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Cell Death & Disease

SMAD4 activates Wnt signaling pathway to inhibit

granulosa cell apoptosis

Xing Du', Qigi Li", Liu Yang', Lu Liu', Qiuyu Cao' and Qifa Li®'

Abstract

The TGF-$ and Wnt signaling pathways are interrelated in many cell types and tissues, and control cell functions in
coordination. Here, we report that SMAD4, a downstream effector of the TGF-3 signaling pathway, induces FZD4, a
receptor of the Wnt signaling pathway, establishing a novel route of communication between these two pathways in
granulosa cells (GCs). We found that SMAD4 is a strong inducer of FZD4, not only initiating FZD4 transcription but also
activating FZD4-dependent Wnt signaling and GC apoptosis. Furthermore, we identified the direct and indirect
mechanisms by which SMAD4 promotes expression of FZD4 in GCs. First, SMAD4 functions as a transcription factor to
directly bind to the FZD4 promoter region to increase its transcriptional activity. Second, SMAD4 promotes production
of SDNOR, a novel IncRNA that acts as a sponge for miR-29¢, providing another mean to block miR-29¢ from
degenerating FZD4 mRNA. Overall, our findings not only reveal a new channel of crosstalk between the TGF-3 and
Whnt signaling pathways, SMAD4-FZD4 axis, but also provide new insights into the regulatory network of GC apoptosis
and follicular atresia. These RNA molecules, such as miR-29c and Inc-SDNOR, represent potential targets for treatment

of reproductive diseases and improvement of female fertility.

Introduction

The canonical transforming growth factor-f (TGE-B)
signaling pathway is of great physiological importance.
The process of TGF-f signal transduction is quite simple:
an extracellular TGF-P signal (ligands, mainly TGF-fp1)
first interacts with specific membrane receptors
(TGFBR1/2) and activates cytoplasmic effector SMAD
proteins (SMAD2/3), which further forms a regulation
complex with SMAD4 and ultimately translocated into
the nucleus, where they drive transcription>. Among the
SMAD proteins, SMAD4 is the only co-mediator. By
acting as a central intracellular effector and final down-
stream component, SMAD4 plays an essential role in
TGF-B signal transduction®*. Loss or deficiency of
SMAD4 not only inactivates TGF-p signaling, but also
impairs TGF-B-mediated transcriptional regulation and
biological functions™°. Studies using conditional Smad4
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knockout (Smad4-KO) mouse models have revealed that
loss of SMAD4 can decrease the sensitivity of tissues or
cells to TGF-p17%.

SMAD4 is not only a mediator and effector of the TGEF-
p signaling pathway in the nucleus, but is also a unique
multifunctional modulator that regulates both transient
and persistent cellular processes including cell prolifera-
tion’, differentiation'®, autoimmunity"!, pluripotency and
plasticity'® and cell growth'?, apoptosis'*, autophagy'?,
invasion'®, and metastasis'’. SMAD4 dysregulation is
associated with embryonic developmental disorders'®,
deficiencies in skeletal muscle differentiation and regen-
eration'®, loss of stem cell pluripotency®, disorder and
delay of nervous system development, female inferti-
lity*?, and other pathologies. Furthermore, deficiency
or inactivation of SMAD4 diminishes innate immune
responses to viral infection®’, promotes inflamma-
tion®*, and can even drive cancers®”. Accordingly,
SMAD4 has been identified in quantitative studies as a
biomarker of multiple cancers and probed extensively
as a potential pharmaceutical target®®. In ovary,
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SMAD4 and SMAD4-dependent TGF-B signaling
pathway have shown to be associated with follicular
development, especially follicular atresia, the ultimate
fate of most follicular developmentzms, Indeed, recent
reports demonstrated that SMAD4 contributes to fol-
licular atresia through inhibiting granulosa cell (GC)
apoptosis, which is the main inducement of follicular
atresia®®. However, the mechanism of SMAD4 reg-
ulating GC apoptosis is not completely understood.

As a multifunctional intracellular signal transducer,
SMAD4 has multiple functions, some but not all of which
are dependent on its DNA-binding capacity, in various
contexts it can behave as a transcriptional activator, co-
regulator, or nuclear localization factor'®*®. SMAD4 is
perhaps best known as a transcription factor, and in
regulation of some of its target genes, it interacts with
other cooperative factors such as co-activators and co-
repressors””!. SMAD4-binding elements (SBEs) in the
promoter region are necessary for SMAD4 to recognize
target genes and regulate transcription initiation®’. The
best-characterized SBE motifs are GTCTG, CAGAC, and
the newly identified 5bp GC-rich sequence GGC(GC)/
(CG)****, In recent years, many direct targets of SMAD4,
including both coding and noncoding genes (i.e., miRNAs
and long noncoding RNAs), have been identified using
chromatin immunoprecipitation (ChIP), ChIP-seq, and
genome-wide mapping technology®>®. In our previous
study, we characterized the transcriptome of porcine GCs
in which SMAD4 was silenced, and identified FZD4, a
receptor of the Wnt signaling pathway and regulator of
GC functions®, as a new candidate target of SMAD4’®, In
this study, we sought to confirm the regulatory effect of
SMAD4 on FZD4 in GCs and to elucidate the molecular
mechanism underlying this regulation, and their roles in
regulating GC apoptosis.

Materials and methods
Cell culture and treatment

Porcine GCs were isolated and cultured as previously
described®. Briefly, GCs were collected from 3-5 mm of
healthy follicles with 22-gauge needles and seeded into
T25 flasks with Dulbecco’s Minimum Essential medium/
nutrient F-12 (DMEM/F-12, Gibco) containing 10% fetal
bovine serum (FBS) (Gibco), 100 units/mL penicillin, and
100 mg/mL streptomycin (Gibco). HEK 293T cells were
cultured in DMEM with 10% FBS at 37°C in a 5% CO,
incubator. Lipofectamine” 3000 transfection reagent
(#L3000015, Life Technologies, Carlsbad, CA 92008 USA)
was used to transfect oligonucleotides or plasmids at a
final concentration of 20 uM. The oligonucleotides used
in this study are listed in Supplementary Table S1. Animal
experiments were approved by the Animal Ethics Com-
mittee at Nanjing Agricultural University, Nanjing, P. R.
China (SYXK 2017-0027) and performed in accordance
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with the Regulations for the Administration of Affairs
Concerning Experimental Animals (No. 2 of the State
Science and Technology Commission, 11/14/1988).

Bioinformatic analysis

The candidate SMAD4-binding sites in the promoter of
FZD4 and SMAD4-dependent noncoding RNA (SDNOR)
were predicted by JASPAR (jaspar.genereg.net/), a soft-
ware for prediction the binding motifs of transcription
factors. Potential miRNAs that target FZD4 were predicted
by four different algorithms, miRWalk 3.0 database (http://
zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk3/), miRDB
(http://www.mirdb.org/miRDB/), TargetScan (http://www.
targetscan.org/), and miRTarBase (http://amp.pharm.
mssm.edu/Harmonizome/resource/MiRTarBase). RNA-
hybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/)
was performed to predict miR-29c binding sites in pig
FZD4 3'-UTR and SDNOR. miRBase (http://www.mirbase.
org/) was used to obtain pre- and mature miRNAs
sequences. The coding potential of SDNOR was predicted
by two software, Coding Potential Assessment Tool and
Coding Potential Calculator.

Plasmids construction and dual-luciferase reporter assays

To generate luciferase reporters, the fragments of FZD4
and SDNOR promoters were amplified from porcine
genomic DNA and cloned into pGL3-basic vector. The
fragments of SDNOR and the 3/-UTR of FZD4 that con-
tained putative miR-29c binding sites were cloned into
pmirGLO vector. Mutant vectors were generated using
the TaKaRa MutanBEST Kit (#R401, TaKaRa, Beijing,
China). All the recombinant plasmids were verified by
Sanger sequencing. Primers used for plasmids construc-
tion are listed in Supplementary Table S2.

