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SUMMARY

The transcription factor p53 has been shown to mediate Xhox3and Mix.1/2. Furthermore, functional knockdown of
cellular responses to diverse stresses such as DNA damagep53 in embryos by an antisense morpholino oligonucleotide
However, the function of p53 in cellular differentiation in  reveals that p53 is required for the development of dorsal
response to growth factor stimulations has remained and ventral mesoderm. Our data illustrate a pivotal role of
obscure. We present evidence that p53 regulates cellular interplay between the p53 and TGB pathways in cell fate
differentiation by modulating signaling of the TGF3 family determination during early vertebrate embryogenesis.

of growth factors during early Xenopusembryogenesis. We

show that p53 functionally and physically interacts with the  Key words: Axis formation, TGF; p53,XenopusEmbryogenesis
activin and bone morphogenetic protein pathways to

directly induce the expression of the homeobox genes Supplemental data available online

INTRODUCTION factor FAST-1 to an activin-responsive element (ARE) in their
promoter (Chen et al., 1997; Labbé et al., 1998; Hill, 2001).
The TGR signaling pathway plays essential roles duringDuring early stages oKenopusdevelopment, activin-like
embryogenesis (Massagué and Chen, 2000; Hill, 200kignals emanating from the vegetal region of the egg are
Mufioz-Sanjuan and Hemmati-Brivanlou, 2001; Whitmanrequired for inducing mesodermal tissues in the overlaying
2001). Members of the T@Ffamily exert their biological ectoderm (Harland and Gerhart, 1997; Gurdon and Bourillot,
functions by binding to two types of transmembrane receptor2001). BMP4 expressed in the ventral side at the gastrula stage
type | and type I, that encode a serine/threonine kinase in th@s a ventro-posteriorizing activity that converts mesoderm
intracellular domain. Upon ligand binding, the type Il receptolinduced by activin-like signals to form ventral and posterior
phosphorylates the type | receptor, which subsequentlsnesoderm such as blood (Dale et al., 1992; Jones et al., 1992;
activates members of the Smad family of intracellular signaHemmati-Brivanlou and Thomsen, 1995).
transducers in the cytosol. Ligands of the P&amily are Homeobox genes are not only induced by B@§ands but
subdivided into a few groups and each group activates differeatso play a pivotal role in the regional specification of cell fates
sets of the receptor-regulated Smad (R-Smad). ActivinBTGFduring development. The even-skipped-like homeobox gene
signals through Smad2 and Smad3, whereas bon¢hox3 which is responsive to both activin and BMPs, is
morphogenetic proteins (BMPs) use Smadl, Smad5 arekpressed in ventral and posterior mesoderm during
Smad8. Smad4, also known as the common-partner Smad (Ggastrulation and functions as a ventro-posteriorizing factor
Smad), forms a heteromeric complex with the R-Smads i(Ruiz i Altaba and Melton, 1989a; Ruiz i Altaba and Melton,
response to ligand stimulation and is commonly used by both989b; Ruiz i Altaba et al., 1991; Dale et al., 1992; Jones et
activin/TGH3 and BMPs. Upon ligand-induced complex al., 1992).Mix.1 was initially isolated as an immediate early
formation, Smads translocate to the nucleus where thagsponse gene to activin, and its expression was detected in
function as transcriptional activators or repressors to regulaendoderm and mesoderm (Rosa, 1989). Moreover, Mix.1 has
gene expression. In the fro¢enopus laevisactivin directly  been proposed to function in the BMP pathway as BMP4
activates the expression of the homeobox ggonesecoicand  induces the expression bfix.1 and requires functional Mix.1
Mix.1, in addition to its close relatiglix.2, through binding to cause ventro-posteriorization of embryos (Mead et al.,
of a complex containing Smad2, Smad4 and the transcriptiot996).
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The p53 gene is a tumor suppressor gene that is mos¥hole-mount in situ hybridization
frequently mutated or inactivated in a wide range of humamvhole-mount in situ hybridization was carried out as described
tumors (Levine, 1997; Prives and Hall, 1999; Vogelstein et alpreviously (Suzuki et al., 1997a). For bleaching of wild-type embryos,
2000). p53 protein functions as a sequence-specifitie hybridized embryos were treated with bleaching solution
transcription factor and its tumor suppressor function i40.5<SSC with 1% hydrogen peroxide and 5% formamide) under a
attributed to its ability to regulate gene expression. Several pgtgorescent light.
target genes mediating p53-induced responses have besBsmids

reported, which include the ceII-_cy_cIe |nh|b|tp21/WAFas xp53ARD, Xp53ZGR, xp53Nmut:GR, Myc-tagged Xp53 and Myc-
well as the growth z_ind differentiation fac'For inhibitd&F- tagged xp5BRD were made by a PCR-based strategy. The PCR
BP3andDkk1 (El-Deiry et al., 1993; Buckbinder et al., 1995; fragments were cloned into expression vectors pDH105 (a gift from R.
Wang et al., 2000). The transcriptional regulation of geneBlarland), pDH105-GRHA (a vector constructed from the pSP64T-
involved in growth factor signaling suggests that p53 has a roléRHA vector) (Tada et al., 1997) or Myc-pcDNA3 (Yagi et al., 1999).
in cell differentiation processes. In fact, it has been shown th&p53Nmut:GR was designed to have conservative mutations, refractory
Overexpr655|on Of dom|nant-negat|ve forms Of human p53 dp tl‘anslatlonal inhibition by Xp53'MO, dOWnStream of the initiation
the p53 negative regulator dm-2 Xenopusembryos affects m_ethlonlne. xp53 (R255T), Mix.2 (Smad mut), Mix.2 (FAST mut),
terminal differentiation of neural and mesodermal tissuelyiX-2 (P53 mut) reporter mutants were made by a PCR-based method

