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SUMMARY

During early embryogenesis of Xenopus dorsoventral
polarity of the mesoderm is established by dorsalizing and
ventralizing agents, which are presumably mediated by the
activity of an activin/BVg1l-like protein and Bone Morpho-
genetic Proteins (BMP), respectively. Interestingly, these
two TGF- subfamilies are found in overlapping regions
during mesoderm patterning. This raises the question of
how the presumptive mesodermal cells recognize the
multiple TGF- signals and differentially interpret this
information to assign a particular cell fate. In this study,
we have exploited the well characterized model &fenopus
mesoderm induction to determine the intracellular inter-
actions between BMP-2/4 and activin/BVgl signaling
cascades. Using a constitutively active BMP-2/4 receptor
that transduces BMP-2/4 signals in a ligand-independent
fashion, we demonstrate that signals provided by
activin/BVgl and BMP modulate each other’s activity and
that this crosstalk occurs through intracellular mecha-
nisms. In assays using BMP-2/4 and activin/BVgl-specific
reporters, we determined that the specificity of BMP-2/4

and activin/BVgl signaling is mediated by Smadl and
Smad2, respectively. These Smads should be considered as
the mediators of the intracellular antagonism between
BMP-2/4 and activin/BVgl signaling possibly through
sequestration of a limited pool of Smad4. Consistent with
such a mechanism, Smad4 interacts functionally with both
Smad1l and -2 to potentiate their signaling activities, and a
dominant negative variant of Smad4 can inhibit both
activin/BVgl and BMP-2/4 mediated signaling Finally, we
demonstrate that an activin/BVgl-dependent transcrip-
tional complex contains both Smad2 and Smad4 and
thereby provides a physical basis for the functional involve-
ment of both Smads in TGFB-dependent transcriptional
regulation. Thus, Smad4 plays a central role in synergisti-
cally activating activin/BVgl and BMP-dependent tran-
scription and functions as an intracellular sensor for TGF-
B-related signals.
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INTRODUCTION

behave in a slightly different manner, whereby the high affinity

is determined by the heteromeric combination of type | and Il
TGF signal transduction requires the interaction betweemeceptors (Letsou et al., 1995; Rosenzweig et al., 1995).
two distinct types (types | and Il) of transmembrane Recently the Smads, which are relatedtosophilaMad,
serine/threonine kinase receptors (Wrana et al., 1994; reviewbdve been identified as important components of BGF-
in Massagué, 1996; Derynck and Feng, 1997). For activin anmélated signal transduction pathways in a variety of species
TGF{31, binding of the ligand to a type Il receptor results in(Raftery et al., 1995; Sekelsky et al., 1995; Newfeld et al.,
interaction with a type | receptor and leads to transphosphory996; Graff et al., 1996; Hoodless et al., 1996; Thomsen, 1996;
lation of the type | receptor by the type Il receptor kinase. Phosdiu et al., 1996; Savage et al., 1996; Zhang et al., 1996;
phorylation results in activation of the type | receptor and sub¥ingling et al., 1996)DrosophilaMad and its homolog in ver-
sequent signaling by the heteromeric receptor complex. Thiebrates (Smadl) are essential for signaling in Dpp and BMP-
paradigm implicates the type Il receptor as a high affinity2/4 pathways and can elicit biological responses characteristic
receptor responsible for ligand binding and the type | receptmf BMP-2/4 (Hoodless et al., 1996; Graff et al., 1996;
with a low affinity for ligand as an activator or effector of signalThomsen, 1996; Liu et al., 1996; Newfeld et al., 1996). While
transduction. However, it has been noted that BMP recepto&madl mediates BMP-2/4 signaling, Smad2 and Smad3
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transduce activin and TGEsignaling, respectively (Graff et DrosophilaDpp bind not only to BMP-2/4 receptors (Childs
al., 1996; Baker and Harland, 1996; Eppert et al., 1996, Zharej al., 1993; Brummel et al., 1994), but also to receptors that
et al., 1996). It is thought that initiation of a particular TGF-were thought to be specific for activin (ten Dijke et al., 1994;
B-related pathway results in phosphorylation of a specifiYamashita et al., 1995, Rosenzweig et al., 1995). Another
Smad protein and subsequent translocation from the cytoplasrtracellular mechanism could involve sequestration of BMP-
to the nucleus (Hoodless et al., 1996, Macias-Silva et al., 1998/4 by interacting proteins. Accordingly, chordin and noggin
reviewed in Derynck and Zhang, 1996). Once inside th@roteins have been shown to interact directly with BMPs,
nucleus, Smads may function as transcriptional activators (Liwhich prevents them from interacting with their cognate
et al., 1996). Accordingly{enopusSmad?2 has been shown to receptors and thus allows underlying activin/BVg1-like signals
be part of a transcriptional complex containing a winged helixn the dorsal region of the embryo to induce dorsal mesoderm
protein that interacts with the activin-responsive Mix 2(Piccolo et al., 1996; Zimmerman et al., 1996). An intracellu-
promoter (Chen et al., 1996) and Mad interacts directly with &r mechanism could involve signaling mediators that are dif-
defined promoter element in the vestigial gene (Kim et alferentially activated following stimulation by activin/BVgl
1997). and BMP-2/4 and activation of their respective receptor. At
TGF{ signaling has been implicated in numerous processgmesent there are no data that substantiate such an intracellular
during vertebrate embryonic development (Wall and Hogamrmechanism of convergence and differential interpretation.
1994; Smith, 1995; Hogan, 1996). One of the most intensely To address this question and to better understand fTGF-
studied areas of the TQFaction during development is the signaling, we evaluated whether the antagonism occurs through
induction and patterning of amphibian mesoderm whetintracellular means. Our rationale was to generate a constitu-
multiple TGFf signaling molecules are present at that timetively active BMP-2/4 type | receptor (CABR) that can
(reviewed by Smith, 1995). In particular, the TGelated transduce BMP-2/4 like signals in the absence of ligand. This
molecules, activin, Vg1, BMP, and nodal-related factors mayvould allow us to examine a possible intracellular signaling
mimic or be directly involved in patterning the mesodermantagonism between activin/BVgl and BMP-2/4 without any
(Green and Smith, 1990; Dale et al., 1993; Thomsen anektracellular influence. Our data suggest that the antagonism
Melton, 1993; Jones et al., 1992; Dale et al., 1992; Fainsod bétween the signals from BMP-2/4 and activin/BVgl occurs
al., 1994; Jones et al., 1995; Smith et al., 1995). Activin anthtracellularly. Furthermore, the intracellular convergence of
BVg1l, which corresponds to a processed form of Vgl cleavedGF>-related signals is mediated by Smad proteins, and
from a hybrid precursor with the pre-pro region of BMP-4 andSmad4 appears to be a focal point for sensing the levels of
mature Vgl (Dale et al., 1993; Thomsen and Melton, 1993) aidifferent TGF signals. Finally, we demonstrate that the inter-
both able to induce dorsal types of mesoderm from naivaction between Smad2 and -4 and their association with the
ectoderm (animal cap tissue) and when ectopically expressedomoter directly regulates a transcriptional response of an
in the ventral region of a developidxgnopusmbryo (Green activin/BVg1 target gene. These results link components of a
and Smith, 1990; Dale et al., 1993; Thomsen and Meltonf GF{3-related signaling cascade from the activated receptor at
1993). BMP-2 and-4, conversely, are ventralizing factors anthe cell surface to gene expression in the nucleus.
can block the dorsalizing effects of activin in naive ectoderm
(Jones et al., 1992; Dale et al., 1992). Furthermore, elimina-
tion of BMP-2/4 signals in the ventral region of the embryo byMATERIALS AND METHODS
expressing a dominant negative BMP-2/4 receptor or ligand
allows dorsal signals to induce a secondary axis (Graff et aEmbryo manipulations
1994, Suzuki et al., 1994; Hawley et al., 1995; Schmidt et alXenopusmbryos were obtained by in vitro fertilization of eggs with
1995). Similarly, eliminating BMP-2/4 signals through testes homogenates. Embryos were dejellied in 2% cysteine and
antisense RNA allows the expression domain of dorsal-specifitaged according to Nieuwkoop and Faber (1994). For animal cap
molecules to be extended into the ventral region of the embryagsays, embryos were injected animally at either the 2 or 4 cell stage
(Steinbeisser et al., 1995). Thus, removing BMP-2/4 Signapglth 2-4nl of SO|UtIOI”1. Animal caps were dissected at stage 8-8.5 and
unmasks a dorsalizing activity that is present throughout thgHltured in X Barth's solution. Dorsal and ventral regions of the

