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inhibitory linker phosphorylation on R-Smads.

toward morphogen signals.
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(Background: In Xenopus embryos, zygotically activated TGFp signaling regulates the formation of three germ layers.
Results: Vegetally enriched SCP3 is required for TGF signaling and germ layer induction and functions by removing the

Conclusion: SCP3 ensures TGFB-mediated germ layer formation.
Significance: This work presents a novel mechanism by which maternal factors control the response of embryonic blastomeres
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Germ layer induction is one of the earliest events shortly after
fertilization that initiates body formation of vertebrate embryos. In
Xenopus, the maternally deposited transcriptional factor VegT
promotes the expression of zygotic Nodal/Activin ligands that fur-
ther form a morphogen gradient along the vegetal-animal axis and
trigger the induction of the three germ layers. Here we found that
SCP3 (small C-terminal domain phosphatase 3) is maternally
expressed and vegetally enriched in Xenopus embryos and is essen-
tial for the timely induction of germ layers. SCP3 is required for the
full activation of Nodal/Activin and bone morphogenetic protein
signals and functions via dephosphorylation in the linker regions of
receptor-regulated Smads. Consistently, the linker regions of
receptor-regulated Smads are heavily phosphorylated in fertilized
eggs, and this phosphorylation is gradually removed when embryos
approach the midblastula transition. Knockdown of maternal
SCP3 attenuates these dephosphorylation events and the activation of
Nodal/Activin and bone morphogenetic protein signals after midblas-
tula transition. This study thus suggested that the maternal SCP3
serves as a vegetally enriched, intrinsic factor to ensure a prepared sta-
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tus of Smads for their activation by the upcoming ligands during germ
layer induction of Xenopus embryos.

During vertebrate embryogenesis, the specification of three
germ layers is one of the earliest and most important events
shortly after fertilization. In Xenopus embryos, the maternally
deposited VegT, a T-box family transcriptional factor, is local-
ized asymmetrically along the animal-vegetal axis. After mid-
blastula transition (MBT),” when zygotic gene expression
starts, VegT-localized vegetal blastomeres will initiate the
expression of the transforming growth factor-g (TGEp)
superfamily genes, including Xnrl, -2, -4, -5, and -6 and der-
riere, under the direct control of VegT (1-4). As such, a
vegetal to animal gradient of TGFf signal is generated,
which triggers the induction of three germ layers along the
animal-vegetal axis (1, 5).

The members of the TGFS superfamily that play key roles in
Xenopus embryogenesis are the Nodal/Activin proteins and
bone morphogenetic proteins (BMPs). During Xenopus early
development, Nodal/Activin signaling specifies mesoderm and
endoderm, whereas BMP signaling patterns ventral and lateral
mesoderm and determines the formation of epidermal versus
neural ectodermal cells (6, 7). TGF 3 signaling is initiated when
ligands bind and activate receptor serine/threonine kinases,
and the receptor complexes propagate the signal through phos-
phorylation in the C-terminal SXS motif of receptor-regulated
Smads (R-Smads). R-Smads are the key components of TGFf3

> The abbreviations used are: MBT, midblastula transition; BMP, bone mor-
phogenetic protein; R-Smad, receptor-regulated Smad; RNA-seq, RNA
sequencing; ARE, activin-responsive element; BRE, BMP-responsive ele-
ment; MO, morpholino; std MO, standard control MO; qPCR, quantitative
PCR.
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signals, with Smad2 and -3 mediating Nodal/Activin signaling
and Smadl, -5, and -8 mediating BMP signaling. The C-termi-
nal phosphorylated R-Smads translocate from the cytoplasm
into the nucleus and modulate target gene transcription (6 -9).

The C-terminal phosphorylation of R-Smads is a key event in
pathway activation, and it also serves as readout of TGF 3 signal
activity. Temporally, the C-terminal site-phosphorylated
Smad2 and Smad1/5/8 are detected after, but not before, the
MBT in Xenopus embryos. Spatially, they are asymmetrically
distributed across the animal-vegetal and dorsal-ventral axes
with a coincidence that early activated Smad1 and Smad2 local-
ize in the vegetal part (10—12). These timely and regionally
activated R-Smads turn on particular combinations of down-
stream genes and thus instruct different groups of cells to adopt
distinct fates.

Besides the C terminus, multiple sites in the linker regions of
R-Smads are also phosphorylated, and these phosphorylations
control the activity, stability, and transportation of R-Smads
(13). Studies in mammalian cells demonstrate that phosphory-
lation in the linker regions of R-Smads plays both positive and
negative roles in TGFf signaling (14). Mitogen-activated pro-
tein kinases (MAPKs) trigger the phosphorylation of multiple
proline-directed Ser/Thr residues in the linker regions, includ-
ing Ser-187, Ser-195, Ser-206, and Ser-214 in Smad1 and Thr-
179, Ser-204, Ser-208, and Ser-213 in Smad3 (14—16). Follow-
ing these priming phosphorylations by MAPKs, GSK3 can
further phosphorylate Ser-210, Thr-202, Ser-198, and Ser-191
in Smadl, resulting in Smurfl-mediated Smad1 ubiquitination
and cytoplasmic retention (15). Similarly, linker phosphoryla-
tion of Smad2/3 triggers its recognition and polyubiquitination
by Nedd4L and some other unidentified E3 ligases (16). More-
over, ERK-mediated Smad2 phosphorylation at Ser-245/250/
255 and Thr-220 as well as Smad3 phosphorylation at Ser-204/
208 and Thr-179 inhibit the transcriptional activity of Smad2/3
(17). Thr-179 and Ser-213 of Smad3 could be phosphorylated
by CDK2/4, leading to inhibition of the transcriptional activity
(18). In contrast, p38, Rho kinase and c-Jun N-terminal kinase
also phosphorylate Smad2/3 at multiple sites but enhance their
transcriptional activity (19-21).

