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Abstract

Background—Smad ubiquitination regulatory factor (Smurf) 1 and 2 are E3 ubiquitin ligases

originally identified asinhibitors of transforming growth factor beta signaling and are shown to

modulate multiple cellular activities. The roles of Smurfsin vertebrate embryogenesis, however,
are not completely understood.

Results—Here we investigate the function of Smurf2 during early Xenopus development. We
show that distinctly from Smurfl, overexpression of Smurf2 in presumptive mesoderm interfered
with mesoderm induction and caused axial defects, whereas knockdown of Smurf2 with antisense
morpholino oligonucl eotides resulted in expansion of the mesoderm. These resultsimply that
Smurf2 may modulate nodal-mediated mesodermal induction. Consistently, ventral expression of
Smurf2 induced a partial secondary axis with head structures. In the ectoderm, Smurf2 resembled
Smurfl in controlling neural and epidermal marker expression and influencing head formation.
Smurfl, but not Smurf2, additionally affected neural tube closure. Interestingly, both Smurfs
could enhance as well as repress neural crest markers, implying that they modulate their targets
dynamically during neural plate border specification.

Conclusion—Our data demonstrate that Smurf1 and Smurf2 have overlapping and distinct
functionalities during early frog embryogenesis; collectively, they regulate ectodermal and
mesodermal induction and patterning to ensure normal development of Xenopus embryos.
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Introduction

Secreted growth factors belonging to the transforming growth factor beta (TGF-B)
superfamily of cytokines play essential roles during vertebrate development and regulate
multiple processes. In Xenopus, two branches of the TGF-p signaling pathway modul ate
different aspects of early embryogenesis. While activin/nodal-like ligands control
mesodermal and endodermal induction and patterning, proteinsin the bone morphogenetic
protein (BMP) subfamily are critical for ventral cell fate determination in all three germ
layers. In the ectoderm, BMPs promote epidermal development and inhibit neural
specification in Xenopus gastrulae (Harland and Gerhart, 1997; Chang and Hemmati-
Brivanlou, 1998a; Harland 2000; Whitman 2001; Schier 2003; De Robertis and Kuroda,
2004; Vonica and Brivanlou 2006). Stringent control of both activin/nodal and BMP signals
isimperative to ensure normal development of Xenopus embryos, and is achieved by the
actions of myriad of regulators of TGF- signals that modulate signaling components at the
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extracellular, membrane, cytoplasmic and nuclear levels (Massague and Chen, 2000; Shi
and Massague, 2003).

Canonical signal transduction of TGF-f8 growth factors involves activation of cytoplasmic
receptor-regulated Smads (R-Smads) by transmembrane serine/threonine kinase receptors.
Upon ligand binding, type | and type Il TGF-p receptors form a complex and phosphorylate
Smad2/3 downstream of TGF-p/activin/nodal signals and Smad1/5/8 downstream of BMP
factors. These phosphorylated R-Smads then bind to a common partner Smad (co-Smad),
Smad4, and are transl ocated into the nucleus to collaborate with other transcription factors
to regulate target gene expression (Massague 1998). This signaling pathway is subjected to
modul ation by various positive and negative factors, including, for example, the inhibitory
Smads (I-Smads) and the nuclear transcriptional co-repressors. The [-Smads, Smad6 and
Smad7, inhibit phosphorylation of R-Smads by TGF-p receptors, compete with Smad4 for
activated Smadl, and/or promote degradation of TGF-f receptors by ubiquitin-proteasome
mediated pathway (Hayashi et a., 1997; Imamuraet a., 1997; Nakao et al., 1997; Hata et
al., 1998; Kavsak et al., 2000; Ebisawa et al., 2001; Murakami et a., 2003). The
transcriptional co-repressors, such as Sloan-Kettering Institute proto oncogene (Ski), Ski-
related novel gene, non-Alu-containing (SnoN), and TG-interacting factor (TGIF), are
recruited to the R-Smad/Smad4 complex at the promoter region of TGF-p target genes to
repress their expression (Liu et a., 2001; Luo 2004; Massague et al., 2005). The protein
stability of TGF-p signaling molecules as well as their regulators can be controlled by
ubiquitin-dependent degradation system, which influences the outcome of TGF-$ signaling
(Inoue and Imamura, 2011; Soond and Chantry, 2011).

