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Summary

Mesoderm induction and patterning are primarily
regulated by the concentration of locally expressed
morphogens such as members of the TQFsuperfamily.
Smad2 functions as a transcription factor to regulate

the absence of their morphogen-mediated activation. In
addition, their introduction into the ventral marginal zone

results in a secondary axis formation. Gain-of-function
analysis revealed that XPIASy inhibits mesoderm

expression of mesodermal genes downstream of such induction by specific and direct downregulation of XSmad?2

morphogens. We have identifiecKenopusPIASy (XPIASYy),
a member of the PIAS family, by yeast two-hybrid
screening using Xenopus Smad2 (XSmad2) as a bait.
During mesoderm induction, XPIASy is expressed in the
animal half of embryos with a ventral high-dorsal low
gradient at the marginal zone. XPIASy expression is
positively and negatively regulated by activities of the
XSmad2 and Wnt pathways, respectively. Interestingly,
inhibition of XPIASy by morpholinos induces elongation of
animal caps with induction of mesoderm genes even in

transcriptional activity. These observations indicate that

XPIASYy functions as an essential negative regulator of the
XSmad?2 pathway to ensure proper mesoderm induction at
the appropriate time and in the appropriate region, and

suggest that both the initial step of morphogen-mediated
activation of the XSmad2 pathway and regulation of the
final downstream transcription step have crucial roles in

mesoderm induction and patterning.
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Introduction direction (Faure et al., 2000; Lee et al., 2001; Schohl and

Mesoderm is formed at the marginal zone between thE@gotto, 2002). To explain this localized activation, a
ectoderm and endoderm from late blastula to early gastruf@orphogen model of activin-like ligands is widely accepted
stages. Early studies usingenopusembryos showed that (Green et al., 1992; Gurdon and Bourillot, 2001; McDowell
mesoderm formation results from inductive signals release@nd Gurdon, 1999). In this model, locally activated secreted
mainly from the underlying endoderm (Gimlich and Gerhartfactors diffuse in the embryo and induce specific fates and
1984; Harland and Gerhart, 1997; Nieuwkoop, 1973). The@roper patterning of embryos in a concentration-dependent
released signals activate downstream signalling cascadesanner. However, the activation of endogenous XSmad2 is
including the Smad2, the Smad1 and Wnt pathways, to induescluded from the prospective ectoderm at the animal pole.
transcription of mesodermal genes. _ _ This spatial exclusion permits formation of ectoderm at the
The importance of Smad2 in mesoderm induction angnimal pole, by a mechanism that is not well understood.
patterning was demonstrated iXenopus embryos by  appjication of activin-like ligands to animal caps between late
observations that inhibition ofenopusSmad2 (XSmad?2) at blastula and early gastrula stages converts prospective

the dorsal marginal zone (DMZ) _res_ults n loss of EXPreSSIOR 1o 4erm into mesodermal fate by activation of Smad2 (Eppert
of mesodermal markers in association with a defect in dorsal[cal 1996; Graff et al., 1996). However, if activin-like ligands

structure. Furthermore, activation of XSmad2 induces . . .
mesoderm markers in a dose-dependent manner and & gpp_lled to animal caps before or after these stages, their
formation of a secondary axis (Graff et al., 1996; Hemmati@PPlication does not induce mesoderm, suggesting that
Brivanlou and Melton, 1992; Hoodless et al., 1999). Durindompetence towards XSmad2 is temporally and spatially
mesoderm induction and patterning, the Smad2 mRNA ang@9ulated (Grimm and Gurdon, 2002; Lee et al., 2001). Despite
protein are widely distributed mainly in the animal half ofthe well-characterized mechanism of mesoderm induction and
Xenopus embryos. However, interestingly, activation of patterning, it is not yet clear how this temporally and spatially
endogenous XSmad2, which is monitored by phosphorylatiorestricted competence, which is required for the precise
of XSmad?2, occurs at the marginal zone in a dorsal-to-ventrglatterning of germ layers, is regulated. Nor is it understood
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what prevents the vegetally produced activin-like signal fromand, consistent with this regulation, endogenous XPIASy

inducing mesoderm all the way up into the animal hemispherexpression is largely overlapping with that of Smad2 in the
The Smad2 pathway is activated by activin-like moleculesnimal half of embryos, but its expression in the DMZ is

of the transforming growth factop (TGF3) superfamily significantly reduced at the stage of dorsal mesoderm

(Kofron et al., 1999; Osada and Wright, 1999; Thomseinnduction. These observations provide a possible mechanism

and Melton, 1993) through their receptor-mediatecby which XPIASy ensures the zone of Smad2 activation

phosphorylation of Smad2. The activated Smad2 makes raquired for mesoderm induction and patterning: by its

complex with Smad4 and then translocates from the cytoplasdevelopmentally regulated expression and by the inhibition of

to the nucleus. By recruiting other transcription activators sucBmad2 activity in appropriate regions and with appropriate

as FAST1, the Smad2-Smad4 complex activates transcriptidiming.

of target genes (Baker and Harland, 1996; Chen et al., 1997;

Graff et al., 1996; Green et al., 1992; Harland and Gerhart,

1997; Horb and Thomsen, 1997; LaBonne and Whitman, 1994/laterials and methods

Nomura and Li, 1998). Smad2 protein has three majo .

domains: MH1, linker and MH2 domains (reviewed by Fortungf:z:ggsz I?:'e‘illisse;rgggzsobtained by in vitro fertilization were

gt al.,. 2001'h.Lu;|Z and Knalés.' 2002)5 Themelsan?j fMH.ldejeIIied in 2% cysteine and allowed to develop in>MBS.
omains areé nignly CONServed in members or theé smad fami ‘mbryos were staged according to Nieuwkoop and Faber (Nieuwkoop

The MH1 region has a role in autoinhibition by physically anq Faber, 1994).

interacting with the MH2 domain (Kim et al., 1997). The linker

regions among Smad proteins have diverse structures but dree yeast two-hybrid screen

well conserved through evolution. The linker domain of Smad2Zhe C-terminal region of XSmad2 (amino acids 180 to 432) was

has three serine phosphorylation sites, which regulate igibcloned into aBTM116bait vector (Vojtek et al., 1993). The yeast

nuclear exclusion and contribute to the competence dwo-hybrid screening was performed as described (Shimizu et al.,

precursor cells to activin-mediated mesoderm inductior?r%OFlg USS'“ngaﬁf§;°S;$9%CD;§ "r?]rzt%’rgzlImagypcrzg‘%%“e(ﬁz r%f tgﬁd

(Grimm and Gurdon, 2002). The MH2 domain is crucial for 'gnating way ernally €xpress

regulation of its activity and has three phosphorylation sites foThomsen’ 1997 Koyano et al., 1997; Shimizu et al., 2001).

ligand-mediated activation (Abdollah et al., 1997). So farconstructs

many Smad2-interacting proteins, including receptors (Ro &the xsmad2-myc construct and the XSmad1 cDNA are from Dr J.
al., 1995), other Smad proteins (Wu et al., 1997), and manyraff. The dominant-negative XSmad2 (P445H) was constructed by
positive and negative transcription factors [such as FAST anpiCR mediated mutagenesis. XSmad1-pCS2 construct was made by
Mixer (Germain et al., 2000; Watanabe and Whitman, 1999 CR. The XSmad4-myc constructs are from Prof. E. Nishida, and T7-
Yeo et al.,, 1999), Swift (Shimizu et al., 2001), p300/CBPmMPIASYy is from Dr Grosschedl. The wild-type and deletion constructs
(Janknecht et al., 1998; Pouponnot et al., 1998), Ski and SndNXPIASy were made using pCS2+ derivatives or the pACTII vector.