In Xenopus gastrula embryos, the linker region of Smadl is
sequentially phosphorylated by MAPK and GSK3 (22, 23).
These events lead to Smadl polyubiquitination/degradation
and restriction of BMP signaling. Therefore, the linker phos-
phorylation was proposed as a mechanism of integrating BMP
and FGF/insulin-like growth factor/Wnt signals during neural
induction and patterning. Moreover, linker phosphorylation of
Smad?2/3 in the middle gastrula stage causes Smad2/3 cytosolic
retention and termination of Nodal/Activin signaling. This was
suggested as a mechanism to control the duration of cell com-
petence to TGF signaling in Xenopus gastrula embryos (24).
These studies all investigated the alterations of R-Smads in gas-
trula embryos, whereas whether the linker phosphorylation is
regulated during cleavage embryos was unknown.

SCP3 (small C-terminal domain phosphatase 3), also called
SCPL (small C-terminal domain phosphatase-like), CTDSP3,
or CTDSPL, belongs to the FCP/SCP family of Ser/Thr phos-
phatases (25, 26). SCP1, SCP2, SCP3, and SCPL2 are related to
the FCP1, which is the highly conserved, essential enzyme that
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dephosphorylates the C-terminal domain of RNA polymerase
11 (27). Although the SCPs can dephosphorylate the C-terminal
domain of polymerase II in vitro, a role for them as general
regulators of transcription has not been confirmed (28). Previ-
ous reports suggested that by dephosphorylating Smad2/3 at
the linker (inhibitory) but not the C-terminal (activating) site,
SCP1 and SCP2 can enhance TGEFf3 signaling, whereas in BMP
signaling, they were proposed to reset Smadl to the basal
unphosphorylated state by dephosphorylation at both the
linker and C-terminal sites (26, 28, 29). More recently, SCPL2
was shown to specifically dephosphorylate Smad1/5/8 in the
C-terminal region and, as a result, attenuate BMP-induced
transcriptional responses (30). The in vivo physiological func-
tion of the SCPs has not been extensively studied.

Using RNA-seq technology, we found that scp3 is preferen-
tially distributed in vegetal blastomeres of Xenopus cleavage
embryos. Further analysis indicated that the maternal depos-
ited SCP3 is required for the full activation of zygotic Nodal/
Activin and BMP signals and functions by dephosphorylating
the linker regions of Smad2 and Smad1. Consistently, the level
of R-Smad linker phosphorylation gradually declined after fer-
tilization, and this event was attenuated by knockdown of
SCP3. Thus, maternal SCP3 functions to ensure a prepared sta-
tus of Smads for their activation by the upcoming ligands. Our
results suggest that it is not only the expression of TGFf ligands
but also the release of inhibition on R-Smads at the predeter-
mined time and region that ensures the activation of cellular
signals and thus germ layer specification.

Experimental Procedures

Identification of Asymmetrically Localized Maternal mRNAs
in Xenopus—For the dissociation of blastomeres, embryos were
transferred to 80% phosphate-buffered saline lacking calcium
and magnesium and manually demembranated. Animal and
vegetal blastomeres were collected at the 8-cell stage (31), and
RNA of animal and vegetal blastomeres was isolated using
TRIzol reagent (Invitrogen). NEBNext mRNA library Prep
Master mix set for [llumina (New England Biolabs) was used for
the construction of sequencing libraries. The library was sub-
jected to paired-end sequencing on a Genome Analyzer IIx
(Ilumina) with 100-bp read length. We used Bowtie (32) to map
reads to the RefSeq genes and then detected differentially
expressed genes between vegetal and animal blastomeres by
DESeq (33).

Plasmid Constructs—For in vitro synthesis of mRNA, full-
length Xenopus laevis scp3, smadl, smad2, Xnrl, and bmp4
were amplified from cDNA of X. laevis embryos by PCR and
subcloned into the pCS2+ vectors, and for detection, a FLAG
tag was added to the C terminus of Xenopus scp3. For in situ
hybridization, the partial cDNAs of X. laevis scp3, edd, and lim5
were subcloned into pEASY-T3 cloning vector (TransGen Bio-
tech). The activin-responsive element (ARE)-luciferase and
BMP-responsive element (BRE)-luciferase constructs were
originally described (34, 35). PCR-based site-directed mutagen-
esis (TransGen Biotech) was employed to generate mutants.

