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SUMMARY

Derriére is a recently discovered member of the TGEF

superfamily that can induce mesoderm in explant assays
and is expressed at the right time and location to mediate
mesoderm induction in response to VegT duringKenopus

embryogenesis. We show that the ability of Derriére to
induce dorsal or ventral mesoderm depends strictly on the
location of expression and that a dominant-negative
Derriere cleavage mutant completely blocks all mesoderm
formation when ectopically expressed. This differs from the
activity of similar Xnr2 cleavage mutant constructs, which

antagonism of either one of the signals can reduce the other.
Interaction between Derriere and members of the Nodal
family is also shown to occur through the formation of
heterodimeric ligands. Using an oocyte expression system
we show direct interaction between the mature Derriére
ligand and members of both the Nodal and BMP families.
Taken together, these findings indicate that Derriere and
Nodal proteins probably work cooperatively to induce
mesoderm throughout the marginal zone during early
Xenopusdevelopment.

are secreted and retain signaling activity. Additional
analysis of mesoderm induction by Derriere and members
of the Nodal family indicates that these molecules are
involved in a mutual positive-feedback loop and

Key words: BMP, Bone morphogenetic protein, Derriere, Nodal, Xnr,
Proteolytic processing, Cerberus, Dominant negative, Heterodimer,
Mesoderm inductionXenopus laevis

INTRODUCTION mesoderm-inducing activity of endoderm, and the amount of
mesoderm generated b¥Xenopus embryos depleted of
Induction of the mesoderm takes place prior to gastrulation andaternalvegTtranscripts is reduced by up to 90% (Zhang et
represents the earliest known cell-cell interaction in thal., 1998; Kofron et al., 1999). VegT promotkeriére, xnr4
Xenopus laeviembryo. Several secreted growth factors fromand activin B expression in a cell-autonomous manner
the FGF and TGE families have been identified as candidate(Clements et al., 1999; Kofron et al., 1999; Sun et al., 1999;
mesoderm inducers based on their expression patterns and thésuo and Lemaire, 1999), showing that these mesoderm-
ability to convert ectoderm to mesodermal fates (reviewed binducing signals inrXenopusare a target of VegT. Although
Slack, 1994; Harland and Gerhart, 1997). These candidateany mesoderm-inducing signal candidates have been
molecules include bFGF, eFGF, Activin, Xnrl, Xnr2, Xnr4,identified, the importance of each and the degree to which they
Xnr5, Xnr6, Derriere and Vgl (Kimelman and Kirschner,act redundantly has not been fully addressed.
1987; Slack et al., 1987; Smith et al., 1990; Thomsen et al., Numerous studies ienopusave implicated Nodal-related
1990; Thomsen and Melton, 1993; Jones et al., 1995; Josefdttors (Xnrs) in mesoderm formation (reviewed by Schier and
and Melton, 1997; Sun et al., 1999; Takahashi et al., 2000ghen, 2000). Six Xnrs have been identified to date and all but
Embryos expressing dominant negative Activin type | or typeXnr3 exhibit potent mesoderm-inducing activity (Jones et al.,
Il receptors fail to form mesoderm, indicating that an Activin-1995; Smith et al., 1995; Joseph and Melton, 1997; Takahashi
like signal is essential for mesoderm formationXienopus et al., 2000). In VegT-depleted embryos, Xnrl, 2 and 4 can all
(Hemmati-Brivanlou and Melton, 1992; Chang et al., 1997). rescue the formation of head, trunk, and tail mesoderm (Kofron
Recent work has shown that the cascade leading ttal., 1999). All Xnr proteins characterized to date are initially
mesoderm induction is initiated by the localized determinanéxpressed as zygotic transcripts following mid-blastula
VegT (reviewed by Kimelman and Griffin, 2000). VegT (alsotransition (MBT) in the endoderm and mesoderm. Transcripts
known as Brat and Xombi; the zygotic isoform is known asaccumulate in a dorsal to ventral gradient, with highest levels
Antipodean) is a maternally supplied T-box transcription factoseen in dorsal cells (Jones et al., 1995; Agius et al., 2000;
whose mRNA is stored in the vegetal cortex of Xemopus Takahashi et al., 2000). The strongest evidence that Nodal
egg (Lustig et al., 1996; Stennard et al., 1996; Zhang and Kingignaling is required ilXenopusmesoderm formation comes
1996; Horb and Thomsen, 1997). It is essential for thérom studies exploiting the short form of the secreted
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extracellular antagonist Cerberus (Cer-S). While full lengthranscriptional feedback loop previously documented for
Cerberus is a multifunctional antagonist of Nodal, BMP andNodal and Derriere expression (Takahashi et al., 2000; Onuma
Whnt signaling (Bouwmeester et al., 1996; Hsu et al., 1998t al., 2002) Our analysis of the role of Derriere in mesoderm
Piccolo et al., 1999), the C-terminal Cer-S fragment lacks antinduction has led to several surprising observations. First, we
BMP and anti-Wnt activities and has been suggested to befiad that not all TGB cleavage mutants act as expected, with
Nodal-specific inhibitor (Piccolo et al., 1999). Cer-S blocksunprocessed forms Xnr2 retaining long range mesoderm
mesoderm induction by endodermal explants and inhibitsxducing activity. We also find that Derriére can directly
mesoderm formation in whole embryos (Agius et al., 2000). linteract with Nodal proteins and BMPs through the formation
is difficult to fully reconcile the effects of Cer-S with those of of heterodimeric ligands. We present our analysis of Derriere
a dominant negative Xnr2 cleavage mutant construct (CMfunction and its interaction with other members of the FGF
Xnr2), which has also been described as a specific antagonsstperfamily.
of Nodal signaling. While CM-Xnr2 leads to anterior
truncations inXenopusit fails to block mesoderm formation
either in embryos or explants (Osada and Wright, 1999).  \IATERIALS AND METHODS

Findings in zebrafish and mice confirm that Nodal proteins

constitute an important part of the mesoderm-inducing Signayhole-mount in situ hybridization and lineage tracing

.bUt |nd|cgte that other factors are pmb?‘b'y involved, espeuall&enera' methods are described in Sive et al. (Sive et al., 2000). For
in posterior mesoderm formation. Mice homozygous for &omparison of derriére expression with other mesoderm- and
Nodal mutation have severe defects in mesoderm formatiorsndoderm-specific transcripts, embryos were allowed to develop to
However, a significant fraction oNodat’~ embryos still  the indicated stages and fixed for 1 hour. A subset of the fixed embryos
express molecular markers of nascent and posterior mesodewre then bisected prior to in situ hybridization using a razor blade.
(Conlon et al., 1994). Zebrafish mutant for tedatrelated  Gastrula stage embryos were oriented such that the plane of section
genescyclopsandsquintfail to express the dorsal mesoderm passed through the dorsal blastopore lip. For lineage tracing, 200 pg
marker goosecoid and lack dorsal expression of the of nuglearlﬁ-g.alactogldasemRNA was go-lnjected fmd ylsuallzed
mesodermal markentl/brachyury At later stages, the only following fixation (Sive et al., 2000) Wlt.h the modification that 6-
mesodermal derivatives detected are several somites in the tgg’eoéc?f"lr;i%'ygf;(D'%?laCtos'de (red-gal; Research Organics) was
(Feldman et al., 1998). Loss afie-eyed pinheagbep, which P -9a.

encodes an essential extracellular cofactor for Nodal signalingonstruction of Xnr2 cleavage mutants

leads to an almost identical phenotype (Gritsman et al., 199%he general strategy for generating Taffeavage mutants has been
Yeo and Whitman, 2001). Similarly, mice mutant for cripto (adescribed previously (Lopez et al., 1992; Hawley et al., 1995). The
murine homologue obep have severe defects in mesodermoriginal Xnr2 cleavage mutant (CM-Xnr2) was a gift from
formation, with brachyury expression mislocalized proximallyChristopher V. E. Wright (Osada and Wright, 1999). Additional Xnr2
and a complete loss of later markers of axial, paraxial angleavage mutant constructs were made usingx@M in pCS2(+)
lateral plate mesoderm (Ding et al., 1998). vector as a template. To generate the Xnr2 double cleavage mutant

These results suggest that while Nodal proteins are CM-Xnr2), the putative cryptic proteolytic cleavage site RGVR
essential component of the mesoderm-inducing signal i GA GGA GTA AGG) at residues 209-212 was altered to ALDA

R CT CTA GAC GCA) by PCR. An upstream cleavage mutant
vertebrate embryos, other T@sprobably play a significant (UCM-Xnr2), in which the cryptic proteolytic cleavage site is mutated

role. One likely candidate is Derriere, a Tg&mily member the canonical site is not, was created by replacing the upstream

closely related to Vgl. IXenopusderriereis first expressed  region of wild-type Xnr2 with the equivalent region of DCM-Xnr2 in
following MBT in a pattern reminiscent @egT In animal cap  pCS2 byDralll restriction digest.

explants,derriére transcripts are induced in response to VegT To generate the Xnr2 mature domain with an altered proteolytic
and derriére can induce both its own expression and that ofleavage site fused to the Activin pro domain (proAct-CM-Xnr2), the
vegT, suggesting an autoregulatory feedback loop. A|thoug|qoding region of the original CMnr2 construct was first inserted into
derriérehas been implicated in posterior development and lefttCS107 (Baker et al.,, 1999) and ther2 pro domain was excised
right asymmetry, it can efficiently induce both dorsal andsing the 5BsBI restriction site and &al site introduced into the

: : [tered cleavage site. The pro domainaofivin fB was amplified
ventral mesodermal fates in animal caps (Sun et al., 1999rbm DCSKA Activin BB plasmid (Thomsen et al., 1990) by high

Hanafusa et al., 2000). Finally, a dominant negaiwelerg_ fidelity PCR and inserted into thBsBl/Sal pCS107 CM-Xnr2
cleavage mutantn-dej) has been shown to block the ability yector. Al PCR reactions used high fideliyfu polymerase
of vegTto rescue endodermal gene expression and blastopqi&ratagene) and the final constructs were checked for alterations both
formation invegTdepletedXenopusembryos (Xanthos et al., by sequencing and whole embryo activity assay.
2001). _ _ .
To evaluate the contribution of TBFamily members other ~Construction of epitope tagged Derriere, Xnr2 and CM-
than Nodal proteins to mesoderm induction, we hav&€mere N
undertaken an analysis dérriéreactivity in the earlyXenopus HA- and Flag-taggedroAct-xnr2 and proAct-derriere constructs

embryo. We have compared the early embryonic expressidf"e made with thactivin B pro domain in place of the wild-type
pattern of derriere with other likely components of the pro domain to increase proteolytic processing efficiency. The HA-

d induci . | and h h terized th tivi agged constructs used the pCS2(+) proAct-HA-Xnrl cassette vector
mesoaerm-inducing signal and have characterize €ac 'Vé%scribed by Piccolo et al. (Piccolo et al., 1999). Xl mature

of derriérein the gastrula stage embryo. We_have alsp analyz_ main was excised using Xhd restriction site immediately
the effect of CM-Der on mesoderm induction and find that itjownstream of the HA-tag and 9X®a site. The mature domains of
completely inhibits the formation of both dorsal and ventraknr2andderriérewere amplified by high fidelity PCR and cloned into
mesoderm. Interference with Derriére function also affects thtme proAct-HA cassette.
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To generate the equivalent Flag-tagged constructs, a Flag epitof870-1091; note that the open reading frame encoding Derriére stops
containing a 5Sal site and a 3Xhd site was introduced at an at nucleotide 1065, placing the downstream primer in th&® and
endogenouxhd restriction site immediately downstream from the allowing for selective amplification of endogenalesriere mRNA).
proteolytic cleavage sequenceddativin 8B in pSP64T (Thomsen et Other primer sequences were obtained from http://cbrmed.ucalgary.
al., 1990). The resultant construct contains the sequence RBRKR ca/pvize/html/WWW/Marker_pages/primers.html. For all RT-PCR
(DYKDDDDK)LE (Activin proteolytic cleavage site underlined; reactions eitheefla or odcwere used as loading controls.