; P ; ; o ; Ll ; vector (Stratagene). Théenopug3-catenin and Tcf3 constructs were
identified mainly from studies using mammalian cell lines. ifts from Dr Van de Wetering. pLexA-Smad2 (amino acids 180 to

Each protein interacts with a specific domain of Smad2 an 2), plexA-Ras (G12V), pACTI-HK-Swift and pvP-Raf were

functions at a specific position in the Smad2 Signallinggrepared as described (Shimizu et al., 2001). Flag-tagged SUMO-1

pathway. Howe_ver, the_ir regulatory mechanisms during earlyynstruct was made usig@nopusSUMO-1 cDNA (AW767329) and
development still remain to be solved. pCS2+.

In order to understand the regulation of the Smad?2 S _
complex and the importance of Smad2 regulation in earlynRNA injection and animal cap assay
embryogenesis, we performed a yeast two-hybrid screen usifg@pped mRNAs were produced from linearized constructs using the
XSmad2 as a bait and have identifi&hopusPIASy (protein relevant promoter according to the manufacturer’s instructions
inhibitors of activated STAT y), which is a member of the PIAS(MMessage mMachine, Ambion). The mRNAs were injected at the
family. Recently, members of the PIAS family have beerfVe" concentrations into the indicated regions. For the animal cap
shown to interact with several transcription factors, includingS3Y; (e embryos were grown untl stage 8 ixBIBS and the

imal caps were dissected iXxMIBS. The caps were then cultured
Smadl, Smad2, Smad4, Lefl and androgen receptors, andirﬂb.SxMBS either up to stage 10.5 and used for RT-PCR analysis or

be involved in their modification with SUMO (small ubiquitin- \yestern blotting, or up to stage 27 to analyse animal cap morphology.
like modifier) and transcriptional regulation of the interacting

proteins in mammalian cell lines (Jimenez-Lara et al., 2002 situ hybridization

Kahyo et al., 2001; Lin et al., 2003a; Long et al., 2003; Sachdedigoxigenin-labelled antisense RNA probes were produced from the
et al.,, 2001). However, its role and physiological targets ircorresponding constructs. Hybridizations were performed on whole
development remain to be elucidated. Therefore, in this papedmbryos according to standard protocols (Harland, 1991).

we have analyzed the role of XPIASy in mesoderm inductio
and patterning usingenopusembryos by gain- and loss-of- o . . .

: ; sate of injected embryos or animal caps in a modified RIPA buffer
functhn approaches. Our analyS'S h?‘s revealed that XPIA. as pre-clejared with P?/otein G fast flovs) agarose (Sigma) for 1 h at
nega_tlvely regulates transcrlptlon act|V|_ty of X_Smadz asamalfoc Tne supernatant was then subjected to incubation with anti-Flag
physiological target during mesoderm induction by their direcfy2, sigma), anti-Myc (9E10) or T7 antibody (Novagen) for 2 hours
interaction, but not by its SUMOylation activity. Moreover, we gt 4°C followed by a 1 hour incubation with protein G agarose.
have found that transcription of XPIASy is positively andimmunoprecipitated samples were separated by SDS-PAGE gel. The
negatively regulated by XSmad2 afietatenin, respectively, blotted membrane was probed with primary antibodies [anti-Smad2/3

rI.lmmunoprecipitation and western blotting
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(BD transduction lab), anti-Myc, anti-T7 or anti-Flag antibody] andin organisms, these observations indicate that the interaction is
then with secondary antibody (HRP-conjugated anti-mouse IgG). highly context dependent and suggest #amopusembryos
Semi itative RT-PCR analvsi may have an inhibitor of the interaction.
;m;quan'a'ved f' thanais'st d mRNA as described (Dani lr%AS mentioned, members of the PIAS family have been
C S were made 1rrom the extracted m as adescripe anie H .
: cently found to be SUMO E3 ligases (Jackson, 2001; Kahyo
and Brown, 2001). All primers, except faSmady XPIASy and Stal., 2001; Kotaja et al., 2002; Sachdev et al.,, 2001; Schmidt

Xventl were used according to previous publications (Gawantka -
al., 1998; Xanthos et al., 2002). The primer sequenceXSarad2 and Muller, 2002). These enzymes catalyze the addition of

are: forward, 5agtcatcatgaactgaaagt-8everse, Sggttccgaataggt- SUMO to lysine residues of target proteins in a similar
gacagg-3 For XPIASy forward, 3-agcctatcacatcatgcact-3everse, Mechanism as observed in ubiquitin modification. Recently, it
5-'caatctctgtaatagctcgg-3The primers forXmsxlare based from has been shown that some members of the PIAS family, such
http://www.hhmi.ucla.edu/derobertis/index.html. Quantitative rangeas PIAS3 and PIASy, and Ubc9 (E2 SUMO conjugation
were determined before the final analysis. All reactions werenzyme) are binding partners of Smad proteins in mammalian
normalized again<®DC product. cell cultures (Imoto et al., 2003; Long et al., 2003; Long et al.,
: 2004b) and that Smad proteins are SUMOylated by their
Luciferase assay activities (Imoto et al., 2003; Lee et al., 2003; Lin et al., 2003a;
The reporter construct (50 pg) of pARE-luc or p3TP-lux and mRNA in et al., 2003b; Long et al., 2003; Long et al., 2004a; Long

indicated were injected into both blastomeres at the two-cell stage. L 2004b ith h thei | N devel t
For analysis using animal caps, the animal caps were dissected at Stgg?(ﬁc.);/vn M e)r"nbaersougf theelr F:I(?A%s flgmilivehc;?/?enthr:ée

8. The luciferase activity was measured using caps at stage 1 o y : :
according to the manufacturer’s protocol (Dual-Luciferase, Promegagharacteristic domains: the SAP domain, the RING domain and

a serine/acidic-rich domain (located in the N-terminal, the

Morpholino central and the C-terminal regions, respectively). The SAP
The sequences of XPIA_Sy _related morpholino are indicated in Figlomain and the RING domain have roles in DNA binding and
5A. The control morpholino is'Ectcttacctcagttacaatttata-3 SUMO ligase activity, respectively (Aravind and Koonin,

2001; Jackson, 2001). The serine/acidic-rich domain is
essential for interaction with certain proteins such as the INF

Results _ o ) regulatory factor 1 (Nakagawa and Yokosawa, 2002) and TIF-
Xenopus Smad2 binds XPIASy via its C-terminal 2 (Jimenez-Lara et al, 2002). To elucidate the region
domain responsible for the interaction with XSmad2, several deletion