Oocytes, Embryos, Microinjection, and Explants—Full-grown
oocytes (stage VI) were manually defolliculated and cultured in
oocyte culture medium, as described (36). Oocytes were unin-
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TABLE 1
RNA-seq information

Samples from two independent experiments are shown. V1 and A1, vegetal and animal samples, respectively, from one experiment; V2 and A2, vegetal and animal samples

from another experiment.

Vi

V2 Al A2

Blastomere
No. of read pairs
No. of read pairs mapped to RefSeq genes

Vegetal
44,735,165
18,087,489 (40.43%)

Animal
45,784,433
19,094,952 (41.71%)

Animal
44,083,587
18,595,352 (42.18%)

Vegetal
45,132, 556
17,126,196 (37.95%)

jected or injected with morpholino (MO) and cultured for a
total of 48 h at 18 °C before fertilization. In preparation for
fertilization, they were stimulated to mature by the addition of
2 uM progesterone to the culture medium and cultured for
10-12 h. Oocytes were then labeled with vital dyes and intro-
duced into a stimulated female host using the host transfer
technique described previously (37, 38). In vitro fertilization,
embryo culture, staging, microinjection, and culture of Xeno-
pus embryo explants were carried out as described (39).

RNA Synthesis and in Situ Hybridization—To in vitro synthe-
sis capped mRNAs, the template plasmids were linearized and
transcribed using a mMESSAGE mMACHINE SP6 kit
(Ambion, Austin, TX) according to the manufacturer’s instruc-
tions. For digoxigenin-RNA probes, the linearized plasmids
were transcribed with T7, T3, or SP6 RNA polymerase (Pro-
mega). The in situ hybridizations were performed following the
standard protocol (40). For hemisections, rehydrated embryos
were bisected through the animal-vegetal axis with a razor
blade. Bisected embryos were refixed with MEMFA (0.1 M
MOPS, 2 mm EGTA, 1 mm MgSO,, 3.7% formaldehyde) for 30
min before hybridization (41).

Cell Culture, Transfections, and Stimulations—Hep3B cells
were cultured in Minimal Essential Medium supplied with 10%
fetal bovine serum (FBS) at 37 °C with 5% CO,. The transfec-
tion of plasmids and siRNA oligonucleotides was performed
using Lipofectamine 2000 reagent (Invitrogen). Cells were
treated with BMP4 (20 ng/ml; R&D Systems) or Activin A (20
ng/ml; R&D Systems) dissolved in medium containing 0.2%
FBS.

MOs and siRNAs—Antisense and standard control MO (std
MO) oligonucleotides were purchased from Gene Tools, LLC
(Philomath, OR). MO sequences of X. laevis scp3 were as follows:
MO-1, CATGGAAACGAATTGGCTGTTGTTC; MO-2, TTG-
TCCTCTTTATCTAATCCGCAGT. The siRNA oligonucleo-
tides were designed and synthesized by RiboBio Co., Ltd. (Guang-
zhou, China). Human SCP3 siRNA target sequences were the
following: siRNA-1, GCCTATTAGTAATGCTGAT; siRNA-2,
GCTGCACAGACTCTGCAAT.

Total RNA Isolation, Reverse Transcription PCR, and Quan-
titative Real-time PCR (qPCR)—Total RNA was isolated using
TRIzol reagent (Invitrogen), and reverse transcription was per-
formed using the Reverse Transcription System (Promega,
Fitchburg, WI). For qPCR, the CFX96 Touch™™ real-time PCR
system (Bio-Rad), Fast-Plus EvaGreen Master Mix (Biotium),
and 40 cycles of amplification were used. X. laevis ornithine
decarboxylase(odc)andhumanglyceraldehyde-3-phosphatede-
hydrogenase (GAPDH) were used as the loading controls,
respectively. The statistical significance was analyzed by
Student’s ¢ test, and all qPCR data are presented as mean * S.D.
The qPCR primers are listed in supplemental Table S1.
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Reporter Assays—For the luciferase reporter assays in Xeno-
pus embryos, embryos were injected with reporter constructs at
the 2-cell stage and collected at stage 10.5. For the luciferase
reporter assay in Hep3B cells, the experiment was performed as
described previously (42). Luciferase reporter assays were per-
formed using a Dual-Luciferase assay kit (Vigorous). Data are
represented as mean *+ S.D. after being normalized with Renilla
activity (n = 3).

Antibodies and Immunoblotting—Immunoblot analysis was
performed as described with minor modifications for frog
embryo lysates; 50 ug of protein was loaded per lane, and for
Xenopus Smad2-CP Western blot analysis, the membrane was
blocked for at least 10 h at room temperature in 5% polyvi-
nylpyrrolidone in TBST (Tris-buffered saline plus Tween 20)
(26, 39). Antibodies were obtained commercially: Smad1 (6944;
Cell Signaling, Boston, MA), Smad1-LP (9553; Cell Signaling),
Smad1-CP (9511; Cell Signaling), Smad2 (610842; BD Biosci-
ences), Smad2-LP (3104; Cell Signaling), Smad2-CP (3101; Cell
Signaling), Actin (M20010; Abmart, Shanghai, China), and
FLAG (F3165; Sigma).