. Sawano and Miyawaki, 2000). p53 (X3), a p53 reporter gene was
(Wallingford et al., 1997). However, pS3 appears to be IargeIXonstructed by cloning annealed double strand oligonucleotides

dispensable for normal development during MOUS§gntaining the p53-binding sites found in the huni4e6 gene

embrngeneSIS (Donehower et al., 1992), a"ﬁhOUgh a smallelasco-Miguel et al., 1999) into th@tx minimal promoter vector

proportion of p53 null mice develop defects in neural tubgGL3-HpOtxE (-139~+180) (Kiyama et al., 1998). pXeX-RL was

closure (Armstrong et al., 1995; Sah et al., 1995). Thereforepade by cloning &st/Xba fragment from pRL-CMV (Promega) into

the precise function of p53 during vertebrate development amKeX (Johnson and Krieg, 1994) downstream ofttRela promoter.

the mechanisms by which p53 regulates cellular differentiatioA Mix.2 reporter gene, pGL3-Mix.2 [-0.367], is a gift from M.

remain largely unknown. Watanabe (Chen et al., 1997; Watanabe and Whitman, 1999; Yeo et al.,
In this paper, we describe a novel embryonic function for th%ggg)- For FLAG-tagged human p53, pDH105-hpS3 was constructed

it ; y cloning aBarrHI/Xba fragment of pcDNA3flag-hp53 (a gift from
transcription factor p53. We demonstrate that p53 functionall ’ Taya) into pDH105. Other plasmids used for MRNA synthesis are

and physically interacts with the intracellular signaling of th SP6AT-activiBB (Thomsen et al., 1990), pSPEATBX-CA-ALK2
TGFp pathway to regulate the expression of homeobox gengs,,, i et al., 1997b), pDH105-Smady, pDH105-Smad2 (Lagna et al.,
Mix.1/2andXhox3directly inXenopusmbryos. Furthermore, 1996), pSP64T-xE2F(1-88):GR (Suzuki and Hemmati-Brivanlou,
we show that in vivo function of p53 is required for the2000) and pSP64T-noggin (Smith and Harland, 1992). In vitro
development of mesoderm. translation of synthetic mRNA was carried out using Speed Read lysate
kit (Novagen) and SDS-PAGE was performed using standard methods.

MATERIALS AND METHODS Electromobility-shift assay (EMSA) and oligonucleotides
for EMSA
Embryo manipulations Whole-cell extract was prepared from early gastrula embryos injected

Preparation and injection dfenopus laeviembryos was carried out animally with appropriate mRNA as described (Germain et al., 2000).
as previously described (Suzuki et al., 1997a). Embryos were stag8ihding reactions were performed in @Dof buffer containing jug
according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967erring DNA, 3 mM DTT, 0.03% BSA, 20 mM HEPES, pH 7.6, 20%
Dexamethasone (DEX), cycloheximide (CHX) and activin treatmentglycerol, 10 mM NaCl, 1.5 mM Mg@| 0.2 mM EDTA, 0.1% NP-40,
were performed as described (Suzuki and Hemmati-Brivanlou, 2000protease inhibitor cocktail (Roche) ubextract, the appropriatéP-
Antisense morpholino oligonucleotides were obtained from Genéabeled double-stranded oligonucleotides and monoclonal anti-p53
Tools (Philomath, USA) and the sequence is as follows: xp53-MOantibody, Pab421 (Oncogene). It has been shown that Pab421
5-GCC GGT CTC AGA GGA AGG TTC CAT T:35mis-MO, 5- recognizes human p53 and facilitates the binding of p53 to DNA in

GCg GGa CTC AGA cGA AGc TTg CAT T-3 EMSA assay (Hupp et al., 1992). Thus, we used human p53, instead
of xp53, for EMSA assay in the presence of Pab421. For supershift,
Expression library screening and RT-PCR analysis anti-FLAG M2 monoclonal antibody (Sigma) was added to the

Capped RNA was synthesized frorXenopus laevigastrula library ~ binding reactions before electrophoresis. In the case of competition
(Weinstein et al., 1998; Suzuki and Hemmati-Brivanlou, 2000), an@xperiments, embryo extract were pre-incubated with competitor
injected in combination with noggin mRNA (200 pg) in the animaloligonucleotides before the binding reaction.