After transfection for 24-48 h, porcine GCs were har-
vested and the lysates were collected for dual-luciferase
analysis by using the Dual-Luciferase Reporter Assay
System (#E1910, Promega, Madison, USA) following the
kit'’s manual. The GLOMAX detection system (Promega)
was conducted to measure the firefly and renilla luciferase
activities in cell lysates.

Rapid amplification of cDNA end (RACE)

The full-length sequence of the SDNOR transcript and
the 5'-flanking sequence of FZD4 were obtained by using
the SMARTer RACE 5/3' Kit (#634858, Clontech
Laboratories, Inc, CA94043, USA). Briefly, total RNA
from porcine GCs was reverse-transcribed into first-
strand cDNA using SMARTScribe reverse transcriptase.
cDNAs were then amplified, ligated to adapters, and
cloned into pUC19 vector. The full-length sequence of
SDNOR and the 5'-flanking sequence of FZD4 were
confirmed by Sanger sequencing. The primers used in this
process are listed in Supplementary Table S3.
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Quantitative real-time PCR assay

In brief, total RNA was isolated from cells using the
High-Purity RNeasy Mini Kit (#74104, Qiagen, Beijing,
China) and reverse-transcripted into cDNA by using
HiScript” II Q RT SuperMix for qPCR (#R223-01,
Vazyme Biotech Co., Ltd, Nanjing, China) according to
the manufacturer’s instruction. Quantitative real-time
PCR (qRT-PCR) analysis was performed using the Ste-
pOnePlus System (Applied Biosystems) with AceQ
qPCR SYBR Green Master Mix (#Q111-02, Vazyme
Biotech Co., Ltd, Nanjing, China). Fold changes of
interested genes were computed using the 2744
method. qRT-PCR was conducted in triplicate, and the
results are presented as mean + S.E.M. after normal-
ization to GAPDH and U6 for coding and noncoding
genes, respectively. Primers used for real-time PCR are
listed in Supplementary Table S4.

Subcellular localization

Nuclear and cytoplasmic were extracted from porcine
GCs using the method as previously described4.
Briefly, porcine GCs were lysed in cold lysis buffer and
placed on ice for 10 min. Then, cells were centrifuged at
12,000 x g for 3min at 4°C. The supernatant (cyto-
plasmic extract) was immediately frozen (—80°C) for
subsequent analysis. The nuclear pellet was resuspended
with cold DEPC water containing 1 mM RNase inhibitor
and placed on ice for 5min, and then centrifuged at
10,000 x g for 5 min. The supernatant (nuclear extract)
was removed and the remainder was frozen (—80 °C) for
subsequent analysis.

Western blotting

For western blotting analysis, protein lysates from
whole cells were prepared using RIPA buffer with pro-
tease inhibitors and phosphatase inhibitors. After
incubation on ice for 30 min, the supernatant was col-
lected by 12,000 x g centrifugation for 15min at 4 °C.
The BCA Protein Assay Kit (#P0012, Beyotime, Jiangsu,
China) was used to detect the concentration of total
protein and western blotting was conducted as descri-
bed previously*’. Primary antibodies were anti-FZD4
(Sangon Biotech, #D121422, 1:1000), anti-p-catenin
(Sangon Biotech, #D260137, 1:1000), anti-caspase-3/
cleaved caspase-3 (Proteintech, #19677-1-AP, 1:1000),
and anti-GAPDH (ORIGENE, #TA802519, 1:5000).
HRP-conjugated secondary antibodies were diluted in
0.25% BSA/TBST. The original high-resolution western
blotting images were obtained by a high-sensitivity
chemiluminescence imaging system (Bio-rad, #Chemi
DOC touch) and the densitometry of each blotting
image was analyzed by Quantity One software with
Gauss Model Trace method. House-keeping protein
GAPDH was used as an internal control.
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Flow cytometry

Porcine GC apoptosis was detected using the Annexin
V-FITC/PI Apoptosis Detection Kit (#A211-01, Vazyme
Biotech Co., Ltd, Nanjing, China), and flow cytometry was
performed as previously described®. Cells were counted
by flow cytometry (Becton Dickinson), and the rate of
apoptosis was analyzed using the FlowJo software
(TreeStar). Specifically, the rate of apoptosis was calcu-
lated based on the percentage of cells in the Q2 and Q3
quadrants, representing early- and late-stage apoptotic
cells, respectively.

Chromatin immunoprecipitation

ChIP assays were performed as previously described’.
The SMAD4-DNA complex was pulled down with rabbit
anti-SMAD4 (Santa Cruz Biotechnology, #sc-1909-R)
antibody. After decrosslinking, enrichment of interested
DNA fragments was analyzed by semiquantitative PCR
and qPCR. Antibody against IgG (Santa Cruz, #sc-2358)
was used as the internal control, and unprocessed chro-
matin served as the input control. PCR primers used in
these experiments are listed in Supplementary Table S5.
ChIP-qPCR signals were calculated as fold enrichment
relative to input control signals; experiments were per-
formed in technical triplicates. Specific antibody ChIP
signals were normalized against IgG control ChIP signals
from the same samples.

RNA pull-down

SDNOR-WT (miR-29c MRE1, MRE2), SDNOR-MUT
(miR-29c MRE1, MRE2), and NORFA-WT (miR-126
MRE) were transcribed from vector pSPT19-SDNOR-
WT, pSPT19-SDNOR-MUT, and pSPT19-NORFA-W'T
in vitro, respectively. Five single-stranded RNA transcripts
were biotinylated modified by Biotin-RNA Labeling Mix
(#No. 11685597910, Roche) and T7 RNA polymerase
(#EPO111, Thermo Fisher Scientific), which were then
collected and purified with an RNeasy Mini Kit (#74104,
Qiagen). The purified biotinylated transcripts (4 pg) were
incubated with 15 pg porcine GC total RNA for 4h at
room temperature. Streptavidin magnetic beads
(#LSKMAGTO02, Merck Millipore) were used to isolate
the biotin-RNA/interested-RNA complex according to
the manufacturer’s protocol. After isolation, the levels of
target miRNAs presenting in the pull-down material were
detected by qRT-PCR analysis.

Statistical analysis

All statistical evaluations were performed using
GraphPad Prism v5.0 software (GraphPad software) and
the Statistical Program for Social Sciences software v20.0
(SPSS). The Student’s ¢ test (two groups) and one-way
analysis of variance (ANOVA) were used for single com-
parison and multiple group comparisons, respectively.
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Multiple comparisons between the groups after ANOVA
test were confirmed by using S—-N-K method. *P < 0.05
was considered statistically significant.

Results
SMADA4 is a strong inducer of FZD4 in porcine GCs

In a previous study, we used RNA-Seq to identify 1025
mRNAs that were differentially expressed (greater than
twofold) in SMAD4 knockdown (SMAD4-KD) porcine
GCs®. Among them was FZD4, which encodes an
important receptor in the Wnt signaling pathway (Fig. 1a).
qRT-PCR demonstrated that the FZD4 mRNA level was
dramatically reduced in SMAD4-KD GCs, but sig-
nificantly induced in cells overexpressing SMAD4
(SMAD4-OE) (Fig. 1b). Consistent with this, the level of
FZD4 was markedly decreased by SMAD4-KD and sig-
nificantly increased by SMAD4-OE (Fig. 1c), indicating
that SMAD4 is a strong inducer of FZD4 in porcine GCs.
Furthermore, B-catenin, the key downstream molecule of
FZD4 and mediator of the Wnt signaling pathway, was
also positively regulated by SMAD4 (Fig. 1c), suggesting
that SMAD4 controls the Wnt signaling pathway in
porcine GCs. In addition, we noticed that expression of
SMAD4 was positively correlated with FZD4 expression
(Pearson correlation coefficient r=0.793, p =0.002) in
follicles of porcine ovary in vivo (Fig. 1d). Together, these
data suggest that SMAD4 induces FZD4 and the FZD4-
dependent Wnt signaling pathway in porcine GCs.