Smurfs, Smad ubiquitination regulatory factors, were first characterized as HECT domain-
containing E3 ubiquitin ligases that negatively regulated BMP signaling (Zhu et al., 1999;
Linetal., 2000; Zhang et a., 2001). Two Smurf members were identified, both interacted
directly with Smad1/5 and down-regulated their protein levels. Subsequent studies reveal
that the Smurfs target many additional proteins that can both enhance and reduce TGF-p
signals, and the two Smurfs seem to have overlapping as well as distinct substrate
specificities. Besides Smadl and 5, both Smurfs can be recruited to TGF-p and BMP
receptors viaan intermediary protein, such as I-Smads or Fused, a cytoplasmic kinase
previously shown to act in the Hedgehog pathway. These adaptor proteins facilitate the
formation of aternary complex with Smurfs and the receptors and promote receptor
degradation (Kavsak et al., 2000; Ebisawa et al., 2001; Murakami et al., 2003; Xiaet d.,
2010). Similarly, viathe intermediary proteins R-Smads and |-Smads, both Smurfs can be
recruited to the Smad4 complex and reduce Smad4 levels (Moren et al., 2005). Smurfl also
down-regulates the protein level of TRAF4 (tumor necrosis factor-receptor-associated
factor-4), a protein that potentiates both nodal and BMP signals (Kalkan et al., 2009).
Smurf2, but not Smurfl, is shown to additionally enhance degradation of Smad2 in certain
cells and promote multiple mono-ubiquitination of Smad3 to attenuate Smad3 signaling (Lin
et a., 2000; Zhang et al., 2001; Tan et a., 2008; Tang et a., 2011). These activities of
Smurfs decrease signaling capacity of TGF-p signal transducers, resulting in inhibition of
TGF-p signals. However, Smurfs, especialy Smurf2, can also decrease the levels of
negative regulators of the pathway to augment TGF-f signals. Smurf2 is reported to
facilitate degradation of the transcriptional co-repressors SnoN, Ski and TGIF to allow
activation of the pathway (Bonni et a., 2001; Tan et a., 2008). Smurfl and Smurf2 also
promote degradation of Smad7 in the ternary complex with the TGF-f receptors (Kavsak et
al., 2000; Ebisawa et a., 2001). Furthermore, Smurf2 can reduce the level of Smurflin
cancer cellsto modulate cell migration (Fukunagaet a., 2008). Thus, the effect of Smurfs
on TGF- signaling may depend on specific cell types, and degradation of distinct Smurf
targets can influence spatial and temporal control of initiation, strength, and/or duration of
the TGF-B signal.
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The function of Smurfs during early vertebrate development has been analyzed in mice that
are deficient for Smurf genes. Targeted inactivation of SmurfZ or 2individually resulted in
viable and fertile mice (Yamashita et a., 2005; Tang et al., 2011), suggesting redundant
activities of the two Smuwrf genes. Disruption of both Smurf1 and 2genesin miceled to
embryonic lethality, with embryos displaying two distinct phenotypes (Narimatsu et al.,
2009). One group of the mutants had planar cell polarity (PCP) defects that affected tissue
convergent extension, so that the mice showed failurein neural tube closure. The defects
were attributed to impairment in localized degradation of the PCP protein Prickle 1. The
second group of the mutants displayed gastrulation defects. Though this could be caused by
deregulated TGF- signals, no detailed analyses of these mutants were reported. In
Xenopus, antisense morpholino oligonucleotides (MO) — mediated knockdown approach
was combined with the usage of a dominant negative mutant to assess the function of
Smurf1 during early frog embryogenesis (Alexandrova and Thomsen, 2006). Smurfl was
found to regulate neural patterning and neurulation, but knockdown of the gene did not
affect mesendodermal development. It is unclear whether thisis due to redundant activities
of Smurf2 present in the embryos that compensate for Smurf1 deficiency, and whether
Smurfl and Smurf2 regulate similar or distinct processes during early Xenopus
embryogenesis. In this study, we used gain- and loss-of-function approaches to address the
roles of Smurf2 in early frog development. We report that Smurf1 and Smurf2 have some
functional overlaps, but they also harbor certain distinct activities, so that the two Smurfs
work in concert to properly regulate the devel opment of Xenopus embryos.

Expression pattern of Smurf2 during early Xenopus embryogenesis

To understand the function of Smurf2 in early Xenopus devel opment, we first analyzed its
expression at different developmental stages by whole-mount /n7 stuhybridization. At late
blastula and early gastrula stages, Smurf2transcripts were evenly distributed in the animal
and the marginal regions without obvious dorsal-ventral differences (Fig. 1, panels a-c). By
mid- to late gastrula stages, Smurf2transcripts were reduced in the ventral region, so that
high expression was observed only in the dorsal ectodermal and mesodermal domains (Fig.
1, panels d-f). At neurula stages, Smurf2was predominately expressed in the neural and the
neural crest cells (Fig. 1, panels g and h). As development progressed, Smurf2 continued to
expressin the neural tissues and the migrating neural crest, and was seen aso in the sensory
organs, such as the eyes, the olfactory placodes, and the otic vesicles. Expression in the
notochord and the tail was observed in late stage embryos (Fig. 1, panelsi-l). Thewide
expression of Smurf2indicated that the gene might be involved in regulation of neural,
neural crest as well as mesendodermal development.

Ectopic expression of Smurf2 in the ectoderm affects neural and neural crest development

To address the role of Smurf2 in early frog embryogenesis, we first used the gain-of-
function approach to examine the effect of increased levels of Smurf2 on early frog
development. We thus injected the RNA encoding Smurf2into the animal region of one- to
two-cell stage embryos and analyzed the morphology of the resulting embryos at tailbud to
tadpole stages. As shown in Fig. 2, overexpression of Smurf2 resulted in embryos with
enlarged or ectopic cement gland, enlarged head, malformation of the eyes, and reduced
body axis. When compared with the activities of Smurf1 that was injected into the animal
region at the same dose and the same time, we found that elevated expression of Smurfl also
caused enlargement of the cement gland and the head, but the effect was milder than that
induced by Smurf2 in that it rarely generated ectopic cement gland. When the RNAs
encoding the two Smurfs were co-injected, the embryos displayed a more severe phenotype,
with the majority of them having ectopic cement gland and reduced or bent body axis (Fig. 2
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and data not shown). The results indicate that Smurfl and Smurf2 collaborate in the
ectoderm to control early embryogenesis.