Flag-tag in parentheses) and includes Xnd restriction site ) )

following the Flag epitope. The mature domainxmf2 andderriére ~ Preparation of secreted proteins from oocytes

were amplified by PCR as previously described, and cloned into theecreted3S]-labeled proteins were prepared fraf@nopusoocytes
Xhd/Xba proAct-Flag cassette to create the proAct-Flag-Xnr2 ancessentially as described (Sive et al., 2000). For expression of single
proAct-Flag-Derriere constructs. proteins, 40 ng of synthetic mRNA was injected per oocyte; for co-

Wild-type Derriere and Xnr2 proteins, which possess endogenowsxpression of two proteins, both mRNAs were mixed at equimolar
pro and mature domains, were also tagged with Flag and HA epitopesoncentrations and a total of 80 ng was injected. Conditioned medium
To generate these constructs, tieriere- andxnr2-coding regions  was stored at 4°C. To examine intracellular proteins, oocytes were
were subcloned into pCS108 (A gift from Mustafa Khoka, UClysed in ice-cold RIPA buffer (2(l/oocyte) (Harlow and Lane, 1998)
Berkeley) and aSal site was introduced by PCR mutagenesisand centrifuged twice for 15 minutes at 4°C at 13,606 remove
immediately downstream of the proteolytic cleavage site. Sequencéise yolk. After each round of centrifugation, the clear middle layer
encoding either the Flag or HA epitope and containing $ab site was retained.
and a 3Xhd site were then inserted at tBal restriction site. The L
resultant constructs are Flag-Derriere: RAKRYKDDDDK)LD; Immunoprecipitations
HA-Derriere: RAKRVD(YPYDVPDYA)LD; HA-Xnr2: RRPRRVD- Supernatants and oocyte lysates were immunoprecipitated using the
(YPYDVPDYA)LD (proteolytic cleavage sites underlined; epitope indicated antibodies; all immunoprecipitations used two to five oocyte
tags in parentheses). equivalents (20-5Ql) of either supernatant or lysateGlu-Glu (clone

The cleavage mutant form dérriere (CM-der) (Sun et al., 1999) Glu-Glu; Covance, Richmond, CA) ard-lag (clone M2; Sigma)
was cloned into pCS107 (Baker et al., 1999) and a single copy of thmmunoprecipitations were carried out in a mixture of 60% RIPA and
Glu-Glu epitope inserted at 8al restriction site in the altered 40% phosphate-buffered saline (PBS) with the antibody at |2.ng/
proteolytic cleavage sequence. The introduction of the Glu-Glu-taginti-HA immunoprecipitations were carried out in 60% RIPA and
changed the altered cleavage site from GVDG to GVD(GE40% aHA mouse monoclonal antibody (clone 12CA5) hybridoma
YMPMEG)VDG (Glu-Glu-tag in parentheses). As with the Xnr2 tissue culture supernatant. Binding was carried out on ice for 1 hour
cleavage mutant constructs, all epitope tagged constructs weira total volume of 50Ql. Antibodies were then bound to protein A
checked by sequencing and activity assay for the presence of P@Rads for 30 minutes at 4°C with end-over-end rotation, centrifuged

induced mutations. and washed three times in RIPA buffer. For two-step
) o ] immunoprecipitations, thexHA monoclonal antibody was first
Synthesis and microinjection of synthetic mMRNA coupled to protein A beads (Harlow and Lane, 1988). Bound proteins

Capped synthetic mRNAs were transcribed using the mMessageere released by boiling for 10 minutes in Laemmli sample buffer.

mMachine kit (Ambion). The open reading frames X#nopus For all immunoprecipitations, immunoprecipitating proteins were

derriéreand CMder (Sun et al., 1999) were amplified by high fidelity resolved by 12% reducing SDS-PAGE.

PCR and cloned int&coRI/Xhd digested pCS107. The creation of

other constructs is described abo¥enopus derriereCM-der and

Glu-Glu-tagged CMder mRNAs were made from pCS107 (Baker et RESULTS

al., 1999) vectors linearized withsd and transcribed by SP6 RNA

polymerasecerberus short-fornicer-9 (Piccolo et al., 1999proact- . L .

HA-der, and proact-HA-xnr2 mRNAs were made from pCS2(+) The expression pattern of  derriere du.rlng early

linearized withNotl and transcribed by SPBmp4-flag(a gift from = X€nopus development suggests a role in mesoderm

Jan L. Christian, Oregon Health Sciences University),-X2N2, induction

DCM-xnr2 and proactCM-xnr2 mRNAs were made from pCS2(+) Although Nodal proteins have been implicated as a major

linearized withAsp718 and transcribed with SPBroact-flag-der component of the mesoderm-inducing signal Xenopus

E/lroﬁ“:t‘f|algé22ﬁ_“dp“?accti'xnftzk“’z"e&e?Imadg f:om pS_EG:le (ﬁﬂegsgd zebrafish and mouse, there is reason to believe that other
etton, Inéarized WITECOR1 and transcribéd with SFo. - mempers of the TGF family also play a crucial role. In

Nuclear -galactosidasenRNA was made from pSPrg@al (Smith - . : -

and Harland, 1992) linearized wi¥hd and transcribed by SP6. All Xeno_pus. embryos, derriere is a likely cand_ldate .f_or .

mRNAs were injected as indicated. coptrlbutmg to mesoderm formapon based. on its activity in

naive ectodermal explants and its expression pattern (Sun et

Animal cap assays and RT-PCR al., 1999). To better understand the rdégriere may play in

For animal cap assays, one-cell embryos were injected with synthetidesoderm induction, we undertook a thorough analysis of its

mRNAs as indicated at the animal pole. Animal cap ectoderm waspatial and temporal expression pattern during blastula and

dissected at stage 8 and cultured in 75% NAM solution (Peng, 1991gastrula stages.

RNA was harvested at stages 11 (Condie and Harland, 1987) and 20The timing and distribution otlerriére transcripts were

and RT-PCR was performed as described by Wilson and Meltogompared with well-characterized tissue-specific markers and

(Wilson and Melton, 1994). Primer sets and amplification condltlon%ther members of the T@Family implicated in mesoderm

have been described fefla, xbra, gsg muscle actinand n-cam : . .
(Wilson and Melton, 1994hordin(Sasai et al., 19949dc (Hudson formation. The temporal expressiond#rriere was analyzed

et al., 1997)cerberusandnrp-1 (Mariani and Harland, 1998yegT by RT-PCR on RNA from yyho_le embryos. As prewou_sly
(zhang et al., 1998)nrl andxnr2 (Kofron et al., 1999); andvex1  'eported (Sun et al., 199@jerriereis present only as a zygotic
(Shapira et al., 1999). Primers usedderriérewere U, 5TGG TTA  transcript and cannot be detected prior to MBT at stage 8 (Fig.
CAT GGC AAA CTA CTG C-3 (nhucleotide positions 825-846); D, 1A, lanes 1 and 2). Transcripts are first detected at stage 8.5
5-GAA TGA GAA CAA TCT CCA AAG C-3 (nucleotide positions and rapidly accumulate (Fig. 1A, lanes 3 and 4). Levels plateau
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| Derriere | xXnr2 | Xbra " Sox17p | | Bix4 |

Stage 8.5

Xbra
Derriere |
Xnr1

Xnr4 Wi

Cerberus -
12345678

|

Stage 10+

Fig. 1. An analysis of the temporal and
spatial expression pattern aérriere
transcripts relative to other early markers [ |
of mesoderm and endoderm. (A) Analysis
of temporal expression patterns by RT-
PCR inXenopusmbryosderriére
transcripts are first detected at stage 8.5 af
the same time agrl andxnr4 as well as

the homeobox germaix1 Transcription of
the mesodermal markgbraand the

dorsal specific markererberusare

detected soon afterwards. (B-S) Whole-mount in situ hybridization analy$enopusmbryos at stages 8.5, 10+ and 11. The upper panels in
each row show a representative embryo bisected through the animal-vegetal axis and oriented with the dorsal side @hé¢Hewighpanels
show a vegetal view of whole embryos, again oriented with dorsal sides to the rightdéBi€), sox173 andbix4 transcripts are detected in
distinct but overlapping domains at stage 8.5. Localized expressiomZykbraandgscis not apparent at this stage. (H-M) All transcripts
show strong localized expression by stage #iefriereexpression mirrors that abra, while xnr2 transcripts are restricted to the superficial
cells of the marginal zone and greatly enriched on the dorsal side. (N-S) Expression in stage 11 embryesridgatimnscripts are detected
throughout the region of the embryo expressing. Arrowheads indicate the location of the dorsal blastopore lip in stage 10+ embryos.

Stage 11

by stage 9.5 and remain high throughout gastrulation, but tapeone. At this stagejerriere expression is highly reminiscent
off by stage 13 (Fig. 1A, lanes 5-8). The onsetefriere  of that ofbix4, a direct target of VegT (Fig. 1G). The HMG-
expression coincides with the onset of other presumptivdomain transcription fact@ox173 is expressed by stage 8.5,
targets of the maternally supplied transcription factor VegTbut is limited to the vegetal endoderm and superficial cells of
These include the homeobox gemeigl (Fig. 1A) (Clements the marginal zone (Fig. 1E) [see Henry and Melton (Henry and
et al., 1999) anbix4 (Fig. 1G) (Tada et al., 1998; Casey et al.,Melton, 1998), and Zorn et al. (Zorn et al., 1999) for additional
1999) as well agnrl andxnr4 (Fig. 1A). Expression of the analysis of endoderm and mesoderm markers in sectioned
mesodermal marketbra is not detected until stage 9.5 (Fig. embryos]. Expression of mesodermal markers sughrasand

1A, lane 4), as expected for a gene whose activation depengiscis not yet seen at this stage (Fig. 1D,F).

on one or more of the zygotically supplied T8SFExpression At gastrulation stages 10+ and I1derriére is strongly

of cerberus in the dorsal-most region of the mesendodernexpressed throughout much of the marginal zone and in at least
(Bouwmeester et al., 1996; Zorn et al., 1999), is also firssome cells of the sub-blastoporal endoderm (Fig. 1H,N). Its
detected at stage 9.5 and increases to maximum levels duriegpression pattern continues to closely mirror thaixf (Fig.

early gastrula stages (Fig. 1A, lane 5) as dorsoventrdlM,S). Localized transcription ahr2is apparent by stage 10+
patterning of the mesoderm commences. and shows a strong dorsal bias (Fig. 1l). Relativeetiere,

In order to compare the spatial expression pattedemwiere ~ which is expressed at high levels in both the superficial and
with other TGIB family members and determine its position underlying cells of the mesoderm and endodexm? is
relative to the boundaries of the three germ layers, we analyzetbarly restricted to the surface of the embryo and appears to
embryos by whole-mount in situ hybridization. Embryos werebe most closely associated with the blastopore lip (Jones et al.,
bisected prior to in situ hybridization to reveal expressior1995). Expression ofnrl, xnr5 andxnr6 is not as restricted
patterns in deep cells. In agreement with RT-PCR analysify the embryonic surface as»xar2, but all show the same
derriere transcripts are detected at stage 8.5 (Fig. 1B). Thstrong dorsal bias, which probably reflects positive regulation
entire marginal zone expressgarriere, both superficially in by the dorsal determinarf-catenin (Agius et al., 2000;
cells of the suprablastoporal endoderm and throughout thEakahashi et al., 200Gjerriéreis expressed more broadly than
underlying mesoderm all the way to the blastocoel. In additiorthe mesodermal markedra (Fig. 1J,P), particularly at the
expression is detected in the vegetal cells of the sub-blastopomiset of gastrulation. At stage 10+, the high leveldeofiere
endoderm. Althouglderriereappears to exhibit a slight dorsal transcript seen in the marginal zone extend vegetally all the
bias, expression is clearly detected throughout the marginalay to the dorsal blastopore lip (Fig. 1H; arrowhead indicates
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blastopore lip). By contrastpraexpression terminates several

cell diameters above the blastopore lip (Kumano and Smitt |
2000). In summanyerriere expression corresponds to what is
expected for an endogenous mesoderm-inducing signal: it
initiated prior to the onset of mesoderm formation and i
present at high levels in both the dorsal and ventral margin
zone, and in the underlying cells of the vegetal endoderm.