pole of two-cell embryos. Animal caps were isolated from blastulae_ . )

and subjected to RT-PCR analysis at neurula stages as descrifigigonucleotides

(Wilson and Hemmati-Brivanlou, 1995) except that PCR cycles wer&-CCA CAT CCC AGA CAA GTT CAC ACT TCA GAG CT-3
increased by two or three more cycles to allow the detection diMix.2-upstream)

amplified products by ethidium bromide staining. Primers used in the'-CTG AAG TGT GAA CTT GTC TGG GAT GTG GAG CT-3
RT-PCR were described previously (Suzuki and Hemmati-Brivanlou(Mix.2-downstream)

2000). Other primer sequences are as follop&3 5-GGG TTC  5-CCA CAT CCC ACA AAA CTG CAC ACT TCA GAG CT-3
ACT GTA AGA TAT GG-3 and 3-GGC TGG AGG GCA CTATTA  (Mix.2 mut-upstream)

CC-3; Sox175-CAG AGC AGA TCA CAT CCA ACC G-3and 5- 5-CTG AAG TGT GCA GTT TTG TGG GAT GTG GAG CT-3
GGA AAG GAC AGA AGA AAT GGG C-3; Mix.1, 5-AAT GTC (Mix.2 mut-downstream)

TCA AGG CAG AGG TT-3and 3-AGA TAC AGG TAT CTG AGG .

GC-3. Nucleotide sequence of a positive single clone (pDH105-xp53}yuciferase assay

was determined and deposited with GenBank (Accession Numbden animal caps or four whole embryos injected with appropriate
AY221266). mMRNA and reporter plasmid were homogenized in (1i068f 50 mM



Interplay between p53 and TGFf sighaling 3931

Tris-HCI, pH 7.4 and centrifuged for 5 minutes at 4°C. Supernatargstablishment of the anteroposterior axis, we performed an
of lysate (10ul) was used to perform luminescence measuremengxpression screening in which the anterior neural inducer
using the Dual-Luciferase Reporter Assay System (Promegajoggin was co-expressed Kenopusectodermal explants
according to the manufacturer’s protocol at half-scale. As an internighnimm caps) with pools of mMRNA synthesized from a
control for luciferase assay, we used pXeX-RL, which containgyastryla stage library (Fig. 1A). After sib-selections of a
Renilla luciferasgRL) cDNA under the control dEF-1a promoter. positive pool and reverse transcription-polymerase chain
Chromatin immunoprecipitation (ChIP) reaction (RT-PCR) analyses for marker gene expressions, we

Twenty animal caps were isolated at stage 9 from embryos injectéﬁmat,ed Xenopu; p53(xp53 as a gen'e that transforms
with appropriate mRNA, cultured until sibling embryos reached stag@hterior neural tissue induced by noggin to posterior neural
11 and crosslinked with 1% formaldehyde at room temperature for 2issue. The nucleotide sequencexpb3is 98% identical to
minutes. After rinse with ice-cold *BIMR twice, animal caps were that of previously reportedenopus p5S8Hoever et al., 1994).
incubated in 100 mM Tris-HCI, pH 9.0, 10 mM DTT for 30 minutes The temporal and spatial distribution of xp53 mRNA has
at 30°C and followed by steps described by Shang et al. (Shang et &dleen reported to be ubiquitous from cleavage to tailbud stages
2000). Primer sequences used in PCR are as folldAig:2  (Tchang et al., 1993; Hoever et al., 1994) and we have
&Jﬁsg?c?xﬁgii;)cgﬁcﬁg é;%gfcig'“_ﬁgig_?gffﬁgi confirmed this by RT-PCR using RNA from staged whole
C-3; goosecoiqupstream), 5SCGT TAA TGT CCC ATC ACG CTC :rr]n Ot\)/\%g).s ﬁ]?gcgloss e((:)}ec)l(&??:tsrﬁ égiﬁwlﬁ s;%%%iﬁmraré?\;(not

AAT G-3' and goosecoid(downstream), 5TGC AGA CTG CAG . . .
TCC TCT CCC ATC T-3 Nucleotide sequence of the PCR productsmduced. thg Expression of posterior neura}l marl_<ers such as
was confirmed by automated sequence. En2 (m|d-h|ndbraln lqoundary),KronO (hindbrain) and .
HoxB9 (spinal cord) in a dose-dependent manner, while
Cell culture and immunoprecipitation explants from embryos injected with noggin mRNA alone
COS-7 cells were transiently transfected with the indicated plasmidgiduced the expression of the forebrain mar®ex2 (Fig.
using FuGene6 transfection reagent (Roche) following thelB). The posteriorizing effect of xp53 could be direct because
manufacturer’s instructions. Immunoprecipitation and immunoblottingyve observe little or no induction of the dorsal mesodermal
were performed as previously described (Yagi et al., 1999). marker muscle actin However, we do not rule out the
possibility of indirect posteriorization via mesoderm
formation because we found that overexpression of xp53

RESULTS alone in animal caps is capable of inducing several
. o mesodermal markers (Fig. 2). For this reason, we focused our
Isolation of Xenopus p53 as a posteriorizing factor subsequent studies on the role of xp53 in mesoderm
To gain insights into molecular mechanisms involved in thdormation during embryogenesis.
A B 2
EEf el X053
i I i
gastrula = = Noggin
¢ microinjection of mRNA otx2
(noggin mRNA + library mRNA)
cDNA library
l Isolate animal caps En-2
./i/ \1\. N % iy Krox20