. bryos were assigned based upon pigmentation differences as
underlylpg end_oderm (Watabe et al._, .199.5)' These resglg’g}scribed in Cho et al. (1991). Amounts of RNA and DNA injected
emphasize the importance of antagonistic signals in mediatingy indicated in figure legends.

mesodermal patterning duringenopusdevelopment. Thus,
cells within the equatorial region of tik@&nopusembryo (pre- Receptor binding assay

sumptive mesoderm) are likely to receive and integrate botRecombinant human activin was iodinated using the CGU method
dorsal (e.g. activin/BVgl-like) and ventral (e.g. BMP-2/4)according to Howard and Knauer (1986). Animal cap explants were
signals, and interpret these differential signals, and accordingtyssected from stage 8 embryos which were uninjected or injected
modulate gene expression to assign a certain fate. with AE-CABR mRNA (up to 1.6 ng). The explants were dissociated

While the antagonism between activin/BVgl and BMPbY |ncubat|ng in calqlum/magnesmm-fré@nopusRlnger §o|gtlon

signals is essential for proper patterning of the mesoderm, tkﬁso minutes. The dissociated cells were washed with binding buffer

; : ; : osphate-buffered saline containing 0.9 mM Ga®.49 mM
mechanism underlying this phenomenon is not well undeM Clz, and 1 mg/ml bovine serum albumin) three times and incubated

stood. Two types of mechanisms are conceivable, dependlra ice in the same buffer wif#3-activin in the absence or presence

on their extracellular versus intracellular nature. In the extrass increasing amounts of unlabeled activin or human recombinant
cellular medium, BMPs may interact with activin receptors angdgF-g; for 3 hours. Cells were washed with the binding buffer three
thereby interfere with activin receptor activation. Consistentimes, and the bound®3-activin was measured using a gamma
with this notion is the fact that BMP-2/4, BMP-7 and counter.
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Xvent2-Luc reporter plasmid were isolated at stage 8-8.5, cultured for 3 hoursiBdlrth’s and ten

A 1.8 kb Pst-EcoR| digested fragment of the Xvent2 genomic animal caps for each sample were harvested for luciferase assay.
subclone (Xvent2g1-2) was PCR amplified using the following twoBecause absolute levels of reporter gene activity were influenced by

oligonucleotides (upstream primer' TBATACGACTCTCACTAT-  the batch of eggs, each experiment was carried out using eggs laid by
AGGC-3, downstream primer;"83GGAAGCTTCTGTATTAGTC-  a single female. Each assay was repeated at least twice with a repre-
CTTGTG-3), and subcloned intBarrHI andHindlIl digested pOLuc ~ Sentative experiment being shown.

vector (de Wet et al., 1987). The resulting construct (Xvent2-Luc

contains approximately 250 bp of Xvent2 promoter sequences. Electrophoretic mobility shift assay and western blot

analysis
Expression plasmids for constitutively active BMP Soluble protein extracts were prepared by homogenizing animal caps
receptor (CABR) and extracellular-deleted ( AE) CABR in extraction buffer (50 mM HEPES, pH 7.4, 50 mM KCI, 2.5 mM

A cDNA clone encoding XenopusBMP Type | receptor (ALK3) was MdClz, 2 mM B-mercaptoethanol, 1 mM PMSF,@/ml leupeptin),
obtained from N. Ueno (Hokkaido University, Japan; Suzuki et al.2nd centrifuging to remove debris and yolk. The supernatant was
1994). To create a constitutively activated BMP receptor (CABR), th&ollected, protein concentration determlned an_d allquots_ frozen at
codon encoding amino acid 228 (relative to translation start) was80°C. For gel shifts, sense and antisense oligonucleotides corre-
mutated from glutamine to aspartic acid. The mutation was introducedPonding to the A/VRE (Watabe et al., 1995) were annealed and end-
by an overlapping, two-step PCR strategy described by Wieser et &Peled with -32P]JATP. Probe containing 420° c.p.m. was mixed
(1995) using the following primers: SP6, Q-D no. 1 (senseW'th equal amounts of extract in binding buffer (20 mM HEPES, pH
GTACTATAGCAAAGGACATCCAAATGGTTCGAC), Q-D no2 7-9,5mM MgCh 0.05mM EDTA, 8% glycerol, 1 mM DTT, j5g/m
(antisense, GTCGAACCATTTGGATGTCCTTTGCTATAGTAC), poly dI-dC) for 30 mlnut_es on ice. Blndlng reactions were separated
and an pSP64 polylinker primer (GAATTCGAGCTCGCCGGG). 0N a 5% non-denaturing polyacrylamide gel. For western blot
To prepare the CABR lacking the extracellular ligand binding@nalysis, gel shift was performed using A/VRE oligos as described
domain, the cDNA encoding the CABR was used as a template mbove with minor modifications. Unlabeled A/VRE oligo was used
were carried out encompassing the first 40 amino acids of the recep@tsay was 5 times higher than the normal reaction volume. The
(reaction no. 1, using the SP6 akiil no. 1 [GAGGTGACCACTCT- complex was electrot(ansferred to_nltr(_)cellulos_e membrane overnlght.
CACACGTGTAGTTGGCCTG] primers), and amino acids 140 to theThe membrane was incubated with either anti-Flag (Kodak) or anti-
carboxy terminus (reaction 2, using the pSP64 polylinker primer anfY¢ (Oncoscience) antibodies (1:1000 dilution), and subjected to
AE no. 2 [TACACGTGTGAGAGTGGTCACCTCAAGGAGCCT] Staining using ECL kit according to the manufacture’s instructions
primers). Primers were designed such that thend of reaction no. (Amersham).
1 overlapped with the'®nd of reaction no. 2. When aliquots from
the two reactions were mixed and subjected to PCR using'the 5
(sense) primer from reaction no. 1 and th@a8ti-sense) primer from RESULTS
reaction no. 2, a product deleting 60% of the extracellular domain was

created AE-CABR). This was subcloned into a pSP64 based vectoigeneration of a Constitutive|y active BMP receptor

(Krieg and Melton, 1984) and used for RNA synthesis. Like th . . )
CABR, the AE-CABR is able to provide specific BMP signals.ePrewous results ienopusiemonstrated that BMP-4 was able

However, 5- to 10-fold morAE-CABR mRNA is required to obtain to block the dorsal mesoderm-inducing aqtiv_ity of activin
equivalent phenotypes when compared to the wild-type CABR (datdones et al., 1992; Dale et al., 1992). In a similar manner, we

not shown). have confirmed and extended these observations by demon-
strating that BMP-4 interferes with the mesoderm-inducing

Construction of dominant negative Smad expression activity of not only activin but also of BVg1l (data not shown).