Control " +Der (dor) " +Der (vent) |

derriere can induce both dorsal and ventral
mesoderm

derriere has been previously shown to induce a number o
mesodermal markers in animal cap assays and to induce
partial secondary axis when injected ventrally (Sun et al
1999). To understand the capacity dérriere to induce
mesoderm in the context of the whole embryo further, wéig. 2.derriereinduces both dorsal and ventral markers of mesoderm
overexpressederriere mRNA in either the dorsal or ventral in whole embryos. Embryos were injected with 200 pdesfiere
marginal zone. Although even modest dosesie$andactivin (der) MRNA into a_smgle blastomere at the four-cell stage. Inj_ectlons
strongly induce dorsal mesoderm and convert ventral fates Yere targeted to either the dorsal (dor) or ventral (vent) marginal

: zone and gastrula stage embryos were analyzed by whole-mount in
dorsal, we found thaterrierewas much less potent as a dorsals1itu hybridization. (A-F) Embryos viewed from the side of injection.

inducer. Both dorsal and ventr_al injections induce generetA-C) Expression of the mesodermal markbrais induced on the
mesoderm markers suchxsra (Fig. 2B,C). However, dorsal  gjge of injection. (D-F) Dorsal injection leads to expanged

targeting leads to an expansion of dorsal markers sughcas expression, while ventral injection causes no ectopic expression of
(Fig. 2E) while ventral targeting leads to an expansion Ofjscin the ventral marginal zone. (G-I) Embryos viewed from the
ventral and lateral markers suchxasntl(Fig. 21). The ability  vegetal pole with dorsal facing rightwards. Ventral injection of
of derriere to induce ventrolateral fates in addition to dorsalderrieremRNA leads to increased expression of the ventral and
ones is consistent with the loss of anterior structures reportéaferal markexventl while dorsal injection has no effect.
by Sun et al. (Sun et al., 1999). Head formation requires the
suppression of trunk fates, so that an expansion of trurtke loss of trunk mesoderm reported by Sun et al. (Sun et al.,
mesoderm is expected to inhibit head formation. Untike2, 1999).
which will strongly induce organizer fates on the ventral side As derriere and nodal genes are linked to mesoderm
at only 10 pg (P. M. E. and R. M. H., unpublishetfriere  induction both by their expression patterns and activity, we
does not induce ectopigsc expression even at 200 pg (Fig. reasoned that their transcription might be inhibited when
2F).derriere’'sreported ability to induce partial secondary axesmesoderm is blocked by Ghler and cer-S This was borne
when overexpressed ventrally (Sun et al., 1999) could resudtut in both animal cap experiments and whole embryos
from the induction of ventrolateral rather than organizer fateexpressingcer-S Animal caps co-injected witberriére and
cer-Sfailed to expressbra, derriere andxnrl (Fig. 3L, lane
Dominant-negative derriere completely inhibits 4). In situ hybridization analysis of embryos injected
mesoderm formation in  Xenopus marginally with cer-S mRNA also revealed a substantial
To determine ifderriere is an essential component of the decrease in the expression of bd#rriére andxnr2 at stage
endogenous mesoderm inducing signaX@mopuswe used a 11 (Fig. 3G,J). In addition to being significantly reduced in
dominant-negative approach to analyze loss of function. Avel, the boundaries of the strong bandefriére expression
TGH3s must be proteolytically cleaved after dimerization tonormally seen at the marginal zone were much less distinct
form an active ligand, a non-cleavable version can dimerizéhan in control embryos and more punctate expression was
with endogenous wild-type monomers and prevent propetetected in the vegetal endoderm (compare expression in Fig.
processing (Fig. 3K) (Lopez et al., 1992)dArrierecleavage 3E,G). Injection of CMder prevents analysis of endogenous
mutant (CMder) has previously been described by Sun et alderriere, but CM-der appeared to cause a modest reduction in
(Sun et al., 1999). We injected 2 ng of @dr mRNA into the  xnr2 transcription (Fig. 3I). These data demonstrate that
marginal zone of a single blastomere at the four-cell stage. ThBerriere and Nodal proteins positively regulate each other at
dose of CMder is enough to inhibit mesoderm induction in the transcriptional level during mesoderm induction; therefore
animal caps by up to 200 pg déerriere (Fig. 3L, lane 3). even reagents that block only one of these molecules through
Embryos were allowed to develop to mid-gastrula stages ardirect interaction (such as Cer-S) still have inhibitory effects
fixed for whole-mount in situ hybridization analysis. The siteon both.
of mRNA injection was identified by detection of & _ o ) ) )
galactosidasdineage tracer. In embryos where @Mr had  Xnr2 retains diminished signaling capacity even
been targeted to the marginal zone, expression of the geneYdien it is unable to be proteolytically processed
mesodermal markexbra was completely lost at the site of When a cleavage mutant formyafr2 (CM-xnr2) (Osada et al.,
injection (Fig. 3B). In addition, the blastopore lip either failed1999) was compared with GChller and cer-S striking
to form in the presence of Gllleror was severely disorganized differences in activity were apparent. Expressionxtws was
(not shown). The complete inhibition of mesoderm formatiorgreatly expanded and could be seen in most of the animal
caused by CMileris highly reminiscent of the activity reported hemisphere (Fig. 3C). CMnr2 was also found to upregulate
for cer-S(Fig. 3D) (Agius et al., 2000) and is consistent withderriere expression (Fig. 3F). These effects on cells far

|Xvent1 " Gsc ” Xbra [
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Fig. 3.A dominant negativelerriere cleavage
mutant (CMder) inhibits mesoderm
induction inXenopuembryos. The effect of
CM-deron mesoderm formation is similar
that of the short form aferberus(cer-9 but
differs markedly from the activity of thenr2
cleavage mutant (CMnr2). Embryos were
injected with either 2 ng of CMer, 2 ng of
CM-xnr2, or 500 pg oter-SmRNA into a
single blastomere at the four-cell stage alc
with 200 pg of g3-galactosidasdineage
tracer. Stage 11 embryos were stained wit
red-gal to mark the site of injection and

Control CM-Der CM-Xnr2 Cer-S

“-ﬂ‘ ﬂ

| Xnr2 || Der || Xbra |

analyzed by whole-mount in situ o
hybridization. (A-D) Expression of the N 5
mesodermal markedbrais inhibited in a cM-BZﬂEgS + " : *tE i
similar manner by CMlerandcer-S CM- 0=k
xnr2 causes expansion gbrainto the anima kg Cleavage Active Cerberus-S toSo
hemisphere. (E-G) Expressiond#rriereis ld-type =5 = dimer L ODC s = e
significantly diminished bger-Sbut is Xbra we .
expended into the animal hemisphere by~ Cleavage Non- Derriére

xnr2. (H-J)Xnr2 expression is strongly mutant s ——— &S5 fu(;ctional = _
inhibited bycer-Sand appears to be partial Xnri S -
attenuated in the presence of @dr. In H-J, 122345867

embryos have been oriented with the site

mRNA injection at the top. (K) Mechanism of inhibition by cleavage mutant constructierfigre activity is blocked by both Chderand
cer-Sin animal caps. Animal poles were injected at the one-cell stage with 208mpEre mMRNA and co-injected with either 2 ng Cilér or
500 pgcer-S By itself,derriereinducesxbraandxnrl, as well as upregulating its own transcription.-@& shows no mesoderm-inducing
activity on its own and significantly reduces mesoderm induction by wilddgpere cer-Salso blocks mesoderm formation in animal caps
expressinglerriére

removed from the site of expression are of particular intereshan 10 pg of wild-typexnr2 (Fig. 4B, lanes 1-3). Reduced
because TGFcleavage mutants are conventionally thought tosignaling capacity was confirmed by the failure of -QiM2
function cell autonomously by blocking secretion as well asnd DCMxnr2 to induce extreme dorsal mesodetkmr2 is
proteolytic processing. capable of inducing a range of mesodermal fates in a
The induction of mesoderm-specific transcripts by-&2  concentration-dependent manner, from ventral and lateral
indicates that it may retain at least some of the signalinderivatives at very low doses to exclusively dorsal fates at
activity of wild-typexnr2. One possible explanation for this is higher doses (Jones et al., 1995). While 10 pg of wild-yp2
suggested by the presence of a cryptic proteolytic cleavage Wwas sufficient to activate expression of the dorsal magker
the pro region of Xnr2, upstream from the canonical cleavagie animal caps, even 2 ng of the cleavage mutants failed to do
site. TGHPBs are cleaved by members of the proproteinso. Taken together, these data indicate that unprocessed Xnr2
convertase family of endoproteases that recognize thean transduce a Nodal-like signal and cleavage mutant forms
consensus cleavage site RXXR (Bresnahan et al., 1990; Moll@f the protein should not be considered authentic dominant
et al., 1992; Dubois et al., 1995; Cui et al., 1998). Recent wonkegatives. In contrast to Xnr2, we found that CM-Der is
has shown that the T@Ramily member Lefty A is processed completely inactive in mesoderm induction assays (Fig. 4B,
at two distinct cleavage sites, each of which retains activitiane 4).
when the other is mutated (Ulloa et al., 2001). In addition, In order to assess the importance of the Xnr2 cryptic
BMP4 is cleaved in an sequential manner at two sites, artdeavage site for normal Nodal signaling, we constructed an
mutation of the upstream site has important consequences fgpstream cleavage mutant (UCM-Xnr2) in which the cryptic
both the strength and range of the signal (Cui et al., 2001). bite is mutated while the canonical site is left unaltered. The
Xnr2, cleavage at both sites would result in two pro domaimctivity of each was evaluated over a range of doses in both
fragments, which we have designated proA and proB (Fig. 4Aanimal caps and whole embryos. In animal cap assays, both
Because only the canonical site was altered inX0k2, we  wild-type Xnr2 and UCM-Xnr2 were found to induce
reasoned that processing might still be occurring at a cryptimesodermal markers such xsa and vegTat similar doses
site and generating active ligand consisting of proB and th@ig. 5A). When overexpressed in whole embryos both
mature domain. To test this possibility, we altered the seconuolecules gave rise to identical phenotypes at equivalent doses
cleavage site at residues 209-212 from RGVR to ALDA(Fig. 5B-E). We conclude that proteolytic processing at the
creating a double cleavage mutant2 (DCM-xnr2; Fig. 4A).  canonical cleavage recognition sequence can occur in the
CM-xnr2 and DCMxnr2 were tested for mesoderm inducing absence of upstream processing and is sufficient for normal (or
activity in animal cap assays. Surprisingly, we found that evenearly normal) activity.
DCM-xnr2 was still capable of inducingbra. The overall Because CM-Xnr2 had previously been reported to lack all
activity of both cleavage mutants was substantially attenuated;ild-type activity, including the ability to induce mesoderm
as indicated by the fact that even at 2 ng they inducedbess (Osada and Wright, 1999), it was important to confirm our