In order to isolate potential regulatory components of theonstructs were made (Fig. 1G) and analyzed for their binding
Smad2 mediated pathway, yeast two-hybrid screening waabilities to XSmad2, using immunoprecipitation and the yeast
performed using the C-terminal region of XSmad2 as a battwo-hybrid system. In immunoprecipitation assay$90-499

and aXenopusegg cDNA library. Two identical full-length andA1-94 showed interaction with XSmad2, whii#-190 did
cDNAs were identified that encode a protein that has a highot (Fig. 1H), suggesting importance of the region between 94
homology with members of the PIAS family. The PIAS family and 190. In yeast two-hybrid assA$90-499, but noA90-499
consists of five members in mammals (PIAS1, PIAS3pr A1-190, formed colonies in co-transformation with the C-
PIASxa, PIASX3 and PIASy) (Greenhalgh and Hilton, 2001; terminal region of XSmad2 on SD-Trp-Leu-His plates
Starr and Hilton, 1999). As shown in Fig. 1A,B, the identifiedsupplemented with 5 mM 3-AT (Fig. 1), supporting the results
protein has the highest homology (75% identical) with humanf immunoprecipitation. Interestinglya1-94 did not show
PIASy among human PIAS family members. Therefore, weénteraction in the yeast two-hybrid system. This might result
named it XPIASy XenopusPIASy). Fig. 1C shows that the from the structural change associated with fusion to the
interaction between the full-length XPIASy and the C-terminahctivator domain. Additionally, we analyzed the importance of
region of XSmad?2 in the yeast two-hybrid system. Next, tdhe RING domain for the interaction. A mutant with a deletion
confirm this interaction irXenopusembryos, we performed of the RING domain, BR, showed the same degree of
immunoprecipitation assays after overexpression of thedateraction as full-length XPIASy in immunoprecipitation
proteins by injecting their mMRNAs (Flag-taggg@®lASyand  assays (Fig. 1J). These observations suggest that the N-
XSmad2or Myc-taggedXSmad2 in Xenopusembryos. As terminal region (94-190 amino acids) primarily interacts with
shown in Fig. 1D,E,H, full-length XPIASYy interacts with the XSmad2.

XSmad2 protein. In parallel with our work, mammalian PIASy ) _

has been reported to interact with all members of the Smdexpression of XPIASy overlaps with that of  XSmad2
family (Imoto et al., 2003; Long et al., 2003). Therefore,The evidence that XPIASy binds with XSmad2 suggests that
interaction of XPIASy with otheXenopusSmad proteins was XPIASy may be involved in XSmad2-mediated
analyzed. Interestingly, XPIASy interacts more strongly withdevelopmental events such as mesoderm induction. However,
XSmad2 than XSmaddand XSmadg, but has no interaction the developmental roles of PIASy have not been studied well
with XSmad1 inXenopuembryos (Fig. 1E), which is different except for that ofDrosophila PIASy in eye development
from interaction between mouse PIASy and mouse SmaBetz et al., 2001; Hari et al., 2001). To obtain an insight into
proteins in mammalian culture cells (Imoto et al., 2003; Longhe developmental role of XPIASy, its expression pattern was
et al., 2003). A further analysis using mouse PIASyanopus analyzed by RT-PCR and in situ hybridization, and compared
embryos revealed that the mouse PIASYy still hardly interactwith that of XSmad2 First, semi-quantitative RT-PCR of
with Smad1 (Fig. 1F), although XPIASy overexpression withwhole embryos at different stages was performed (Fig. 2A).
human Smadl in COS7 cells shows their weak interactioBefore mid-blastula translation (MBT), maternal mRNA of
(data not shown). As sequences of Smadl are highly conservE@1ASyis strongly observed. After MBT, the level ¥PIASy
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Fig. 1.1dentification of XPIASy as a Smad2-interacting protein.
(A) An alignment of human andenopus?IASy (GenBank
AF077952 and AF397163). Shaded amino acids are conserved
residues (75% identical). (B) Phylogenetic tree of human PIAS
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stage 34 and then is activated again after stage 38. Next, to
analyze the spatial distribution oXPIASy at early
gastrulation, we dissected out the animal pole, vegetal pole,
DMZ and ventral marginal zone (VMZ) from stage 10

family members and XPIASy. (C) The C-terminal region of Xsmadzembryos, andXPIASy expression was analyzed by semi-

binds to XPIASy in a yeast two-hybrid assay. L40 cells were
transformed with pLexA-Smad2 (amino acids 180 to 432) or pLex
Ras(G12V) and with pACTII-XPIASy, pACTII-HK-Swift (Shimizu
et al., 2001), pVP-Raf or a vector, pACTII-HK. The interaction was
tested by growth on SD-Trp-Leu-His plates supplemented with 10
mM 3-AT for 3 days. (D) Full-length of XSmad2 interacts with full-
length XPIASy in immunoprecipitation assay. The mRNA of Flag-
taggedXPIlASywas injected alone (lane 3) or wi¢SmadZlanes

1,2). (E) XPIASy interacts weakly with XSmaalér XSmad4$ but

not with XSmadl1. The mRNA of Flag-tagg&&IASywas injected
with the indicated Myc-taggedenopusSmad members, and
interaction was analyzed by immunoprecipitation using anti-Flag
antibody. (F) Mouse PIASYy interacts strongly with XSmad?2 but
weakly with XSmadd or XSmad{. The mRNA of T7-tagged
mouse PIASy was injected with the indicated Myc-taggedopus
Smad members, and interaction was analyzed by
immunoprecipitation using the anti-T7 antibody. (G) Structures of
XPIASy deletion constructs. (H) Immunoprecipitation of XPIASy
deletion constructs with full-length of XSmad2. (Upper panel) A
western blot of immunoprecipitated samples. The mRNA of Flag-
taggedXPIASyconstruct was injected with Myc-taggE&madan
Xenopusembryos. After immunoprecipitation against Myc,
precipitated proteins were analyzed by anti-Flag staining. (Lower
two panels) Before immunoprecipitation, expressed proteins were
confirmed by Flag and Myc staining. (I) The N-terminal region of
XPIASYy interacts with the C-terminal region of XSmad?2. A yeast
two-hybrid assay was performed supplemented with 5 mM 3-AT,

A_quantitative RT-PCR (Fig. 2B). The analysis revealed that

XPIASyis largely distributed in the animal side and the VMZ
with less expression in the vegetal side and the DMZ (Fig.
2B). XSmad2Zs also highly expressed in the animal side but
its expression at the VMZ is slightly less than the DMZ (Fig.
2B). In situ hybridization ofXenopusembryos was carried
out to elucidate in more detail the temporal expression
patterns ofXSmad2and XPIASy(Fig. 2C). At early stages,
the maternal mRNA oKPIASyis detected to the animal side
(Fig. 2C, part a). At the neurula stageé?1ASyexclusively
distributes within the neural ectoderm, with strong expression
in the anterior region including the eye primordium (Fig. 2C,
parts b,c). Later in the development, its expression in neural
tissues continues and the expression in the eye continues to
be strong (Fig. 2C, parts d-g). This restricted expression
pattern is very similar to that ®fSmadZFig. 2C, parts h-n).
These synchronized expression patterns XéflASy and
XSmadZsupport the idea that they functionally interact with
each other during embryogenesis.