plasmids To investigate whether the activin/BVgl and BMP-2/4 antag-

Dominant negative mutants ofenopusSmadl and -2 were con- onism occurs intracellularly, we have generated a constitutively
structed using pSP64TEN-DOT1 and pSP64TEN-DOT2 (a gift frompctive BMP-2/4 type | receptor (CABR) that can transduce
D. A. Melton), encodingenopusSmad-1 and 2, respectively. C- gyp signaling in a ligand-independent fashion. Using a PCR

terminal truncation of 39 amino acids for Smadl and -2 were obtain -
by PCR amplification using SP6 as a upstream primer and the dov#ira’[egy (see Materials and Methods), the codon for Glu228

stream primers (BGGAATTCCTAACCCCATCCCTTGACAA3 immediately downstream from the conserved GS domain was
for Smad-1Dc. and'6GGAATTCCTAACCCCAGCCTTTTACAAZ  changed into an Asp codon. This alteration in protein sequence
for Smad-2Dc), followed byEcaRI digestion and subcloning into has been demonstrated to constitutively activate a type | TGF-

pSPBATEN. Details of the creation of dominant negative Smad4 cdhreceptor (Wieser et al., 1995) as well as the Thick veins type

be found in Zhang et al. (1996). | Dpp receptor oDrosophila(Nellen et al., 1996; Hoodless et
_ al., 1996). To eliminate any possible influence of extracellular
Reverse transcriptase-PCR ligands on this activated BMP receptor, we eliminated 60% of

RNA for RT-PCR was isolated by the method of Chomzynski andhe extracellular region, thereby creating the CABR variant

Sacchi (1987). RT-PCR was carried out according to the method efamedAE-CABR.

Blitz and Cho (1995). Primers for PCR are listed in Blitz and Cho - Thege activated receptors were tested by several independent

(1995), and Hawley et al. (1995) except for Xventl, which can beassays for their ability to provide BMP-specific signals

found in Gawantka et al. (1995). ; )
MRNAs encoding these receptors were able to block the

Luciferase assays formation of dorsoanterior tissues (e.g. eyes, cement glands) in

Luciferase assays were carried out according to the method of WataBed0Se-dependent manner when injected dorsally (data not
et al. (1995). Briefly, embryos were injected animally into each blassShown). Additionally, these mRNAs were able to revert the
tomere at the two cell stage with 4 nl of a RNA/reporter gene cocktaisécondary axis phenotype caused by injection of dominant-
Amounts are indicated in the figures or their legends. Animal capgegative BMP type | receptor mRNA or mRNAs encoding
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‘ and AE-CABR still strongly induces luciferase expression
reporter alone | | from the Xvent2-promoter, further illustrating the indepen-
‘ dence of the activated receptor for ligand. Taken together, our
O BMP4 ] | results indicate that both the CABR ahB-CABR transduce
3 BMP-2/4-specific signals in a ligand-independent fashion.
. CABR (200pg) |
% The antagonism in signaling by TGF- [-related
o oner ] molecules occurs intracellularly
‘ The properties and activity of CABR afd-CABR allowed
< DNBR + CABR (0p0) :l us to test whether the dorsal and ventral mesoderm-inducing
DNBR + CABR (200pg) | signals originating from stimulation by activin and BMP-2/4 are
differentiated and integrated intracellularly. Since these consti-
DNBR+AE-CABR (800pg) | tutively active receptors circumvent the requirement for ligand
and eliminate possible interactions with other Tgfelated
molecules, we rationalized that if CABR an#-CABR were
reporter alone 3 able to override the dorsalizing effects of activin/BVg1, then the
o a two signaling pathways must converge intracellularly.
3 CABR We first used the animal cap assay in which the mesoderm-
= oneR [ inducing effects of activin/BVgl and BMP-2/4 have been well
9 documented. As mentioned, exogenous application of BMP-
8: DNBR + CABR (50pg) [} 2/4 has been shown to block the dorsalizing effects of activin
(Jones et al., 1992; Dale et al., 1992). Thus, we tested whether
a, PNBR * CABR (200p9) ‘ CABR could block the dorsalizing effects of activin. Treatment
activin W2 of animal caps with activin results in their elongation, which
‘ T T T T is indicative of the formation of dorsal tissues including
5 10 15 20 notochord and muscle. Both the CABR addE-CABR
fold induction reduced, in a dose-dependent manner, the degree of extension

Fig. 1. Specificity of constitutively active BMP receptors. Luciferase 'nd,uced by activin (Fig. 2A, and data not shown). Th',s pheno-
assay showing activation of Xvent2 and goosecoid (gsc) luciferase tYPIC effect was accompanied bY a decrease in dorsal
(Luc) reporter constructs. Embryos are injected in the animal pole amesoderm-specific markers and an increase in ventral markers
the two-cell stage with either a gsc or Xvent2-luciferase reporter ~ (Fig. 2B,C).
gene construct together with the indicated mRNAs. At blastula stage, BVg1l has, similarly to activin, the capacity to induce dorsal
animal caps were dissected manually, cultured for 3 hours, and mesoderm in animal caps and to activate dorsal mesoderm-
subjected to luciferase assays. Overexpression of BMP4 and CABRspecific markers (e.g. goosecoid, muscle actin, orthodenticle).
induced the Xvent2 promoter. Expression of DN-BR reduces ‘basal'\yhjle specific receptors for BVgl have not been isolated, we
ngné—l\l/l_l;%rt\a/{cl)ﬁrter”?er)l(e acgnlt_y, presurrgably by |n_h|_b|t|tn% B,Y[IPTE)N assume that, similar to other T@Felated factors, BVgl
an . en the XventZ-Luc reporter was coinjected wi - . .
BR together with increasing concentfations of CABI%&EFCABR, transduces a SIgpaI through a heteromerlc receptor Sys.t‘?m-
the reporter gene activity increased in a dose-dependent manner. Tﬁ\é)ns'Stent with this model, a cyt(_)plasm_lcally truncated aCt'\{'n
CABR does not affeci226gsc-Luc activity. receptor is able to block BVg1l signals in a dominant negative
manner (Kessler and Melton, 1995). We, therefore, tested
whether expression of CABR was also able to block the dor-
cleavage mutant BMP-4 and BMP-7 (data not shown) (Graffalizing effect of BVgl, as is the case for activin. Our results
et al., 1994; Suzuki et al., 1994; Hawley et al., 1995). Finallyshow that CABR expression not only blocked the activin-
we used a luciferase reporter plasmid (Xvent2-Luc) in whiclinduced but also the BVg1-induced dorsal mesoderm induction
luciferase expression is controlled by a 250 bp promotefFig. 2D). Since the activated BMP-2/4 receptors signal inde-
fragment of Xvent2, a gene which responds specifically tpendently from ligands, we conclude that the activin/BVg1 and
BMP signaling (Onichtchouk et al., 1996). As shown in Fig.BMP-2/4 signals converge and antagonize intracellularly.
1, overexpression of BMP-4 and CABR stimulated luciferase While AE-CABR is incapable of binding to extracellular
expression from the Xvent2 promoter but not from thdigand, it is formally possible that ectopic expressiom\BE
—226gsc-Luc plasmid, in which luciferase activity is under theCABR interferes with or downregulates endogenous activin
control of an activin/BVg1-specific response element (Watabesceptors and in this way promotes its inhibitory activity. We
et al., 1995). The level of luciferase induction from the XventZherefore evaluated the ability of activin to interact with cell
promoter (5-fold induction) by these proteins is apparentlysurface receptors in dissociated animal cap cells isolated from
muted due to the presence of BMP-2 and -7 in the ectoderaminjected andAE-CABR expressing embryos. This assay
of early gastrula embryos (Nishimatsu et al., 1992; Suzuki eheasured the ability of the cell surface receptor to Bffd
al., 1993). The endogenous BMPs in the animal caps providetivin and the competition of unlabeled activin with the
an endogenous stimulation of the expression of Xvent2-Lucadiolabeled ligand. As shown in Fig. 3, expressiom\Bf
since we can reduce the ‘basal’ Xvent2-Luc reporter activittCABR (up to 1.6 ng mRNA) did not affect the interactions
by coexpressing a dominant-negative BMP receptor (DN-BR)etween!?3-activin and its receptor. This indicates tiAdE-
When the basal BMP activity is eliminated by expression oCABR expression does not spuriously disturb receptor-ligand
dominant-negative BMP type | receptor, expression of CABRnteractions. Further, since the amount of bod#Rtactivin
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Fig. 2 BMP signaling can antagonize dorsal signals intracellularly. (A) Effect of CABR on activin signaling. Activin mRNA alaigentas
induce dorsal types of mesoderm as indicated by the elongation of the animal caps. When intracellular BMP signaling \@dsyghevide
coinjection of MRNA encoding the CABR, the elongation was reduced in a dose dependent manner. (B) The reduction of edangation w
directly associated with the loss of dorsal-specific markers such as goosecoid, otx2, muscle actin, Xnot and NCAM. Tl tinerezrseal
marker, Xvent (Onichtchouk et al., 1996), indicates that the CABR mRNA induces ventral mesoderm at the expense of dorsal Tinesode
decrease in Xbra expression was not consistently reproducible but may reflect differences in induction of Xbra by verdi@isatrsus
signaling molecules. Left panel shows marker expression of animal caps isolated at stage 8 and cultured to stage 11; 5igloupzaien
animal caps cultured to stage 22 equivalent. (C) Similar intracellular antagonism is observed whsh-C#ABR, a variant of CABR which
lacks 60% of its extracellular domain. (D) Intracellular BMP signaling can also antagonize the dorsalizing effects of B¥idr. dose-
dependent decrease of dorsal-specific markers is accomplished when increasing amounts of CABR mRNA are coinjected. Thefexpressio
gsc, otx2, N-CAM and Xnot in uninjected samples is higher than normal in this particular set of experiments, and notsewallly ob