Interaction between Derriere and TGF[ family members 3095

Fig. 4. Cleavage mutant forms of Xnr2 retain A

diminished signaling activity and therefore d —.m..::mm | Xbra I Gsc [ Xwnt8 |
not function as authentic dominant negative Xnr2 GVDGG

molecules. (A) Diagram of the various Xnr2 RGVR RRPRR g C T# o “ E

cleavage mutant constructs tested. The gray € : s ) 5 | M - 4 . O“
region of the bar indicates the Xnr2 proAan ~ CM-XN"2 a1pa Gypga O

proB regions, while the white regions repres RGVR_RRPRR E. G H

the mature Xnr2 ligand. The Activin pro BCVIXns ¢ 4 ) | ¢ ”‘ H| M ( .
domain is indicated in blue. (B) RT-PCR GLDGG =2 .

anaéysis ofknr2 cleava%e mﬁtant conlstrulcts. Yl o I K

Embryos were injected in the animal pole at — g .‘ Y C
one-cell stage with 10 pg &hr2 or 2 ng of the ProAct-CM-Xnr2 g ‘" . > 4 .‘ .
cleavage mutant mRNAs. Wild-typ@r2 and = ‘g

both CMxnr2and DCMxnr2induce B EX BB =R L“ 2 ‘ N

mesoderm in animal caps, as indicated by tl NT=2R . X% - J. —-—
presence ofbratranscripts. An equivalent £ g 8 8 8 = E —

dose of CMder shows no mesoderm inducin = e |0 = B . Q

activity. Bothxnr2 cleavage mutant construct ODC st - 3 m ”& " O-
fail to induce extreme dorsal fates (marked ! Xbra w « = ao ' .

gsQ. (C-T)xnr2 cleavage mutant constructs = _

induce ectopic mesoderm in whole embryos Gsc | 3 B Mﬁ v ‘ TC , ”
Embryos were injected with the 10 par2or 2 XVex - s | - . N

ng cleavage mutant mRNAs in the animal pc 123456867
at the one-cell stage, allowed to develop to

stage 11 and analyzed by in situ hybridization. Wild-type2 and all three cleavage mutant constructs cause expansion of the mesodermal
markerxbra, the dorsal mesodermal marlgcand the ventral/lateral mesodermal markent8(F-Q). By contrast, CMlerleads to an
inhibition of xbra expression and has no obvious effecgeoandxwnt8(R-T), presumably because of limited diffusion of the animally
injected mMRNA).

observations in additional assays. We therefore made a secc

attempt to rule out low-level proteolytic processing from any

unidentified cleavage sites in the pro region of Xnr2. To do this A
we completely replaced the Xnr2 pro region with that of

Activin 3B, while leaving the cleavage site mutated (proAct-

CM-Xnr2) (Fig. 4A, Activin pro region in blue). Previous

. k)(nr2

. kUCM-anz
Control

.

studies have shown that when the Activin cleavage mutant Xbra
translated inXenopusoocytes, only the unprocessed 51 kDa
protein is produced (Hawley et al., 1995). This indicates the VegT . - .

Activin contains only a single site for proteolytic processing.
Consequently, proAct-CM-Xnr2 should be completely inactive
if the activity of CM-Xnr2 and DCM-Xnr2 is dependent upon

processing from unidentified sites in the pro domain. 1 2 8 «4« & 6 7
We compared the activity of all three Xnr2 cleavage mutant
in whole embryos using in situ hybridization to evaluate | 0.1 pg | 1pg

mesoderm formation. CMnr2 and DCMxnr2 both induced
xbra expression throughout much of the animal hemispher
(Fig. 4l,L). Proact-CM-xnr2 was equally effective at inducing
mesoderm in this assay (Fig. 40). All three cleavage mutal
MRNAS, when injected in the animal hemispheres of one-ce
embryos, caused expansion gsfc on the dorsal side of the
embryos (Fig. 4J,M,P) angwnt8 (a marker of ventral and
lateral mesoderm) in the remainder of the embryos (Fic
4K,N,Q). Wild-typexnr2 was more efficient than the cleavage
mutants at inducingsc (Fig. 4G), confirming that activity is
reduced when proteolytic processing is inhibited. Once agail
CM-der showed no mesoderm-inducing activity and actuallyFig- 5. Loss of the cryptic proteolytic cleavage site in Xnr2 has no
inhibited xbra expression in some embryos, despite beindMPact on activity. (A) RT-PCR analysis of tker2 upstream

targeted to the animal pole rather than the marginal zone (Fic/éavage mutant construct (UGkAr2). Embryos were injected in

4R) the animal pole at the one-cell stage with 1 pg or 10 pgr&or
’ UCM-xnr2 mRNA. Both molecules induce the mesoderm markers

| UCM-Xnr2 | Xnr2 I

It is pOSSIbIe that an2 cleavage .mutants cou_ld Ir‘duc'xbraandvegTat equivalent doses (lanes 1 and 4). (B-E) Analysis of
mesoderm either by acting as functional Nodal ligands Gycm-xnr2in whole embryos. Embryos were injected at the one-cell
by heterodimerizing with and inhibiting endogenous Nodastage with 0.1 pg or 1 pg &fr2 or UCM-xnr2 mRNA and allowed
antagonists such as Antivin and Lefty (Meno et al., 199%%o develop to stage 20.
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Thisse and Thisse, 1999; Cheng et al., 2000). In the forméorms of TGHPBs are thought to block secretion of the
case, Xnr2 cleavage mutants would act as secreted mesodeendogenous, wild-type monomers (Lopez et al., 1992). To
inducing signals, while in the later case their activity would beconfirm that Xnr2 cleavage mutants are secreted, we examined
cell autonomous (because even if the unprocessed ligand wengpression of wild-type Xnr2, CM-Xnr2, DCM-Xnr2 and
to be secreted, heterodimerization with Nodal antagonist€M-Der proteins inXenopusoocytes. Levels of protein
could only occur in the expressing cells). To distinguishvere compared between conditioned oocyte supernatants
between these possibilities, we compared the range of DCMeontaining secreted protein) and lysates (containing
Xnr2 activity with wild-type Xnr2 and the cell-autonomous intracellular protein). Xnr2, CM-Xnr2 and DCM-Xnr2 were
mesoderm inducer Smad2 (an intracellular component of tHeund almost exclusively in the oocyte supernatant, indicating
Nodal signal transduction pathway). Embryos were injected dhat they are efficiently secreted (Fig. 6E, lanes 1-3). By
the four-cell stage to limit diffusion of MRNAs to one quadrantcontrast, CM-Der was not secreted by oocytes and could only
of the animal hemisphere. To facilitate lineage tracing, #&#e detected in the lysate (Fig. 6E, lane 4). Proteolytic
lacZ/smad2 fusion construct was employed (Baker andprocessing was observed in wild-type Xnr2 and CM-Xnr2,
Harland, 1996) anduclear 3-galactosidasevas co-injected indicating that both canonical and cryptic cleavage sites are
with xnr2and DCMxnr2. Mesoderm induction was assayed atrecognized by proteases. When wild-type Xnr2 was expressed,
stage 11 by in situ hybridization. Bmad2injected embryos, bands corresponding to both proA and mature domains were
ectopicxbra expression was strictly limited to those cells ofobserved (Fig. 6E, lane 1; mature ligand indicated by
the animal hemisphere where Smad2 was also expressed (FRagrowhead). Although a band corresponding to the predicted
6C). By contrast, botkxnr2 and DCMxnr2 caused ectopic proB/mature ligand was not observed in CM-Xnr2, the
xbra expression throughout the animal hemisphere even ipresence of the proA domain indicated proteolytic processing
cells far removed from those injected with mRNA (Fig. 6A,B).had taken place. As expected, DCM-Xnr2 was present only as
While it is possible that antagonism of Antivin and Lefty an unprocessed precursor protein running at approximately 70
through heterodimerization accounts for some of the activitkDa. These results demonstrate that different Gimily
seen in the Xnr2 cleavage mutants, these data show that tmembers have very different activities following proteolytic
unprocessed ligand also retains long-range signaling activityprocessing. However, for our purposes, the finding that CM-
The ability of CM-Xnr2 and DCM-Xnr2 to act as secretedDer is both inactive and an inhibitor of mesoderm formation
signaling molecules is unexpected, given that cleavage muta@hables us to further test its role in normal mesoderm
induction.

Dominant negative Derriere promiscuously
antagonizes Nodal signaling

We wanted to evaluate thoroughly the specificity of CM-Der
for Derriere signaling. Previous reports have indicated that
‘gf: although CM-Der is a preferential antagonist of Derriére
signaling, it may have some effect on other B&&EMmIly
members. In an assay for animal cap elongation (characteristic
51— N of dorsal mesoderm fates), Giler was found to reduce both
the frequency and extent ghr2-induced elongation (Sun et
= al., 1999). We confirmed the ability of CM-Der to attenuate
18 — || Nodal signaling by showing that it can ameliorate the2
” _ overexpression phenotype in whole embryos (Fig. 7A).
92— SRS Normally, the severity of this phenotype increases with the
2 - ' '*' level ofxnr2mRNA (for the purposes of this experiment doses
ABD ranged from 1 to 10 pg). Whemr2 is co-injected with 3 ng
351 — of CM-der, the whole embryo phenotype is markedly reduced
such that 10-fold morenr2 mRNA is required to produce the
1.2 3 45 same effect (compare 1 par2 alone with 10 pgxnr2 co-

Fig. 6.Cleavage mutant forms of Xnr2 are secreted and can act non'-meCted with 3 ng CMderin Fig. 7A). .

cell autonomously. (A-D) DCM-Xnr2 induces mesoderm non-cell We used animal cap assays to understand the inhibitory
autonomously. Four-cell embryos were injected at the animal pole activity of CM-Der on Nodal signaling. Embryos were injected
with (A) 100 pgxnr2 + 200 pgB-galactosidase(B) 2 ng DCMxnr2 with increasing amounts ofnr2 mRNA either alone or in

+ B-galactosidaser (C)lacZ/adr2mRNA. lacZ expression was combination with 2 ng of CMier. When animal cap explants
visualized by red-gal staining andra expression was detected by in were analyzed at stage nr2 mRNA was found to induce
situ hybridization. (D) Control embryos. (E) CM-Xnr2 and DCM-  xpraexpression at both 1 and 10 pg. Consistent with the ability
Xnr2 are secreted from oocytes while CM-Der is not. Mature 00Cytegt Nodal ability to induce both dorsal and ventral mesoderm
were injected with 25 ng of the indicated MRNAs and labeled with in a dose-dependent manrgscandchordinexpression (both
[35S]methionine. CM-Xnr2 and DCM-Xnr2 are efficiently secreted markers of dorsal mesoderm) were detected at 10 pg, but not
while CM-Der is retained within the oocyte lysate (asterisk). Both at lower doses (Fig. 7B, lanes 1-3). Levelsm® that induced

Xnr2 and CM-Xnr2 undergo proteolytic processing, as indicated by . . L
the presence of the proB domain (arrowhead). Mutation of both mesoderm formation also activated transcription of other

cryptic and canonical sites in DCM-Xnr2 abolishes all proteolytic ~ TGFBs includingderriere and xnrl. In the presence of CM
processing. der, a ten-fold higher dose ofnr2 mRNA was required for

Xnr2
CM-Xnr2
DCM-Xnr2
CM-Der
Control

45,2 ——

Supernatant

I

Lysate

4548
»

l
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Fig. 7.CM-Der can antagonize Nodal-mediated mesoderm induction. (A) In whole embryedeiGltlenuatesnr2 overexpression

phenotypes. One-cell embryos were injected at the animal pole with increasing dos@1RNA (top row;xnr2 levels range from 1 to 10

pg). The overexpression phenotype is shown at stage 11 (left side of each panel) and stage 20 (right side of each@aareRpigssion
phenotype is markedly decreased by co-injection of 3 ng cieNMnRNA (bottom row). (B) In animal caps, Chier antagonizes botknr2-
mediated mesoderm induction and the induction of otheSTt@Rscripts. Embryos were injected at the animal pole at the one-cell stage with
increasing amounts ahr2 mRNA (0.1, 1 and 10 pg) either alone or with 2 ng of-@&M mMRNA. Co-injection of CMder attenuates

mesoderm induction bynr2 (as indicated bybra, gscandchordin) and also retards the induction of multiple TB3Fanscripts.