Since cement gland and head formation is often associated with early neural specification at
low BMP signaling in the ectoderm, we next examined whether overexpression of Smurfs
influenced the ectodermal cell differentiation. We thus performed whole-mount /n situ
hybridization to assess the expression of the neural, neural crest, and epidermal cell markers.
To facilitate direct comparison of Smurf-expressing versus control tissues, we injected
Smurf RNAs with alineage tracer, the RNA encoding nuclear beta-gal actosidase, into the
animal region of one blastomere of 2-cell stage embryos. The embryos were then collected
at the neurula stages, stained with the beta-gal actosidase substrate Red-Gal to mark the
injected side, and subjected to /n stuhybridization. The side of the embryos that received
Smurf2 injection consistently showed expansion or ectopic expression of the neural markers
Sox2, NRP1 and Pax6 in the lateral epidermal regions, and this was accompanied by a
reduction in the expression of the epidermal marker epidermal keratin XK 70 (Fig. 3A).
Interestingly, when we examined the markers expressed at the neural plate border, including
the neural crest marker Slug and the neural crest/hatching gland marker Pax3, we found that
the embryos exhibited two different expression patterns. One group of the embryos showed
expansion of Slug and Pax3 domains, while the other group displayed reduced marker
expression (Fig. 3A). Our data thus imply that Smurf2 dynamically modulates neural plate
border genes.

To investigate whether Smurf1 resembles Smurf2 in control of neural and neural crest
differentiation, we repeated the experiment using SmurfZ RNA. Like Smurf2, Smurfl
induced the expression of the neural markers Sox2and Pax6in the epidermal region, and it
could also both enhance and repress the expression of the neural crest marker S/lug (Fig. 3B).
When we coinjected Smurfl and 2 RNAs, we discovered that the neural markers were
expanded and the neural crest marker S/lugwas predominately inhibited (Fig. 3B). These
results suggest that Smurf1 and Smurf2 act in asimilar manner to regulate neural and neural
crest genes during early frog development, and their control of the neural plate border genes
requires adelicate balance of the protein levels of their targets.

Smurf2 overexpression impairs mesodermal development

Smurf2, but not Smurfl, is shown to facilitate Smad2 degradation and Smad3 mono-
ubiquitination to block activin/nodal branch of the TGF-f signals. However, this effect may
be cell type- and dose-dependent, as Smad2 and Smad3 do not always appear to be the
preferred targets of Smurf2 (Bonni et al., 2001; Zhang et al., 2001). To see whether Smurf2
can regulate activin/nodal as well as BMP signaling during early Xenopus devel opment, we
performed targeted injection of Smurf2 RNA into the dorsal or the ventral marginal zone (D/
VMZ) of 4-cell stage embryos. Tissues from these regions give rise to dorsal-anterior and
ventral-posterior mesendoderm, respectively, in activin/nodal - and BM P-dependent
manners. When Smurf2 was ectopically expressed in the DMZ, embryos devel oped bent and
reduced body axes, and many also had split dorsal axesindicative of gastrulation defects
(Fig. 4A). On the other hand, overexpression of Smurf2 in the VMZ induced an incomplete
secondary axis in many embryos. Intriguingly, the ectopic axis often contained tissues
derived from the head, such as the cement gland and the hatching gland, and eyes were also
present in asmall percentage of the embryos (Fig. 4B and data not shown). The morphology
of the embryos differed from those with elevated levels of Smurfl. Ectopic expression of
Smurfl in the DMZ resulted in reduction of the tail and malformation of the head in the
tadpoles, with frequent occurrence of anterior neural tube closure defects; whereas enhanced
Smurflinthe VMZ led to the formation of a partial secondary axis that lacked any head
tissues (Fig. 4). Co-injection of RNAs encoding the two Smurfsin the DMZ induced severe
gastrulation defects in embryos (18/19 surviving tadpoles with gastrul ation defects), whereas
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co-injection of these RNAsin the VMZ induced partial ectopic axes that often contained
head structuresin the resulting tadpoles (22/35 embryos with a partial secondary axis;
among these, 14 had ectopic cement gland; not shown). The phenotypes of Smurf-
overexpressing embryos reveal that though both Smurfs can ater mesodermal patterning and
development, they have differential functionsin this process.

To understand how mesodermal genes were affected by Smurf2 overexpression, we next
performed /n situhybridization to evaluate mesodermal marker expression. Elevation of
Smurf2 levels in the mesoderm, either in the dorsal or the ventral region, disrupted the
expression of the pan-mesodermal gene Brachyury (XBrg. Smurf2 aso weakly down-
regulated the dorsal mesodermal marker chordinand inhibited the ventral-lateral
mesodermal gene wnt8when it was overexpressed in these regions (Fig. 5A). Interestingly,
though ventral injection of Smurf2 induced a partial secondary axis, chordin expression was
not robustly turned on in these embryos (Fig. 5A).

To compare the activities of Smurf1 and Smurf2, we also examined the embryos injected
with Smurf1 RNA. In this experiment, Smurfl or Smurf2 RNA was injected into the
marginal zone region of one blastomere of 2-cell stage embryos, and mesodermal marker
expression was analyzed at the gastrula stages by /n st hybridization. Unlike Smurf2,
enhanced Smurfl levels did not block XBraor chordinexpression, but instead mildly
expanded the expression of these genes. Similarly to Smurf2, Smurf1 also inhibited wrnt8
expression (Fig. 5B). When the two Smurfs were co-expressed, all three mesodermal
markers were down-regulated, though the effect on chordin expression was weak (Fig. 5B).
The dataillustrate that in contrast to cell fate regulation in the ectoderm where Smurfl and
Smurf2 act similarly, regulation of cell differentiation in the mesoderm by Smurf1 and
Smurf2 seems to differ, and thisislikely caused by differential modulation of different
targets by the two Smurfs.