was not reduced, the presenceA-CABR does not cause is not necessarily a direct competition between transcriptional
downregulation of activin receptors. These data are consistemodulators. Alternatively, the convergence of the signals may
with an intracellular convergence of activin/BVgl and BMP-occur by direct competition or interaction of mediators (cyto-

2/4 signals. plasmic or nuclear) that signal through a single responsive
promoter element.

Activin/BVg1 and BMP-2/4 signals converge on a To distinguish between these two possibilities, we used a

cis-element within the goosecoid promoter reporter assay in which luciferase expression is controlled by

We next evaluated the molecular mechanism of intracellulaa previously identifiectis-acting DNA element that responds
convergence and integration of activin/BVgl and BMPspecifically to activin/BVgl and not to BMP-2/4, i.e. the
signaling by assessing the transcriptional regulation of knowactivin/BVgl response element or A/VRE (also previously
target genes that are responsive to activin or BMP-2/4. As pr&nown as the DE) (Watabe et al., 1995). This response element
viously shown (Jones et al., 1992; Dale et al., 1992) and illusvas identified as a 226 bp segment in the activin/BVg1-respon-
trated in Fig. 2, the expression of specific genes can tmve goosecoidgsg gene. If the differential interpretation of
regulated by the antagonizing signals of activin and BMP-2/4activin/BVgl and BMP signals is mediated through distinct
However, an examination of the endogenous expression levggsomoter/enhancer elements, expression of CABR will not
of these responsive genes is not sufficiently informative sincaffect the stimulation of transcription from the A/VRE element

it does not allow us to discriminate between two possibléy activin/BVgl signaling. However, if the antagonizing
modes of intracellular convergence at the transcription leveignals converge prior to the direct activation of a target gene
One possible mechanism would be that the transcriptionalr compete for the same response element, the induction of the
regulation could be determined by separate activin/BVgl and/VRE activity by activin or BVgl will be affected by the
BMP-2/4cisresponse elements within the promoter of a giverCABRs. The luciferase reporter plasmid containing the 226 bp
gene that are differentially activated or repressed depending gsc promoter region with its A/VRE was coinjected with
the incoming activin/BVg1 or BMP signals. In this case, theranRNA encoding activin or BVg1 in the presence or absence
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MRNA), as long as strong BMP signals are transduced. The
n results suggest that the repression of transcription of
’ DE(6X)gscLuc at high concentrations &E-CABR (Fig. 4C)
is not simply due to inhibition of activin signaling, but is com-
pensated by corresponding increases in BMP signaling.
Taken together, our results show that the activin/BVgl and
BMP-2/4 intracellular signals converge at the A/VRE site or at
a level of signaling mediators that is upstream from A/VRE
binding. Furthermore, repression of the gsc promoter activity
by BMP-2/4 signaling is accompanied by transcriptional
induction of the BMP-specific response element found in the
Xvent2 promoter.
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The intracellular antagonism is bidirectional
All of our results outlined thus far have demonstrated the

0o : : : ability of BMP-2/4 signals to antagonize activin/BVgl
0 ! o 100 signaling, suggesting that BMP-induced ventralizing signals
Competitor (fold over *#I-activin) unidirectionally inhibit these dorsalizing signals. However,
ected S by aci increasing amounts of activin can overcome the antagonizing
_ﬂ' e effects of BMP-2/4 signals provided BE-CABR on tran-
-CABR (0.4 ng) competed by activin .. .
- ‘W * AE-CABR (1.6 ng) competed by activin scription from the A/VRE reporter element (F|g._4E)._Thu_s, the
O uninjected competed by TGF-p antagonism between activin and BMP-2/4 signaling is not

_ _ _ o simply a block of activin/BVg1 signaling by BMP-2/4 receptor
Fig. 3. AE-CABR does not interfere with activin ligand/receptor  sjgnals. In contrast, the interference is bidirectional, which
interaction. Dissociated animal cap cells were incubated'#ith ¢ 4qeqts that there exists an intracellular cross-talk between the
activin for 3 hours on ice in the presence of increasing concentratlorgsfgna”ng cascades induced by members of the FGEer-

of unlabeled activin. The amount of bou¥#8l-activin was famil hich be ob d at the level of t tton f
measured. A 100-fold molar excess of unlabeled activin was able to @M1y, Which can be observed at tne level of franscription from

block approximately 80% of tHé3-activin from receptor the A/VRE element. o
interactions, while TGR-did not interfere with the interaction. The ~ The bidirectional nature of activin/BVgl and BMP-2/4
competition curves of uninjected cells akiB-CABR-expressing signaling can account for the observations of secondary axis