Divide into fractions

L1l S

Synthesize mRNA from each pool
Analyze expression of marker genes NCAM

Muscle Actin

Histone . g e

2 3 4 5 6

Fig. 1.1solation ofXenopus p58ene as a posteriorizing factor. (A) Expression screening strategy. A gastrula expression library was divided
into fractions and mRNA was synthesized from each pool. The synthetic library mRNA was injected in combination with nogg{200RNA
pg), an anterior neural inducer, in the animal pole of two-cell stage embryos and ectodermal explants (animal capsederehissatia

stages. The positive pools were identified by analyzing the expression of posterior neural marker genes by RT-PCR. (B)Ainieacech

with different amounts of xp53 mMRNA (0-400 pg) and noggin (200 pg) mMRNA were subjected to RT-PCR at neurula stages {&age 21).
indicates sibling control embryos processed without reverse transcriptase. ‘Uninj’ indicates uninjectéistoaggsvas used as a loading

control.

|
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Fig. 2. Overexpression of xp53
induces mesodermal and endodermal
markers. (A,B) Overexpression of
xp53 causes elongation of animal
caps. Uninjected (A) and xp53
mMRNA (400 pg)-injected (B) animal
caps were photographed at early
neurula stage. (C,D¥enopusand
human p53 induce mesodermal and
endodermal markers. Animal caps
injected with different amounts of
p53 mRNA were collected at early
gastrula (stage 10; C) and neurula
(stage 20; D) stages, and expression
of marker genes was analyzed by
RT-PCR. Injected mRNAs are 0.1-
1.0 ng of xp53 (C; lanes 4-8), 0.2-
0.8 ng of xp53 (D; lanes 4-6), 0.8 ng
of xp53 (R255T) (D; lane 7) and
0.05-0.8 ng of human p53 (D; lanes
8-12). Although human p53 induced
marker gene expression more
efficiently than xp53, this is likely to
be due to the more efficient
translation of human p53, as

xps3 revealed by in vitro translation (data
WT WT ARD not shown). (E) Deletion of the C-
300 400 100 terminal regulatory domain (RD)
enhances xp53-mediated
transcription. The ability of wild
type andA RD mutant of xp53 to
induce marker genes was compared
by animal cap assays. Note that 100
pg of xp53A RD inducesKhox3and
HoxB9genes to an extent similar to
that obtained by 400 pg of wild-type
% o A8 6 xp53 (lanes 5 and 6).
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Xp53 activates mesodermal and endodermal gene to that observed for xp53, suggesting the presence of a
expression conserved function of the&53gene during evolution to regulate

In order to determine the function of xp53, we expressed xp52arly embryonic development. Moreover, a xp53 mutant
in animal caps and analyzed the expression of tissue-specitRcking the regulatory domain in the C terminus (xp5RD,
marker genes. As shown in Fig. 2, xp53 overexpression causEé- 3A) showed an elevated activity compared to that obtained
the explants to elongate (Fig. 2B) and to express a variety gy wild type (Fig. 2.E’ Iane.6)._The level O.f protein expression
endodermal and mesodermal genes at both early gastrula gfigP>32 RD examined by in vitro translation was comparable
neurula stages (Fig. 2C,D, respectively), which incliiibe 1 \(’j‘” Ih t‘.’v'ld't%’f’he xp53|(r;ot sgown)_. It has been proposed that th?
i oot poerr mesesam JS1e o e ety coman s i o prces
and posterior ectoderm};ho_rdm (do_rsal mesoderm)Xbra at the C terminus (Hupp et al., 1992 Hupp et al., 1995).
(pan mesoderm)muscle actin(paraxial mesoderm);1oxB9

Therefore, these results suggest that xp53 is able to activate
(lateral plate mesoderm) aibx17(endoderm). The marker mesodermal and endodermal gene expressions via mechanisms

genes induced range from dorsal to ventral types for mesode%t are similar, at least in part, to those of mammalian p53
with the exception that the dorsal mesodermal marke(ﬁuring early de\,/elopment. '

goosecoids not induced. The induction of markers are specific | order to identify direct target genes for xp53, we searched
to functional xp53 because its inducing ability was dependenpy genes induced by xp53 without the need for de novo protein
on the intact DNA-binding domain, as indicated by the failuresynthesis. For this purpose, we made use of a xp53:GR fusion
of marker gene activation by xp53 (R255T), which carries apyrotein that can be activated by dexamethasone (DEX) (Fig.
amino acid substitution from arginine to threonine at positiorgA)_ We confirmed that overexpression of xp53:GR in animal
255 within the DNA-binding domain (Fig. 2D, lane 7). A caps followed by DEX treatment led to activation of marker
human p53 mutation corresponding to the xp53 (R255T) [hp5g@enes similar to those observed for wild-type xp53 (Fig. 3B,
(R280T)] has been reported in human cancer and is proposkshe 8). At the early gastrula stage, we found that the
to function as a dominant-negative mutant (Sun et al., 1992homeobox geneXhox3and Mix.1 as well aschordin were