Reduction of endogenous Smurf2 levels interferes with early embryonic development

To complement the gain-of-function studies, we next adopted the loss-of -function approach
to reduce the endogenous levels of Smurf2 and analyze its effect on early Xenopus
embryogenesis. We used the antisense morpholino oligonucleotide (MO) — mediated
knockdown method to decrease endogenous Smurf2 protein production. Two Xenopus
laevis Smurf2 transcript sequences were found in the database, and they differ in their
upstream 5’ -untranslated regions. We therefore designed a Smurf2-MO that targeted the
conserved sequence around the tranglational start site of both alleles, so that it could block
trandlation of Smurf2 from both transcripts. When injected into early frog embryos, Smurf2-
MO efficiently prevented protein translation from the introduced RNA encoding Xenopus
Smurf2, as detected by a Smurf2-specific antibody; but it had no effect on protein
production from the RNA that encoded human Smurf2 (Fig. 6A, B). In agreement with this,
Smurf2-MO inhibited the induction of a secondary axis by XSmurf2, but it did not block
secondary axis induction by hSmurf2 (Fig. 6C). Smurf2-M O also reduced the endogenous
Smurf2 protein up to about 50% of its original level at the gastrula stages, and there was no
appreciable degree of cross-regulation between Smurf1 and Smurf2 at the protein level (Fig.
6D, E). When injected into one-cell stage embryos, Smurf2-M O caused reduction of the
head structures with malformation of the eyes in the morphants, and the defects were mainly
rescued by co-expression of low doses (280pg) of hSmurf2 (Fig. 6F). Taken together, these
results demonstrate that Smurf2-M O specifically blocks trandation of Xenopus Smurf2 to
influence early frog embryogenesis.

Since ectopic expression of Smurf2 expanded neural tissuesin early embryos, we next asked
whether knockdown of Smurf2 could disrupt neural development. We thus injected Smurf2-
MO into the animal region of early embryos. Smurf2 morphants displayed head and eye
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malformation, a phenotype often associated with reduced anterior neural tissues (Fig. 7).
When injected at the same dose, Smurf1-M O, which has previously been shown to be
specific (Alexandrova and Thomsen, 2006), induced more severe defects in the head (Fig.
7), aresult consistent with the previous reports that Smurfl regulated neural development in
early Xenopus embryos (Zhu et al., 1999; Alexandrova and Thomsen, 2006). Double
knockdown of both Smurfl and Smurf2 also resulted in embryos with reduced head and
malformed eyes, and the effects seemed to be dose-dependent (Fig. 7). Whole-mount /n situ
hybridization of marker expression showed that knockdown of Smurf2 weakly decreased the
expression of the neura genes Sox2, NRPI and Pax6, and slightly expanded the domain of
the epidermal gene XK 70. Similar to the expression patterns observed in Smurf2-
overexpressing embryos, the expression of the neural plate border genes Slug and Pax3
could also be enhanced or reduced slightly in Smurf2 morphants, though most morphants
showed increased expression of these markers (Fig. 8A). This contrasted with the patterns
observed in Smurf1 knockdown embryos where the expression of the neural crest markers
was predominately decreased (Fig. 8B). Depletion of Smurfl also resulted in somewhat
wider and fainter domain of Sox2and reduced Pax6 staining (Fig. 8B), and this might
underlie the delay in neural fold closure and the eye defects in Smurf1 morphants (Fig. 7 and
data not shown; also see Alexandrova and Thomsen, 2006). In Smurfl and Smurf2 double
knockdown embryos, Sox2expression domain was disrupted, Pax6was decreased, and S/ug
was preferentially inhibited (Fig. 8B). Data from these experiments suggest that both Smurfs
participate in modulation of neural development and head formation during early Xenopus
embryogenesis.

Smurf2 regulates mesendodermal development in early Xenopus embryos

As Smurf2 transcripts were detected in both the ectoderm and the mesoderm in early frog
embryos, we addressed whether Smurf2 played arole in regulation of mesoderm
development. We thus performed targeted injection of Smurf2-MO into either dorsal or
ventral marginal zone (DMZ and VMZ) region of 4-cell stage embryos. Knockdown of
Smurf2 in the dorsal mesoderm led to consistent enlargement of endodermal mass in the
resulting tadpoles. In contrast, knockdown of Smurflin DMZ resulted in embryos with a
delay or failure in neural tube closure that was more prominent than ectodermal depletion of
Smurfl. The resulting tadpoles displayed small head and bent body axis (Fig. 9A). When
Smurfl and Smurf2 were simultaneously knocked down, the embryos invariably devel oped
microcephaly and axial defects. At high doses of the MOs, the embryos failed to complete
gastrulation and had bent and split axial structures (Fig. 9A). Ventral depletion of Smurf2
did not affect head or endodermal tissues, but the resulting tadpoles had truncated tails
compared with their uninjected siblings. Similar but more severe defects in tail extension
were also observed in Smurf1-ventrally-depleted embryos. When Smurfl and Smurf2 were
both knocked down in the VMZ, the tadpoles failed to develop atail (Fig. 9B).

To gain insight into the defects of Smurf morphants at the molecular level, we performed /n
Situhybridization to analyze mesodermal marker expression at the gastrula stages. Depletion
of Smurf2 in either DMZ or VMZ resulted in expansion of the pan-mesodermal marker
XBratowards the animal pole, and this effect was more obvious when the Smurf2 level was
reduced in the VMZ (Fig. 10A). In addition, knockdown of Smurf2 in the DMZ weakly
decreased the expression of the dorsal marker chordin, but knockdown of Smurf2 in the
VMZ expanded the domain of the ventral-lateral mesoderm marker wrt8(Fig. 10A). To
compare the function of Smurf1 and Smurf2, we next examined the embryos injected with
Smurf1-MO or Smurf2-MO into the MZ of one blastomere of 2-cell stage embryos.
Interestingly, unlike Smurf2 knockdown, Smurf1 knockdown reduced the expression of
Xbra but similarly to Smurf2 knockdown, Smurf1 knockdown also resulted in decreased
expression of chordin (Fig. 10B). When both Smurfl and Smurf2 were depleted, expression
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of Xbraand chordinwere both down-regulated (Fig. 10B). The results indicate that both
Smurfl and Smurf2 regulate mesodermal development, but they have distinct aswell as
redundant functions in this process.