mesoderm induction, consistent with data from whole embryoisiteractions between CM-Der and other members of the3TGF
(Fig. 7B, lanes 4-6). While 10 ng xfir2mRNA was sufficient  family. Mature Nodal ligands have proven difficult to detect in
to induce extreme dorsal types of mesoderm on its own, whegither lysates or conditioned media from expressing cells,
used in combination with CMer only the general mesoderm probably because of inefficient proteolytic processing,
markerxbra was seen. In addition, activation of other TE&F instability of the mature ligand or a combination of both factors
transcripts was severely reduced, suggesting that the ability @€onstam and Robertson, 1999). We encountered similar
CM-Der to inhibit Nodal signaling is at least partially due toproblems with Derriére expression Xenopusoocytes (not

antagonism of Nodal-inducetkrriere shown), but overcame it by employing HA-epitope tagged
Activin/Nodal and Activin/Derriere chimeric proteins. As

Derriere forms heterod_imers with multiple members shown in Fig. 8 (supernatamHA lanes 1 and 2), when the pro

of the TGF B superfamily domains of Xnr2 and Derriére were replaced with that of

The observation that CM-Der inhibited a broad range of Xnr?
induced transcripts suggested to us that it may antagoni

Nodal signaling directly through the formation of proActXnr2 (HA) + + —
heterodimers. This possibility is suggested by the observatic  proActDer (HA) + + e

that BMPs readily form heterodimeric ligands within their BMP4 (Flag + + 5
subfamily (Aono et al., 1995; Hazama et al., 1995) and th CM-Der (Glu-Glu + 4+ + + O

recent discovery that Nodal proteins and BMPs might mutuall o |

antagonize one another through the formation of heterodime €|284= - aHA
(Yeo and Whitman, 2001). In addition, a cleavage mutant forr % 20.8=

of xnr5 has been shown to block the mesoderm inducin c

activity of multiple TG family members, includinderriere, 4 84— -

in animal caps (Onuma et al., 2002). We used an in viv >120.8= - aFlag
translation assay inXenopus oocytes to study direct 2

Fig. 8. CM-Der inhibits secretion of multiple members of the PGF 50??_ PRN——— Gl
superfamily. Oocytes were injected with synthetic mRNA encoding — atlu
epitope tagged proAct-Xnr2 (HA tagged), proAct-Derriére (Flag 79 =

tagged) or BMP4 either alone or in combination with CM-Der. 50.1 = * *

Injected oocytes were cultured in the presencé®sfinethionine '

and the supernatants and lysates analyzed by immunoprecipitation. w347 = aFlag
Supernatants from oocytes expressing proAct-Xnr2, proAct-Derriere % 28.4 = -

or BMP4 alone contain bands corresponding to the predicted sizes of 91208 = -

the mature ligands, while the lysates also contain higher molecular ki ke

weight unprocessed precursor proteins (lanes 1-3). CM-Der (tagged 501 = == == o -

with the Glu-Glu epitope) is seen only in oocyte lysates and in its 34.7 = aHA
presence no mature Xnr2, Derriére or BMP4 ligands are detected in 28.4 -

the supernatants (lanes 4-7). Unprocessed precursor proteins are still ’ = 35

detected in oocyte lysates. Asterisks indicate unprocessed BMP4; 20.8 =

arrowheads indicate mature Xnr2 and Derriére ligands. — 1 2 3 45 6 7 8
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Activin, detectable levels of the mature ligands were The most likely mechanism by which CM-Der could
immunoprecipitated from oocyte supernatants. Co-injection ahhibit processing and secretion of Xnr2 and BMP4 is
an equal amount of CMer mRNA completely blocked through heterodimerization. Multiple strategies were used to
secretion of Xnr2 and Derriére ligands from oocytes (Fig. 8determine whether mature Derriere/Nodal and Derriere/BMP
supernatantaHA lanes 5 and 6), demonstrating that theheterodimers formed in theéXenopus oocyte expression
Derriére cleavage mutant can inhibit secretion of multiplesystem. In the first, HA-tagged proAct-Derriere was co-
proteins in the TGE family. We also found that secretion of expressed in oocytes with either Flag-tagged proAct-Xnr2
Flag-tagged BMP4 was completely inhibited by CM-Der (Fig.or untagged proAct-Xnr2. HA-tagged Derriere was then
8, supernatartFlag lanes 3 and 7). To confirm that all mMRNAsimmunoprecipitated from the oocyte culture media usiHé
were being translated in the oocytes, we carried outntibody and resolved by SDS-PAGE. When expressed by
immunoprecipitations from lysates. All oocytes injected withitself, the mature Derriére ligand was present as a smear rather
Glu-Glu-tagged CMder mRNA expressed an unprocessedthan a single band, migrating between 22 and 28 kDa (Fig.
protein of ~50 kDa (Fig. 8, lysatexGlu lanes 4-7). 10A, lane 3). This is most likely to be due to post-translational
Unprocessed HA-tagged proAct-Derriere and proAct-Xnr2modifications such as glycosylation. When Flag-tagged
were also immunoprecipitated from oocyte lysates, even whamwoAct-Xnr2 was co-expressed with HA-tagged proAct-
CM-Der was co-expressed (Fig. 8, lysatdA lanes 1-2 and Derriere,aHA immunoprecipitation pulled down two distinct
5-6), indicating that inhibition occurs at the level of proteinprotein bands (Fig. 10A, lane 4). The first band in this doublet
processing and secretion rather than mRNA translation. Venmyigrated from 19 to 23 kDa, while the second was a tighter
low levels of mature Derriére and Xnr2 ligands were detectedand centered at 25 kDa. When Flag-tagged proAct-Xnr2 was
only in lysates from oocytes not expressing CM-Der (matureeplaced with untagged proAct-Xnr2, the mobility of the upper
ligands indicated by arrowheads). Similarly, unprocessetiand shifted by slightly over 1 kDa (the expected size of the
BMP4 was present in all oocyte lysates expressing Flag-taggédag epitope), while the lower band remained unchanged.
BMP4, but the mature ligand was lost upon co-expression dased on these data, we conclude that the upper band in the
CM-Der (Fig. 8, lysateaFlag lanes 3 and 7; unprocesseddoublet is Xnr2 co-precipitating with the HA-tagged Derriére
protein bands are indicated with an asterisk). ligand. The equivalent intensities of the lower Derriére band
To confirm that CM-Der is capable of inhibiting BMP and the upper Xnr2 band indicate that Derriere forms
activity, we analyzed its activity in animal cap explants.heterodimers with Nodal at least as efficiently as it forms
Untreated ectodermal explants develop in culture intdvomodimers with itself (Fig. 10A). The differences in mobility
undifferentiated epidermis; however, when BMP signaling iobserved between Derriére alone and in combination with
blocked by treatment with BMP-specific antagonists (Lamb eXnr2 raise the possibility that heterodimerization affects
al., 1993; Sasai et al., 1995; Piccolo et al., 1996; Zimmermaglycosylation or other post-translational modifications.
et al.,, 1996), by use of dominant negative BMP ligands The second method used to detect a direct association
(Hawley et al., 1995) or through dissociation of the animal capetween the mature Derriere ligand and other members of the
(Wilson and Hemmati-Brivanlou, 1995), neural fates areTGF3 family was a two-step immunoprecipitation relying on
induced (for a review, see Harland, 2000). We reasoned thatthe disulfide-mediated covalent association between subunits.
CM-Der antagonizes members of the BMP subfamily, it should\s before, HA-tagged proAct-Derriere was co-expressed in
also be a direct inducer of neural tissue in animal caps. Stagecytes with various Flag-tagged T@F HA-Derriére was
20 animal caps injected with 2 ng of Giér mRNA were than immunoprecipitated from supernatants usimgA
found to express the general neural markecamandnrp-1, antibody conjugated to protein A sepharose beads and bound
even in the absence of the mesodermal markescle actin  proteins were released by boiling. Co-precipitating Flag-
(Fig. 9, lane 2). This induction occurred at the expense of thagged proteins were then pulled down in a second
epidermal markeepidermal keratir{Fig. 9, lanes 2 and 3). The immunoprecipitation, this time usingFlag antibody. Single-
activity of CM-der was indistinguishable from that of the step immunoprecipitations usiodiA or aFlag antibody alone
secreted BMP antagonisbggin(Fig. 9, lane 1). confirmed that all MRNAs were efficiently translated by the
oocytes (Fig. 10B,aFlag and aHA panels). Flag-tagged
Derriere, Xnr2 and BMP4 were all detected after the two-step
Fig. 9.CM-derinduces neural immunoprecipitation, demonstrating that Derriére is capable of
_ tissue in ectodermal explants. heterodimerizing with BMPs and Nodal proteins in addition to
I Embryos were injected at the forming homodimers (Fig. 10BHA:aFlag panel, lanes 5-7).
= animal pole at the one-cell stage Finally, we used epitope tagged versions of wild-type
Nro-1 “ . - with 25 pgnogginmRNA or 2 Derriere and Xnr2 (rather than Activin/Derriere and
P | ng CMdermRNA and explants  Activin/Xnr2 fusion constructs) to examine heterodimerization
were cultured until stage 20 and  petween full-length, uncleaved proteins. This was done to

Noggin

CM-Der

Control
E

N-CAM e analyzed by RT-PCR. Both eliminate the possibility that the activin pro domain was
EK “ gg?rggl}?:Ss%’:(ﬁpﬂggtsr?ﬁ;egeural responsible for mediating heterodimerization not normally
o markersnrp-1 andn-camin the observed with wild-type ligands. This is not an idle concern,
M.A - absence ofuscle actifMA, a as Gray and Mason (Gray and Mason, 1990) have

o mesoderm-specific transcript) demonstrated that the pro domains of PGigands support
EFla e o @ and at the expense epidermal dimerization. As noted previously, we were unable to detect
keratin (EK, an epidermal significant levels of the mature Xnr2 and Derriére ligands in

1 2 3 4 5 marker). supernatants from oocytes expressing wild-type proteins.
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A B Fig. 10.Derriere physically associates with
proActDer (Flag) + + = other members of the T@superfamily,
_  proActXnr2 (Flag) + + £ including Xnr2 and BMP4. (A) HA-tagged
proActXnr2 (Flag) + + 3 BMP4 (Flag) + + 5 proAct-Derriére was co-expressed in
proActXnr2  + 5 proActDer (HA) +++ +0 Xenopuocytes along with either Flag-
proActDer (HA) ++ + 0O - - tagged proAct-Xnr2 or untagged proAct-
51.1 = 1] oFla Xnr2. When HA-tagged proAct-Derriére is
“ . -5 9 g | .: expressed on its own and
35.4 = a immunoprecipitated witcHA, the mature
ligand is seen as a broad range band
28.8= i 4 o HA e = between 22 and 28 kDa (lane 3). In the
T 2 a presence of Flag-tagged proAct-Xnr2, two
20.0= . & ] g - . . - distinct bands are apparent (lane 4); the
removal of the Flag epitope tag from
- e proAct-Xnr2 (a decrease in molecular
123456 aHA:aFlag . weight of approximately 1 kDa) causes a
- . - corresponding mobility shift in the upper of
C 1 234656 7 8 the two bands (mature Xnr2 bands marked
Der (Flag) + F + 5 by ag;erisks). Note that co-expression of
Der (HA) + + = Derriére apd Xnr2 also causes an overall
Xnr2 (HA) + + 8 decrease in the molecular weight of the

mature Derriére ligand. (B) Xnr2 and BMP4 co-precipitate with Derriére.
HA-tagged proAct-Derriere was expressed in oocytes either alone or in
combination with Flag-tagged proAct-Derriére, proAct-Xnr2 or BMP4.
aHA - = B{gg{g 5’;? Supernatants were analyzed by two-step immunoprecipitation; proteins were
i initially pulled down withaHA coupled to protein A, released by boiling and
immunoprecipitated a second time usarfgag. Flag-tagged Derriere, Xnr2

el Bl — pro domain and BMP4 are detected after the double immunoprecipitation (lanes 5-7),
HA indicating that all of them associate with HA-tagged Derriére. All proteins are
o B —Xnr2mature  efficiently translated and secreted into the supernatant, as demonstrated by
- s - —4— Der mature single immunoprecipitations (top two panels). (C) Wild-type Xnr2 co-
precipitates with wild-type Derriére in oocyte lysates. Flag-tagged Derriére
was expressed either alone or in combination with HA-tagged Derriére or
HA-tagged Xnr2. Lysates were analyzedodyA andaFlag
aFlag g renro Xnr2 immunoprecipitations. In both cases, unprocessed Xnr2 and Derriére were
—_— ol B Bre ro Der found to associate (lane 5). In addition, low levels of the mature Flag-tagged
Derriére ligand co-precipitated with HA-tagged Xnr2 (arrowhead, bottom
12 3 456 oHA panel).