The gene expression profile exhibited by human p53 is similanduced by xp53:GR even in the presence of cycloheximide
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Fig. 3.xp53 does not require de novo protein synthesis to indhog3andMix.1. (A) Schematic representation of xp53 constructs used in this
study. xp53 contains an N-terminal transactivation domain (TAD), a central DNA-binding domain (DBD), a tetramerizationTdoyaaid &
C-terminal regulatory domain (RD). xp53:GR contains the hormone binding domain of the glucocorticoid hormone receptor (GREED) a
terminus. (B) Conditional activation of xp53:GR by dexamethasone (DEX). Animal caps expressing xp53:GR were prepared stalglestul
(stage 9) and cultured in the absence or presence M aDEX. The expression of molecular markers was detected by RT-PCR at the stages
indicated. Animal caps expressing XE2F(1-88):GR are used as a control for expression of GRHBD (Suzuki and Hemmati-BO@n(@), 20
xp53 does not require de novo protein synthesis to induce target gene expression. Animal caps expressing xp53:GR withe treated w
cycloheximide (CHX) for 30 minutes, and then transferred into medium containing both CHX and DEX to activate xp53:GR. §$iererpre
marker genes was detected by RT-PCR after 3 hours of DEX treatment (equivalent to stage 11).

(CHX) (Fig. 3C, lane 10). CHX treatment alone was sufficientyamashita et al., 1995; Macias-Silva et al., 1998). We found
to induce the expression gbosecoidas previously reported that the expression @ ActR prior to activation of xp53:GR
(Cho et al., 1991), ensuring the efficacy of the CHX treatmenrtiad no effect on the ability of xp53:GR to activateox3and
(Fig. 3C, lanes 5, 6, 9 and 10). These results indicate that théix.1 genes (lane 5). In addition, in the presencAA€tR,
induction of Xhox3 Mix.1 and chordin by xp53 does not xp53:GR induced a reporter plasmid for ffe.2 gene, the
require de novo protein synthesis, thus identifying these genésnscriptional regulation of which is similar to thatMix.1

as potential direct targets for xp53. (Fig. 4B). Thus, xp53 regulates these homeobox genes either
) ) ) ) downstream of TGE ligand-induced receptor activation or
Xp53 interacts functionally and physically with the independently of TGF ligands. To distinguish these two
TGFp pathway for the regulation of homeobox gene possibilities, we tested if endogenous xp53 is required for
expression activin or BMP-mediated induction a¢hox3andMix.1 gene

Our analysis and previous reports (see Fig. S1 axpression. We established that an antisense morpholino
http://dev.biologists.org/supplemental/) (Vize, 1996) haveoligonucleotide designed around the initiation methionine of
shown that BMPs and activin-like molecules are able to inducep53 (xp53-MO) is able to inhibit translation of xp53 MRNA
directly the expression okKhox3 and Mix.1 genes that are in vitro, while a control morpholino oligonucleotide containing
identified as potential direct targets for p53 (Fig. 3C)five mismatched sequence (5mis-MO) had no effect (Fig. 4C).
Therefore, we analyzed if xp53 requires signals mediated by addition, the xp53-MO suppressed endogenous p53 activity
TGHR3 ligands to activatXhox3andMix.1 gene expression in as monitored by a p53 reporter gene [p53 (X3)] (Fig. 4D). The
animal cap assays (Fig. 4A). In order to inhibit P3igand- effect of p53-MO is specific because the inhibition of
dependent signals, we used a dominant-negative activin typedhdogenous p53 activity is restored by expression of
receptor £ ActR) that has been shown to inhibit both activinxp53Nmut:GR, a transcript that is refractory to the p53-MO
and BMPs at the plasma membrane (Hemmati-Brivanlou anidhibition because of conservative mutations in the p53-MO
Thomsen, 1995; Wilson and Hemmati-Brivanlou, 1995;target region (Fig. 4C). As shown in Fig. 4E, injection of the
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intracellular signal transducers Smad2 or Smadl mRNAhat xp53 functions downstream of the receptor activation and
which transmit activin and BMP signals, respectively, inducednay act together with a transcriptional machinery involving
the expression of botliXhox3 and Mix.1 genes, while co- Smads to regulate homeobox gene expression.

injection of xp53-MO partially suppressed these responses In order to further support the notion that xp53 and FGF
(lane 6). Furthermore, the inhibition of marker gene expressiopathways functionally interact on the expression of homeobox
is restored by p53Nmut:GR, indicating the effect of p53-MOgenes, we analyzed regulatory sequences oMilRe2 gene.