Interestingly, we also noticed that FZD4 is related to
porcine follicular atresia in vivo (Fig. S1). To further
explore the biological implications of FZD4 in porcine
GCs, we knocked down endogenous FZD4, resulting in
attenuation of the Wnt signaling pathway in these cells
(Fig. 1le—g). Notably, FZD4 depletion dramatically induced
cleaved Caspase-3 (c-Caspase-3), a marker of apoptosis
(Fig. 1f). Furthermore, FACS revealed that FZD4 deple-
tion significantly induced GC apoptosis (Fig. 1h), indi-
cating that FZD4, like its inducer SMAD4, is an
antiapoptotic factor in porcine GCs*'.

We next investigated whether SMAD4 regulates FZD4-
mediated GC function, and found that ectopic expression of
SMAD4 rescued FZD4 protein level and GC apoptosis rate
due to FZD4 depletion caused by siFZD4 (Fig. 1g, h).
Consistent with this, the presence of SMAD4 inhibited
induction of c-Caspase-3 following FZD4 depletion (Fig. 1i).
Together, these findings strongly suggest that SMAD4
initiates FZD4 expression and activates the Wnt signaling
pathway, which then suppresses apoptosis, in porcine GCs.

SMAD4 induces FZD4 by directly binding its promoter

It has been reported that SMAD4 regulates transcrip-
tion of coding and noncoding genes by acting as a tran-
scription factor’”*?, we hypothesized that SMAD4
initiates FZD4 transcription via the same mechanism. To
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test this idea, we determined the transcription start site
(TSS) of the porcine FZD4 gene through RACEs, and
detected only one clear PCR band with a length of ~1.6 kb
(Fig. 2a). Clone sequencing and BLAST revealed that
porcine FZD4 has one TSS, located 310 nt upstream of
the start codon (ATG) (Figs. 2b and S2). Luciferase assays
using deletion constructs (Fig. 2b) revealed that the DNA
region from 762 to 496 nt (TSS was defined as +1) is the
core promoter of porcine FZD4 (Fig. 2c). In addition,
SMADA4-OE significantly increased core promoter activity
(Fig. 2b, c), suggesting that SMAD4 controls FZD4 tran-
scription via the core promoter.

Interestingly, we identified several binding sites for
transcription factors, including EGR1, E2F4, FOXD2, and
SMAD4. Two SBEs, designated SBE1 (-504/-501) and
SBE2 (-325/-323), are present in the core promoter region
of porcine FZD4 (Figs. 2b and S2). Overexpression of
SMAD#4 significantly increased the luciferase activity of
FZD4 promoter constructs containing SBE1, SBE2, or
mutated SBE2, but had no effect on the activity of a SBE1-
mutated promoter (Fig. 2c). ChIP and ChIP-qPCR assay
confirmed that SMAD4 could directly bind to SBE1, but
not to SBE2 (Fig. 2d-g). Altogether, the observations
above provide compelling evidence that SMAD4 induces
FZD4 transcription in porcine GCs by directly interacting
with the SBE1 motif in its promoter.

miR-29c¢ acts as an apoptotic factor by suppressing FZD4
expression in porcine GCs

The SMAD4-dependent miRNA-mRNA interaction
network suggested that two miRNAs, miR-29¢ and miR-
10b, may target FZD4%, We identified candidate miRNAs
targeting FZD4 using four algorithms (miRWalk, miRDB,
miRTarBase, and TargetScan), and identified miR-29c¢ as
one of two common miRNAs (the other was let-7g) (Fig. 3a).
Therefore, we selected miR-29c for further study. Using
RNAhybrid, we identified a putative miRNA response
element (MRE) for miR-29c in the 3’-UTR of porcine
FZD4 (Fig. 3b), and a minimum free energy (MFE)
approach confirmed that miR-29¢ had a high binding
capacity for the FZD4 3’-UTR. Moreover, the mature and
seed sequence of miR-29c and the MRE within the FZD4
3/-UTR are highly evolutionarily conserved in vertebrates
(Fig. S3). In a luciferase activity assay, miR-29c¢ dramati-
cally decreased the luciferase activity of pmirFZD4-WT
(Fig. 3c). Conversely, the luciferase activity of pmirFZD4-
mut, which harbors a MRE mutation, did not change
under miR-29¢ treatment (Fig. 3c). These data indicate
that miR-29c directly targets porcine FZD4 via its 3-UTR
region.

In vivo, miR-29c and FZD4 mRNA levels were nega-
tively correlated (r= —0.6151, p =0.033) in follicles of
porcine ovary (Fig. S4). To determine the effects of miR-
29c¢ on endogenous FZD4 expression in porcine GCs, we



Du et al. Cell Death and Disease (2020)11:373 Page 5 of 14

A B C p
= 1507 307 @m sinc = Control = g;{]&rghog
£o ; OE © )
c S _ pp|EE siSMAD4 EE SMAD4 ¥ 5 30j== sismAD4
S X [] . &c} AR [
w0 > $ ¥ N ? sk
oL Ty R 8 25]
£ 5100 <O 201 # S c = P o "
< 22 SMAD4 | s 65KD G O 2.0 LS =
g | <] . .
sg EQ® " FZD4 | | 58KD @ 3 157 : .
X § 504 29 ) £
E <<{> N 107 B-catenin [ mm—m w==|.72KD 3 1.0
Ko} 14
NZ 05 GAPDH -37KD 0.5+
0- 0.0- T T T .
Control  SMAD4-KD 0.0- SMAD4  FZD4  B-catenin
D E 18 F
309 _ P o 2.5 mm siNC
- r=0.793 = s > Ovﬂ’ & ) siFZD4-1 ”
S P=0.002 T —— RSPt = == siFZD4-2 =
o 284 <0 > & & & Q 204 siFzD4-3 TR
O ~ LX >a 1.0+ @
2= ° r c ~
& O 26+ =39} CE 15 2 2
ed e I o X i SR Zrm ==, .
&< ° 2 Q054 B-catenin L 5% o, Y
Q 241 ° ® E 29 1.01
L 0.04 Caspase3 E 0.5 i
16 17 18 19 20 O N A
SMADA4 relative level a\e ,‘g?( ,\Qb‘ @ c-Caspase3 0.0 ! ! !
(ACT) %g eg %:g FZD4 B-catenin c-Caspase3
H I
i = e < SiFZD4+
s|v|s,IAFDZ‘5;; = : SiNC 5|FZD4,|V|D0;5KD
= 4Ja1 4o C 3
FZD4 [ ] -58KD é‘" - ot N Ly i e
o] siNC o] SIFZD4+SMADA4CE | . |-17kD
GAPDH - |-37KD O c-Caspase3 3
— 2.0 -jmmm Control § 5 ; GAPDH _—--37KD
[ = siFzD4 51 1024 i —
D, | [== siFZD4+SMAD4* S - s
=15 3 ] f20{ — "
5g @ 2
5010 Pkt -
'g éo 5 10‘3 104 1[')4 VDIa ‘;4 g‘] O
s Annexin V-FITC Gos
o
T 00 0.0
Fig. 1 FZD4 is significantly upregulated by SMAD4 in porcine GCs. a FZD4 mRNA expression level (fragments per kb of exon per million
fragments mapped; FPKM) in porcine GCs under treatment with siRNA (control) or siSMAD4 (SMAD4-KD) according to RNA-seq. b FZD4 mRNA
expression in porcine GCs under treatment with SMAD4-siRNA (siSMAD4) or SMAD4-overexpressing vector (SMAD4F) was assessed by gRT-PCR.
¢ FZD4 and {-catenin protein levels in porcine GCs after SMAD4 overexpressed or knockdown were measured by western blot (left), quantification
was shown in right panel. GAPDH was used as a loading control. d The correlation between SMAD4 and FZD4 mRNA level was detected in 15 porcine
ovarian follicles. The ACt values were subjected to Pearson correlation analysis. e gRT-PCR validation of FZD4 mRNA levels in porcine GCs after specific
FZD4 knockdown with two small-interfering RNAs against siFZD4-1 and siFZD4-2. f Representative western blot analysis (left) and quantification
(right) of FZD4, B-catenin and cleaved Caspase-3 (c-Caspase-3) protein levels in FZD4-silenced porcine GCs. GAPDH was used as a loading control.
g FZD4 protein levels in porcine GCs co-transfected with siFZD4 and SMAD4® were analyzed by western blot. Images (top) and quantification
(bottom). h Representative FACS analysis of the apoptosis rate of porcine GCs after FZD4 knockdown or with SMAD4 ectopic expression.
i Representative western blot images (top) and analysis (bottom) for c-Caspase-3 expression in porcine GCs treated with siFZD4 or siFZD4 with
SMAD4 overexpression. Con. indicates control. Throughout, results are shown as mean + S.EM. (n = 3, each). **p < 0.01, ns indicates no significance
versus scrambled or control.