Results

Asymmetrically Localized Maternal mRNAs in 8-cell Stage
Xenopus Embryos—To identify asymmetrically localized maternal
mRNAs along the animal-vegetal axis in cleavage Xenopus
embryos, we isolated animal and vegetal blastomeres at the
8-cell stage, extracted the maternal mRNA from each, and ana-
lyzed them by RNA-seq technology. RNA-seq information is
provided in Table 1, and the data have been deposited in the
Gene Expression Omnibus (GEO) database (accession number
GSE68972). In two independent experiments, 43 maternal
transcripts were identified to be preferentially distributed in the
vegetal region, but transcripts enriched in the animal region
were not found. Among these genes, 30 transcripts have been
previously demonstrated as vegetally enriched mRNAs in the
oocytes, eggs, or embryos before MBT (supplemental Table S2),
confirming the credibility of our RNA sequencing analysis. The
functions of the asymmetrically localized candidates include
germ line development, germ layer differentiation, pattern for-
mation, signal transduction, etc. (supplemental Table S2).

Vegetally Enriched scp3—The RNA-seq results indicated that
among the SCPs, only scp3 is expressed asymmetrically along
the animal-vegetal axis, being over 3-fold higher in vegetal blas-
tomeres (Fig. 14). This asymmetrical expression pattern was
further confirmed by qPCR using independent embryonic sam-
ples (Fig. 1B), and it is maintained throughout the cleavage and
blastula stages (Fig. 1C). Throughout embryonic development,
scp3 mRNA level remained consistent until stage 11.5, and its
zygotic expression after that point was relatively low until stage
38 (Fig. 1D). By in situ hybridization (Fig. 1E), scp3 mRNA was
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FIGURE 1. Expression pattern of scp3 in Xenopus. A and B, at the 8-cell stage, total mRNA from animal and vegetal blastomeres was extracted and analyzed
by RNA-seq (A) or qPCR (B). The numbers in A indicate the reads/kb/million mapped reads of sequencing in two independent experiments (54). Vegetally
enriched transcript bicc was used as a control. ¥, significantly different (A, false discovery rate <0.05; B, p < 0.05) between animal and vegetal samples. C, at the
indicated stages, RNA from animal and vegetal cells was extracted, and the relative mRNA abundance of scp3 was analyzed by gPCR. D, gPCR shows the
temporal expression pattern of scp3. E, expression profile of scp3 verified by in situ hybridization. The embryos from the 1-cell stage to stage 10.5 are shown in
alateral view. A stage 17 embryo is shown in a dorsal view with the anterior end toward the left. A stage 28 embryo is shown in a lateral view with its head toward

the left. The arrow indicates the dorsal lip. Error bars, S.D.

more significantly detected in the vegetal region of the embryos
in 1-cell stage, 8-cell stage, and stage 10.5, consistent with the
RNA-seq and qPCR results (Fig. 1, A-C). In the section, the
staining was detected deep in the cytosol (Fig. 1E, section). At
later stages, weak expression was detected in the regions of
presomitic mesoderm and somites (Fig. 1E). The expression
pattern in cleavage Xenopus embryos was consistent with the
previous report showing that scp3 mRNA was localized in the
vegetal cortex of the oocytes (43). The high level of maternal
expression and vegetally enriched localization suggest an
important role of SCP3 in blastula and gastrula embryos.
SCP3 Is Essential for Xenopus Embryogenesis—To study the
function of SCP3, we tested two independent scp3 MOs by
coinjecting MOs with FLAG-tagged scp3 mRNA, and the
results indicated that the MOs were effective (Fig. 24). We then
injected the MOs into 1-cell stage Xenopus embryos. Compared
with the std MO-injected embryos, the scp3 morphants exhib-
ited delayed gastrulation, abnormal formation of neural plate,
short anterior-posterior axis, and general development retarda-
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tion (n = 91, 100%) (Fig. 2B). The phenotypes were specific,
because they could be fully rescued by Xenopus scp3 mRNA at
stage 11.5 (750 pg/embryo, n = 48, 87.5%) and stage 27 (200
pg/embryo, n = 55, 85.5%) (Fig. 2C). To further confirm these
results, MOs were injected into in vitro cultured oocytes, and the
embryos were obtained via the host transfer technology (36). A
very similar phenotype was observed (Fig. 2D, n = 32, 100%).
Considering that the asymmetrical distribution of scp3
mRNA may impact the germ layer differentiation and pattern
formation, we analyzed the expression of related marker genes.
Embryos derived from uninjected oocytes and oocytes injected
with 20 or 40 ng of scp3 MO-1 were collected at stages 9.5, 10,
and 10.5 for qPCR (Fig. 3A). In scp3 morphants, the expression
of endodermal markers endodermin (edd), sox17a, and mixer;
pan-mesodermal marker brachyury (bra); dorsal-mesodermal
markers chordin (chrd) and goosecoid (gsc); and ventral-meso-
dermal markers ventl, vent2, and wnt8 was down-regulated in a
dose-dependent manner. In terms of ectoderm, the expression
level of the epidermal marker epidermal keratin (ek) decreased.
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FIGURE 2.SCP3 is essential for Xenopus embryogenesis. A, MO test in Xenopus embryos. Two-cell stage embryos were coinjected with 40 ng of std MO or scp3
MOs and mRNA coding for X. laevis SCP3-FLAG with the indicated doses. At stage 10.5, the embryos were harvested for Western blotting analysis. B, std MO or
scp3 MOs was injected into 1-cell stage embryos with the indicated doses. C, 2-cell stage embryos were injected with 40 ng of std MO or scp3 MO-1 with or
without 750 pg (left) or 200 pg (right) of X. laevis scp3 mRNA as indicated. D, uninjected oocytes and scp3 MO-1-injected oocytes were processed by the host