is specific (lanes 7 and 8). In summary, these results suggésix.1 andMix.2 are thought to be derived from the tetraploidy
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Fig. 4.xp53 interacts with activin and BMP pathways downstream of the receptor activation. (A) A dominant-negative activin g1l rec
(A ActR) does not interfere with the marker gene induction by xp53:GR. Animal caps injected with xp53:GR (1 ng) alone owitgéather
ActR (2 ng) were treated with DEX to activate xp53:GR. The expression of marker genes was determined at the gastruige st@ds (sta
RT-PCR.A ActR is able to inhibit marker gene expression induced by activin protein (lanes 6 andWVAdR) does not interfere with
transcription from aMix.2 reporter gene induced by xp53:GR. Animal caps injected Wilix& reporter gene in combination with indicated
RNA [xp53:GR (1 ng), activin (15 pg) adActR mRNA (1 ng or 2 ng)] were treated with DEX and harvested at mid-gastrula stage for
luciferase assay. The columns indicate the averages of duplicate assays and the error bars indicate the ranges. (& prahidieos
oligonucleotide against xp53 inhibits translation of xp53 mRNA in vitro. In vitro translation of xp53 or xp53Nmut:GR wasgxifothe
presence or absence of antisense xp53 morpholino oligonucleotide (xp53-MO) or five mismatched control-MO (5mis-NfS]-|@bel¢d
translation products were analyzed on a SDS-PAGE gel. (D) xp53-MO inhibits endogenous p53 transcriptional-activatinylaclgvity.
embryos were injected in the animal pole with xp53-MO (170 ng) or 5mis-MO (170 ng) at the four-cell stage and followetiooyahgec

p53 reporter plasmid, p53 (X3), alone or together with xp53Nmut:GR at the eight-cell stage. The injected embryos werdcthgedted
luciferase assay at the gastrula stage. ‘Vector’ indicates a reporter vector lacking p53-responsive elements. The caltenths mdicages of
duplicate assays and the error bars indicate the ranges. (E) Knockdown of xp53 partially inhibits target gene expressionactiviceand
BMP pathways. xp53-MO (170 ng) or 5mis-MO (170 ng) were injected into two animal blastomeres at the two-cell stage an@yollowed
injection of either Smad2 (1 ng) or Smadl (2 ng) mRNA into four animal blastomeres of four-cell embryos. xp53Nmut:GR mRi¢&te@s i
with Smad mRNA to rescue the effect of xp53-MO (lanes 7 and 8). The injected embryos were treated with DEX to activatérapb3:GR
stage 7, and animal caps isolated at stage 9 were subjected to RT-PCR at stage 11.
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of the Xenopus laeviggenome and reported to be underreporter (Fig. 5D). By introducing a mutation in the p53-
essentially the same transcriptional control (Rosa, 1989; Vizéjnding site of theMix.2 promoter, we found that Mlix.2
1996; Chen et al., 1997). We found a potential p53-binding siteromoter containing a mutation in the putative p53-binding site
(AGACAAGTTC) 64 bp upstream of the reported transcription[Mix.2 (p53 mut)] is less active than the wild type when
start site using the TFBIND program (http://tfbind.ims.u-induced by activin or CA-ALK2 (Fig. 5B,C), indicating the
tokyo.ac.jp/; p53 consensus RRRCWWGYYY) (Fig. 5A).importance of the p53-binding site in the Tg&Bignal-
Previous studies have shown that khi@.2 promoter contains dependentMix.2 gene transcription. Furthermore, constructs
an activin-responsive element (ARE) consisting of FAST-1 antiearing mutations in either FAST-1 or Smad-binding sites
Smad-binding sites (Vize, 1996; Chen et al., 1997; Yeo et al[Mix.2 (FAST mut) and Mix.2 (Smad mut)] responded poorly
1999). Interestingly, we observed a weak, but significanto xp53 activation (Fig. 5D). These results suggest that FAST-
induction of the Mix.2 reporter gene by BMP signaling 1 and Smads are in fact involved in the xp53-mediidtd2

augmented by CA-ALK2 mRNA

signaling. Moreover, xp53:GR appears to activate Nire2

injection (Fig. 5C), expression, and that FAST-1, Smads and xp53 function
indicating that this reporter is also responsive to BMRogether at the level dflix.2 gene transcription.
To confirm directly the intracellular convergence of BGF
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Fig. 5.xp53 interacts with activin and BMP pathways to regulate the expresditin.@fand binds to Smads. (A) Schematic representation of
Mix.2 reporter constructs. Open circles indicate putative binding sites for FAST-1, Smad and p53. Arrows indicate the putaipt®transc

start site of théMix.2 gene. (B) The putative p53-binding site is importantMor.2 transcription induced by activin. A wild-type or mutant

Mix.2 reporter gene was injected with or without acBBrmRNA (5 pg or 15 pg) in the animal pole of four-cell embryos. Animal caps were
isolated at blastula stages and harvested at mid-gastrula stage (about 3 hours after isolation) for luciferase assagic¥sg@’ negative
control vector, pGL3-Basic (Promega). The columns indicate the averages of duplicate assays and the error bars indjesteRiier rater
independent experiments gave similar results. (C) The putative p53-binding site is impoféiriXtranscription induced by the BMP signal.