performed loss- and gain-of-function experiments (Fig.
3d, g). Ectopic expression of miR-29c dramatically
decreased the levels of FZD4 mRNA (Fig. 3e) and FZD4
protein (Fig. 3f), as well as the level of B-catenin (Fig. 3f),
in GCs. By contrast, the levels of FZD4 mRNA (Fig. 3h),
FZD4 protein, and B-catenin protein (Fig. 3i) were sig-
nificantly increased by miR-29c¢ depletion. These data
suggest that FZD4 is a functional target of miR-29¢ in
GCs, and that miR-29c inhibits both FZD4 and the FZD4-
dependent Wnt signaling pathway.
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We next investigated the role of miR-29¢ in porcine
GCs. FACS revealed that ectopic expression of miR-29c
significantly induced GC apoptosis (Fig. 3j), whereas
inhibition of miR-29c¢ significantly decreased it (Fig. 3k),
indicating that miR-29c acts as a pro-apoptotic factor in
porcine GCs. Furthermore, miR-29c-induced GC apop-
tosis was prevented by FZD4-OE (Fig. 3j). Depletion of
FZD4 restored GC apoptosis in cells treated with miR-29c
inhibitor (Fig. 3k). In addition, miR-29c significantly ele-
vated the level c-Caspase-3, and this effect was reversed
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Fig. 2 SMAD4 acts as a transcription factor and induces FZD4 transcription. a Representative 5 RACE analysis for detection the 5’ terminal of
FZD4 transcript. b Schematic showing that different loci of FZD4 promoter were constructed into pGL3 vector. Potential SBE sites were indicated by
red diamonds and transcription start sit (TSS) was counted as +1. The mut indicates SBE mutation. ¢ The activities of recombinant luciferase reporters
in porcine GCs with or without SMAD4 overexpression were measured. d Schematic diagram depicting the primers for ChiP assays. P1-P4: primers
used for ChIP and ChIP-qPCR assays. e Identification of the optimal ultrasonic time for ChIP assay. Different ultrasonic times (30-170 s) were chosen to
acquire the appropriate chromatin size (250-1000 bp). f Representative ChIP analysis for FZD4 promoter following immunoprecipitation with SMAD4-
specific antibody or a nonspecific IgG antibody. Blank indicates no antibody addition. Input titrations are shown for each chromatin preparation (50,
25, and 12.5%). g ChIP-gPCR was performed to detect SMAD4 endogenously associated with SBEs in FZD4 promoter. Data in ¢ and g are represented
by mean + SEM. (n =3, each). **p <0.01 and ns indicates no significance versus scrambled, control, or input.

by ectopic expression of FZD4 (Fig. S5). Together, these
results prove that miR-29c directly targets FZD4 and
inhibits its expression, leading to apoptosis.

SDNOR, a novel SMAD4-dependent IncRNA, is involved in
follicular atresia and GC apoptosis

To further investigate the mechanism underlying
SMAD4 inhibition of miR-29c, we deduced a SMAD4-
dependent IncRNA-miR-29c interaction network from
our previous RNA-seq data®®. Notably, a novel IncRNA
not only interacts with miR-29c, but also maps near FZD4
on porcine chromosome 9 was identified. We performed a
RACE assay to obtain the full-length sequence of this
IncRNA, and found that it is 739 nt in length (Figs. 4a, b
and S6a). Based on bioinformatic prediction, this IncRNA
has no protein-coding potential (Fig. S6b, c); accordingly,
we named it SDNOR. Porcine SDNOR is located ~69.5 kb
upstream of FZD4 (chromosome 9) and consists of five
exons and four introns that exhibit relatively low evolu-
tionary conservation among mammals (Fig. 4c). In addi-
tion, we identified an enrichment in H3K27 acetylation at
the TSS of porcine SDNOR, suggesting that it has the
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features of an RNA polymerase II transcription unit
(Fig. 4c).

Tissue expression profiling of the reproductive system
revealed that SDNOR is abundantly expressed in porcine
ovary (Fig. S6d). In ovarian follicles, SDNOR was mainly
present in GCs (Fig. 4d). Notably, we also observed that
SDNOR was dramatically downregulated during follicular
atresia (Fig. 4e), suggesting that it is somehow involved in
this process. To further assess the role of SDNOR in
regulating follicular atresia, we knocked down endogen-
ous SDNOR in porcine GCs cultured in vitro (Fig. 4f).
Silencing of SDNOR significantly increased GC apoptosis
(Fig. 4g) and the level of c-Caspase-3 (Fig. 4h). These
results suggest that IncRNA SDNOR is involved in GC
apoptosis and follicular atresia in porcine ovaries.

RNA-seq and qRT-PCR confirmed that SDNOR was
downregulated in SMAD4-silenced porcine GCs (Fig. S7a,
b), indicating that SMAD4 inhibits SDNOR transcription
in these cells. To investigate the mechanism by which
SMAD4 regulates SDNOR transcription, we first cloned
the 5'-regulatory region containing the putative promoter
of porcine SDNOR. Four SBE motifs were identified at
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Fig. 3 miR-29c¢ attenuates FZD4 expression and induced porcine GC apoptosis. a Potential miRNAs targeting FZD4 were predicted through four
different algorithms. b Diagram showing the sequence of putative miR-29¢ binding site in £ZD4 3’UTR and MFE (minimum free energy). Black line
indicated miR-29c seed sequence. ¢ Recombinant reporter vectors containing MRE wild-type (WT), mutated FZD4 3'UTR (top), and their luciferase
activities in HEK293T cells with or without miR-29¢ were calculated (bottom). miR-29¢ levels (d) and FZD4 mRNA levels (e) in porcine GCs treated with
miR-29¢ mimcis (MiR-29c°F) were assessed by gRT-PCR. f Western blot analysis (left) and quantification (right) for FZD4 and 3-catenin protein levels in
porcine GCs with miR-29¢c overexpression. GAPDH serves as control. miR-29¢ levels (g) and FZD4 mRNA levels (h) in porcine GCs treated with miR-29¢c
inhibitor (miR-29-inhi) were assessed by gRT-PCR. i Western blot analysis (left) and quantification (right) for FZD4 and (3-catenin protein levels in pGCs
transfection with miR-29¢ knockdown. GAPDH serves as control. FACS analysis (left) and quantification (right) for the apoptosis rate of porcine GCs
after miR-29¢ mimics treatment or with FZD4 overexpression (FZD4°% (), and miR-29c inhibitor addition or with FZD4 knockdown (k). Data in ¢-k
| are represented as mean £ SEM. (n =3, each). **p <0.01, ns indicates no significance versus control or scrambled.
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Fig. 4 SDNOR, a novel antiapoptotic IncRNA, is regulated by SMADA4. Detection of 5 and 3’ terminals of the novel INcCRNA by using 5'RACE (a)
and 3'RACE (b). ¢ Schematic annotation of SDNOR with associated UCSC Genome Browser tracks depicting genomic locus, GC percent, H3K27Ac
modification as well as mammalian conservation. d gRT-PCR validation of SDNOR expression levels in pig ovarian GCs and TCs (Theca cells).

e Detection of SDNOR expression in healthy follicles (HF) and atresic follicles (AF), assessed by gRT-PCR (n = 10). f SDNOR expression levels in porcine
GCs after SDNOR knockdown, determined by gRT-PCR. g FACS analysis (left) and quantification (right) of the apoptosis rate of porcine GCs after
SDNOR knockdown. h Representative western blot analysis (left) and quantification (right) of c-Caspase-3 protein levels in GCs after SONOR
knockdown. i Luciferase activities of reporter vectors containing pig SDNOR promoter in porcine GCs with or without SMAD4 overexpression (54°F)
were assessed. j Diagram depicting SODNOR promoter (top) and ChIP assay (down), SBE shown as pink diamonds; F1/R1/, F2//R2/, and F3//R3’: primers
used for ChIP and ChIP-gPCR assay. k ChIP-gPCR were performed to detect the different SBEs in the promoter of SDNOR following
immunoprecipitation with a SMAD4 antibody. Throughout, all experiments were performed in triplicate. Data in d-k are shown as mean £+ S.EM.
(n= 3, each). **p < 0.01 versus control or scrambled.