However, the full-length, uncleaved proteins could be readilpf diverse TGB family members efficiently heterodimerize in
extracted and immunoprecipitated from oocyte lysatesco-expressing cells.

Unprocessed (prepro) Derriére is present in the oocyte lysate

as a doublet, while prepro Xnr2 is present as a single band;

these bands migrate at distinct molecular weights and can BE@SCUSSION

resolved by SDS-PAGE (Fig. 10C, lanes 1-3). When Flag- .

tagged Derriere and HA-tagged Xnr2 were co-expressed faerriere and members of the Nodal family act

oocytes and immunoprecipitated usingHA, the prepro cooperatively in  Xenopus mesoderm induction

Derriére doublet was clearly seen to co-precipitate with prepriembers of the Nodal family have recently emerged as
Xnr2 (Fig. 10C, lane 5, uppeHA panel). When the reciprocal essential components of mesoderm induction in species
immunoprecipitation was carried out usmiglag, prepro Xnr2  ranging from frog to mouse. Establishing the full importance
was pulled down with prepro Derriére (Fig. 10C, laneMag  of Nodal signaling has been complicated by the fact that there
panel). In addition, mature Derriere and Xnr2 ligands wereare at least five different Nodal-like proteins expressed in early
detected in oocyte lysates aftaHA immunoprecipitation Xenopusembryogenesis capable of inducing mesoderm. All
(Fig. 10C, lanes 1-3, middleHA panel). When HA-tagged are expressed in the vegetal endoderm and the marginal zone
Xnr2 and Flag-tagged Derriere were co-expressed and pulldeginning shortly after MBT, with considerably higher levels
down usingaHA, a band migrating at the expected size of thedetected on the dorsal side of the embryo (Jones et al., 1995;
mature Derriére ligand was seen to co-precipitate (Fig. 100oseph and Melton, 1997; Takahashi et al., 2000). The ability
lane 5, arrowhead). These data, coupled with our observatiari the Nodal-specific antagonist Cer-S to completely block
that CM-Derriére (possessing the wild-type Derriere pranesoderm formation iXenopusas led to the suggestion that
domain) efficiently inhibits the processing and secretion of dorsal to ventral gradient of Nodal signaling may be
wild-type BMP4, proAct-Derriere and proAct-Xnr2 (Fig. 9), responsible for mediating mesoderm induction and patterning
provide convincing evidence that the naturally occurring formén response to VegT arféicatenin (Agius et al., 2000). While
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not contradicting this basic model, we find that other membemmbryo emphasizes the importance of the dorsoventral
of the TGH superfamily, particularly Derriere, are also likely prepattern imposed k¢catenin accumulation (Heasman et al.,
to play a significant role in this process. 1994; Schneider et al., 1996; Rowning et al., 1997). The

While Derriere has previously been implicated inpresence of this dorsal modifier overrides the late activation of
anteroposterior patterning of the mesoderm during gastrulatidmad2 by Derriére to induce organizer-specific transcripts,
(Sun et al., 1999), we suggest that its expression in late blastudile its absence causes ventrolateral gene expression.
stages is indicative of a role in general mesoderm induction ifhus, while timing of Smad2 activation may contribute to
response to VegT activity. More than any of the Nodal familydorsoventral patterning (Lee et al., 2001), early Smad signaling
membersderriére transcripts mirror the expression pattern ofis not necessary for organizer formation in the contexi-of
zygoticvegTand known targets of VegT signaling suctbeel  catenin activity. Mechanistically, the two pathways are known
(Fig. 1). Like the mesodermal marketbra, derriere is  to converge and synergizeci-regulatory sequences to induce
expressed in both the superficial and deep cells of the margir@iganizer-specific genes (Watabe et al., 1995). Even elevated
zone at stage 10+ and transcript levels are more or less equdbyels of Nodal expression on the dorsal side, which may
distributed between dorsal and ventral sides of the embryampart specific dorsoventral patterning information, can be
derriere expression is also detected in cells of the subattributed to transcriptional activation Ifycatenin (Agius et
blastoporal endoderm, which are able to mediate mesoderah, 2000) and repression by ventral inducers such as BMP4
induction. Finally, we find thahodal activity sufficient to (Osada et al., 2000).
induce mesoderm also invariably activatederriere
transcription and the Nodal-specific antagomiet-Sblocks  Diverse members of the TGF B superfamily readily
derriére expression in the whole embryo (Fig. 3). form heterodimers

Taken together, these data strongly suggest that mesodehnteraction between Nodal proteins and other members of
induction is a cooperative process Xenopusthat involves the TGH family can occur at the level of ligand
VegT and multiple members of the T@8&uperfamily. Derriere  heterodimerization as well as transcriptional activation. Here,
and members of the Nodal family are each capable of inducinge have shown in immunoprecipitation assays that the mature
one another in animal cap assays (Fig. 3L, Fig. 7B) (Takahasbierriére ligand physically associates with Nodal proteins and
et al., 2000; Onuma et al., 2002), creating a positivdMPs (Fig. 10A,B). In addition, unprocessed Derriere and
transcriptional feedback loop that is probably mediated in paftiodal heterodimers are found in the lysate of co-expressing
through the maternal transcription factor FAST-1 (Osada et aloocytes (Fig. 10C). Consistent with this finding, CM-Der is
2000). In addition, each of these ligands can induce Smad&pable of blocking expression of processed Xnr2 and BMP4
phosphorylation (an essential step in the transduction gdrotein and directly neuralizing ectodermal explants (Figs 8,
Activin-like mesoderm-inducing signals) and expression 0B). This extends the findings of Yeo and Whitman (Yeo
zygotic vegT (Lee et al., 2001). The probable importance ofand Whitman, 2001), who have shown that heterodimers
this feedback loop for mesoderm formation is demonstrated lyan form between cleavage mutant Nodal and BMPs. While
the observation that the lowest level of Xnr2 capable obur experiments cannot definitively address whether
generating mesoderm is also the lowest level that inducdwmterodimerization occurs at physiological levels in the
transcription ofderriéreand othenodalfamily members (Fig. embryo, the efficient interaction between Flag-tagged Xnr2
7B, lanes 2 and 6). The same is found to be true for mesodeand HA-tagged Derriére in co-expressing oocytes suggest that
induction byderriere (not shown). Thus, these T@Family  heterodimers would form. This conclusion is reinforced by the
members act cooperatively to induce and maintain their mutuédct that secretion of Xnr2 from oocytes can be efficiently
expression. blocked by co-injection of an equivalent amount of -@&t

It is also interesting to note that Derriére, unlike NodalImRNA (Fig. 8).
proteins and Activin, does not appear to strongly favor the It is interesting to speculate on how and to what degree the
formation of dorsal over ventral mesoderm even at relativelpctivity of heterodimers may differ from that of homodimers.
high doses (Fig. 2). This difference may be due in part to th€here is compelling evidence from studies of the BMP
late induction of Smad2 phosphorylation by Derriere insubfamily that heterodimerization has the potential to modulate
comparison to Xnrs (Lee et al., 2001). It has been hypothesizedtivity of TGH3 ligands. BMP2/7 and BMP4/7 heterodimers
that differences in the timing of Smad?2 activation may explairappear to form preferentially over homodimers and display
how different ligands are able to produce different activitiesncreased activity in assays for osteogenic differentiation
while using the same intracellular pathway (Lee et al., 2001JAono et al., 1995; Hazama et al., 1995) and mesoderm
In Xenopugmbryogenesis, Smad2 phosphorylation is initiatednduction (Suzuki et al., 1997; Nishimatsu and Thomsen,
dorsally at stage 9 but is essentially equivalent in dorsal antP98). A complete evaluation of the activity of Derriere/Nodal
ventral halves of the embryo by the onset of gastrulation (Fauend Derriere/BMP heterodimers is beyond the scope of the
et al., 2000; Lee et al., 2001). This suggests that early dorgalesent study; however, the altered electrophoretic mobility of
Smad2 phosphorylation arises from Xnr activity, while laterprocessed Xnr2 and Derriére (Fig. 10A,B) when expressed
Smad2 phosphorylation may rely on Derriere, which igogether strongly suggests differences in post-translational
expressed more uniformly along the dorsoventral axis thamodification. What importance, if any, these differences have
Xnrs. In this model, early activation of Smad2 leads tdor endogenous signaling remains to be determined.
organizer fates, while later activation is compatible ventral and o
lateral fates in addition to dorsal ones. Concerns pertaining to the use of TGF cleavage