A wild-type or mutaniix.2 reporter was injected with or without CA-ALK2 mRNA (150 pg) in the animal pole of four-cell embryos. The
luciferase assay was performed and presented as described in B. Six other independent experiments gave similar restisafo)FrA&d-
binding sites are important for p53-mediated inductioWlisf2 reporter. A wild-type or mutalix.2 reporter was injected with or without
xp53:GR mRNA (1 ng) in the animal pole of four-cell embryos. Animal caps were isolated at blastula stages and treatedfouitB IRiXs

before determination of luciferase activity. The luciferase assay was performed and presented as described in B. Thiegeothantin
experiments gave similar results. (E) xp53 binds to R-Smads. Myc-tagged xp53 (Myc-xp53) ArRPA81yc-xp53A RD) was co-

precipitated with FLAG-tagged R-Smads (Smad1, 2, 3, 5 and 8), but not with FLAG-tagged Co-Smad (Smad4) when expressetiis COS-7
‘BG’ indicates nonspecific background signals. IP, immunoprecipitation; IB, immunoblotting.
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and p53 signals, we analyzed the physical interaction betweeacognizing FLAG tag caused a large shift in the
xp53 and Smads. In this experiment, COS-7 cells werelectrophoretic mobility of the complexes (lane 7). To examine
transiently transfected with expression plasmids for Mycwhether xp53 binds to this homeobox gene in vivo, we
tagged xp53 and FLAG-tagged R-Smads (Smadl, Smad@erformed a chromatin immunoprecipitation assay in which
Smad3, Smad5 or Smad8) or FLAG-tagged Co-Smad (SmadMlyc-tagged xp53 was expressed in embryos in the absence or
The total cell lysates prepared from the transfected cells wepresence of TGF signals and followed by precipitation of
precipitated by anti-FLAG antibody and subsequentlychromatin bound to xp53 with an anti-Myc antibody (Fig. 6B).
analyzed for levels of co-precipitated xp53 by the immunobloPCR amplification using specific primer sets flanking p53-
analysis with anti-Myc antibody. As illustrated in Fig. 5E, all binding sites oMix.2 gene revealed the in vivo association of
the Smads, except for Smad4, were co-precipitated with xp58p53 with the proximity of these genes in response to activin
suggesting that xp53 associates with R-Smads but not with Cand BMP signals (lanes 4 and 5), given that the size of the
Smad. Similar results are also obtained when &p&3 was genomic DNA fragment produced by sonication is 300-1000
used instead of wild type. We did not observe a significarttp (not shown). In the absence of T&dtgnals, no significant
change in this association even in the presence of activin binding of xp53 taViix.2 gene was detected. This may be due
BMP signals (data not shown), suggesting that xp53o the detection limit of this assay, because xp53 alone was able
constitutively associates with Smads, at least in overexpressitm activate the target gene expression in the animal cap assay
experiments using COS-7 cells. Collectively, these result§~ig. 2C). Thegoosecoidgene was not precipitated with xp53
strongly indicate that xp53 in concert with Smads regulates theven in the presence of TGBignals, showing the specificity

expression of target genes to pattern the embryo. of xp53. Overall, these results, in conjunction with the in vitro
) ) ) EMSA data described above, strongly suggest that xp53 binds
p53 binds directly to  Mix.2 gene to p53-binding sites in thilix.2 gene in vivo, and that TG

We next examined if p53 binds to the putative p53-binding siteligand stimulation can enhance the binding of p53 to its target

found in the regulatory sequence Mfx.2 in vitro by using  genes.

electromobility-shift assays (EMSA). We identified binding ) o _

complexes with a 26 bp labeled probe containing a p53-bindingequirement for xp53 function in the formation of

site from Mix.2 in cell extracts from embryos injected with mesoderm

FLAG-tagged human p53 mRNA (Fig. 6A, lane 2). TheTo determine whether inhibition of endogenous xp53 might

formation of these complexes was diminished by addition o&ffect mesoderm development, which is known to be regulated

an excess amount of the non-labeled probe, but not by probg TGH3 signals, we injected xp53-MO into the marginal zone

bearing a mutation in the consensus p53-binding site (lanes &t the two-cell stage. Embryos injected with xp53-MO (170

6). Furthermore, addition of a monoclonal antibodyng/embryo), but not 5mis-MO, exhibited truncation of trunk
and posterior regions with relatively small
head structures (57%, n=86; Fig. 7A).

FLAG-hpS3 - + + + + + + B 5 - + + + Myexpss  Whole-mount in situ hybridization analysis
i = - = 4 = Activin of the xp53-MO injected embryos revealed
ant-FLAGAD = = = = = =+ S - +cAALK2  that functional knockdown of xp53 caused
Competitor - - W Muty ;
P ] i reduction of both dorsal and ventral
—— e P mesodermal markersyuscle actiranda-

' : <supershift  Mix.2 globin, respectively (Fig. 7F,G). In

- input addition, xp53-MO appears to slightly

reduce the expression of the early

P mesodermal marker Xbra, indicating

Gsc partial inhibition of mesoderm at early
input gastrula stages (Fig. 7E). These results
suggest that perturbation of endogenous

xp53 causes partial loss of both dorsal and
ventral mesoderm.