984/988 nt (SBE1), 776/779 nt (SBE2), 364/467 nt (SBE3),  increase the activity of the SDNOR promoter, and that the
and 341/344 nt (SBE4) (Fig. S7c). Luciferase assays proved ~ SBE1 and SBE2 motifs are required to maintain this
that SMAD4 ectopic expression could significantly situation (Figs. 4i and S7d). In addition, ChIP assays
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Fig. 5 SMAD4 regulates FZD4 expression via SDNOR. a FZ7D4 mRNA levels in porcine GCs after SDNOR knockdown, assessed by gRT-PCR.

b Western blot analysis (left) and quantification (right) of FZD4, p-catenin protein levels in SDNOR-KD porcine GCs or in SMAD4%F pGCs after SDNOR
depletion, GAPDH used as control. ¢ Western blotting analysis (top) and quantification (bottom) of FZD4 protein level in porcine GCs co-transfected
siFZD4 with SDNORPE. d FACS analysis (left) and quantification (right) of the apoptosis rate of porcine GCs after FZD4 knockdown or with SDNOR
overexpression. @ Western blot analysis (left) and quantification (right) of c-Caspase-3 protein levels in porcine GCs after FZD4 knockdown or with
SDNOR ectopic expression, GAPDH used as control. f FACS analysis (left) and quantification (right) of the apoptosis rate of porcine GCs after SMAD4
ectopic expression or with SDNOR knockdown. g Western blot analysis (left) and quantification (right) of c-Caspase-3 protein levels in porcine GCs
after SMAD4 overexpression or with SDNOR knockdown, GAPDH used as control. Throughout, all data are shown as mean + SEM. (n = 3, each). **p <
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confirmed that SMAD4 directly binds to SBE2 within the
SDNOR promoter by functioning as a transcription factor
(Fig. 4j, k). Together, these observations demonstrate that
SMAD#4 acts as a transcriptional regulator of SDNOR in
porcine GCs.

SMAD4 promotes expression of FZD4 by inducing SDNOR

IncRNAs often exert their biological functions by con-
trolling nearby genes®™*°. We noticed that SDNOR
depletion dramatically decreased the level of FZD4
mRNA, which is encoded by a gene near SDNOR, in
porcine GCs (Fig. 5a). Similarly, the FZD4 protein level
was significantly downregulated in SDNOR-KD GCs (Fig.
5b), indicating that SDNOR induces FZD4 expression in
porcine GCs. To determine whether SDNOR regulates the
FZD4-dependent Wnt signaling pathway, we monitored
the B-catenin protein level in SDNOR-KD GCs. Knock-
down of SDNOR dramatically decreased the [-catenin
protein level (Fig. 5b). In addition, SDNOR-OE inhibited
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FZD4-KD-induced GC apoptosis (Fig. 5¢) and production
of c-Caspase-3 (Fig. 5d), whereas the opposite effect was
observed in GCs co-treated with SDNOR-KD and FZD4-
OE (Fig. S8a—c). These data demonstrate that SDNOR
induces FZD4 and the FZD4-dependent Wnt signaling
pathway, and controls FZD4-mediated apoptosis, in por-
cine GCs.

We next investigated whether SDNOR is involved in the
maintenance of FZD4 expression in porcine GCs. Silen-
cing of SDNOR suppressed the SMAD4-induced increases
in FZD4 and P-catenin protein levels (Fig. 5b), indicating
that SDNOR mediates SMAD4 activation of FZD4 and the
FZD4-dependent Wnt signaling pathway in porcine GCs.
Furthermore, SDNOR-KD inhibited the SMAD4-induced
downregulation of GC apoptosis (Fig. 5e). In addition,
c-Caspase-3 level was increased by SDNOR-KD in
SMAD4-OE GCs (Fig. 5f), and the opposite effect was
observed in GCs co-treated with SMAD4-KD and
SDNOR-OE (Fig. S8d—f). Together, these findings reveal
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Fig. 6 SDNOR maintains the expression of FZD4 by physically interacting with miR-29c. a Subcellular localization of SDNOR in porcine GCs,
detected by gRT-PCR. The gel images in the box showing the semi-qPCR results. GAPDH and U6 served as markers for cytoplasm and nucleus,
respectively. b Schematic diagram represents SDNOR transcript (top) and recombinant reporter vectors with wild-type or mutant miR-29¢ response
elements (MRE) (bottom). Predicted miR-29c MREs shown with colored triangles. ¢ Luciferase activities of reporter vectors in porcine GCs with or
without miR-29¢c. d RNA pull-down analysis for miR-29¢ following pull-down with biotin-labeled SDNOR, further assessed by gqRT-PCR. miR-126 and
miR-130a-3p here were used as negative controls. e SDNOR and miR-29c expression levels in 16 porcine ovarian follicles were detected and subjected
to Pearson correlation analysis. f miR-29¢ expression levels in porcine GCs after SDNOR knockdown, determined by gRT-PCR. SDNOR and FZD4 mRNA
levels in porcine GCs transfected with miR-29¢ for different time (g, 0-15 h) or at different concentration (h, 0-100 nM), assessed by gRT-PCR.

i Western blot analysis (left) and quantification (right) of FZD4, 3-catenin and c-Caspase-3 protein levels in porcine GCs after SDNOR and miR-29¢
knockdown. GAPDH used as a loading control. j FACS analysis (left) and quantification (right) of the apoptosis rate of porcine GCs after SDNOR and
miR-29¢ knockdown. Data in a, ¢, d, and f-i are shown as mean + SEM. (n = 3, each). *p < 0.05, **p < 0.01 and ns indicates no significance versus to

that SDNOR contributes to the maintenance of FZD4
expression in porcine GCs.

SDNOR induces FZD4 by sponging miR-29c

The mechanism of action of a IncRNA usually depends on
its subcellular localization*®. To elucidate the mechanism by
which SDNOR upregulates FZD4, we first determined the
subcellular localization of SDNOR in porcine GCs. SDNOR
was enriched in both the nucleus and cytoplasm (Fig. 6a).
Function as molecular sponges, is common mechanism of
both nuclear and cytoplasmic IncRNAs;* interestingly, two
putative binding sites (TGGTGC, 417-422nt; TGGTG,
640-422 nt) for miR-29¢c, a miRNA that targets FZD4, were
predicted within SDNOR (Fig. 6b). Accordingly, we hypo-
thesized that SDNOR induces FZD4 by acting as a sponge
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for miR-29c¢. To test this hypothesis, we first investigated the
interaction between SDNOR and miR-29c. Luciferase assays
revealed that miR-29c dramatically decreased the activity of
a SDNOR reporter vector containing miR-29¢ binding sites,
but had no effect on a control vector containing mutated
binding sites (Fig. 6¢), confirming that miR-29¢ binds to its
putative binding sites in SDNOR. Furthermore, RNA pull-
downs confirmed that SDNOR physically associates with
miR-29¢ in porcine GCs (Fig. 6d). Together, these data
reveal that SDNOR acts as a molecular sponge for miR-29¢
in porcine GCs.