Overexpression of XPIASy inhibits XSmad2

activities

Our observations suggest that XPIASy may regulate XSmad?2
activity by a direct interaction. In earienopusgastrulation,

using pLexA-Smad2 (amino acids 180 to 432) and XPIASy deletionXSmad2 is activated during mesoderm formation, mainly in
constructs subcloned into pACTII. (J) Immunoprecipitation of RING the dorsal mesoderm, which is required for patterning of

domain deleted constructAR. The indicated constructs were
injected intoXenopusembryos. After immunoprecipitation against
Myc, western blotting was performed with anti-Flag antibody.

mesoderm and organizer induction (Faure et al., 2000; Lee et
al., 2001; Schohl and Fagotto, 2002). Therefore, to explore the
function of XPIASy, XPIASy mRNA was injected into the
DMZ of four-cell stage embryos and analyzed for its effect on

mMRNA is quickly downregulated, while the level of XSmad2 Xenopugmbryogenesis. The overexpressioXBfASyresults

is more gradually downregulated (Howell et al., 1999; Howelin a ventralized structure with a slightly reduced anterior region
et al., 2001; Schohl and Fagotto, 2002). The expression @f a dose-dependent manner (Fig. 3A, parts a-e; Table 1). At 1
XPIASyremains constant throughout late development untihg, the majority of embryos resemble a dorsoanterior index

Fig. 2. Expression patterns ofPIASyand

XSmadduring Xenopusievelopment. B 305

(A) Semi'quantitative RT'PCR analySiS Of stage 1 5 B 10511 1251518 20 23 25 28 30 34 38 41 AN VG D Vv WE
XPIASyandXSmadZxpression was opc oo TN
performed using whole embryos at el e e - — — - —— - — & o sy [
different stageODC (Ornithine xsmacz R
decarboxylasewas used as a control. Ny m

(B) XPIASyandXSmadzZhow different
temporal expression in the marginal zone
at the early gastrula stage. Stage 10
embryos were dissected as shown into
animal pole (AN), vegetal pole (VG),
DMZ (D) or VMZ (V) explants, or whole
embryos (WE), and subjected to RT-PCR
analysis oXPIASyandXSmad2XPIASy

is expressed strongly in the VMZ
compared with the DMZ. (C) In situ
hybridization ofXPIASy(a-g) and
XSmadZh-n) during development.

(a,h) Stage 6-1/2, lateral view; (b,i) stage

VG
d k .
) »
m x
10; (c,)) stage 18, anterior view; (d,k)
stage 25; (e,l) stage 27; (f,m) stage 29/30; J“
and (g,n) stage 37/38.
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(DAI) 2 type, with no visible cement gland (Sive et al., 1989)in Fig. 3B, part b and Table 2, the ventralized phenotype

Research article

This phenotype is similar to that obtained by overexpressioimduced by XPIASy was largely rescued by XSmad2.

of a dominant negative form of XSmad2 (Fig. 3A, parts f,g) Next, we analyzed the effect of XPIASy on XSmad2-
(Hoodless et al., 1999). This suggests that XPIASy mightnediated morphogenetic movements using the animal cap

inhibit the endogenous XSmad2 pathway. To determinassay. Overexpression of XSmad?2 in ednopusembryos

whether or not this phenotype is produced by XSmad2xhibits convergent extension movement of animal caps by
inhibition, a rescue experiment was performed by coinducing dorsal mesodermal tissues from ectodermal tissues

overexpression cKPIASywith wild-type XSmad2 As shown  with epidermal fate (Fig. 3C, part a) (Eppert et al., 1996). A

Fig. 3. XPIASy functions as an inhibitor o
XSmad2. (A) The effect of XPIASy on
embryogenesis. Embryos were injected i
the dorsal midline at the four-cell stage w
XPIASYymRNA at a concentration of 0.5 r
(@), 1 ng (b), 5 ng (c) or 10 ng (d), or witt
dominant-negativSmad2nRNA at 5 ng
(f) or 8 ng (g), and developed until stage
(e) Uninjected control. (B) The ventralize
phenotype induced by XPIASy is largely
rescued by co-injecting with XSmad2, bu
not with B-catenin. Embryos were injecte:
into the DMZ at the four-cell stage with 1
ng XPIASy(a), 1 ngXPIASyand 0.1 ng
XSmadZb) orp-catenin at 0.1 ng (c) or 0
ng (d). (e) Uninjected embryo. (C) XPIAS
inhibits animal cap elongation, mediated
the Smad?2/activin pathway. Both
blastomeres of two-cell stage embryos w
injected with 0.5 ng oKSmadZa),
XSmadand 0.2 pg o&ctivin (b), 0.5 ng of
XPIASYy(c), XPIASyandactivin (d),
XSmad2andXPIASy(e), XSmad2XPIASy
andactivin (f), nothing (g), oractivin (h).
At stage 8, animal caps were dissected ¢
cultured until stage 23. (D) XPIASy inhib
mesoderm marker transcription activatec
the Smad2 pathway but only slightly
inhibits transcription induced by the Wnt
pathway. Semi-quantitative RT-PCR was
performed to analyze the effect of XPIAS
on transcription of the targets of
activin/XSmad?2 and Wnt pathways. The
mRNAs (0.5 ng) oKSmadZa), activin (b)
or 3-catenin(c) and/orXPIASywere
injected into both blastomeres at the two
cell stage. RT-PCR analysis was perform
using animal caps as described in the
Materials and methods. XPIASy largely
reduces the transcription of XSmad2 or
activin target gene<Chordin, Mix.2, Xbral
andXnrl) but not Smad1/5 target genes
(BMP4, XventlandMsx1), (a) while it only
slightly reduces the level @ catenin targe
genes $iamois Xnr3andChordin(c). Un,
uninjected caps; WE, whole embryos.
(E) XPIASYy inhibits the transcriptional
activity of XSmad2 in luciferase assays
using 3TP-luc (a-c) and ARE-luc (d).
Reporter plasmid (50 pg) and 0.5 ng of
mMRNAs of XSmad2r XPIASy or both,
were injected into both blastomeres of tw
cell stage embryos. Luciferase assay was
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performed using whole embryos (a,c,d) or animal caps (b) in the presence (c) or absence (a,b,d) of activin (0.2 pg)das desdviaeerials

and methods. (FXSmad2and-cateninregulate expression &fPIASyin positive and negative ways, respectively. The indicated amount of

XSmadar B-cateninmRNA was injected in the animal side of two-cell stXgaopusembryos XPIASylevel in animal caps was analyzed as
described in the Materials and methods. This PCR-cycle number for XPIASy is higher than that in D.
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Table 1. Overexpression of XPIASy in dorsal marginal induces expression of these mesoderm markers (Fig. 3D-a). As
zone ventralizes embryos in a dose-dependent manner — expected, XPIASy co-expression strongly inhibits the
Phenotype (%) induction of their transcriptional levels even at a relatively low
ngzé’; vid Strong concentration oKPIASy whereas target genes in the Smad1/5
mRNA(ng)  Normal  (DAM4orDAI3)  (DAI2) peah ~ Pathway BMP4 Xvent] and msx) are not affected by
XPIASy overexpression (Fig. 3D, part a) (Kim et al., 1998;

8:81 182 2 8 8 Xanthos et al., 2002). In addition, activin-mediated activation
0.1 72 28 0 0 of mesoderm markers is inhibited by XPIASy (Fig. 3D, part
0.5 0 96 4 0 b). Next, the effect of XPIASy on transcriptional activity of
1.0 0 15 85 0 XSmad2 was analyzed using reporter constructs of p3TP-
i)'ooo g g g; g luciferase and pARE-luciferaseMix.2 promoter region),

' which respond specifically to Smad2, Smad3 and Smad4

The ratio of different phenotypes (see Fig. 3A) is listed according to activities, but not to Smad1 Brcatenin (Carcamo et al., 1995;
normal, mild (DAI4 or DAI3, Fig. 3A, parts a,b), strong (DAI 2, Fig. 3A, Yeo et al.,, 1999). As shown in Fig. 3E, XSmad2-mediated

parts c,d) or death. In all cases36 and experiments are repeated three activation of luciferase activity in whole embryos or animal
times. caps was strongly inhibited by XPIASy in both reporter
constructs.