Discussion

Smurfl and Smurf2 are E3 ubiquitin ligases that were originally identified as negative
regulators of the TGF-B signaling. However, subsequent studies reveal that they can not
only reduce, but also enhance, TGF-f signals, depending on the preferred proteins they
target in a particular cellular environment (Inoue and Imamura, 2008; Soond and Chantry,
2011). Moreover, Smurfs have additional substrates that are not involved in the TGF-p
pathway. By regulating stability and/or activities of their substrate proteins, Smurfs
participate in avariety of biological processes, such as cell proliferation, senescence,
migration, differentiation, and polarity (Zhao et al., 2003, 2010; Y amashita et al., 2005;
Sahai et a., 2007; Schwamborn et al., 2007; Cheng et al., 2011; Kong et al., 2011). The
roles of Smurfs during early vertebrate embryogenesis, however, are not completely
understood.

In this study, we used the animal model of African clawed frog, Xengpus /aevis, and both
gain- and loss-of-function approaches to address how Smurf2 regulates early development
of frog embryos and whether Smurf1 and Smurf2 have similar or distinct activities. We
describe that similarly to that reported for Smurfl, Smurf2 is expressed in the ectoderm and
the mesoderm in early frog embryos. However, the expression patterns of the two genes
diverge at later stages. Transcripts of both genes are detected in the central nervous system,
eyes, otic vesicles, neural crest derivatives, and the notochord, but Smurfl aloneisaso
detected in the kidney and the somites (Zhu et al., 1999; Alexandrova and Thomsen, 2006).
Functionally, both Smurfs modul ate mesodermal and neural development during Xenopus
embryogenesis, but they do not simply have the same and redundant activities. As discussed
below, our results help to shed light on the following issues.

1. Smurf2 likely modulates both activin/nodal and BMP branches of the TGF-B signals
during early vertebrate development

One issue that remained unresolved is whether Smurf2 regulates TGF-p/activin/nodal
branch of the signal /n vivo. Though it has been reported that Smurf2 can facilitate
degradation of Smad1 and Smad2 by ubiquitin-dependent machinery to terminate all TGF-p
signaling, some groups suggest that Smurf2 is ineffective towards Smad2 but promotes
Smad1 clearance efficiently (Lin et al., 2000; Bonni et a., 2001; Zhang et a., 2001; Tan et
al., 2008). Subsequently, it is shown that Smurf2 can induce multiple mono-ubiquitination
of Smad3 to block the TGF-f pathway without down-regulation of Smad3 protein level
(Tang et d., 2011). In addition, though both Smurf1 and Smurf2 have been shown to
facilitate degradation of TGF-p receptorsin mammalian cells (Kavsak et a., 2000; Ebisawa
et al., 2001), knockdown or knockout of Smurf1 does not affect TGF-B/nodal signaling
(Yamashita et a., 2005; Alexandrova and Thomsen, 2006). It is thus unclear whether during
vertebrate embryogenesis Smurf2 modul ates both activin/nodal and BMP signals. Data from
our studies imply that Smurf2 likely regul ates both branches of the TGF-g pathway during
early Xenopus development. Elevation of Smurf2 levels leads to disruption of mesodermal
induction, as evident from the inhibition of the pan-mesodermal marker Brachyury and the
development of the axia defectsin the resulting embryos. Conversely, knockdown of
Smurf2 results in expansion of the Brachyury domain toward the ectodermal regionin
gastrula embryos and enlargement of the endoderm mass in tadpoles of the morphants. As
induction of the mesoderm and the endoderm in Xenopus relies on activin/nodal signaling
(Whitman 2001; Schier 2003), our results indicate that Smurf2 likely modulates this
pathway to control mesoderm development. This conclusion is consistent with our
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observation that overexpression of Smurf2 in the VMZ induces a partial secondary axis with
the head structures, and thisis achieved without robust induction of ectopic dorsal
mesoderm as indicated by the lack of ectopic chordin expression. Induction of a secondary
neural axis with the head tissues by simultaneous inhibition of both nodal and BMP signals
has been documented previously (Piccolo et al., 1999), and the similar phenotypes we
observe here are in agreement with the notion that Smurf2 blocks both Smad1- and Smad2-
mediated signaling pathways. Examination of Smad2 protein levelsin embryos
overexpressing Smurf2 revealed no difference from that in the control embryos (data not
shown), suggesting that Smurf2 may utilize a mechanism other than Smad2 degradation to
modulate activin/nodal signals.