In porcine follicles, the levels of SDNOR and miR-29c
were negatively correlated (Fig. 6e). Consistent with this,
the miR-29¢ level was significantly elevated in SDNOR-
KD GC:s (Fig. 6f), suggesting that SDNOR is a determinant
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of miR-29c¢ level in porcine ovary cells both in vivo and
in vitro. Furthermore, miR-29¢ decreased both SDNOR
and FZD4 expression levels in a dose- and time-
dependent manner; SDNOR was more sensitive than
FZD4 to miR-29c¢ (Figs. 6g, h and S9a, b), indicating that
SDNOR induces FZD4 in porcine GCs by competitively
binding miR-29c.

We also investigated whether miR-29c mediates the
regulation of downstream molecules and GC apoptosis by
SDNOR. miR-29c depletion rescued the decrease in FZD4
and p-catenin protein levels caused by siSDNOR (Fig. 6i),
indicating that miR-29c¢ mediates the regulation of
SDNOR on FZD4 and the FZD4-dependent Wnt signaling
pathway in porcine GCs. We also observed that depletion
of miR-29¢ inhibited GC apoptosis and c-Caspase-3
production induced by SDNOR silencing (Fig. 6j), indi-
cating that miR-29c mediates the regulation of GC
apoptosis by SDNOR. Together, these data demonstrate
that SDNOR physically associates with miR-29¢, thereby
alleviating the inhibitory effect of miR-29c on its target
FZD4, and subsequently activates the Wnt signaling
pathway and inhibits apoptosis in porcine GCs.

Discussion

In this study, we have clarified the role of SMAD4 in
regulating FZD4 expression in ovarian GCs. We found
that SMAD4 acts as a strong inducer of FZD4, controlling
FZD4 transcription, the FZD4-dependent Wnt signaling
pathway, and FZD4-mediated GC function. In addition,
we showed that SMAD4 induces protects FZD4 through
two molecular mechanisms: direct interactions with the
promoter region of FZD4 and upregulating a novel
IncRNA, SDNOR, which acts as a sponge for miR-29c.

The TGEF-p signaling pathway is multifunctional, and
controls many biological functions related to development
and diseases, usually via interactions with other important
signaling pathways such as BMP, ERK, Hippo, JAK/STAT,
Notch, NE-kB, MAPK, and Wnt signaling pathways”*"*®,
In particular, crosstalk between the TGF-f3 and Wnt sig-
naling pathways has been extensively studied*”*’. How-
ever, the regulatory relationship between these pathways
in mammalian ovaries, and the specific mechanism
involved in their interactions, remain largely
unknown”"*?, In primary human lung fibroblasts, TGF-p1
induces transcription of FZD7 and FZD8 in a SMAD3-
dependent manner, leading to activation of the Wnt sig-
naling pathway®">?, A recent report showed that crosstalk
between the TGF-f and Wnt signaling pathways in
prostate cancer cells is mediated by an interaction
between the cysteine-rich domain of FZD8 and the
extracellular domain of TGFBRI*®, In the present study,
we showed for the first time that SMAD4 is a novel strong
inducer of FZD4, and that both SMAD4 and FZD4
mediate the interaction between the TGF-p and Wnt
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signaling pathways in porcine GCs. Our findings reveal a
novel mechanism of crosstalk between the TGF-p and
Wnt signaling pathways, which is mediated by both
SMAD4 and FZD4, the core components of these two
signaling pathways in mammals.

In mechanistic terms, we discovered two important and
unexpected ways that SMAD4 promotes FZD4 tran-
scription in ovarian GCs. First, SMAD4 directly controls
FZD4 transcription by acting as a transcription factor, the
best-characterized manner in which SMAD4 regulates its
target genes'>*”>*. The SMADA4 protein affects the tran-
scriptional activity of target genes, usually by interactions
between its DNA-binding domain and SBE motifs within
the promoter region of target genes>”. Intriguingly, the
regulatory effect of SMAD4 on target genes can act in one
of two opposing ways: it can promote target gene tran-
scription by acting as a transcriptional activator®'?, or
inhibit the transcription of target genes by acting as a
transcriptional repressor”*®, In this study, we showed
that SMAD4 is a new transcriptional activator of FZD4,
and that the two factors form a novel regulatory axis that
mediates crosstalk between the TGF-f and Wnt signaling
pathways in porcine GCs. A recent study has demon-
strated that Wnt signaling pathway is the most inactivated
pathway in gastric tumors from a Smad4-KO mouse
model produced by using a transposon mutagenesis
method®®. Moreover, several components of the Wnt
signaling pathway, including Wnt3A52, pB-catenin®*,
Fzdl, Fzd2”’, Dkk1, and Sfrp1°%, as well as downstream
targets such as c-Myc and Axin2°®*°, are regulated by
SMAD4. CTNNBI1 (also known as [-catenin), for
instance, is induced by SMAD4 in human Tenon’s capsule
fibroblasts; this factor is involved in the promotion of cell
proliferation and activation by TGF-B signaling path-
ways’. Conversely, nuclear B-catenin and other signature
genes of the Wnt signaling pathway are upregulated in
epithelial tumors harboring Smad4-KO*°. However, the
mechanism by which SMAD4 directly regulates the
components of the Wnt signaling pathway had been
unclear. Here, we demonstrated that SMAD4 directly
binds to the SBE motifs of the FZD4 promoter by acting
as a transcription factor, thereby inducing FZD4 and the
Wt signaling pathway in GCs. These findings establish a
direct link between the TGF-p and Wnt signaling path-
ways in GCs.

Second, SMAD4 controls FZD4 transcription indirectly
by promoting expression of SDNOR, a novel IncRNA that
acts as a competitive endogenous RNA of miR-29c,
thereby suppressing the inhibitory efforts of miR-29¢ on
FZD4 expression at posttranscriptional level. LncRNAs, a
class of noncoding transcripts (>200 nt) that lack ORFs,
are poorly conserved at the primary sequence level, and
are expressed in tissue-specific manners, are implicated in
multiple biological processes, and modulate gene
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functions: (i) binds to the promoter of FZD4 and initiates FZD4 transcription directly; (i) functions as a transcription factor for a pig novel INCRNA,

\

SDNOR which further sponges miR-29c and relieves its suppression to FZD4.
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As with miRNAs, many IncRNAs are regulated by the
TGEF-B signaling pathway®>®®. A recent study revealed a
new mechanism by which TGF-f signaling regulates
miRNA biogenesis: [ncRNA nc886, which is induced by
TGEF-B, binds to Dicer, a key enzyme involved in miRNA
biogenesis, thereby inhibiting miRNA maturation in
ovarian cancer®. However, the mechanism underlying
regulation of IncRNA expression by the TGF-f signaling
pathway remains largely unknown. In this study, we
identified a novel IncRNA related to follicular atresia,
SDNOR, and showed that SMAD4 induces SDNOR
expression in GCs through an interaction with its pro-
moter. In addition to providing a potential nonhormone
therapeutic drug for improving follicular atresia and
female fertility in pigs, our findings also provide a new
insight into the mechanism by which the TGF-p signaling
pathway regulates IncRNA expression in mammals. We
also showed that SDNOR helps to maintain FZD4
expression by acting as a sponge for endogenous miR-29c,
thereby eliminating the inhibition of FZD4 by miR-29c.
IncRNA-miRNA interactions are already known to par-
ticipate in regulation of the Wnt signaling pathway®”.
LncRNA-microRNA systems not only act directly on the
core members of the pathway, such as WNT2B®, FZD3,
and FZD5%, but also indirectly on upstream regulators
such as GSK3B®7, SOX9°, and APC®’, thereby affecting
the activation of this pathway. Overall, our findings
demonstrate that a novel IncRNA-miRNA system,
SDNOR-miR-29¢, mediates positive regulation of FZD4
by SMAD4, establishing a novel molecular link between
the TGF-B and Wnt pathways.

In summary, we have shown that the TGF-f and Wnt
signaling pathways engage in crosstalk to regulate GC
apoptosis. Specifically, SMAD4 helps to maintain FZD4
expression at both the transcriptional and posttranscriptional
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level, via both direct and indirect mechanisms, through a
complex regulatory network consisting of miRNA, IncRNA,
and protein-coding genes (Fig. 7). These coding proteins,
especially FZD4, represent promising therapeutic targets
for treatment of female reproductive diseases and
improvement of female fertility. The noncoding RNAs
involved in this pathway, including miR-29¢ and SDNOR,
could be developed as nonhormone drugs to regulate
these targets.