Overexpression of XPIASy in the DMZ suppresses
similar phenotype is observed in animal caps treated witborsalization of embryos, which is similar to the inhibition of
activin, the downstream effect of which is to activate XSmadXSmad?2 (Fig. 3A, parts f,g) and can be largely rescued by co-
activity (Fig. 3C, part h) (Baker and Harland, 1996). First, weoverexpression with XSmad2 (Fig. 3B, part b). However, there
overexpressed XPIASy alone in animal caps and checked tiea small difference between embryos injected with XPIASy
effect on convergent extension movement. As shown in FigFig. 3A, parts a-d) and dominant-negative Smad2 (Fig. 3A,
3C, part ¢, overexpression of wild type XPIASy did not showparts f,g). In XPIASy-injected embryos, head formation is
any elongation of animal caps, suggesting that XPIASy is natlightly inhibited, while Smad2 inhibition does not affect
an activator of the XSmad2 pathway. This is consistent withead formation. Mouse PIASy was reported in cell culture
the observation that XPIASy and Smad?2 are expressed togettexperiments to inhibit activity of LEF1, a downstream
in the animal half of embryos, where Smad2 is not activated-omponent of the canonical Wnt pathway (Sachdev et al.,
However, interestingly, when co-overexpressed with XPIASy2001). It is well known that the activation of the maternal Wnt
and XSmad2, XPIASy completely inhibited the XSmad2-pathway is required for dorsal mesoderm induction, in
mediated elongation (Fig. 3C, part €). In a similar wayparticular for head induction (Sokol et al., 1991). Therefore, in
activin mediated elongation was inhibited by XPIASy (Fig.order to determine whether XPIASy also regulates the
3C, part d). These observations support the possibility thatanscriptional activity of the Wnt pathway, the expression of
XPIASy inhibits activin-mediated mesoderm formation byWnt targets Siamoisand Xnr3 was analyzed (Xanthos et al.,
downregulating XSmad2 activity. 2002). Injection ofiXPIASyitself cannot induce expression of

Smad2 activates many downstream targets, most of whidghese markers in animal caps (data not shown). However,
are important for dorsal mesoderm induction. Thus, to confirnrXPIASy weakly inhibitsB-catenin induced expression of the
the activity of XPIASy as a negative regulator of XSmad2Wnt targetsSiamois Xnr3 and Chordin (Fig. 3D, part c),
we analyzed its effect on expression of downstream targetdthough much higher concentrations of XPIASy are required
induced by 0.5 ng oKSmad2mRNA co-injection in animal than that for downregulation of XSmad2 target genes,
caps using semi-quantitative RT-PCR analysis and thsuggesting that XSmad?2 is the primary target of XPIASy in
luciferase assay. The downstream targets incl@terdin  Xenopussmbryogenesis.

(dorsal mesoderm marker) (Sasai et al., 1998jhopus nodal Even though a large amount of XPIASy was injected, the
related 1(Xnrl) (Lowe et al., 1996)Xbrachyury 1(Xbral, effect on the head formation was much weaker than the
pan-mesoderm marker) (Cunliffe and Smith, 1992) dird2  phenotype induced by inhibition of Wnt activity, which
(early mesoderm and endoderm marker) (Vize, 1996). XSmadgequently shows a headless phenotype (Brannon et al., 1999;

Table 2. The ventralized phenotype caused by XPIASy is rescued by XSmad?2, but not by Wnt pathway molecules
Phenotype (%)

mRNA treatment Sample numben) ( Normal Mild (DAI4 or DAI3) Strong (DAI2)
XPIASY(1 ng) 36 0 15 85
XPIASY(1 ng)+XSmadZ40.1 ng) 30 66 34 0
XPIASy(1 ng)+Activin (0.1 pg) 20 0 20 80
XPIASY(1 ng)+Activin (0.5 pg) 20 0 75 25
XPIASyY(1 ng)+3-catenin(0.1 ng) 20 0 10 90
XPIASY(1 ng)+3-catenin(0.5 ng) 20 0 5 95
XPIASY(1 ng)+Tcf3(0.1 ng) 20 0 30 70
XPIASY(1 ng)+Tcf3(0.5 ng) 20 0 35 65
XPIASy(1 ng)+its morpholino (10 ng) 30 100 0 0

The ratio of different phenotypes (see also Fig. 3B, Fig. 5B) is listed above. Smad2 and morpholino can effectively ptsnatythe caused by
overexpression of XPIASy in dorsal marginal zone.
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Heasman et al., 2000). To further confirm that the phenotypgbout 18 kDa on SDS-PAGE gels (Melchior, 2000). As shown
induced byXPIASyis mainly caused by inhibition of XSmad2 in lane 2 and 3 of the top panel, XPIASy co-overexpression
and not by effect on Wnt signalling, we compared thewith Smad2 and SUMO-1 showed a weak band around 73 kDa,
morphology of XPIASy injected embryos with those injectedwhich was confirmed as SUMOylated XSmad?2 by analysis of
with a B-catenin morpholino (Heasman et al., 2000; Hino ethe immunoprecipitated samples (lower panel). However,
al., 2003). The inhibition of-catenin at the DMZ results in although under these conditions, XSmad2-mediated mesoderm
headless embryos with normal axes, which are different frorimduction was strongly inhibited by XPIASy (Fig. 3C,D), the
the phenotype induced by XPIASy (Fig. 3A, parts a-d). NextSUMOylated band is too weak to explain the downregulation
to determine the degree of involvement of the Wnt pathway, af XSmad2 activity by its SUMOylation. Analysis by
rescue experiment was performed using wild-Bfea@opugf3-  densitometry showed that 98% of XSmad2 is the non-modified
catenin. As shown in Fig. 3B, parts c,d, and Table 2, thederm. Similar results were achieved using non-tagged XSmad2
constructs could hardly rescue the XPIASy phenotype(data not shown). These indicate that if the XSmad2 activity is
Moreover, in activin-treated animal caps, inhibition of thelinearly correlated with the amount of non-modified XSmad2
canonical Wnt pathway, which includes TCF/LEF1 protein, the SUMOylation of XSmad2 cannot account for the
transcription factors, hardly inhibits the induced elongatiordownregulation of XSmad?2 activity.