2. Smurfl and Smurf2 have overlapping and distinct activities during early frog
embryogenesis

Another issue that deserves attention is whether Smurf1 and Smurf2 act similarly to affect
vertebrate embryogenesis. Many proteins have been identified as common substrates for
both Smurfs (e.g. Smadl/5 or TGF-B type | receptor), while others have not been
characterized in parallel for the two Smurfs (e.g. TRAF4). Though alimited number of
unique targets for each Smurf have aso been found (e.g. Smad2/3 for Smurf2), it is unclear
whether during early vertebrate development the two Smurfs have redundant or distinct
functionsin particular tissues. In mice, targeted deletion of either Smurf gene does not
instigate developmental defectsin early embryos, suggesting that the functions of the two
Smurfs are redundant and can compensate for each other (Y amashita et al., 2005; Tang et
al., 2011). However, our data suggest that in Xenopus Smurfl and Smurf2 do not always
exert similar effects, and both are required for normal development of Xenopus embryos.
Overexpression of Smurf1 does not disrupt mesodermal induction; instead it alters
mesodermal patterning, so that the ventral-posterior marker wrt8is inhibited and a
secondary dorsal axis containing the trunk tissue isinduced. Knockdown of Smurflin the
DMZ leads to reduction of the head and the axial structures, a phenotype also seenin
embryos with enhanced BMP signaling (Harland and Gerhart, 1997; De Rabertis and
Kuroda, 2004; Alexandrova and Thomsen, 2006) and is different from that resulted from
Smurf2 knockdown in the DMZ. These results are compatible with the idea that Smurf1
promotes degradation of Smadl but not Smad2 and suggest that Smurf1 can function
differently from Smurf2 in regulation of early frog embryogenesis.

3. Smurfl and Smurf2 likely regulate multiple substrates to influence cell fate
determination in the ectoderm and the mesoderm

A third important issue pertains to the substrates that Smurfs regulate during early Xenopus
development. We propose that Smurfs control both positive and negative regulators of the
TGF-p signalsin atissue-dependent manner, and Smurfs also modulate additional protein
substrates that are not in the TGF-p pathway to influence developmental processesin
Xenopus. These points are relevant in both ectodermal and mesodermal development. In the
ectoderm, overexpression or knockdown of either Smurf can both enhance and inhibit the
expression of the neural crest marker Slug, and thisis achieved without overt alterationin
expression of the somitic mesodermal marker myoD (not shown). This phenotype has not
been reported for other regulators of the neural crest and suggests acritical requirement for
fine balances of signals that control neural crest development. The mechanism underlying
such delicate balance of signalsislikely through dynamic modulation of Smurf targets
temporally and spatially. It has been reported that a BMP signaling gradient in the ectoderm
determines the status of cell differentiation, with the formation of the epidermis at high BMP
levels, theinduction of the neural fate at low BMP levels, and the generation of the neural
crest at immediate BMP levels (Baker and Bronner-Fraser, 1997; Aybar and Mayor, 2002;
Barembaum and Bronner-Fraser, 2005). Smurfs can modulate both positive and negative
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factorsin the BMP pathway, thusit is possible to imagine that Smurfs may simultaneously
regulate R-Smads/TRAF4 to reduce, and 1-Smads/Ski/SnoN to enhance, BMP signaling in
the neural plate border region. As Smurfs likely have differential capacity to modulate the
stability/activity of these substrates that may also be engaged in feedback regulation among
themselves, the doses and the timing of Smurfs expressed in the region will determine the
ratio of positive versus negative factors of the BMP pathway present in this domain, hence
the expansion or the reduction of the neural crest markers. Besides modulation of the BMP
signaling, we can envision an alternative scenario in which Smurfs regulate proteins that do
not act in the TGF-B/BMP pathway. For example, Wnt signaling has been implicated in
neural crest induction in Xenopus (Saint-Jeannet et al., 1997; Chang and Hemmati-
Brivanlou, 1998b; LaBonne and Bronner-Fraser, 1998), and a crucia inhibitory component
of the Wnt signal transduction, GSK-3, is atarget of Smurf2 in chondrocyte. By promoting
GSK-3pB degradation, Smurf2 helps to stabilize B-catenin and stimulate canonical Wnt signal
transduction (Wu et al., 2008, 2009). It is possible that Smurfs may a so promote
degradation of GSK-3p in the neural crest cellsto up-regulate Wnt signaling, while at the
same time facilitate clearance of R-Smads/TRAF4 to inhibit BMP signals. Asthe affinity
and/or kinetics of Smurfs towards these substrates likely differ, the doses of Smurfs present
at the neural plate border region will influence the balance between the Wnt and the BMP
signals, which in turn affects the expression of the neural crest markers. In addition to
regulating cell fate in the ectoderm, Smurf1, but not Smurf2, seems to control neural
morphogenesis. Dorsal expression of Smurfl or Smurf1-MO induces adelay or afailurein
neural tube closure. Since this phenotype has not been associated with atered levels of BMP
signaling, it islikely that Smurfl acts on other proteins to modulate this process. The most
probable target is Pricklel, a component in the planar cell polarity pathway that is shown to
be regulated by Smurfsin mouse to control neural tube closure (Narimatsu et al., 2009). The
other possible target is RhoA, a Smurfl substrate that regulates neuronal cell polarity and
cancer cell migration (Sahai et a., 2007; Tian et a., 2011). Smurfs therefore seem to
modulate both TGF-B/BMP signaling components and other proteins to control ectodermal
cell differentiation and morphogenesis.