cells (0.4 ng and 1.6 ng per embryo) are identical, indicating\at  formation by both loss-of-function of BMP and gain-of-
CABR does not interfere with activin ligand/receptor interactions or function of activin or BVgl signaling. During normal devel-
downregulate activin receptors. opment, the ventral region of the embryo is specified by active
BMP-2/4 signals. Thus, removal of BMP signals could unmask
underlying activin/BVg1-like signals and allow formation of a
of the CABR mRNA. Consistent with our previous observasecondary axis. In contrast, ectopic overexpression of dorsal-
tions (Watabe et al., 1995), luciferase expression from the g&ing factors such as activin and BVg1 in the ventral region of
promoter was induced about 30-fold by BVgl. However, whem Xenopusembryo (Thomsen et al., 1990; Dale et al., 1993)
BMP-2/4 signaling was provided by coinjection of CABR can override and antagonize BMP-2/4 signals and induce a
MRNA, the induction was repressed up to 10-fold in a dossecondary axis.
dependent manner (Fig. 4A). This result suggests that the
induction of transcription of a gene by activin/BVg1 signaling” specific A/VRE binding protein is influenced by
can be directly antagonized by converging signals from th#1e antagonism between BMP and activin/BVg1
BMP-receptor pathway. signals
The 226 bp region of the gsc promoter used in this report@the antagonistic effects of activin/BVgl and BMP-2/4 on the
assay (Fig. 4A) contains two separable elements that synergigec promoter prompted us to examine the role of DNA binding
to recapitulate endogenogscexpression. One of these is the proteins that may influence transcription from this DNA
A/VRE element which responds only to activin/BVgl segment. Using an A/VRE probe, we identified a specific
signaling, whereas the other one, the proximal elemenf/VRE binding complex (ABC) that is induced within 20
responds to wnt signaling (Watabe et al., 1995). To eliminatminutes after animal caps are treated with activin (Fig. 5A).
any possible influence from the proximal element, we testeSince the accumulation of ABC was activin-dependent, we
luciferase expression driven by a multimer of the A/VREdetermined the effect of intracellular BMP signaling on ABC
element (DE(6X)gscLuc) which is sufficient to respond specifcomplex formation. To test this possibility, embryos were first
ically to activin or BVg1 signals and not to wnt (Watabe et al.jnjected with mRNA encodingE-CABR at the two cell stage.
1995). Fig. 4B,C shows that the induction of this multimerAnimal caps were isolated at blastula stage, treated with
reporter construct by either BVg1l or activin was repressed bgoluble activin for 60 minutes, and extracts prepared for gel-
the presence of thi&E-CABR in a manner similar to the entire shift analysis. Whereas activin alone induced the formation of
226 bp region of the gsc promoter. Furthermore, Fig. 4D showaBC, the presence of BMP-2/4 receptor signals from/tee
that BMP-2/4 signaling, assessed by transcription from th€ABR reduced ABC formation (Fig. 5B). These results
Xvent2 promoter (Onichtchouk et al., 1996; Fig. 1) can occuindicate that the antagonism between activin/BVgl and BMP-
in the presence of high concentrations of activin (80 p@/4 signaling that affects transcriptional activity at the A/VRE
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Fig. 4.Induction of the goosecoid (gsc) promoter is regulated by the intracellular antagonism between dorsal (activin/BVg1l) dBt¥¥)ntra
signals. (A) A luciferase reporter construct containing 226-Bpg) of the gsc promoter (Watabe et al., 1995) was injected with BVg1 alone or
coinjected with increasing amounts of CABR. As previously demonstrated (Watabe et al., 1995), BVg1 alone induced thenspadeTtie
induction was suppressed in a dose-dependent manner with increasing amounts of CABR mRNA. (B,C) The induction by eitl@€r ®)gl (3
or activin (150 pg) of a hexamer of the distal element (DE6X, also known as the activin/Vgl response element, A/VRE)lgrsugipridssed

by intracellular BMP signals provided by th&-CABR. While the DE(6X)gsc/Luc construct responds to activin/VVgl signals, the induction level
is usually somewhat lower than that-@26gsc/Luc. (D) A control experiment to show that BMP signaling can occur in the presence of high
amounts (80 pg mRNA) of activin. Induction of the BMP-specific response element, Xvent2, occurs in a dose-dependent rierasti¢h)

BMP is not unidirectional as increasing amounts of activin are able to override the suppressive effects of intracellutaraBViPasiall
experiments 40 pg 61226 gsc Luc or 20pg of DE(6X) gsc Luc was injected. Each experiments were repeated at least twice.

site (Fig. 4) may be due to differences in formation of the ABGvould demonstrate not only the specificity of Smad-mediated
complex that interacts directly with the promoter element. signaling but, more importantly, that they act through distinct
o ) o cis-acting transcriptional elements for activin/BVgl (A/VRE)
Synergistic effects of Smads in both activin/BVg1 and BMP-2/4 (Xvent2) signals. mRNAs encoding Smads1-4
and BMP signaling were coinjected with the A/VRE-Luc or Xvent2-Luc reporter
Smads have previously been shown to mediate intracellulgtasmids into developing embryos. Animal caps were isolated
signals provided by TGB-related proteins (Derynck and at blastula stage, cultured for an additional 90 minutes, and
Zhang, 1996), and ectopic expression of Smadl and Smad2 dueiferase reporter activity was measured. As shown in Fig. 6,
sufficient to mimic BMP-2/4 and activin/BVgl signaling, Smad2 and 1, when injected alone, weakly but specifically
respectively (Graff et al., 1996; Thomsen, 1996; Baker anthduced the expression of the A/VRE- and Xvent2-luciferase
Harland, 1996). The role of Smads as mediators in the intraeporters, respectively. Since Smad4/DPC-4 has been shown to
cellular TGFB-related signaling cascades raises the possibiinteract and synergize with Smadl, -2 and -3 (Zhang et al.,
ity that they may play a role in the observed intracellular con1996, 1997, Lagna et al., 1996), the weak induction of
vergence and antagonism between activin/BVgl and BMP-2Miciferase expression could be due to a synergy with endogen-
signaling. Using the animal cap assay, we tested whetheus Smad4. To test if Smad4 could synergize with the other
ectopic expression of Smadl or Smad2 is sufficient to speciBmads in similarly activating transcription from the A/VRE
ically activate transcription of the luciferase gene from theand Xvent2 promoter elements, we coinjected Smad4 with the
A/VRE or Xvent2 promoter elements. These experimentsther Smads and the reporter genes. A strong synergistic acti-
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Fig. 5. Antagonism between activin/BVgl and BMP-2/4 signals
affects binding of transcription factors to the goosecoid A/VRE: B (ventziuc)
Electrophoretic mobility shift assays with animal cap extracts. _ _
(A) Animal caps excised at stage 8 were treated with soluble activ fold induction
(200 ng/ml) for the indicated times. A specific A/VRE binding Smadl | Smad2 | Smad3 | Smad4 % 10 15
complex (ABC) is induced within 20 minutes of activin treatment |
above a basal level of activity (zero minutes). (B) Similarly, animal 1ng -
caps isolated from uninjected SE-CABR injected embryos were
treated with or without 200 ng/ml activin for 60 minutes. In the ang R
absence oAE-CABR, induction of ABC is detected. However, in the - 4ng I
presence oAE-CABR, this induction is blocked, suggesting that 4ng m
BMP signaling transduced by ti&-CABR eliminates all induction
of ABC by activin. We note that the intensity of ABC is variable an 4ng 1
batch dependent. ing - - ing [m
ing - - 4ng [T
vation (as much as 90-fold induction) of transcription from t| | " : ] g
A/VRE element was observed when Smad2 and -4 were c¢ | 4n9 - - 4ng
pressed (Fig. 6A), whereas Smad4 synergized with Smad - 4ng - 4ang
induce transcription of the Xvent2-Luc reporter gene (Fig. 6l } } 4ng ang

Similarly, we found synergistic induction of endogenot_

Xvent2 and gsc in animal caps after coexpression of Smad1 9?@. 6. Synergistic effects of Smads in activin/BVgl and BMP

-2 together with Smad4 (data not shown). These results illugignaling. Smad mRNAs were microinjected into embryos together
trate the direct synergistic activation of activin/BVgl andwith either-226gsc-Luc (A) or Xvent2-Luc reporter gene

BMP-2/4-specificcis-regulatory promoter elements by Smads(B). Animal caps isolated at the blastula stage were cultured in saline
and support the notion that Smad4 can potentiate the activifyr 3 hours, and assayed for luciferase activity. On their own, ectopic
of Smadl and Smad2 in mediating BMP and activin/BVglexpression of Smads had little or no effect on reporter genes.

signaling, respectively. However, co-expression of Smad2 and Smad4 synergistically induces
the expression 6f226gsc-Luc reporter gene activity 50-100 fold
Smads are effectors in the intracellular antagonism over uninjected animal caps, while co-expression of Smadl and

ad4 synergistically induces the Xvent2-Luc reporter gene up to 15

Sma_d4ds¥nerg|zesl_ W'tg SrEadl,S-Z agd -3 gnﬁ is thought tg.%rc]i. Smad3 and Smad4 did not activate reporter genes by
required for signaling by these Smads and the correspondifyh mselves or in combination with each other demonstrating the
TGF{3 receptor complexes (Lagna et al., 1996; Zhang et aI?eCifiCity of action of Smad proteins.