(Tada and Smith, 2000). However, as discussed above, XPIASyThe RING domain of members of the PIAS family is
does effectively inhibit the elongation (Fig. 3C). Theseresponsible for the enzymatic activity of SUMOylation. Thus,
observations clearly indicate that XPIASy primarily functionsto elucidate the importance of the SUMOylation on regulation
as an inhibitor of XSmad2 in association with a weakof mesoderm formation, we analyzed the effect DRRFig.

inhibitory activity of the canonical Wnt pathway. 1E), on XSmad2-mediated activitiesAR cannot SUMOylate

] ) ] . XSmad2 (Fig. 4A, lane 1). As mentioned\RP can still bind
Zygotic expression of  XPIASy is activated by to XSmad2 by immunoprecipitation (Fig. 1H). If the
XSmad2 SUMOylation mediated by the RING domain is important,

The importance of positive and negative feedback has be®AR may not be able to inhibit XSmad2 activity or may
reported in many developmental systems to ensure the precfsmction as a dominant-negative form as observed in a RING
timing of the degree of activation. For example, activation omutant of PIASE on Smad4 in mammalian cell culture
activin-like signals induces expression of negative regulator@®©hshima and Shimotohno, 2003). Interestingly, this mutant
of the pathway such as antivin and cerberus (Agius et al., 200€an neither activate XSmad2-mediated induction of mesoderm
Cheng et al., 2000; Lee et al., 2001; Piccolo et al., 1999jnarkers in animal caps (Fig. 4B) nor induce the elongation of
Conversely, expression @hordin a BMP inhibitor, at the animal caps (data not shown). HowevekRpPstill inhibits the
chick organizer is inhibited by the activity of BMP4 (Streit et XSmad2-mediated induction of mesoderm markers such as
al., 1998). Therefore, the effects of XSmad2 Brwhtenin on  Mix.2 and Chordin without affecting expression of XSmad1l
the expression ofPIASywere examined. As shown in Fig. 3F, targets. In a whole embryo, overexpression/&dR h the DMZ
overexpression of XSmad2 increased the expression level il still cause ventralized structures with a slightly reduced
XPIASyin a dose-dependent manner, whereas overexpressianterior region in a dose-dependent manner (Fig. 4C; Table 3),
of B-catenin inhibits transcription oKPIASy The feedback but more weakly than the phenotype caused by wild-type
induction of XPIASy by XSmad2is consistent with the XPIASy (Fig. 3A, parts a-f). These observations suggest that
synchronized expression 0KPIASy and XSmad2during the SUMOylation activity of XPIASy is not absolutely
development (Fig. 2C). However, the inhibition Bycatenin  required for the inhibition of XSmad2-mediated mesoderm
may explain the reason whyXPIASy expression is formation, although we cannot exclude the possibility that the
downregulated at the dorsal mesoderm compared to ventraUMOylation activity of XPIASy may attenuate the XSmad2
side becausB-catenin is activated at the dorsal side (Larabelgctivity.
et al., 1997).

XPIASYy prevents mesoderm formation by inhibiting
How does XPIASy inhibit XSmad2 activity? XSmad?2 activation in the animal pole to ensure
As mentioned above, PIASy has been identified as a SUM@ganizer induction at the DMZ
E3 ligase for LEF1 and Smads (Imoto et al., 2003; Sachdev &b investigate the endogenous role of XPIASy on mesoderm
al., 2001). SUMO has been implicated in several mechanisnisduction and patterning, we performed loss-of-function
such as determining the localization, stability andexperiments using an XPIASy morpholino (Mo-1), which
transcriptional activity of target proteins (reviewed byspecifically targets the translation initiation site XiPIASy
Melchior, 2000; Seeler and Dejean, 2001; Seeler and Dejeaffig. 5A). First, different amounts of Mo-1 were co-injected
2003). In cell culture experiments, mouse Smad2 has beevith Flag-taggedXPIASyinto embryos at the two-cell stage
shown to be modified by SUMO (Lee et al., 2003). Thisand the expression level of XPIASy protein was monitored by
suggests the possibility that SUMOylation of XSmad2 bywestern blotting after MBT because an XPIAS antibody for
XPIASy downregulates its activity. Thus, we analyzed themeasuring endogenous XPIASy levels was not available. As
degree of SUMOylation of XSmad2. The mRNAs of XSmad2Fig. 5B shows, the expression level of exogenous XPIASy was
and XPIASy were injected in the animal side of two-cell stageignificantly reduced by Mo-1 in a concentration-dependent
embryos and SUMOylation of XSmad2 was analyzed bynanner but not by the control morpholino. Second, Mo-1 was
western blotting after development until stage 10.5 (Fig. 4A)injected together with the mRNA of wild-typ&lASyin the
The molecular mass of XSmad2 is 58 kDa. It is known thaDMZ of four-cell embryos. As Fig. 5C and Table 2 show, Mo-
SUMOylation generally alters the size of the target protein byt inhibits the phenotype caused by overexpression of XPIASy
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Myc-XSmad2 + + + +
Fig. 4. The RING domain is not absolutely Flag-SUMO-1 + + + - + ?
required for the XPIASy activity. (A) XPIASy PAR 4 oo o - = - Cm,d,-n_
modifies a small ratio of XSmad2 with SUMOylated — JE ; ‘ II TSKWB: W R
SUMO-1. The indicated mRNAs dflyc- XSmad2 — ) 50K _
tagged XSmad@®.5 ng), XPIASY(0.5 ng), SUMOylated _, 75k xort -
flag-tagged SUMO-10.5 ng) and/oPAR (0.5 XSmad2 | :::B':\"El‘;g samois [T
ng) were injected into blastomeres at the two- K
cell stage. Status of XSmad2 protein was XVent1 _
analyzed at stage 10.5 by western blotting msx1 _
using Myc antibody. In addition, after immunoprecipitation with Myc c

antibody, the amount of SUMOylated XSmad?2 was analyzed with Flag
staining. (B) AR still inhibits mesoderm marker expression induced by
XSmad2. The mRNAs ®AR (0.5 ng) or/andKSmadZ0.5 ng) were

injected into both blastomeres at two-cell stage embryos. RT-PCR was
performed using the animal caps as described in the Materials and
methods. (C) BR still induces ventralized structures in a dose-dependent
manner. Thd?AR mRNA was injected into the DMZ at the four-cell stage

at 1 ng (a), 3 ng (b) and 6 ng (c). The phenotypes were examined at stage
27. (d) Uninjected embryo.

and does not show any unexpected abnormality. These indicdtay. 5G, Mo-1 clearly induces the expression of mesodermal
that Mo-1 can specifically inhibit the expression and themarkers in a dose-dependent manner although the induction
function of XPIASy. level was weaker than that induced by XSmad2
Next, Mo-1 by itself was injected int§enopusembryos, overexpression, while expression of XSmadl 8nchtenin
and development was examined. The embryos injected into th@gets were not affected. Finally, to confirm whether the
DMZ at the four-cell stage exhibited no obvious phenotypeffects of Mo-1 are specific, we designed a second morpholino
until the neurula stage. Interestingly, the embryos injected inttMo-2) and a mutated Mo-1 (Mo-mut) that has five point
the VMZ formed a low frequency of secondary axes (8.2%mutations (Fig. 5A) and analyzed their function. Effects of Mo-
n=98, Fig. 5D). This effect is similar to that observed wher2 on induction of mesoderm markers (Fig. 5F, part d; 5H) and
injected with wild-type XSmad2 (100%)=36, data not animal cap elongation (data not shown) were almost identical
shown). Moreover, animal cap assays revealed that Mo-1 at 40 those by Mo-1, while Mo-mut did not show any effect on
ng slightly induces the elongation of animal caps (Fig. 5E)our analysis, including mesoderm marker induction (Fig. 5H,
This phenotype, again, is similar to that injected with XSmad2data not shown). Moreover, the induction of mesoderm
To determine if Mo-1 activates XSmad2 activity, in situmarkers by Mo-2 was completely suppressed by co-
hybridization ofChordinwas performed after injecting mRNA introduction of XPIASy mRNA, which does not have'-5
of XSmad2XPIASyor Mo-1 into one side of the embryos. As noncoding region (Fig. 5I). These observations demonstrate
shown in Fig. 5F, the expression@fordinis largely enhanced that endogenous XPIASy functions as a negative regulator of
by overexpressing XSmad2, while slightly reduced byXSmad2 and thatthe XSmadl and Wnt pathways are not main
XPIASy. Mo-1, as expected, induced expansiornCbbrdin  physiological targets of XPIASy. Furthermore, taken together
expression. Next, after injection of Mo-1 into both blastomeresvith the XPIASy expression pattern and gain-of-function
at the two-cell stage, the effect on mesoderm markers in animahalysis, all observations clearly indicate that XPIASy
caps was analyzed by semi-quantitative RT-PCR. As shown fanctions as a gatekeeper in early embryonic patterning to
avoid unscheduled activation of XSmad2 in inappropriate