In the mesoderm, Smurfs also likely modulate multiple proteins to influence induction and
patterning of this germ layer. Knockdown of either Smurfl or Smurf2 in the VMZ leads to
tail truncation of the morphants, and this phenotype has not been reported when nodal or
BMP signaling is enhanced in this region. The results imply that in addition to inhibition of
noda and BMP pathwaysin the VMZ, as indicated by expansion of XBraand/or w8
domain in Smurf VMZ morphants, Smurfs may also regulate other substrates to control
ventral-posterior tissue formation. Similarly, when Smurfl is depleted in the mesoderm, the
pan-mesodermal marker Brachyury is reduced. This result has not been seen with enhanced
BMP signaling and again suggests that substrates other than R-Smads and TRAF4 are
involved. Interestingly, though Brachyury is expanded into the ectodermal region in Smurf2
morphants, this marker expression is reduced in the mesoderm of Smurf1 and Smurf2
double knockdown embryos. This indicates that a mesodermal inhibitory moleculeis
stabilized when both Smurfs are depleted. It is possible that |-Smads (Smad6 and 7) or Ski/
SnoN, all of which are present during the gastrula stages in the mesoderm (Amaravadi et al.,
1997; Bhushan et al., 1998; Casellas and Hemmati-Brivanlou, 1998; Nakayama et al., 1998;
Seufert et al., 2005), are the candidate molecules that regulate mesoderm formation in these
embryos. However, since the expression of Wnt8 is expanded rather than inhibited in Smurf
morphants, it islikely that the BMP signaling is not dampened in these embryos. Other
proteins may be affected by altered Smurf levels to regulate mesodermal induction and
patterning.

Taken together, our studies reveal that Smurfl and Smurf2 likely modulate both positive and
negative factorsin the TGF-B/BMP pathways as well as many other protein substrates, some
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of them may yet to be discovered, to regulate ectodermal and mesodermal development
during early Xenopus embryogenesis. Smurf1 and Smurf2 have both redundant functionsin
regulation of neural and tail development as well as unique activities, with Smurf1 playing
more important rolesin neural tube closure and Smurf2 having essential functionin
controlling mesodermal induction. The totality of the biological roles of Smurfsin early
vertebrate embryogenesis may be conserved across species, though the involvement of
individual Smurfsin particular processes may differ. Future investigation is needed to tease
out the exact substrate(s) involved in mediating the effects of Smurf overexpression and
knockdown in particular tissue contexts during early Xenopus devel opment.

Experimental Procedures

Plasmids construction and RNA synthesis

The full length Xenopus laevis Smurf2 gene was cloned by RT-PCR into the pCS105 vector,
using the primers Smurf2-N: 5'-GGAATTCACCATGTCTAATCAGGGATCCCGGC-3
and Smurf2-C: 5'-GCTCTAGATCATTCCACAGCAAATCCACAAGT-3'. For mRNA
injection, the plasmid was linearized with Ascl and transcribed using SP6 in vitro
transcription kit (mMessage mMachine kit, Ambion). Unless otherwise stated, the results
shown in the figures were from embryos injected with 2ng of RNAs. For whole-mount /n
situhybridization of Smurf2, the plasmid was cut with EcoRI and the digoxygenin-UTP-
labeled antisense RNA probe was synthesized using T3 RNA polymerase. Xenopus Smurfl
and human Smurf2 genes were used as described previously (Zhu et a., 1999; Zhang et al.,
2001).

Embryo injection and processing for whole mount in situ hybridization

The X. /aevisembryos were obtained and injected as described (Nie and Chang, 2007). The
seguence of the antisense Smurf2 MO is: 5-TCCCTGATTAGACATGGCACCGGGC-3
(Gene Toals, LLC), which hybridizesto the -10 to +15 nucleotide position relative to
trandational start site of Smurf2. Injected embryos were collected at gastrula or neurula
stages for whole mount /1 situhybridization analyses of marker expression, or at tailbud to
tadpole stages for phenotype examination. /n situhybridization was performed as described
by Harland (1991), using the neural or the mesodermal probes described previously (Chang
and Harland, 2007; Burn et al., 2011). Xenopus Smurf1-MO was used as previously
reported (Alexandrova and Thomsen, 2006). All the experiments were repeated at |east three
times.

Western blot analyses

For Western blot analyses, injected or control embryos were collected at early gastrula
stages for protein extraction. Western blot was performed using the anti-Smurf2 antibody
(Santa Cruz Biotechnology) at the 1:200 dilution or anti-Smurf1 antibody (Abcam) at the
1:500 dilution.
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Figure 1. Expression pattern of Smurf2 during early Xenopus development

Whole mount /n situhybridization shows that Smurf2transcripts are uniformly localized to
the ectodermal and mesodermal regions in blastula (panels aand b, stage 9 embryos with
animal and vegetal views, respectively) and early gastrula (c, stage 10 vegeta view with the
arrow pointing to the blastopore lip) embryos. At mid- to late gastrula stages, its expression
is enhanced in the dorsal region (panelsd and e, stage 11 and 12 embryos, posterior view
with dorsal side on top; and panel f, stage 12 embryo lateral view; D: dorsal; V, ventral).
During neurulation, Smurf2 is seen in the neural plate and the migration neural crest cells
(panels g and h, dorsal and anterior views respectively; NC, neural crest). At the tailbud to
tadpole stages, Smurf2 transcripts are detected in the neural tissues, the olfactory and otic
vesicles, eyes, migrating neural crest, notochord, and tail (panelsi to I, lateral view with the
head on the left side; Br: brain; Nt: notochord; Ol, Olfactory placode; Ot: otic vesicle).
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Smurf2

Figure 2. Overexpression of Smurfsin the ectoderm induces enlarged or ectopic cement gland
and enlarged head

RNAs encoding Smurfl or 2 were injected into the animal region of early frog embryos and
the resulting tailbud embryos are shown here. The numbers indicate the embryos displaying
the phenotype.
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Figure 3. Elevation of Smurf levels affects neural and neural crest development