transfer technique and allowed to develop until the indicated stages.

The expression of dorsal ectoderm marker sox2 was slightly
down-regulated by a low dose of scp3 MO-1 but appeared to be
the same as the control sample after the injection of a higher
dose. lim5, a gene that specifically regulates differential cell
adhesion behavior of the ectoderm but not the cell fate, was not
affected (Fig. 3A). Moreover, 2-cell stage embryos were injected
with scp3 MO-1 and analyzed at stage 10.5 using whole mount
in situ hybridization. In scp3 morphants, the expression of edd,
bra, chrd, and ventl was drastically inhibited, but /im5 was
unaffected (Fig. 3B). These results reveal an important role for
SCP3 in the formation of mesendodermal and epidermal struc-
tures during Xenopus embryogenesis.

SCP3 Is Required for the Expression of Nodal/Activin and
BMP Target Genes in Gastrula Embryos—Three lines of evi-
dence indicate that SCP3 functions via Nodal/Activin and/or
BMP signals. First, the abundant vegetal distribution over-
lapped with the localization of early activated Smad2 and
Smadl (10). Second, the phenotype of scp3 morphants is highly
similar to that of smad2, smad3, or smad4 morphants (44).
Third, target genes of both Nodal/Activin (endodermal and dor-
sal-mesodermal markers) and BMP (ventral-mesodermal and epi-
dermal markers) were down-regulated by scp3 MO (Fig. 3, A and
B). Therefore, we investigated whether SCP3 could regulate Nod-
al/Activin or BMP signal in Xenopus embryos using ARE and BRE
reporters. The ARE and BRE activity was stimulated by injection of
mRNA encoding Xnr1 and BMP4, respectively. When scp3 MO-1
was coinjected, the expression of both Nodal and BMP reporters
was severely inhibited (Fig. 4A4).

We further carried out animal cap assays to dissect the func-
tion of SCP3 in Nodal/Activin and BMP signals. Animal caps
from embryos injected with either std MO or scp3 MO-1 were

SASBMB

JULY 10, 2015« VOLUME 290-NUMBER 28

excised at stage 8.5 and treated with Activin A. Atstage 10.5, the
caps were collected and analyzed by qPCR. The induction of
mesodermal marker genes bra, gsc, Xnrl, and derriere by
Activin A was significantly reduced in scp3 MO-injected animal
caps (Fig. 4B, top). Similarly, scp3 MO-1 caused the down-reg-
ulation of BMP target genes ek, msx1, sizzled (szl), and ventl
with and without the stimulation of BMP4 (Fig. 4B, bottom).

Consistent with these loss-of-function results, overexpres-
sion of SCP3 by injecting its mRNA could enhance the expres-
sion of mesodermal markers induced by Activin A in stage 10.5
animal caps (Fig. 4C). Furthermore, SCP3 alone was able to
trigger the expression of bra, Xnrl, and derriere in later stage
animal cap cells (Fig. 4D). Taken together, these data strongly
suggest that SCP3 is required for the full activation of Nodal/
Activin and BMP signals in Xenopus embryos.

SCP3 Potentiates Nodal/Activin and BMP Signals by Dephos-
phorylating Linker Sites of R-Smads in Blastula and Gastrula
Embryos—It was reported that SCPs could interact with and
dephosphorylate Smad2 and Smad1 (26, 28 —30); we therefore
hypothesized that SCP3 regulated Nodal/Activin and BMP signals
in Xenopus via R-Smads. The injection of scp3 MO-1 caused
down-regulation of Nodal/Activin target genes (mix.1, chrd, and
derriere) as well as BMP target genes (ventl, vent2, and szl), and
this was significantly rescued by coinjection of X. laevis smad?2 or
smadl mRNA, respectively (Fig. 5, A and B). These results suggest
that the R-Smads are the components downstream from SCP3
along the Nodal/Activin and BMP pathways.