Acknowledgements

We are grateful to Zengxiang Pan (Nanjing Agricultural University, China) for
valuable discussion. We sincerely thank Jiying Liu (Jiangsu University, China) for
sharing materials and thank Lifan Zhang (Nanjing Agricultural University,
China) for analyses of RNA-seq data and critical reading of this manuscript. This
work was supported by the Fundamental Research Funds for the Central
Universities (KJIQN202039 to XD), the National Natural Science Foundation of
China (No. 31902130 to XD, No. 31630072 to QL), China Postdoctoral Science
Foundation (No. 2018M632321 to XD), and Natural Science Foundation of
Jiangsu Province (No. BK20180524 to XD).

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

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

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-2578-X).

Received: 3 January 2020 Revised: 26 April 2020 Accepted: 27 April 2020
Published online: 15 May 2020

References
1. Massague, J. TGFbeta in. Cancer Cell 134, 215-230 (2008).
2. Derynck R & Zhang, Y. E. Smad-dependent and Smad-independent pathways
in TGF-beta family signalling. Nature 425, 577-584 (2003).
3. ten Dike, P. & van Dam, H. 14-3-3zeta turns TGF-beta to the dark side. Cancer
Cell 27, 151-153 (2015).


https://doi.org/10.1038/s41419-020-2578-x
https://doi.org/10.1038/s41419-020-2578-x

Du et al. Cell Death and Disease (2020)11:373

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhou, F. et al. USP4 inhibits SMAD4 monoubiquitination and promotes activin
and BMP signaling. EMBO J. 36, 1623-1639 (2017).

lkeno, S. et al. PDZK1-interacting protein 1 (PDZK1IP1) traps Smad4 protein
and suppresses transforming growth factor-beta (TGF-beta) signaling. J. Biol.
Chem. 294, 4966-4980 (2019).

Zhang, Q. et al. ALK phosphorylates SMAD4 on tyrosine to disable TGF-beta
tumour suppressor functions. Nat. Cell Biol. 21, 179-189 (2019).

Meng, X. M. et al. Disruption of Smad4 impairs TGF-beta/Smad3 and Smad7
transcriptional regulation during renal inflammation and fibrosis in vivo and
in vitro. Kidney Int. 81, 266-279 (2012).

Da Ros, F. et al. Targeting interleukin-Tbeta protects from aortic aneurysms
induced by disrupted transforming growth factor beta signaling. Immunity 47,
959-973 €959 (2017).

Deng, M, Hou, S. Y, Tong, B. D, Yin, J. Y. & Xiong, W. The Smad2/3/4 complex
binds miR-139 promoter to modulate TGFbeta-induced proliferation and
activation of human Tenon’s capsule fibroblasts through the Wnt pathway. J.
Cell Physiol. 234, 13342-13352 (2019).

Zhang, S. et al. Reversing SKI-SMAD4-mediated suppression is essential for
TH17 cell differentiation. Nature 551, 105-109 (2017).

Gu, A. D. et al. A critical role for transcription factor Smad4 in T cell function
that is independent of transforming growth factor beta receptor signaling.
Immunity 42, 68-79 (2015).

Chen, L. et al. A reinforcing HNF4-SMAD4 feed-forward module stabilizes
enterocyte identity. Nat. Genet. 51, 777-785 (2019).

Li, L. et al. Down-regulation of microRNA-494 via loss of SMAD4 increases
FOXM1 and beta-catenin signaling in pancreatic ductal adenocarcinoma cells.
Gastroenterology 147, 485-497 e418 (2014).

Yang, L. et al. Transforming growth factor-beta signaling in hepatocytes
promotes hepatic fibrosis and carcinogenesis in mice with hepatocyte-specific
deletion of TAK1. Gastroenterology 144, 1042-1054 e1044 (2013).

Newman, A. C, Kemp, A. J, Drabsch, Y., Behrends, C. & Wilkinson, S. Autophagy
acts through TRAF3 and RELB to regulate gene expression via antagonism of
SMAD proteins. Nat. Commun. 8, 1537 (2017).

Voorneveld, P. W. et al. Loss of SMAD4 alters BMP signaling to promote
colorectal cancer cell metastasis via activation of Rho and ROCK. Gastro-
enterology 147, 196-208 e113 (2014).

Ding, Z. et al. SMAD4-dependent barrier constrains prostate cancer growth
and metastatic progression. Nature 470, 269-273 (2011).

Wandzioch, E. & Zaret, K. S. Dynamic signaling network for the specifica-
tion of embryonic pancreas and liver progenitors. Science 324, 1707-1710
(2009).

Lee, K P. et al. miR-431 promotes differentiation and regeneration of old
skeletal muscle by targeting Smad4. Genes Dev. 29, 1605-1617 (2015).
Boissart, C, Nissan, X, Giraud-Triboult, K, Peschanski, M. & Benchoua, A. miR-
125 potentiates early neural specification of human embryonic stem cells.
Development 139, 1247-1257 (2012).

Liu, K et al. SMAD4 defect causes auditory neuropathy via specialized dis-
ruption of cochlear ribbon synapses in mice. Mol. Neurobiol. 53, 5679-5691
(2016).

Pangas, S. A, Li, X, Robertson, E. J. & Matzuk, M. M. Premature luteinization and
cumulus cell defects in ovarian-specific Smad4 knockout mice. Mol. Endocrinol.
20, 1406-1422 (2006).

Wang, Y. et al. SMAD4 promotes TGF-beta-independent NK cell homeostasis
and maturation and antitumor immunity. J. Clin. Investig. 128, 5123-5136
(2018).

Bornstein, S. et al. Smad4 loss in mice causes spontaneous head and neck
cancer with increased genomic instability and inflammation. J. Clin. Investig.
119, 3408-3419 (2009).

Kamisawa, T, Wood, L. D, Itoi, T. & Takaori, K. Pancreatic cancer. Lancet 388,
73-85 (2016).

Laklai, H. et al. Genotype tunes pancreatic ductal adenocarcinoma tissue
tension to induce matricellular fibrosis and tumor progression. Nat. Med. 22,
497-505 (2016).

Liu, J. et al. MicroRNA-26b functions as a proapoptotic factor in porcine
follicular Granulosa cells by targeting Sma-and Mad-related protein 4. Biol.
Reprod. 91, 146 (2014).

Yu, C, Zhang, Y. L. & Fan, H. Y. Selective Smad4 knockout in ovarian pre-
ovulatory follicles results in multiple defects in ovulation. Mol. Endocrinol. 27,
966-978 (2013).

Du, X. et al. NORFA, long intergenic noncoding RNA, maintains sow fertility by
inhibiting granulosa cell death. Commun. Biol. 3, 131 (2020).

Official journal of the Cell Death Differentiation Association

30.

3.

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

Page 13 of 14

Bai, R. Y. et al. SMIF, a Smad4-interacting protein that functions as a co-
activator in TGFbeta signalling. Nat. Cell Biol. 4, 181-190 (2002).

Massague, J. TGFbeta signalling in context. Nat. Rev. Mol. Cell Biol. 13, 616-630
(2012).

Vincent, T. et al. A SNAIL1-SMAD3/4 transcriptional repressor complex pro-
motes TGF-beta mediated epithelial-mesenchymal transition. Nat. Cell Biol. 11,
943-950 (2009).

Martin-Malpartida, P. et al. Structural basis for genome wide recognition of 5-
bp GC motifs by SMAD transcription factors. Nat. Commun. 8, 2070 (2017).
Shi, Y. & Massague, J. Mechanisms of TGF-beta signaling from cell membrane
to the nucleus. Cell 113, 685-700 (2003).

Yan, J. et al. Smad4 deficiency impairs chondrocyte hypertrophy via the Runx2
transcription factor in mouse skeletal development. J. Biol. Chem. 293,
9162-9175 (2018).