4

1996, 1997; the present study; see Fig. 9). Furthermore, Sma

interacts physically with these Smads and this interaction is

thought to be essential for biological activity (Lagna et al.activation. For example, activation of a large number of activin
1996, Wu et al., 1997). Therefore, the convergence and antagceptors would lead to sequestration of the available Smad4
onism between the activin/BVgl and BMP signaling pathway$o mediate activin signaling and concomitantly mute the effects
might occur as a result of competition of Smadl and -2 foof BMP-2/4 receptor signaling, which also requires Smad4.
Smad4 as a common mediator. In such a scenario, we wouldTo evaluate this possibility, we generated dominant-negative
predict that the availability of the Smad4 may be limiting suctvariants of Smadl, Smad2 and Smad4 (DN-Smadl, DN-
that the relative strength between two T@Felated signals Smad2, and DN-Smad4 respectively) by deleting a short
would be determined by the level and nature of initial receptatarboxy-terminal segment of Smadl and Smad2. A similar
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deletion of Smad3 was shown to behave as a dominar Fold Induction

negative mutant in TGB-signaling, whereas DN-Smadl was A [2269sc/tuc] 2 10
unable to inhibit this response (Zhang et al., 1996). Furthe control ]

more, overexpression of DN-Smad1l does not affect the syne activin alone

gistic activity of Smad3 and -4 (Zhang and Derynck, unpub activin + DN-Smad1 (ing) F

lished), further illustrating the specificity of these dominant activin + DN-Smad1 (4ng)

negative versions. We tested if expression of DN-Smad1 or - activin +DN-Smad2 ing) [ ]

MRNA, injected separately, could block both activin/BVg1l anc activin + DN-Smad2 @ng) [ ]

BMP-2/4 signaling pathways. Synthetic mRNA encoding
either DN-Smadl or DN-Smad2 was microinjected inta
embryos together with the226gsc-Luc reporter plasmid.

Animal caps were isolated at blastula stage, treated wit
activin, and the luciferase activity was measured. We foun
that both DN-Smad1 and DN-Smad2 inhibited the induction 0 B (xvent2/tuc)

activin + DN-Smad4 (1ng)

activin + DN-Smad4 (4ng)

Fold Induction

5 1
the reporter gene by activin (Fig. 7A). Similar experiments ONER ] ' '
were performed to examine the effects of DN-Smad1 and DN DNBR + CABR |
Smad2 on BMP-2/4 signaling, but with a minor modification; DNBR + CABR + DN-Smad1 (1ng)
embryos were coinjected with mRNAs encoding both a DN DNBR + CABR + DN-Smad1 (4ng) r
BR and a constitutively activBE-CABR to induce BMP-2/4 DNER + CABR + DN-Smadi2 (1ng)
signaling in the absence of endogenous ligand. As shown DNBR + CABR +DN-Smac2 (ng) ||
Fig. 78, both DN-Smad1 and DN-Smad2 inhibited the activa  oue+ casn oxsnass wno. I
tion of the Xvent2-Luc reporter, Indlcatlng that BMP-2/4 DNER + CABR + DN-smadd (4ng) ([T
signaling mediated bE-CABR had been blocked.

A model in which Smad4 is a common effector in
activin/BVg and BMP-2/4 signaling and is the limiting factor
in TGF{3 signaling was further tested by evaluating the effect: C [226gsciuc] 5F0'd Induction o

of overexpression of a dominant negative or wild type Smad:

This model would predict that a dominant negative variant o control 1
Smad4 would inhibit both activin/BVgl and BMP-2/4- activin alone
mediated signaling. mRNA encoding DN-Smad4 (Zhang et al activin + CABR |
1996) was microinjected into embryos together with the activin + CABR + Smad (ing)
—226gsc-Luc reporter plasmid. Animal caps were isolated ¢ activin + CABR + Smad (4ng)
blastula stage, treated with activin, and luciferase activit activin + CABR + Smad1. (ing)
measured. We found that DN-Smad4 inhibited the induction ¢ activin + CABR + Smad1 (4ng)

the reporter gene by activin (Fig. 7A). Similar experiments
were performed to examine the effects of DN-Smad4 on BMF
2/4 signaling. As shown in Fig. 7B, DN-Smad4 inhibited the
activation of the Xvent2-Luc reporter, indicating that BMP-2/4
signaling mediated byAE-CABR had been blocked. Since fig 7. smads mediate the intracellular antagonism through a limited
Smadl and -2 mediate distinct T@Fsignals (Graff et al., pool of Smad4. (A) MRNAs encoding DN-Smad1, DN-Smad2 and
1996), and interact functionally and physically with Smad4DN-Smad4 were microinjected into embryos at the two cell stage
(Lagna et al., 1996; Zhang et al., 1996, 1997; Wu et al., 1997pgether with-226gsc-Luc. Animal caps were isolated at blastula
the observed inhibition is likely to reflect the involvement ofstage, challenged with activin for 3 hours, and subjected to luciferase
Smad4 as a common effector of both signaling pathways. —assays. (B) For Xvent2-Luc activity, the reporter gene was injected

If the antagonism between activin/BVg1l and BMP signalinggether with mixtures of mRNAs containing DN-BR (1 ng), CABR
pathways occurs as a result of Smad4 sequestration and Smad’ F;%)lé atgdin?n’i\é)-itsgoetlgzc[t)iuHsgdelM%Ns:ignmaalﬁé ?r:‘g IgoNs:s_mad4
is indeed the limiting factor in TGBS'gnahng p‘?‘th""ays- cells dependent manner demonstrating convergence of f-@&fated
should be able to overcome the gntagomsm In the presenced naling through the Smads. (C) The antagonistic effects of activin
excess amounts of Smad4. Consistent with this hypothesis, Fighq BMP-2/4 signals can be overcome by the presence of excess
7C shows that the antagonistic effect of BMP signaling b¥smad4 (1-4 ng), but not by Smad1 and Smad2, indicating that
CABR on activin signaling was specifically eliminated in theSmad4 is the limiting factor in mediating multiple T@Related
presence of excess Smad4, but not by excess Smadl or Smasitihals.
These results support our interpretation that crosstalk and
antagonism between activin/BVgl and BMP-2/4 signaling
occurs as a result of intersecting signaling pathways, in whichh Smad phosphorylation and translocation to the nucleus

activin + CABR + Smad2 (1ng)

activin + CABR + Smad2 (4ng)

Smad4, may be the focal point of convergence. (Graff et al., 1996; Hoodless et al., 1996; Baker and Harland,
1996, Macias-Silva et al., 1996). Furthermore, the C-terminal

Smads participate in the formation of an activin- segments of Smads have been shown to regulate transcription

induced binding complex (ABC) of a reporter gene (Liu et al., 1996, Wu et al., 1997) and Smad?2

