SMAD2/3 signaling via
ALKS3. In this study, we showed that although ALK3 was
involved in the BMP2-induced upregulation of GREM2
expression, the targeted depletion of SMAD1, SMAD5,
or SMAD4 completely abolished the increase in GREM2
mRNA levels. However, the targeted depletion of
SMAD?2, SMAD3, or SMADS did not have such an effect.
These findings indicate that ALK2/3-SMAD1/5-SMAD4
is the principal downstream signaling pathway that medi-
ates the BMP2-induced upregulation of GREM2 in hGL
cells.

Given that GREM2 is a potent antagonist of BMP2,
and the BMP-binding epitope on GREM2 is located at
the hydrophobic interface on its convex surface (beneath
the al helix in the DAN domain), through which GREM2
directly binds to the type I and type II receptor-bind-
ing epitopes for BMPs and inhibits the BMP signal-
ing [44], we first investigated the effect of GREM2 on
BMP2-induced cellular signaling in hGL cells. Our
results showed that the addition of GREM?2 suppresses
BMP2-induced increases in the protein levels of phos-
phorylated SMAD2, SMAD3, and SMAD1/5/8 in a
dose-dependent manner. Moreover, addition of GREM2
completely reversed BMP2-induced downregulation of
StAR expression, further demonstrated the antagonis-
tic effect of GREM2 on BMP2-induced cell function. To
date, most GREM2-related studies have focused on its
antagonistic effects on BMP-induced cellular activity,
especially BMP2 and BMP4. Only a handful of studies
have investigated the effect of GREM2 on other TGF-$
superfamily members, and the results are not consist-
ent. One study carried out in 293T cells showed that
GREM2 significantly antagonizes the stimulation of
promoter-luciferase activities induced by BMP2, BMP4,
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BMP6, and BMP7, while GREM2 does not affect the
reporter activity induced by activin, TGF-$, GDF9 and
GDF5 [23]. However, another study demonstrated that
the GREM2 dimer can bind to each GDF5 monomer in
a perpendicular manner and form a stable aggregate-
like structure with appreciable affinity [50]. GDFs and
BMPs share many overlaps in their structures, and some
antagonists (such as follistatin) exert suppressive effects
on both factors [51]. However, to the best of our knowl-
edge, no reports have investigated the antagonistic effect
of GREM2 on GDEF8-stimulated cellular activity in any
animal model. In this study, we examined the effects of
GREM2 on GDF8 induced cell signaling in hGL cells. The
results showed that GREM?2 significantly attenuated the
GDF8-induced increases in SMAD2 and SMAD3 phos-
phorylation in a dose-dependent manner. Additionally,
pretreatment with BMP2 attenuated the GDF8-induced
phosphorylation of SMAD2 and SMAD3 in hGL cells.
Moreover, knockdown of GREM2 reversed the BMP2-
induced suppressive effect on GDF8-induced increases
in SMAD2/3 phosphorylation. These results indicate that
BMP2 upregulates the expression of GREM2 and that the
increased GREM2 in turn antagonizes GDF8-induced
cellular signaling in hGL cells. Our novel findings suggest
that in addition to BMPs, GREM2 may also antagonize
another critical intraovarian factor (GDF8) in hGL cells.
However, future structural analysis studies regarding the
molecular interaction between GREM?2 and GDF8 will be
of great interest.

Conclusions

In conclusion, our study demonstrated that BMP2
upregulates the expression of GREM2 via the ALK2/3-
SMAD1/5-SMAD4-dependent signaling pathway. Nota-
bly, we provided the first data showing that GREM2
directly antagonizes the cellular activity induced by
GDF8 and that GREM2 mediates the BMP2-induced
suppressive effects on GDF8-induced cellular response
in hGL cells. These findings deepen our understanding
of the interactions among these growth factors in the
human ovary, which may potentially help develop tar-
geted therapeutic approaches for women with reproduc-
tive disorders in the future.
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