During Xenopus embryogenesis, the Nodal/Activin and BMP
pathways are activated by zygotically expressed ligands, and
this happens shortly after the MBT. Consistently, the phosphor-
ylation of R-Smads at C-terminal sites, as an indicator of signal
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FIGURE 3. SCP3 is required for the expression of Nodal/Activin and BMP target genes during early Xenopus embryogenesis. A, oocytes were injected
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activation, was detected after MBT (Fig. 5C) (10). In contrast, in
fertilized eggs, the Smadl was heavily phosphorylated at Ser-
205 in the linker region (corresponding to Ser-206 of human
Smadl), and phosphorylation on this site is believed to be
inhibitory (15, 45). Extensive phosphorylation of Smad2 at Ser-
245/250/255 was also detected (Fig. 5C), and these sites are also
considered inhibitory upon phosphorylation (16, 17). More
importantly, this linker phosphorylation was gradually reduced
when the embryos were approaching the MBT, and this was
accompanied by an increase of R-Smads protein level (Fig. 5C).
These results suggested that in fertilized eggs, R-Smads are
contained by inhibitory linker phosphorylation. Along with
cleavage, this phosphorylation is gradually removed, and
R-Smad proteins accumulate.

Next, we addressed whether the reduction of these inhibitory
phosphorylations is spatially different. Animal and vegetal
regions at stages 4, 6.5, 8.5, and 9.5 were collected, and the
phosphorylation level of Smad2 and Smadl in the linker
regions was verified. The results indicated that, from stage 4 to
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stage 6.5, the phosphorylation level of both Smad2 and Smad1l
decreased significantly in vegetal blastomeres but not in animal
blastomeres (Fig. 5D). From stage 6.5 to stage 9.5, the phosphor-
ylation level in animal blastomeres also decreased gradually,
resulting in the overall low level of phosphorylation in R-Smad
linker regions in gastrula embryos (Fig. 5C). This result sug-
gested that some asymmetrically localized phosphatase(s) may
lead to asymmetrical dephosphorylation.

To test whether SCP3 plays a role in dephosphorylating these
linker sites of R-Smads, we injected scp3 MO-1 into oocytes to
knock down the maternal SCP3 protein and harvested embryos
at stages 6 and 10.5 for immunoblotting using antibodies that
specifically recognize the phosphorylated linker sites or C-ter-
minal tails of Smadl or Smad2. Consistent with the reduced
Nodal/Activin and BMP signals and the down-regulation of
their targets, in stage 10.5 scp3 morphants, the phosphorylation
of the C-terminal tails of R-Smads was clearly weakened, and
this was co-related with reduced protein level of both Smad2
and Smadl (Fig. 5E). At stage 6, however, the phosphorylation
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ng), and the indicated mRNAs: Xnr1 (100 pg) and bmp4 (1 ng). Embryos were
harvested at stage 10.5 and assayed for luciferase activity. B, 2-cell stage
embryos were injected in the animal pole with std MO or scp3 MO-1 (60 ng).
Animal caps were excised at stage 8.5 and assayed by gPCR for the expression
of markers at stage 10.5. For the Activin target assay, animal cap explants
were treated with 5 ng/ml Activin A, and for the BMP target assay, 2 ng of
bmp4 mRNA was coinjected. C, 2-cell stage embryos were injected in the
animal pole with water or 300 pg of scp3 mRNA. Animal caps were excised at
stage 8.5, treated with 5 ng/ml of Activin A, and assayed by gPCR for the
expression of markers at stage 10.5. D, 2-cell stage embryos were injected in
the animal pole with water or 300 pg of scp3 mRNA. Animal caps were excised
at stage 8.5 and assayed by qPCR for the expression of markers at the indi-
cated stages. WE, whole embryo. Error bars, S.D.

at linker sites of both Smads was significantly elevated,
although the protein level of Smads was reduced in scp3 mor-
phants. These results indicate that knockdown of maternal
SCP3 attenuated the dephosphorylation of linker regions in
Smad1/2 and reduced the accumulation of total Smad1/2 dur-

SASBMB

JULY 10, 2015« VOLUME 290-NUMBER 28

ing cleavage stages. This is consistent with the above finding that
removal of maternal SCP3 reduced embryos’ response to the
upcoming zygotic Nodal/Activin and BMP signals after MBT.

Furthermore, to confirm that SCP3 can potentiate Nodal/
Activin and BMP signals by dephosphorylating linker sites of
R-Smads in embryos, we constructed R-Smad phosphoryla-
tion-resistant mutants. The mutant Smad2 differs by the three
phosphorylation sites in the linker region (S245A/S250A/
S255A) from Smad2, and the mutant Smad1 differs by a single
amino acid (S205A) from Smadl. mRNAs encoding mutant
R-Smads were coinjected with scp3 MO-1, and their activity
was compared with that of wild-type R-Smads. The results indi-
cated that the phosphorylation-deficient Smad2 caused more
significant rescue of target genes in comparison with the wild-
type Smad2 (Fig. 5F). Similarly, phosphorylation-insensitive
Smad1 showed a better rescue effect (Fig. 5G). Taken together,
these results strongly suggest that the vegetally enriched mater-
nal SCP3 gradually removes the linker phosphorylation of both
R-Smads before MBT and thus leads to preparation for the
activation by the upcoming ligands shortly after MBT.