Smads are thought to function as regulators of transcription imas been shown to form a complex with a winged-helix tran-
the nucleus since activation of T@Felated receptors results scription factor that interacts with the Mix2 promoter (Chen et
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al., 1996). To further investigate the role of Smads in tran- Signaling by multiple TGH-related factors could, in
scriptional regulation, we tested whether Smad2 and -4, whigbrinciple, be regulated at several levels to ensure proper assign-
mediate activin signaling, play a role in the formation of thement of cell fate and function. First, the level of available
ABC at the A/VRE element in response to activin. Cell extractigand may be regulated. This could occur by controlling not
were prepared from embryos expressing FLAG epitope-taggazhly the expression but also the maturation or processing of
Smad2 and myc epitope-tagged Smad4, and used for gel-ret@iGF{3-related molecules, as has been suggested in the case of
dation analysis usingP-labeled A/VRE oligonucleotide as an Vgl (Thomsen and Melton, 1993; Dale et al., 1993). Alterna-
interaction probe. We detected increased amounts of AB@vely, the availability of TGH3 ligands may be extracellularly
formation in cellular extracts isolated from embryos coex+egulated by sequestration, which has been demonstrated by
pressing Smad2 and Smad4, while coexpression of Smad1 ath@ interactions of chordin and noggin with BMPs (Piccolo et
Smad4 had no effect on ABC formation (Fig. 8A). Importantly,al., 1996; Zimmerman et al., 1996). Yet another possibility is
ABC appears to be composed of both Smad2 and Smad4. Firstat ligand stimulation may be regulated at the level of receptor
both anti-myc and anti-Flag antibodies were able to supershifinding, whereby different ligands may compete for binding to
the ABC complex (Fig. 8B). Second, both anti-myc and antithe same receptors, and in this way block each other’s ability
Flag western blot analyses revealed the presence of Smad@-activate the receptors. BMPs and activin can bind to the same
Flag and Smad4-myc in the ABC complex (Fig. 8C). Theseeceptor complexes and could physically interfere with each
findings demonstrate that Smads interact and participate other's ligand/receptor interactions (Childs et al., 1993;
establishing a transcriptional complex, and suggests a mectBrummel et al., 1994; ten Dijke et al., 1994; Yamashita et al.,
nistic basis for the central role of Smad4 in mediating signalin995, Rosenzweig et al., 1995). These models deal only with
by TGF{3-related factors. Considering the synergistic effectextracellular modes of regulating T@Fsignaling and contrast

of Smad2 and Smad4 on A/VRE-Luc transcriptional activatiorwith possible intracellular mechanisms. Here, we provide
(Fig. 8A) together with their interactions with the transcriptionevidence for an intracellular mechanism of regulation and con-
complex at the A/VRE site, we conclude that both Smad2 angergence of the different TGEsignaling pathways.

Smad4 are central mediators of activin/BVg1 signaling.

Dorsalizing activin/BVgl1 and ventralizing BMP
signals converge intracellularly

DISCUSSION Previous studies have demonstrated that activin-mediated

How growth factor-mediated
signaling leads to changes in g

expression and ultimately A B Smad?2-Flag+ C

changes in cell fate or function - + - Smadl - - =ttt Smad4-Myc ‘ _

a fundamental question - - + Smad? - + - - + - o-Haganibody + - o-Flaganiibody
biology. For the TG superfam - + + Smadd + - - + oa-Mycantibody -+ o-Mycantibody
ily, results over the past few ye. (111 «SS

have revealed that TGBrelatec “ABC == ABC

ligands are received at the
surface by heteromeric comple:
of two receptor types and that
Smad family of proteins are p.
of the intracellular signalin
cascade that transduces the T
B-initiated signals (Derynck ar
Zhang, 1996, Massagué, 19¢
These findings  demonstr:
how TGFg-related molecule
transduce signals but do |
address how crosstalk betw
multiple TGFB-mediated signa
is regulated and integrated. T 123 4567809 10 11 12
guestion is particularly importa
during Xenopus mesodern Fig. 8. Smad2 and Smad4 participate in the formation of an activin-induced binding complex (ABC).
formation where multiple TGB- Synthetic MRNAs encoding flag epitope-tagged Smad1 and Smad2 were microinjected together with
related factors have overlapp myc epltope.-taggzed Smad4 into 2-cell stage embryos. Extracts were prepared frpm animal caps and
spatiotemporal  activities, a !ncubated with & P_—Iabeled gsc A/VRE probe. In_creased amounts of ABC formation was detected
where it remains to be determir in ceIIula_lr extracts |solat(_ad from cells coexpressing Sma_1d2 a_md Smad4 (A). ABC (B; lane 7) was
how cells receiving such a varit supershlfted by both anti-Flag (lane 8) and anti-myc antibodies (lane 9). Western blot analysls of gel
. . ) shift (C; lane 10) also revealed the presence of both Smad?2 (lane 11) and Smad4 (lane 12) in ABC,
of signals from a single family - g,ggesting that both Smad2 and Smad4 are part of the ABC. Formation of ABC was specific for
factors interpret the information  smad2 and -4 since other combinations did not induce ABC formation and were not found in a
direct their differentiation along supershifted complex. The open arrow indicates a second, independent A/VRE binding complex. We
defined lineage. note that the intensity of ABC is variable and batch dependent.
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signals could be blocked by the presence of BMP-4 ligandotion and demonstrate a role for Smad4 in which it synergizes
(Dale et al., 1992; Jones et al., 1992) and that signals fromith Smadl and -2 to induce transcription from activin/BVg1-
these two pathways antagonize each other (Fainsod et al., 1994d BMP-2/4-responsive reporter genes, respectively. These
Steinbeisser et al., 1995). However, these observations did radta are consistent with the observed synergy of Smad4 with
provide a mechanistic basis of this antagonism and did n&mad3 in mediating TGB-like responses (Zhang et al., 1996)
allow a discrimination between extracellular or intracellularand with Smadl or Smad2 in mediating BMP-2/4 and activin-
mechanisms. In the current study, we have used an activatkkk responses, respectively (Zhang et al., 1997). Furthermore,
variant of a type | BMP-2/4 receptor to show thatwhile this work was in progress, Lagna et al. (1996) also
activin/BVgl-mediated signals can be attenuated by BMP-2/#eported that expression of endogengssand Xventlgenes
signaling, independent of BMP ligand. This antagonisnrequired functional Smad4, and that Smad2 and -4 can
regulates the expression of the activin/BVgl target ggs®, synergize to induce expression from the PAI-1 promoter. Our
and can be modulated by increasing amounts of activin/BVgdata now provide additional evidence that Smad4 synergizes
signaling or BMP-2/4 signaling bAE-CABR. Our results with both Smadl and 2, and show that this synergy occurs at
demonstrate a crosstalk mechanism between intracellultiie level of transcription from activin/BVgl- and BMP-2/4-
signals induced by activated activin/BVgl and BMP-2/4responsive promoters. Results with the gsc A/VRE reporter
receptors, and suggest a mechanism of differential regulati@uggest that the antagonism between BMP-2/4 and
during mesodermal patterning when multiple T@ignaling  activin/BVg1 signaling is likely due to competition for a single
pathways are active. transcription factor (i.e. Smad 4). The observation that Smad4
During mesoderm formation, different members of the TGFean physically interact with Smadl1 and -2 is consistent with
B superfamily are present including BMPs, nodal-relatedhis notion (Lagna et al., 1996). Taken together, these results
factors and activin/BVg1l-like activity. While the mRNAs for suggest that Smad4 may be a focal point for Smad action and
these factors may not be present at the same time, the actifinction as a regulator of the intracellular interplay between
ties of these factors overlap in gastrulating embryos. Fadifferent TGFS superfamily signals. While the specificity of
instance, the induction of a secondary axis after removingignaling may be mediated by Smadl, -2 and 3, the relative
BMP-2/4 signals from the ventral region of the embryos magignaling strengths may be regulated by a limited pool of
be caused by unmasking maternal activin/Vgl-like activity. IrSmad4.
accordance with this, observations by Jones et al. (1996) The ability of Smad4 to physically associate with the other
suggest that BMP-4 is likely to inhibit activin/BVg1l signaling Smads in heteromeric complexes (Lagna et al., 1996; Wu et
during gastrulation. While ectopic expression of BMP-4al., 1997; Shi et al., 1997) and the requirement of the het-
MRNA failed to inhibit induction ofjscexpression in embryos, eromeric complex formation for Smad activity suggest a
the maintenance of expression was reduced. This mode pbssible mechanism for the observed intracellular antagonism
BMP-4 activity is consistent with its expression pattern inbetween activin/BVgl and BMP-2/4 signaling (see Fig 9).
embryos, which peaks during gastrulation. The role of BMP-Based on our current knowledge, the activated activin/BVg1l
and BMP-7 during gastrulation has not been establishednd BMP-2/4 receptor complexes may directly induce phos-
although it is known that they are maternally providedphorylation of associated Smad2 and 1, respectively, which in
(Nishimatu et al., 1992). turn can form a complex with Smad4 and undergo nuclear
We note that the inhibitory effect of BMP4 mRNA translocation. Therefore, we propose that activation of two
expression omgscexpression is different from that of CABR. TGF{-related signaling pathways will result in a competition
When BMP-2/4 signaling was provided in a ligand-indepenfor Smad4, and that the outcome of this competition will
dent manner by CABR, the induction of activin and BVg1l wagletermine the relative strengths and antagonism of the signals,
blocked at the onset of gastrulation. The observed differenceghich lead to the promotion of a particular differentiation
in gscactivation between BMP-4 mRNA injection and CABR pathway and cell fate. In support of this notion, we have shown
expression may be due to the different onset of BMP-2/¢that dominant-negative Smad4 mutants can inhibit both
signaling resulting from these manipulations. BMP-4 transactivin/BVgl and BMP signaling. Furthermore, we demon-
lated from injected mRNA requires maturation and processingtrated that Smad4 is indeed a limiting factor in TgF-
and subsequent activation, which may not occur until gastrisignaling pathways since an excess of Smad4 can override each
lation, the time when Jones et al. (1996) demonstrated BMR{ these antagonistic effects. The additional observations that
4 activity. In contrast, CABR does not require any post-transncreased Smad4 expression results in the formation of both
lational events and, thus, may be capable of transducingntral and dorsal mesoderm (Lagna et al., 1996; Zhang et al.,
BMP-2/4 signals as soon as the receptors are expressed, 1897), and that a dominant negative Smad4 can inhibit the