Ultimately, our observation that induction of dorsal andmutants as dominant negative reagents
ventral markers by Derriere is dependent on the context of th® wide variety of dominant-negative strategies have been
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developed for carrying out loss-of-function studies intransduce a wild-type signal appears to be the exception
Xenopusbecause genetic techniques for removing zygoticather than the rule. In the same battery of assays (including
gene function are not readily available (Lagna and Hemmatwhole embryos, animal caps, and in vivo translation and
Brivanlou, 1998). In the TdF superfamily, proteolytic secretion),we confirmed that the Derriére cleavage mutant
cleavage mutants have proven especially useful for this taskas devoid of all activity. Other studies using cleavage
(Lopez et al., 1992; Wittbrodt and Rosa, 1994; Hawley et almutant forms of Activin, TGB, Vg1, BMPs and Xnr5 and
1995; Joseph and Melton, 1998). All T@Fare synthesized Xnr6 all reach the same conclusion (Lopez et al.,, 1992,
as an inactive precursor protein in which the pro and matundittbrodt and Rosa, 1994; Hawley et al., 1995; Joseph and
domains are separated by a proteolytic cleavage site with &melton, 1998; Onuma et al., 2002). Consequently, the use of
RXXR motif. Alteration of this motif inhibits proteolytic cleavage mutants for conducting loss-of-function studies can
processing and heterodimerization between wild-type ande valid, provided the effects of heterodimerization are taken
mutant monomers in co-expressing cells blocks the releageto account.
of active dimers. A high degree of specificity has been A second, and potentially more serious, concern with the use
claimed for these dominant-negative reagents. In this studyf cleavage mutant proteins as dominant negative reagents
we report several findings that raise concerns about both thelates to their specificity. The T@Fsuperfamily contains
specificity of cleavage mutants and the degree to whicmany members and several distinct subfamilies. For a
inhibition of proteolytic processing in the Nodal family dominant negative reagent to be useful, its inhibitory activity
blocks signaling. should be as restricted as possible, preferably limited to the
Our analysis of the discrepancies between Nodal loss-opecific molecule in question or a few closely related family
function studies using CM-Xnr2 (Osada and Wright, 1999members. The promiscuous heterodimerization that we have
and those using Cer-S (Agius et al., 2000) revealed thabserved between Derriere, Nodal and BMP ligands suggests
cleavage mutant forms of Nodal retain some signalinghat precise specificity may be impossible to achieve with
capacity. These data suggest that formation of mesoderm @heavage mutants. These concerns are verified by our finding
Xenopugembryos injected with CM-Xnr2 can be explained bythat CM-Der can induce neural fates in animal caps (Fig. 9),
incomplete inhibition of Nodal signaling. Such an explanatioran activity that almost certainly arises from promiscuous
fits with the phenotypes reported for CM-Xnr2-expressindheterodimerization with endogenous BMPs. At the very least,
embryos. Defects include a delay in the formation of the&lominant-negative TQ¥F constructs must be carefully
blastopore lip during gastrula stages and a variety of anterievaluated for their effects on other family members, ideally
defects, such as microcephaly, anencephaly and shortenasing a combination of in vivo expression and embryonic
body axes, later in development. All of these may bectivity assays.
secondary consequences of disorganized mesoderm formatiorin conclusion, we report that both the mesoderm-inducing
or partial inhibition of involution at gastrulation because ofeffect of derriere and the promiscuous blocking activity of
attenuated Nodal activity. The observation that CM-Xnr2CM-derriere are consistent with the anteroposterior
blocked elongation in response to wild-type Nodal proteins ipatterning activity of these reagents (Sun et al.,, 1999).
consistent with our findings that the activity of CM-Xnr2 is derriéreinduces ventral or paraxial mesoderm, with its well-
severely attenuated and, as a result, it fails to induce dorsastablished posteriorizing activity (for a review, see Munoz-
mesodermal fates. As dorsal mesoderm undergoes tlganjuan and Brivanlou, 2001), and therefore tends to suppress
most extreme convergent extension, and CM-Xnr2 ca@nterior structures. It is therefore an indirect posteriorizing
heterodimerize with wild-type Nodal proteins and block theirfactor as suggested by Sun et al. (Sun et al., 1999). By
ability to induce dorsal fates (data not shown), the failure o€ontrast, CMderriereblocks the formation of mesoderm, and
animal caps to elongate probably reflects a conversion toy blocking BMP activity also induces neural structures, a
ventral and lateral mesoderm fates. In addition, cleavageombination that results in anterior fates (reviewed by
mutant forms of both Xnrl and 4 were found to possesbklarland, 2000). In more general terms, our findings suggest
mesoderm-inducing activities comparable with unalteredhat interactions between different members of the FGF
ligands, suggesting this may be a general property of theuperfamily can be highly complex, involving reciprocal
Nodal family (Osada and Wright, 1999). activation at the transcriptional level and direct physical
While the presence of putative proteolytic cleavage siteassociation through the formation of heterodimers. While
N-terminal to the canonical cleavage site in Xnrl, 2 and 4hese multiple levels of crosstalk make it impossible to
may partially explain the residual activity of cleavageseparate completely the requirement for individual BS&SH
mutants, it cannot be the sole factor at work. A mutant thahe process of mesoderm formation Xenopus the
lacks both RXXR motifs had activity comparable with thepreponderance of evidence points towards a model of
single mutant (Fig. 4B). Even completely replacing the XnrZooperative induction in which both Nodal proteins and
pro-domain with that of Activin (which has been shown to beDerriére are key participants.
cleaved at a single site in oocyte expression studies) (Hawley
et al., 1995) failed to produce an authentic dominant-negative

Nodal construct, These data indicate that unprocessed Nocf publication, and Eddy De Robertis, Hazel Sive and Chris Wright

protein is capable of generating an attenuated NOdaI'“kﬁ)r other constructs used in this work. We thank Chris Wright, Sharon

signal. A similar activity has been reported for the BGF amacher, Timothy Grammer and Mustafa Khoka for discussion and
family member Lefty A, which can activate the MAPK comments on the manuscript, and all members of the Harland

pathway as an unprocessed precursor (Ulloa et al., 20033boratory for their input and advice. This work was supported by the
However, the ability for unprocessed T@&HMproteins to  NIH and a graduate student fellowship from the NSF.

We thank Anne Fisher fomHA hybridoma tissue culture
pernatant, Jan Christian for providing the Flag-tagged BMP4 prior



3102 P. M. Eimon and R. M. Harland

REFERENCES Harland, R. and Gerhart, J. (1997). Formation and function of Spemann’s
organizerAnnu. Rev. Cell Dev. Biol3, 611-667.
Agius, E., Oelgeschlager, M., Wessely, O., Kemp, C. and de Robertis, E. Harlow, E. and Lane, D.(1988). Antibodies: A Laboratory ManuaCold
M. (2000). Endodermal Nodal-related signals and mesoderm induction in Spring Harbor: Cold Spring Harbor Laboratory Press.
Xenopus Developmeni27, 1173-1183. Hawley, S. H., Wunnenberg-Stapleton, K., Hashimoto, C., Laurent, M. N.,
Aono, A., Hazama, M., Notoya, K., Taketomi, S., Yamasaki, H., Tsukuda, ~ Watabe, T., Blumberg, B. W. and Cho, K. W(1995). Disruption of BMP
R., Sasaki, S. and Fujisawa, Y(1995). Potent ectopic bone-inducing signals in embryonic Xenopus ectoderm leads to direct neural induction.

activity of bone morphogenetic protein-4/7 heterodirBeschem. Biophys. Genes DeW, 2923-2935.

Res. Commur210, 670-677. Hazama, M., Aono, A., Ueno, N. and Fujisawa, Y(1995). Efficient
Baker, J. C. and Harland, R. M.(1996). A novel mesoderm inducer, Madr2, ~ expression of a heterodimer of bone morphogenetic protein subunits using

functions in the activin signal transduction pathw@gnes Devi0, 1880- a baculovirus expression systeBiochem. Biophys. Res. Comm@09,

1889. 859-866.

Baker, J. C., Beddington, R. S. and Harland, R. M(1999). Wnt signaling ~ Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P,
in Xenopus embryos inhibits bmp4 expression and activates neural Gumbiner, B., McCrea, P., Kintner, C., Noro, C. Y. and Wylie, C(1994).

developmentGenes Devi3, 3149-3159. Overexpression of cadherins and underexpression of beta-catenin inhibit
Bouwmeester, T., Kim, S., Sasai, Y., Lu, B. and de Robertis, E. N1996). dorsal_me_soderm induction in early Xenopus embr@ed. 79, 791-803_. _

Cerberus is a head-inducing secreted factor expressed in the anterfd@mmati-Brivanlou, A. and Melton, D. A. (1992). A truncated activin

endoderm of Spemann’s organizdature 382, 595-601. receptor inhibits mesoderm induction and formation of axial structures in
Bresnahan, P. A., Leduc, R., Thomas, L., Thorner, J., Gibson, H. L., Xenopus embryos\ature 359, 609-614. _

Brake, A. J., Barr, P. J. and Thomas, G(1990). Human fur gene encodes Horb, M. E. and Thomsen, G. H.(1997). A vegetally localized T-box

a yeast KEX2-like endoprotease that cleaves pro-beta-NGF inJvi@ell transcription factor in Xenopus eggs specifies mesoderm and endoderm and

Biol. 111, 2851-2859. is essential for embryonic mesoderm formatibevelopmentl24, 1689-

Casey, E. S., Tada, M., Fairclough, L., Wylie, C. C., Heasman, J. and  1698.

Smith, J. C. (1999). Bix4 is activated directly by VegT and mediates Hsu, D. R., Economides, A. N., Wang, X., Eimon, P. M. and Harland, R.
endoderm formation ifXenopusdevelopment.Developmentl26, 4193- M. (1998). The Xenopus dorsalizing factor gremlin identifies a novel family
4200. of secreted proteins that antagonize BMP activitigsl. Cell 1, 673-683.

Chang, C., Wilson, P. A., Mathews, L. S. and Hemmati-Brivanlou, A.  Hudson, C., Clements, D., Friday, R. V., Stott, D. and Woodland, H. R.
(1997). A Xenopus type | activin receptor mediates mesodermal but not (1997). Xsox17alpha and -beta mediate endoderm formation in Xenopus.
neural specification during embryogeneBisvelopment24, 827-837. Cell 91, 397-405.

Cheng, A. M., Thisse, B., Thisse, C. and Wright, C. \(2000). The lefty- ~ Jones, C. M., Kuehn, M. R., Hogan, B. L., Smith, J. C. and Wright, C. V.
related factor Xatv acts as a feedback inhibitor of nodal signaling in (1995). Nodal-related signals induce axial mesoderm and dorsalize
mesoderm induction and L-R axis development in xenopaselopment mesoderm during gastrulatioDevelopment21, 3651-3662.

127, 1049-1061. Joseph, E. M. and Melton, D. A(1997). Xnr4: a Xenopus nodal-related gene

Clements, D., Friday, R. V. and Woodland, H. R(1999). Mode of action of expressed in the Spemann organibav. Biol.184, 367-372.

VegT in mesoderm and endoderm formatidavelopmen1 26, 4903-4911.  Joseph, E. M. and Melton, D. A.(1998). Mutant Vgl ligands disrupt

Condie, B. G. and Harland, R. M. (1987). Posterior expression of a  endoderm and mesoderm formation in Xenopus embB@slopment 25,
homeobox gene in early Xenopus embnidsvelopmeni01, 93-105. 2677-2685.

Conlon, F. L., Lyons, K. M., Takaesu, N., Barth, K. S., Kispert, A., Kimelman, D. and Kirschner, M. (1987). Synergistic induction of mesoderm
Herrmann, B. and Robertson, E. J.(1994). A primary requirement for by FGF and TGF-beta and the identification of an mRNA coding for FGF
nodal in the formation and maintenance of the primitive streak in the mouse. in the early Xenopus embryGell 51, 869-877.

Developmeni20, 1919-1928. Kimelman, D. and Griffin, K. J. (2000). Vertebrate mesendoderm induction

Constam, D. B. and Robertson, E. J.(1999). Regulation of bone and patterningCurr. Opin. Genet. Devi0, 350-356.
morphogenetic protein activity by pro domains and proprotein convertase¥ofron, M., Demel, T., Xanthos, J., Lohr, J., Sun, B., Sive, H., Osada, S.,

J. Cell Biol. 144, 139-149. Wright, C., Wylie, C. and Heasman, J.(1999). Mesoderm induction in
Cui, Y., Jean, F, Thomas, G. and Christian, J. L.(1998). BMP-4 is Xenopus is a zygotic event regulated by maternal VegT via TGFbeta growth

proteolytically activated by furin and/or PC6 during vertebrate embryonic factors.Development 26, 5759-5770.

developmentEMBO J.17, 4735-4743. Krieg, P. A. and Melton, D. A. (1984). Functional messenger RNAs are

Cui, Y., Hackenmiller, R., Berg, L., Jean, F., Nakayama, G., Thomas, G. produced by SP6 in vitro transcription of cloned cDNXscleic Acids Res.
and Christian, J. L. (2001). The activity and signaling range of mature 12, 7057-7070.
BMP-4 is regulated by sequential cleavage at two sites within the prodomaitumano, G. and Smith, W. C.(2000). FGF signaling restricts the primary
of the precursoGenes Devl5, 2797-2802. blood islands to ventral mesoderBev. Biol.228 304-314.