SCP3 Potentiates Nodal/Activin and BMP Signals in Human
Cells—To further test the role of SCP3 on TGEp signaling in
human cells, we performed a series of loss-of-function analyses
by introducing siRNA oligonucleotides targeting SCP3 in
Hep3B cells (Fig. 6A). In reporter assays, transfection with SCP3
siRNA decreased the ability of Activin A and BMP4 to induce
ARE reporter and BRE reporter expression, respectively (Fig.
6B). In target gene tests, no matter whether the cells were
treated or untreated with ligands, SCP3 siRNA caused a
marked decrease in the expression of Nodal/Activin target
genes (LEFTYA, FST, and PAII) and BMP target genes (ID1,
ID2, and FURIN) (Fig. 6, C and D). At the phosphorylation
level, transfection of SCP3 siRNA resulted in accumulation
of linker-phosphorylated Smad2 and Smad1 both with and
without the treatment of ligands (Fig. 6E). SCP3 siRNA also
caused a significant decrease in the amount of total Smad2
and Smadl. The ligand-induced C-terminal phosphoryla-
tion, however, was weaker in SCP3 siRNA-transfected cells
in comparison with that in control siRNA-transfected cells
(Fig. 6E). qPCR results confirmed that the mRNA level of
both SMADI and SMAD2 was not affected by siRNAs
against SCP3 (Fig. 6A), and the down-regulation of R-Smad
proteins is probably due to linker phosphorylation-mediated
degradation (15, 16). Thus, in agreement with the results in
Xenopus, the data from human cells revealed that SCP3 plays
a positive role in both Nodal/Activin and BMP signals by
dephosphorylating linker sites of R-Smads.

Discussion

SCP3 Positively Regulates TGF[ Signaling by Dephosphory-
lating Linker Regions of R-Smads—As increasing evidence indi-
cates the importance of linker phosphorylation in R-Smads,
protein phosphatases have been identified to oppositely control
this dynamic process (14, 46). In the context of the cleavage
Xenopus embryo, we propose that SCP3 plays positive roles in
Nodal/Activin and BMP signals. To draw this conclusion, we
rely on the following results. First, the phenotype of scp3 mor-
phants is highly similar to that of smad4 morphants. Second,
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FIGURE 5. SCP3 potentiates Nodal/Activin and BMP signals by dephosphorylating linker sites of R-Smads in Xenopus early embryos. A, 2-cell stage
embryos were coinjected with 40 ng of std MO or scp3 MO-1 and mRNA coding for X. laevis Smad2 (2 ng). At stage 10.5, the embryos were harvested to measure
the expression of indicated marker genes by gPCR. B, 2-cell stage embryos were coinjected with 40 ng of std MO or scp3 MO-1 and mRNA coding for X. laevis
Smad1 (1 ng). At stage 10.5, the embryos were harvested to measure the expression of the indicated marker genes by gPCR. C, dynamics of Smad1 and Smad2
phosphorylation during the Xenopus embryogenesis. Embryos were harvested at the indicated developmental stages, and their lysates were analyzed by
Western blotting using specific antibodies. LP, linker phosphorylation; CP, C-terminal phosphorylation. Nodal/Activin- or BMP-responsive Smads are indicted
on theright. D, animal and vegetal cells were separated and collected at the indicated stages, and their lysates were analyzed by Western blotting using specific
antibodies. £, oocytes were uninjected or injected with 80 ng of scp3 MO-1. After the maturation, host transfer, and fertilization, the embryos were collected at
indicated stages and analyzed using specific antibodies. NC, negative control, uninjected embryos treated the same as injected ones. F, 2-cell stage embryos
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expression of the indicated marker genes by gqPCR. Error bars, S.D.

MO-mediated knockdown of SCP3 leads to down-regulation of
Nodal/Activin and BMP target genes, which can be rescued by
smad?2 and smadl mRNA, respectively. For some dorsal marker
genes that are oppositely regulated by Nodal/Activin and BMP
signals, the change of their expression is probably due to a com-
bined deficiency of both pathways. Third, in reporter assays,
scp3 MO decreases the expression of ARE and BRE reporters.
Fourth, in animal cap assays, the induction of mesodermal
marker genes and expression of BMP target genes are inhibited
by scp3 MO. Fifth, injection of scp3 MO reduces the levels of
C-terminal phosphorylation of both Smad2 and Smadl in gas-
trula embryos. In our study, SCP3 enhances the Nodal/Activin
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and BMP signals at least partially by releasing the inhibitory
phosphorylation at Ser-245/250/255 in Smad2 and Ser-205 in
Smadl, respectively. Furthermore, we found that knocking
down SCP3 reduced the total amount of Smad2 and Smadl.
This is consistent with the previous reports showing that the
phosphorylation of R-Smads at some linker sites triggers the
recognition and polyubiquitination by E3 ligase and results in
the degradation of R-Smads (15, 16).