Table 3. The RING domain is not necessary for the places.
ventralizing effect . .

Cove of Phenotype (%) Discussion
PAR Sample Mild Strong XPIASy functions as a negative regulator of XSmad?2
MRNA (ng)  numberrf) Normal  (DAI4 or DAI3)  (DAI2) We have identified XPIASy as a direct interacting protein of
1.0 22 54.5 455 0.0 XSmad2. At this point, many Smadz2-interacting molecules
2.0 24 25.0 70.8 4.2 have been isolated (Shi and Massague, 2003). In addition,
6.0 30 0.0 13.8 86.2 members of the PIAS family have been reported to regulate

The ratio of different phenotypes (see Fig. 4C) is listed. The XPIASy _Several S'gna”mg pathways in addition to the Smad path\_NayS
mutant without the RING domain can still induce the same phenotype as dod8 mammalian cell culture systems (Gross et al., 2001; Liu et
by full-length XPIASYy injected in dorsal marginal zone in a dose-dependent al., 1998; Sachdev et al., 2001; Schmidt and Muller, 2002).

manner. Therefore, to elucidate developmental roles of XPIASy and
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biologically relevant pathways involved, we have analyzed thactivity for various types of proteins, including several
function in early Xenopusembryogenesis and shown that transcription factors (Schmidt and Muller, 2003). Many
XPIASYy is an essential component in mesoderm induction bgnembers of the Smad family, such as Smadl, Smad2, Smad3
its selective inhibition of XSmad2 activity. For example,and Smad4, have been reported to be SUMOylated by
overexpression of XPIASy in the DMZ mimics the phenotypemembers of the PIAS family (PIASy, PIAS1, PIABr Ubc9

of inhibition of the XSmad2 function (Fig. 3A). This (Imoto et al., 2003; Lee et al., 2003; Lin et al., 2003a; Lin et
phenotype was largely rescued by co-overexpressing XSmad2, 2003b; Long et al., 2003; Long et al., 2004a; Long et al.,
(Fig. 3B, part h). XPIASYy inhibits the mesoderm induction and2004b) and PIAS family members are localized in nucleus.
convergent extension movement of animal caps mediated Byjhese observations suggested that XPIAS might regulate
XSmad2 or activin (Fig. 3C). Conversely, downregulation oftranscriptional activity of XSmad2 through their SUMQylation
XPIASy by morpholinos activates the Smad?2 pathway (Fig. 5)activities. However, this possibility is disputed by our
by inducing the elongation of animal caps, secondary axigbservations: (1) the majority of XSmad?2 is not SUMOylated
formation and the expression of mesoderm markers such aader conditions where XPIASy shows a developmental

Chordin phenotype (Fig. 4A); (2) in addition, XPIASy still inhibits the
S o activity of a constitutively active XSmad2 mutant, which lacks
How does XPIASYy inhibit XSmad2 activity? the MH1 domain (Baker and Harland, 1996) and the putative
All examined members of the PIAS family show SUMOylationconsensus SUMOylation site (Lysine-156) (data not shown);
Fig. 5. XPIASy inhibits abnormal &
mesoderm induction at the animal A B OO 0@0
side. (A)_ Design of two XPIASy QQ \‘ES’ \?0 o\\x\
morpholino (Mo-1 and Mo-2) and a Mo2 Mol N ®

|
pmoustftlltct)ar?sl\g? l\iicf%outm aﬂglm?égiig as 5- cggjgggacgctggaagccaadlanggngngaGttagtgGaggCg+gaacat—3 —— _
capital letters. (B) The XPIASy g
morpholino-1 (Mo-1) specifically
decreases the XPIASy protein level
The indicated concentrations of Mo-
or control morpholino and Flag-tagg
XPIASY(1 ng) were injected into bot
blastomeres of two-cell stage
embryos. The protein was analyzed
stage 10.5 by western blotting agair
Flag. (C) The ventralized phenotype
caused by XPIASy is rescued by co
injection with Mo-1. The mRNAs of
ng XPIASyalone (a) or together with 3 X Mo-1
10 ng of Mo-1 (b) were injected into injec injected injected
the DMZ of four-cell stage embryos.
The phenotype was monitored at st
28. (¢) Uninjected embryo.
(D) Secondary axis was induced by
Mo-1 injection into VMZ. (E) Mo-1
slightly induces elongation of anima
caps. Mo-1 (40 ng) was injected intc
both blastomeres of two-cell stage
embryos, and its effect on elongatio
was analyzed. (a) Uninjected caps,
morpholino injected caps and (c) the
sibling embryo. (F) Both XPIASy
morpholinos (Mo-1 and Mo-2) induc : i
the expression dfhordinas does » | P W= ; _:J
Smad2. The mRNAs (;[f—gal 0.5 ng) Ch;:?;: ChO!I’O'Iﬂ S ——————— Choj,rdmm
and 0.25 ngKSmadZa), 0.5 ng I vic.2 T Vix.2
XPIASY(b), 20 ng Mo-1 (c), 20ng  BvP4 [T <ot I - [
Mo-2 (d) or 20 ng control morpholin:  xyen: I " ] EVI] v v o |