before gastrulation. activity of Smadl and Smad2 on mesoderm induction (Lagna
. et al., 1996) and prevents nuclear translocation of the other
Interaction between Smads Smads (Zhang et al., 1997) are all consistent with this notion.

Smad proteins have been shown to directly mediate specifiginally, we provide direct evidence that both Smad2 and -4
TGF-related signaling in a range of species fidrmsophila  associate to form the ABC transcriptional protein complex that
andC. elegango mammalian cells (Graff et al., 1996; Liu et binds to the activin/BVgl-responsive A/VRE promoter

al., 1996; Eppert et al., 1996; Thomsen, 1996; Baker anelement (Fig. 8).

Harland, 1996; Raftery et al., 1995; Savage, 1996; reviewed in N

Derynck and Zhang, 1996). Current evidence suggests thl Vivo relevance of competition for Smad4

Smadl mediates BMP-2/4 signaling whereas Smad2 and ¥8hat is the in vivo significance of our overexpression and
mediate activin and TGB-responses. Our results support thisdominant-negative studies? Since activin and BMP signaling
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cascades were manipulated by either providing exogenousents above, suggests that Smad -4 may be a limiting factor
activin or BMP signaling or by inhibition of their signaling by in activin/BVg1 signaling in vivo. Taken together, these results
dominant-negative Smads, one may argue that the signalisgggest that near saturation conditions of TRaElated
pathways may be artificially saturated. Therefore, a signalingignaling indeed occur in vivo, and that the cellular interpreta-
component utilized by both activin and BMP pathways wouldion of relative TGH3 signaling activity may be mediated by
become limiting, and this may not occur in vivo. A definitivethe competition for Smad4.

answer to this question will require further analysis of the

relative abundance of the Smad proteins in vivo and the relati@nads as transcriptional regulators of TGF- B

levels of free Smad4 and Smadl/Smad4 and Smad2/Smaginaling

com;tnklaxes. dl_-:_owevgr, our elv idence suggests E)Tattrt]he. EXPCHmads are now clearly recognized as mediators of intracellular
mental conditions In animal caps may resembie the In Vi@, n4jing by TGHB-related factors, and their possible role as

situation where TG signaling may occur at saturating nuclear transcription regulators receives increasing experimen-

levels. First, we have previously shown that the reporter geng, support. Smadl fused to a DNA binding domain can behave

containing a multimerized A/VRE is activated approximately,q yanscriptional activator in transfected mammalian cells (Liu

25-35 fold in activin-treated animal caps when compared @ 5 “1996) and Smad3 can act similarly in yeast (Wu et al.,
untreated control animal caps (ectodermal tissue), and thigg7) Frthermore, Smad?2 can bind to the DNA binding FAST-
appears to be the maximum level of induction that can bg , Jiein that directly interacts with the Mix2 promoter (Chen
achieved using varying concentrations of activin (Wa@abe et .ale't al., 1996) and Mad binds directly to a promoter sequence in
199.5)' When the ]?ameb reporterdgene Waz mlcromjeftedl e vestigial gene (Kim et al., 1997). We have extended these
va:_lo_u?BK/egions t'o't em ry]?s tg thEtﬁL en ogetnous EVeIS Bhservations by demonstrating that not only Smad2 but also
activin/bvgL aclivity, we found that the reporter gene wasg,4q4 participate in the formation of a transcriptional complex
activated to a similar extent (35 fold) in mesoderm/endoderrg, 5 girect target gene, gsc, which is induced by activin. Con-
regions, \évherehactwm/_BVgl actw:jty IS thm:jght to\r/sad(;, Wherisidering the functional similarity with the activin-dependent
compared to the activity detected in ectoderm ( atabe et ajyiaraction of Smad2 with the Mix2 promoter and its interaction
1995). The S.'m"a”‘y in the maximum attainable activity of ith the DNA-binding FAST-1, it is likely that the heteromeric
AIVRE-containing reporter genes between actwm-treate%%nadzm complex following nuclear translocation also has to

animal caps and embryonic mesoderm in situ suggest thakeact with a DNA-binding transcription factor to function as
activin signaling in the embryos operates at a maximal leve

Second, expression of CABR was able {o activate the Xvenéranscnptmnal regulator of the gsc gene. In the case of the Mix2

. omoter, FAST-1 is the protein partner that confers DNA-
promoter to a !eyel of only tWO'fO.Id hlgher than the end.ogebinding (Chen et al., 1996). However, the A/VRE sequence in
nous BMP activity level present in animal caps (see Fig 1} y '

. . . . . he gsc promoter differs from the activin-responsive element in
implying that BMP signaling also reaches near saturation Cofjge \ixo promoter, which might suggest the involvement of a
ditions in animal caps. Third, the finding that overexpressiolierent DNA-binding protein. Furthermore, our initial charac-
of Smad2 and -4 can hyperinduce the reporter gene over 9k, aion of a gsc AIWVRE DNA-binding protein indicates that it
fold, i.e. much higher than the levels achieved in the experjg gistinct from FAST-1 and binds specifically to the gsc A/VRE
and not to the Mix2 activin-responsive element (T. W. and K. C.

BMP activin/BVg-1 unpublished observations). It remains to be determined if and
what other factors are involved in forming the ABC complex on

<> ‘@ the gsc promoter. However, the differences in the activin-respon-
sive sequences and transcription factors that are involved in tran-

|| || scription of thegscandMix2 genes suggest that both common
(i.e. Smads) and unique transcription factors may mediate activin
(Smad4/DPC4) signals. Further characterization of A/VRE binding proteins and
their interactions with Smads should facilitate our understand-
ing of the signaling by activin and other T@Felated factors.
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