Ding, J., Yang, L., Yan, Y. T., Chen, A., Desai, N., Wynshaw-Boris, A. and Lagna, G. and Hemmati-Brivanlou, A. (1998). Use of dominant negative
Shen, M. M. (1998). Cripto is required for correct orientation of the  constructs to modulate gene expresstumr. Top. Dev. Biol36, 75-98.

anterior-posterior axis in the mouse embryature 395 702-707. Lamb, T. M., Knecht, A. K., Smith, W. C., Stachel, S. E., Economides, A.
Dubois, C. M., Laprise, M. H., Blanchette, F., Gentry, L. E. and Leduc, R. N., Stahl, N., Yancopolous, G. D. and Harland, R. M(1993). Neural

(1995). Processing of transforming growth factor beta 1 precursor by human induction by the secreted polypeptide nog@oience?62, 713-718.

furin convertaselJ. Biol. Chem270, 10618-10624. Lee, M. A,, Heasman, J. and Whitman, M(2001). Timing of endogenous
Faure, S., Lee, M. A,, Keller, T., ten Dijke, P. and Whitman, M(2000). activin-like signals and regional specification of the Xenopus embryo.

Endogenous patterns of TGFbeta superfamily signaling during early Developmenfi28 2939-2952.

Xenopus developmenevelopmeni27, 2917-2931. Lopez, A. R., Cook, J., Deininger, P. L. and Derynck, R1992). Dominant

Feldman, B., Gates, M. A, Egan, E. S., Dougan, S. T., Rennebeck, G., negative mutants of transforming growth fadgédrinhibit the secretion of
Sirotkin, H. I., Schier, A. F. and Talbot, W. S.(1998). Zebrafish organizer different transforming growth fact@-soforms.Mol. Cell. Biol.12, 1674-

development and germ-layer formation require nodal-related sid\else 1679.

395 181-185. Lustig, K. D., Kroll, K. L., Sun, E. E. and Kirschner, M. W. (1996).
Gray, A. M. and Mason, A. J.(1990). Requirement for activin A and Expression cloning of a Xenopus T-related gene (Xombi) involved in

transforming growth factoBl pro-regions in homodimer assemi8gience mesodermal patterning and blastopore lip formatidavelopmentl22

247, 1328-1330. 4001-4012.

Gritsman, K., Zhang, J., Cheng, S., Heckscher, E., Talbot, W. S. and Mariani, F. V. and Harland, R. M. (1998). XBF-2 is a transcriptional
Schier, A. F.(1999). The EGF-CFC protein one-eyed pinhead is essential repressor that converts ectoderm into neural tig3ereelopment 25 5019-
for nodal signalingCell 97, 121-132. 5031.

Hanafusa, H., Masuyama, N., Kusakabe, M., Shibuya, H. and Nishida, E. Meno, C., Gritsman, K., Ohishi, S., Ohfuji, Y., Heckscher, E., Mochida,
(2000). The TGF-beta family member derriere is involved in regulation of K., Shimono, A., Kondoh, H., Talbot, W. S., Robertson, E. J. et al.
the establishment of left-right asymmetBMBO Repl, 32-39. (1999). Mouse Lefty2 and zebrafish antivin are feedback inhibitors of nodal

Harland, R. (2000). Neural inductionCurr. Opin. Genet. De\W0, 357-362. signaling during vertebrate gastrulatidnol. Cell 4, 287-298.



Interaction between Derriere and TGF[ family members 3103

Molloy, S. S., Bresnahan, P. A., Leppla, S. H., Klimpel, K. R. and Thomas, Stennard, F., Carnac, G. and Gurdon, J. B(1996). The Xenopus T-box
G. (1992). Human furin is a calcium-dependent serine endoprotease thatgene, Antipodean, encodes a vegetally localised maternal mMRNA and can
recognizes the sequence Arg-X-X-Arg and efficiently cleaves anthrax toxin trigger mesoderm formatioevelopmenii22, 4179-4188.

protective antigen]. Biol. Chem267, 16396-16402. Sun, B. I, Bush, S. M., Collins-Racie, L. A., LaVallie, E. R., DiBlasio-
Munoz-Sanjuan, |. and H.-Brivanlou, A. (2001). Early posterior/ventral fate Smith, E. A., Wolfman, N. M., McCoy, J. M. and Sive, H. L.(1999).
specification in the vertebrate embr{aev. Biol.237, 1-17. derriere: a TGF-beta family member required for posterior development in

Nishimatsu, S. and Thomsen, G(1998). Ventral mesoderm induction and  Xenopus.Developmeni26, 1467-1482.
patterning by bone morphogenetic protein heterodimersXémopus  Suzuki, A., Kaneko, E., Maeda, J. and Ueno, N(1997). Mesoderm

embryos.Mech. Dev74, 75-88. induction by BMP-4 and -7 heterodimeBsochem. Biophys. Res. Commun.
Onuma, Y., Takahashi, S., Yokota, C. and Asashima, M2002). Multiple 232 153-156.

nodal-related genes act coordinately in Xenopus embryogeBesisBiol. Tada, M., Casey, E. S., Fairclough, L. and Smith, J. 1998). Bix1, a direct

241, 94-105. target of Xenopus T-box genes, causes formation of ventral mesoderm and

Osada, S. |. and Wright, C. V.(1999). Xenopus nodal-related signaling is  endodermDevelopmeni25 3997-4006.
essential for mesendodermal patterning during early embryogenesi$akahashi, S., Yokota, C., Takano, K., Tanegashima, K., Onuma, Y., Goto,

Developmenii26 3229-3240. J. and Asashima, M.(2000). Two novel nodal-related genes initiate early
Osada, S. I., Saijoh, Y., Frisch, A., Yeo, C. Y., Adachi, H., Watanabe, M., inductive events in Xenopus Nieuwkoop cenf2evelopmentl27, 5319-
Whitman, M., Hamada, H. and Wright, C. V. (2000). Activin/nodal 5329.
responsiveness and asymmetric expression of a Xenopus nodal-related gdimsse, C. and Thisse, B(1999). Antivin, a novel and divergent member of
converge on a FAST-regulated module in introDé&velopment 27, 2503- the TGFbeta superfamily, negatively regulates mesoderm induction.
2514. Developmenii26, 229-240.
Peng, H. B.(1991). Xenopus laevis: Practical uses in cell and moleculaiThomsen, G., Woolf, T., Whitman, M., Sokol, S., Vaughan, J., Vale, W. and
biology. Solutions and protocolslethods Cell Biol36, 657-662. Melton, D. A. (1990). Activins are expressed early in Xenopus
Piccolo, S., Sasai, Y., Lu, B. and de Robertis, E. N[1996). Dorsoventral embryogenesis and can induce axial mesoderm and anterior strucelfes.
patterning in Xenopus: inhibition of ventral signals by direct binding of 63, 485-493.
chordin to BMP-4Cell 86, 589-598. Thomsen, G. H. and Melton, D. A(1993). Processed Vg1 protein is an axial
Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., mesoderm inducer in XenopuSell 74, 433-441.

Bouwmeester, T. and DeRobertis, E. M.(1999). The head inducer Ulloa, L., Creemers, J. W., Roy, S, Liu, S., Mason, J. and Tabibzadeh, S.
Cerberus is a multifunctional antagonist of Nodal, BMP, and Wnt signals. (2001). Lefty proteins exhibit unique processing and activate the MAPK
Nature397, 707-710. pathway.J. Biol. Chem276, 21387-21396.

Rowning, B. A., Wells, J., Wu, M., Gerhart, J. C., Moon, R. T. and  Watabe, T., Kim, S., Candia, A., Rothbacher, U., Hashimoto, C., Inoue, K.
Larabell, C. A. (1997). Microtubule-mediated transport of organelles and and Cho, K. W. (1995). Molecular mechanisms of Spemann’s organizer
localization of beta-catenin to the future dorsal side of Xenopus ggs. formation: conserved growth factor synergy between Xenopus and mouse.
Natl. Acad. Sci. USA4, 1224-1229. Genes. Dew, 3038-3050.

Sasali, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L. K. and de Robertis, Wilson, P. A. and Hemmati-Brivanlou, A.(1995). Induction of epidermis
E. M. (1994). Xenopus chordin: a novel dorsalizing factor activated by and inhibition of neural fate by Bmp-Klature376, 331-333.

organizer-specific homeobox gen€ell 79, 779-790. Wilson, P. A. and Melton, D. A.(1994). Mesodermal patterning by an inducer
Sasali, Y., Lu, B., Steinbeisser, H. and de Robertis, E. N1995). Regulation gradient depends on secondary cell-cell communicatiar. Biol. 4, 676-

of neural induction by the Chd and Bmp-4 antagonistic patterning signals 686.

in XenopusNature376, 333-336. Wittbrodt, J. and Rosa, F. M. (1994). Disruption of mesoderm and axis
Schier, A. F. and Shen, M. M.(2000). Nodal signalling in vertebrate formation in fish by ectopic expression of activin variants: the role of

developmentNature403 385-389. maternal activinGenes De8, 1448-1462.

Schneider, S., Steinbeisser, H., Warga, R. M. and Hausen,(P996). Beta-  Xanthos, J. B., Kofron, M., Wylie, C. and Heasman, J(2001). Maternal
catenin translocation into nuclei demarcates the dorsalizing centers in frog VegT is the initiator of a molecular network specifying endoderm in
and fish embryosMech. Dev57, 191-198. Xenopus laevisDevelopmenii28 167-180.

Shapira, E., Marom, K., Yelin, R., Levy, A. and Fainsod, A(1999). A role Yasuo, H. and Lemaire, P.(1999). A two-step model for the fate
for the homeobox gene Xvex-1 as part of the BMP-4 ventral signaling determination of presumptive endodermal blastomeres in Xenopus embryos.
pathway.Mech. Dev86, 99-111. Curr. Biol. 9, 869-879.

Sive, H. L., Grainger, R. M. and Harland, R. M.(2000).Early Development  Yeo, C. and Whitman, M. (2001). Nodal signals to Smads through Cripto-
of Xenopus laevisA Laboratory ManualCold Spring Harbor: Cold Spring dependent and Cripto-independent mechanishes. Cell 7, 949-957.

Harbor Laboratory Press. Zhang, J., Houston, D. W., King, M. L., Payne, C., Wylie, C. and Heasman,
Slack, J. M., Darlington, B. G., Heath, J. K. and Godsave, S. F1987). J. (1998). The role of maternal VegT in establishing the primary germ layers

Mesoderm induction in early Xenopus embryos by heparin-binding growth in Xenopus embryo<ell 94, 515-524.

factors.Nature 326, 197-200. Zhang, J. and King, M. L. (1996). Xenopus VegT RNA is localized to
Smith, J. C., Price, B. M., Van, N. K. and Huylebroeck, D.(1990). the vegetal cortex during oogenesis and encodes a novel T-box

Identification of a potent Xenopus mesoderm-inducing factor as a transcription factor involved in mesodermal patterniDgvelopmeni22,

homologue of activin ANature345 729-731. 4119-4129.

Smith, W. C. and Harland, R. M. (1992). Expression cloning of noggin, a Zimmerman, L. B., de Jesus-Escobar, J. M. and Harland, R. M(1996).
new dorsalizing factor localized to the Spemann organizer in Xenopus The Spemann organizer signal noggin binds and inactivates bone
embryos.Cell 70, 829-840. morphogenetic protein €ell 86, 599-606.

Smith, W. C., McKendry, R., Ribisi, S. and Harland, R. M.(1995). Anodal-  Zorn, A. M., Butler, K. and Gurdon, J. B. (1999). Anterior endomesoderm
related gene defines a physical and functional domain within the Spemannspecification in Xenopus by Wnt/beta-catenin and TGF-beta signalling
organizerCell 82, 37-46. pathwaysDev. Biol.209, 282-297.