So far, only SCPs have been identified as phosphatases of
R-Smad linker sites (14, 46). In Nodal/Activin signaling, SCP3
enhances TGFE signaling by dephosphorylating Smad?2 in the
linker region, just as the SCP1 and SCP2 do (28, 29). In BMP
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Activin-induced genes were determined by gPCR. D, cells were transfected with 50 nm NC or SCP3 siRNAs, and 40 h later, cells were treated with BMP4 for 4 h.
mRNA levels of BMP-induced genes were determined by qPCR. E, cells were transfected with 100 nm NC or SCP3 siRNA-1 and cultured for 48 h. After treatment
with Activin A or BMP4 for 1 h, the cells were collected for Western blotting analysis. Error bars, S.D.

signaling, SCP1 and SCP2 were suggested to dephosphorylate
Smad1 at both linker and C-terminal sites, resulting in the
attenuation of BMP pathway (26, 28, 29). Our results, from both
Xenopus embryos and human cells, confirmed that SCP3 is
involved in dephosphorylating the linker sites of Smadl. How-
ever, whether SCP3 functions to remove the C-terminal phos-
phorylation of Smadl is uncertain because the total Smad1 pro-
tein level was reduced when SCP3 was down-regulated.
Nevertheless, the net outcome of SCP3 knockdown is a lower
BMP signaling, suggesting a rather positive role of SCP3. Inter-
estingly,arecentstudysuggested that SCPL2specificallydephos-
phorylates the C terminus of Smad1/5/8 and therefore attenu-
ates the BMP signaling (30).

Maternal SCP3 Ensures Zygotic TGFB Signaling for Germ
Layer Formation in Xenopus Embryos—In Xenopus embryos,
the Nodal/Activin signal is strongly activated shortly after
MBT, when zygotic transcription is initiated (10, 12). The
zygotically expressed activin-like ligands, including Xnr1, -2, -4,
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-5, -6, and derriere, stimulate the signal and specify meso-endo-
dermal cell fates (1, 2, 4). The maternally expressed transcrip-
tional factor VegT activates the zygotic transcription of these
Activin-like ligands, and ectopic expression of these ligands can
rescue mesoderm induction following depletion of maternal
VegT, illustrating a relatively linear cascade (4, 47, 48). Despite
the timely and regional expression of ligands, however, the
competence of the responding cells may also be a determinant
of early patterning.

Competence represents the degree to which a cell responds
to an external signal (49). Numerous studies indicate that cleav-
age Xenopus embryos lack competence to the Nodal/Activin
and BMP signals. Using heterochronic Nieuwkoop recombi-
nants of animal-vegetal explants, Jones and Woodland (50)
found that only from stage 5 onward do vegetal cells become
competent to the Nodal/Activin signal that induces mesoderm.
An elegant experiment using BiFC (bimolecular fluorescence
complementation) technology in Xenopus embryos demon-
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strated that treatment of Activin at any time before MBT does
not result in nuclear accumulation of Smad2-Smad4 complexes
(51). Consistently, endogenous Smad2 phosphorylation in the
C-terminal region can be detected only after MBT (10). In
terms of the BMP signal, although some BMPs, such as BMP2
and BMP7, are maternally expressed, the C-terminally phos-
phorylated Smad1 is not detected in embryos until stage 8 (1,
11,12, 52). Ectopic expression of BMP ligands cannot stimulate
Smadl phosphorylation at stage 7 (10). Furthermore, this
timely Smad1 activation is independent of zygotic transcription
because polymerase II inhibitor a-amanitin does not prevent
the appearance of Smadl C-terminal phosphorylation in
response to BMP at MBT (10, 53).

In this work, we found that the linker regions of R-Smads are
heavily phosphorylated, as a signaling-locked status, in fertil-
ized eggs. Throughout the cleavage of blastomeres, the mater-
nally deposited SCP3 functions to remove this inhibitory phos-
phorylation gradually. These observations suggest that the
inhibitory linker phosphorylation in R-Smads may serve as a
maternal blocker of signaling activation. The gradual dephos-
phorylation of these inhibitory linker regions by SCP3 is prob-
ably a mechanism to ensure the response to upcoming ligands.
As such, shortly after the MBT, a good supply of responsive
R-Smad allows for the rapid activation of TGFf3 signaling.

Spatially, SCP3 is enriched vegetally, consistent with the veg-
etally enriched active R-Smads at stage 9.5-10, during which Nod-
al/Activin and BMP signals start to be highly activated (1,7, 10, 12).
Compared with SCP3 in the vegetal part, the lower level of SCP3 in
the animal part causes weaker but necessary dephosphorylation
effects, possibly contributing to activation of R-Smads not
restricted in the vegetal region, such as activated Smadl in the
ventral side across the animal-vegetal axis during gastrulation
(10—12). Interestingly, we do not observe any difference in SCP3
expression level across the dorsal-ventral axis, indicating a general
function of SCP3 for dorsally enriched Nodal/Activin signal and
ventrally enriched BMP signal in gastrula embryos.

Taken together, we have illustrated a phosphatase-mediated
mechanism in the regulation of cell competence, occurring at
the predetermined time and region of Xenopus embryogenesis.
Our findings suggest that vegetally enriched maternal SCP3
may cause a spatially restricted linker-dephosphorylation of
R-Smads, ensuring a prepared status for their activation by the
asymmetrically produced ligands. Challenges for the future will
be to understand what component or pathway is the trigger to
activate SCP3. It is possible to speculate that this activation
starts from fertilization, indicating the elaborate and forward-
looking modulation of life.
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