Takeda, H. et al. Sleeping beauty transposon mutagenesis identifies genes that
cooperate with mutant Smad4 in gastric cancer development. Proc. Natl Acad.
Sci. USA 113, E2057-E2065 (2016).

Hsieh, M. et al. Mice null for Frizzled4 (Fzd4-/-) are infertile and exhibit impaired
corpora lutea formation and function. Biol. Reprod. 73, 1135-1146 (2005).
Zhang, L, Du, X, Wei, S, Li, D. & Li, Q. A comprehensive transcriptomic view on
the role of SMAD4 gene by RNAi-mediated knockdown in porcine follicular
granulosa cells. Reproduction 152, 81-89 (2016).

Du, X, Pan, Z, Li, Q. & Liu, H. SMAD4 feedback regulates the canonical TGF-
beta signaling pathway to control granulosa cell apoptosis. Cell Death Dis. 9,
151 (2018).

Li, Q, Du, X, Pan, Z. & Zhang, L. The transcription factor SMAD4 and miR-10b
contribute to E2 release and cell apoptosis in ovarian granulosa cells by
targeting CYP19A1. Mol. Cell Endocrinol. 476, 84-95 (2018).

Yang, L. et al. miR-1306 mediates the feedback regulation of the TGF-beta/
SMAD signaling pathway in granulosa cells. Cells 8, 298 (2019).

Kang, V. et al. SMAD4 regulates cell motility through transcription of N-
cadherin in human pancreatic ductal epithelium. PLoS ONE 9, e107948 (2014).
Anderson, K. M. et al. Transcription of the non-coding RNA upperhand con-
trols Hand2 expression and heart development. Nature 539, 433-436 (2016).
Engreitz, J. M. et al. Local regulation of gene expression by INcCRNA promoters,
transcription and splicing. Nature 539, 452-455 (2016).

Joung, J. et al. Genome-scale activation screen identifies a INcRNA locus
regulating a gene neighbourhood. Nature 548, 343-346 (2017).

Quinn, J. J. & Chang, H. Y. Unique features of long non-coding RNA biogenesis
and function. Nat. Rev. Genet 17, 47-62 (2016).

Luo, K Signaling cross talk between TGF-beta/Smad and other signaling
pathways. Cold Spring Harb. Perspect. Biol. 9, 022137 (2017).

Sacchetti, C. et al. PTP4A1 promotes TGFbeta signaling and fibrosis in systemic
sclerosis. Nat. Commun. 8, 1060 (2017).

Perekatt, A. O. et al. SMAD4 suppresses WNT-driven dedifferentiation and
oncogenesis in the differentiated Gut epithelium. Cancer Res. 78, 4878-4890
(2018).

Blyszczuk, P. et al. Transforming growth factor-beta-dependent Wnt secretion
controls myofibroblast formation and myocardial fibrosis progression in
experimental autoimmune myocarditis. Eur. Heart J. 38, 1413-1425 (2017).
Spanjer, A. |. et al. TGF-beta-induced profibrotic signaling is regulated in part
by the WNT receptor Frizzled-8. FASEB J. 30, 1823-1835 (2016).

Guan, S. & Zhou, J. Frizzled-7 mediates TGF-beta-induced pulmonary fibrosis
by transmitting non-canonical Wnt signaling. Exp. Cell Res. 359, 226-234
(2017).

Murillo-Garzon, V. et al. Frizzled-8 integrates Wnt-11 and transforming growth
factor-beta signaling in prostate cancer. Nat. Commun. 9, 1747 (2018).

Ma, X. et al. SMAD family member 3 (SMAD3) and SMAD4 repress HIF2alpha-
dependent iron-regulatory genes. J. Biol. Chem. 294, 3974-3986 (2019).
Hata, A. & Chen, Y. G. TGF-beta signaling from receptors to Smads. Cold Spring
Harb. Perspect. Biol. 8, a022061 (2016).

Qj, Z. et al. BMP restricts stemness of intestinal Lgr5(+) stem cells by directly
suppressing their signature genes. Nat. Commun. 8, 13824 (2017).

Seo, H. H. et al. Multipoint targeting of TGF-beta/Wnt transactivation circuit
with microRNA 384-5p for cardiac fibrosis. Cell Death Differ. 26, 1107-1123
(2018).

Li, J. et al. SMAD4-mediated WNT signaling controls the fate of cranial neural
crest cells during tooth morphogenesis. Development 138, 1977-1989 (2011).
Freeman, T. J. et al. Smad4-mediated signaling inhibits intestinal neoplasia by
inhibiting expression of beta-catenin. Gastroenterology 142, 562-571 e562
(2012).



Du et al. Cell Death and Disease (2020)11:373

60.

61.

62.

63.

65.

Lee, J. T. Epigenetic regulation by long noncoding RNAs. Science 338,
1435-1439 (2012).

Thomson, D. W. & Dinger, M. E. Endogenous microRNA sponges: evidence
and controversy. Nat. Rev. Genet. 17, 272-283 (2016).

Lu, Z et al. The TGFbeta-induced IncRNA TBILA promotes non-small cell lung
cancer progression in vitro and in vivo via cis-regulating HGAL and activating
S100A7/JAB1 signaling. Cancer Lett. 432, 156-168 (2018).

Cui, M. et al. Upregulation of INcRNA-ATB by transforming growth factor betal
(TGF-betal) promotes migration and invasion of papillary thyroid carcinoma
cells. Med Sci. Monit. 24, 5152-5158 (2018).

Ahn, J. H. et al. nc886 is induced by TGF-beta and suppresses the microRNA
pathway in ovarian cancer. Nat. Commun. 9, 1166 (2018).

Zhang, L, Fang, Y, Cheng, X, Lian, Y. J. & Xy, H. L. Silencing of long noncoding
RNA SOX21-AS1 relieves neuronal oxidative stress injury in mice with

Official journal of the Cell Death Differentiation Association

66.

67.

68.

69.

Page 14 of 14

Alzheimer's disease by upregulating FZD3/5 via the Wnt signaling pathway.
Mol. Neurobiol. 56, 3522-3537 (2018).

Jia, B. et al. Long noncoding RNA LINC00707 sponges miR-370-3p to promote
osteogenesis of human bone marrow-derived mesenchymal stem cells
through upregulating WNT2B. Stem Cell Res. Ther. 10, 67 (2019).

Li, Y. et al. Long non-coding RNA SNHG5 promotes human hepatocellular
carcinoma progression by regulating miR-26a-5p/GSK3beta signal pathway.
Cell Death Dis. 9, 888 (2018).

Kong, X. et al. Overexpression of HIF-2alpha-dependent NEAT1 promotes the
progression of non-small cell lung cancer through miR-101-3p/SOX9/Wnt/
beta-catenin signal pathway. Cell Physiol. Biochem. 52, 368-381 (2019).

Zhao, C. C. et al. Lnc SMAD5-AST as ceRNA inhibit proliferation of diffuse large
B cell lymphoma via Wnt/beta-catenin pathway by sponging miR-135b-5p to
elevate expression of APC. Cell Death Dis. 10, 252 (2019).



	SMAD4 activates Wnt signaling pathway to inhibit granulosa cell apoptosis
	Introduction
	Materials and methods
	Cell culture and treatment
	Bioinformatic analysis
	Plasmids construction and dual-luciferase reporter assays
	Rapid amplification of cDNA end (RACE)
	Quantitative real-time PCR assay
	Subcellular localization
	Western blotting
	Flow cytometry
	Chromatin immunoprecipitation
	RNA pull-down
	Statistical analysis

	Results
	SMAD4 is a strong inducer of FZD4 in porcine GCs
	SMAD4 induces FZD4 by directly binding its promoter
	miR-29c acts as an apoptotic factor by suppressing FZD4 expression in porcine GCs
	SDNOR, a novel SMAD4-dependent lncRNA, is involved in follicular atresia and GC apoptosis
	SMAD4 promotes expression of FZD4 by inducing SDNOR
	SDNOR induces FZD4 by sponging miR-29c

	Discussion
	Acknowledgements