(e) were injected in one side of the [ o -]
Msxi Siamois

two-cell stage embryos. At stage 10 Siamois I
embryos were subjected fegal oDc

staining followed by in situ ooc RTEEETES
hybridization agains€hordin

(G) Mo-1 induces transcription of XSmad2 targets but not targets of XSmaditcatenin. Different concentrations of the indicated
morpholino were injected into both blastomeres of two-cell stage embryos. The caps were collected as described in thenkllatetiadsls
for RT-PCR analysis. (H) Mo-2 also induces transcription of XSamd2 targets but Mo-mut does not affect transcription of §etsd2 t
(I XPIASYy inhibits transcription of mesoderm genes induced by Mo-2.
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and (3) the XPIASy mutant without the RING domaidR?  2002). However, XPIASy clearly inhibits the extension (Fig.
which has lost its SUMOylation activity (Fig. 4A), still binds 3C). (4) The XPIASy morpholinos do not induce expression
to XSmad2 (Fig. 1H) and inhibits the activity of XSmad2 (Fig.of targets of the Wnt pathway (Fig. 5E,F). Thus, XPIASy is
4B,C), although its activity was weaker than wild-typelikely to primarily regulate the Xsmad2 pathway but probably
XPIASy. These observations indicate that the SUMOylatiorsecondarily regulates the Wnt pathway during mesoderm
activity through the RING domain is not essential for the effectormation and patterning. However, we showed that the zygotic
of inhibition of XSmad2 activity, although it might attenuate expression of XPIASy is negatively regulated frgatenin,
the activity. This conclusion is further supported by thewhile positively regulated by XSmad2 (Fig. 3F). These
following functional difference between PIAS family membersobservations suggest that XPIASy may monitor and coordinate
in cell culture experiments: PIAS1, PIAS3 and PIASx relative activities of the Wnt and Smad2 pathways to ensure
activate Smad-mediated activities (Long et al.,, 2004btheir proper activities during developmental events.
Ohshima and Shimotohno, 2003), while PIASy inhibits them In addition to the Smad2 and Wnt pathways, mouse PIASy
(Imoto et al., 2003; Long et al., 2003; Long et al., 2004b)has been reported to bind to Smadl, Smad4, Smad6 and
however, all members of the PIAS family show SUMOylationSmad7, and the overexpression of PIASy influences the
activity of Smad proteins in overexpression experiments.  activities of Smads other than Smad2. However, our binding
PIASy was originally reported to function as aassay in the Xenopus system showed that XPIASy
transcriptional co-repressor of Statl (Liu et al., 2001a). Thipreferentially binds to XSmad2 and does not affect expression
activity requires the LXXLL motif in the SAP domain. The of targets of the XSmadl/XSmad4 complex. In addition,
LXXLL motif is known to interact with histone deacetylases, phenotypes produced by XPIASy modulation are largely
HDACSs, which function as transcriptional repressors (Ahmadlifferent from those expected by modulation of XSmadl
et al.,, 2003). Recently, PIASy has been reported to directlgctivity. These observations suggest that other Smads are not
bind to HDAC1, while PIAS3 binds to p300/CBP likely to be physiological targets of XPIASy in early
transcriptional activators (Long et al., 2003; Long et al.embryogenesis.
2004b). InterestinglyA1-94, a deletion construct of the SAP ) ) )
domain, which has the RING domain and can bind to XSmadZ®he role of XPIASy in mesoderm induction and
(Fig. 1F), did not show any functions similar to the full-lengthpatterning
XPIASy (data not shown), indicating the importance of theHow is XPIASy involved in the process of mesoderm induction
SAP domain. All these observations strongly suggest thand patterning? Based on our observations, we propose a
XPIASy might inhibit XSmad2 activity by recruiting HDACs ‘gatekeeper’ model (Fig. 6). XPIASy morpholinos can induce
via the SAP domain and not by modulating SUMOylationexpression of mesoderm markers in the animal cap and

activity via the RING domain. formation of a secondary axis by their injection into the VMZ,

_ _ _ although these inductive activities are not as strong as observed
Function of XPIASy in the canonical Wnt pathway with XSmad2 overexpression (Fig. 5). In addition, XPIASy is
and the BMP pathway expressed in the appropriate region and at the appropriate time
Recent evidence suggests that the Wnt andT@Ehways
cooperate to regulate embryonic axis formation and th A
organizer asf-catenin and Smad2 synergize to transcribe Animal

siamoisand Xnr3 (Crease et al., 1998; Hussein et al., 2003
Labbe et al., 2000; Letamendia et al., 2001; Nishita et al., 200
Xanthos et al., 2002). As mentioned above, the SUMOylatio
activity of PIASy was originally identified using LEF1, a

Ventral

downstream target of the canonical Wnt pathway, as a substr: 5 Vegetal

(Sachdev et al., 2001). In addition, the developmental role ¢ Animal pole

SUMOylation has been reported in the context of the Wn beta-catenin

pathway (Kadoya et al., 2000; Kadoya et al., 2002). Indeec T borea
our gain-of-function analysis shows that XPIASy can v 5 \ XPIASY Mesoderm

negatively regulate the canonical Wnt pathway (Fig. 3A,D) N / 1 fnduetion
However, this activity seems not to be the primary functior xsmadz ——¥. b xsmanz

in Xenopusearly embryogenesis based on the following

observations. (1) A much higher amount of XPIASy is requirec
for downregulation of gene expression induced by the Wr

Dorsal marginal zone

beta-catenin

pathway compared with its effect on XSmad2 targets (Fig. 3C T

part b). (2) B-Catenin cannot rescue the defect in dorsa B \ oins peoreal
structure induced by XPIASy (Fig. 3B, parts c,d; Table 2) Adtivinete 2 Y Induction
although the high dose Bfcatenin (2 ng) can only rescue head \ v / L

formation (data not shown). Moreover, Tcf3, another binding XSmad? s> P-XSmad2

partner OfPIASy and negative regulator of the Wnt pathway, £ 5 A possible model of XPIASy activity in mesoderm induction.

cannot activate the ventralization phenotype induced bya) expression okPIASY(orange) an&SmadZhatched). (B) A
XPIASy (Table 2). (3) It has been reported that inhibition ofmodel for the role XPIASy on inhibition of mesoderm induction at
the canonical Wnt pathway does not inhibit activin-mediateghe animal pole (top). A model for dorsal mesoderm induction by

convergent extension of animal caps (Vonica and Gumbineiphibiting XPIASy expression (bottom).
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to play a key role in mesoderm induction (Fig. 2). Theserecise temporal and spatial regulation of XSmad2 activation
observations strongly suggest that XPIASy has an essentisdems to be controlled by complex feedback mechanisms
role in mesoderm induction and patterning. PIASy largelyincluding several negative factors such as XPIASy.

distributes in the nucleus (Sachdev et al., 2001) and Collectively, our data indicate that XPIASy functions as a
SUMOylation of Smad4 in cell culture was suggested to occuinal ‘gatekeeper’ at the end of the complex XSmad2 pathway
in the nucleus (Lin et al., 2003a). Moreover, as mentioneth Xenopusearly embryogenesis and that this gate is opened
previously, XPIASy is likely to inhibit XSmad?2 activity in the with appropriate timing and in appropriate regions by the
nucleus by recruiting HDACs. These observations suggest thabmbination of mesoderm induction signals such as the Wnt
XPIASy regulates mesoderm induction and patterning bynd Smad2 pathways (Fig. 6).

acting at the end of the activin-like ligands/Smad2 pathway

in nucleus. Therefore, in the gatekeeper model, XPIASy We thank John B. Gurdon and WiIIiam_A. Harris for the_ir initial
functions as an essential transcriptional regulator (gatekeepéyjpport; Jonathan M. Graff, Van de Wetering, Malcolm Whitman, R.
to ensure the proper initiation (opening) of transcription (gatefrosschedl and Joan Massague for reagents; Masazumi Tada,

. : seppe Lupo, Linda Ko Ferrigno, Judith Nial and Matthew Daniels
of the Smad? target genes at the end of the signal. This gatefo valuable advice and comments. This work was supported by the

opened by the tightly regulated activity of the gatekeeper (Se@ancer Research UK Senior Cancer Research Fellowship and the

below). . ) Royal Society (S.0.) and by MRC (M.D.).
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