A) Increased levels of Smurf2 led to expansion or ectopic expression of the neural genes
Sox2, NRP1 and Pax6 and reduction of the epidermal marker XK 70, but could both up- and
down-regulate the neura plate border genes Slug and Pax3 B) Smurfl and Smurf2 function
similarly to control neural and neural crest development; and together they facilitated
expansion of the neural genes but reduction of the neura crest marker S'ug. The numbers of
the embryos displaying the shown changes in marker expression are indicated in the figure.
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Figure 4. Smurfl and Smurf2 play different rolesin mesodermal development

A) Increased Smurfl expression in dorsal mesoderm results in dorsal-anteriorization of the
embryos (46/72 embryos), which often also show anterior neural tube closure defects (in 18
embryos; arrow points to the open brain). In contrast, increased Smurf2 expression in the
dorsal mesoderm leads to disruption of axia structures, with embryos frequently displaying
gastrulation defects (73/85 embryos with gastrulation defects; among these, 32 embryos had
split dorsal structures characterized as the open back phenotype). B) Ectopic expression of
Smurflinthe VMZ induces a partial secondary dorsal axis with the trunk tissues (40/59
embryos; yellow arrowheads); whereas ectopic expression of Smurf2 inthe VMZ resultsin
induction of a partial secondary axis that often contains cement gland and hatching gland
(36/44 embryos with an ectopic axis, and 25 of these contained cement gland; red
arrowheads).
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Figure 5. Smurfl and Smurf2 differentially regulate mesoder mal markersat gastrula stages

A) Overexpression of Smurf2 in either DMZ or VMZ disrupts expression of the pan-
mesodermal marker Brachyury (XBrag). Dorsal expression of Smurf2 dlightly reduces the
dorsal mesoderm marker chiordin, whereas ventral expression of Smurf2 inhibits the ventral -
lateral mesodermal marker writ8. B) Unlike Smurf2, Smurf1 does not block, but instead
mildly expands, the expression of XBra or chordir, though like Smurf2, it also inhibits wnt8
expression. Co-expression of Smurfl and 2 leads to reduction of all three mesodermal
markers. The numbers indicate the embryos displaying the shown changes in marker
expression.
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Figure 6. Smurf2 antisense mor pholino oligonucleotides (Smurf2-M O) acts specifically to block
translation and function of Xenopus Smurf2

A) Smurf2 antibody recognizes Xenopus Smurf2, but not Smurfl. B) Smurf2-MO inhibits
tranglation from the RNA encoding Xeropus Smurf2 (XSmurf2), but has no effect on
trangdlation of human Smwurf2 (hSmurf2). C) Smurf2-MO blocks induction of a partial
secondary axis by XSmurf2, but not by hSmurf2. D) Smurf2-M O reduces endogenous
Smurf2 protein levels at the gastrula stages. E) Smurf1-MO does not regulate the protein
level of Smurf2. F) Ectodermal expression of Smurf2-M O induces head defects, which are
partially rescued by low doses of co-expressed hSmurf2.
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Figure 7. Smurfl and Smurf2 are both required for normal head development in early Xenopus
embryos

Knockdown of either Smurf led to malformation of the head in the resulting tadpoles, with
Smurf1 morphants displaying a more severe phenotype. Depletion of both Smurfs
exacerbated the head defects, suggesting that the two Smurfs have redundant activitiesin
regulation of head development. The numbers indicate the embryos showing the phenotype.
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Smurf2-MO
Slug Pax3 (50ng)

Smurf1+2-MOQOs
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Figure 8. Smurfsregulate ectodermal marker expression

A) Knockdown of Smurf2 slightly reduced the neural marker expression and expanded the
epidermal marker XK 70, but the neural plate border genes Slugand Pax3could be both up-
and down-regulated in the morphants. B) Knockdown of Smurfl resulted in slightly reduced
Sox2in awider domain and decreased Pax6 expression; S/ugwas also predominantly
reduced (10/54 and 35/54 embryos with enhanced and decreased S/ug expression,
respectively). Depletion of both Smurf1 and Smurf2 caused reduction and disorganization of
the Sox2domain, and decreased expression of both Pax6and S/ug (8/50 and 36/50 embryos,
respectively, with enhanced and reduced S/ugin 25ng combination of both MOs, and no
embryos showed higher expression of Sugin double morphants with 50ng combination of
the MOs).
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Figure 9. Smurfl and Smurf2 control mesendoder mal development in early Xenopus embryos
A) Knockdown of Smurfl in dorsal tissues resulted in reduction of axial structures and
malformation of the head, which was often accompanied by a delay or failurein neura tube
closure (32 out of the 58 embryos with the shown phenotype had neural tube closure defects,
arrow). In contrast, knockdown of Smurf2 led to enlargement of the endodermal massin the
embryos. When both Smurfs were knocked down, the embryos developed with severe axia
defects, microcephaly, and failure in gastrulation. B) Knockdown of either Smurfl or
Smurf2 in the VMZ region induced tail truncation, though the phenotype was more
pronounced in the Smurf1 morphants. Double knockdown of both Smurfs aggravated the tail
defects. The numbers indicate the embryos showing the depicted phenotype.
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Figure 10. Smurfl and Smurf2 differentially regulate mesodermal marker expression
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A) Knockdown of Smurf2 in the marginal zone region caused expansion of the pan-
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mesodermal marker XBratowards the ectodermal region. Dorsal knockdown of Smurf2
reduced expression of c¢hordin, whereas ventral knockdown of Smurf2 led to expansion of

wnt8into the ectodermal domain. B) Unlike Smurf2 knockdown, Smurf1 knockdown

reduced the expression of both XBraand chordin, and double knockdown of both Smurfs
resulted in more efficient reduction of these markers. The numbers indicate the embryos

displaying the shown changes of marker expression.
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