1234567

Fig. 6.p53 binds tdMix.2 gene in vitro and in vivo. (A) p53 binds to the putative p53-
binding sites fronMix.2 gene in vitro. Cell extracts from embryos injected with FLAG- .
tagged human p53 mRNA (lanes 2-7) or uninjected embryos (lane 1) were incubated wigtegulation of homeobox genes by

a labeled double-stranded oligonucleotide. Unlabeled wild-type (WT) or mutant (Mut) P53

oligonucleotides were added in eightfold (lanes 3 and 5) or 40-fold (lanes 4 and 6) molaQur analysis provides evidence that the
excess over labeled oligonucleotide. Arrowheads indicate protein-DNA complex or homeobox genedix.1/2 and Xhox3 are
supershifted complex (supershift). (B) xp53 binds to the proximilinf2 gene in vivo under the regulation of xp53. As the
in response to activin and BMP signals. Soluble chromatin was prepared from embryosspatiotemporally regulated expression of
injected with mRNA as indicated and immunoprecipitated (IP) with antibody against My meobox enes is central to the
tag. The final DNA extractions were amplified using pairs of primers that cover the regio Q noxX g

of Mix.2 andgoosecoidGsc) genes (see Materials and Methods). ‘input’ represents a E_:termlnatlon of C_e” _fates _by extracellular
portion of the sonicated chromatin prior to immunoprecipitation. stimulations, our finding points to Xp53 as

DISCUSSION
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support of these possibilities, we observed a
higher endogenous p53 activity in the vegetal and
marginal regions of the gastrula embryo, where
mesoderm and endoderm form and overlap with
the expression domains ®fix.1/2 and Xhox3
than in the animal region (see supplemental Fig.
S2 at http://dev.biologists.org/supplemental/).
Delineation of the above possibilities as well as
the temporal and spatial regulation of p53 activity
in relation to the regulation of T@Fmediated
homeobox gene expression awaits further studies.

Xbra Muscle actin Globin Interplay between the TGF  and p53
D i pathways
Although we show that p53 overexpression
Smis-MO induces a variety of genes involved in the
i establishment of mesoderm and endoderm, we
found that goosecoid an organizer-specific
)¢ P—— homeobox gene, is not induced by xp53. As the
Y xp53-MO goosecoid promoter contains an activin-
J( " . responsive element that has been shown to bind
4 - al a transcription complex involving Smads
(Watabe et al., 1995; Labbé et al., 1998), this
Fig. 7. Functional knockdown of xp53 affects mesoderm formation in embryos. ~ result indicates that not all genes that respond to
(A) xp53-MO or 5mis-MO (170 ng each) was injected into the ventral and dorsal the Smad-mediated activin pathway are
sides of two-cell stage embryos as shown on the right (animal view). Embryos ~ regulated by p53. The extent to which p53
injected with xp53-MO showed truncation of trunk and posterior structures. interacts with the TGF pathway as well as the
(B-G) Whole-mount in situ hybridization fotbra (B,E), muscle actir(C,F) and selection of the TG pathways to be connected
a-globin(I_D,'G) genes in embryos injected with 5_mis-MO (B-D) or xp53-MO (E-_G). to p53 could be a context dependent and may
Embryos injected with xp53-MO demonstrate slightly reduced level of expression %volve other factors that are differentially
these marker genes. expressed in different cell or tissue types. For
example, p21/WAF1 a p53 target gene, is
known to be directly regulated by T@GF
an important regulator of cell fate specification during earlysignaling in several types of cells, but at least in the cultured
development. In fact, loss-of-function studies of xp53 indicatenouse B-cell hybridoma cells, inactivation of endogenous p53
that xp53 is not only important for the expression of targetioes not affect the T@Fligand-mediated induction gf21
homeobox genes but also essential for the formation ajene expression (Yamato et al.,, 2001). However, using
mesoderm. Recently, a genome-wide screening for p53 targeibinformatic and microarray approaches for the human
genes was employed by using a DNA chip technology with p533enome, Wang et al. have found that the majority of AIGF
stimulated cultured cells (Zhao et al., 2000). This genome-wideduced genes they characterized contain p53-binding sites
analysis and previous reports have shown that, in addition {@Vang et al., 2001). Based on our analysis, we propose that the
genes involved in apoptosis and cell cycle regulation, thanterplay between TGk and p53 pathways at the level of
expression of growth factors, growth inhibitors and receptors iganscription is crucial for mesoderm formation Xenopus
also regulated by p53 in mammalian cells. For example, twembryos. However, the interplay may be limited to genes
TGH3 family membersBMP4andPTGFB), IGF-BP3(an IGF  involved in early development. It will be interesting to address
inhibitor), EGF receptorand Dkk-1 (a Wnt inhibitor) are if the interplay is also subject to downstream genes important
expressed upon p53 activation (Deb et al., 1994; Buckbinder fir other aspects of p53 function such as apoptosis and cell
al., 1995; Tan et al., 2000; Wang et al., 2000; Zhao et al., 200@ycle arrest in physiological contexts including early
We found a bona fide p53-binding site ¥enopus Mix.yene  mammalian embryogenesis and primary cell culture from
and this p53-binding site appears to support the induction of thamor tissues.
Mix.2 gene by activin and BMP signaling (Fig. 5B,C). The In addition to the importance of the p53-binding site in the
supportive, but not essential, role of p53 in the B@&tediated Mix.2 promoter, we observed that both Smad and FAST-1-
gene expression may indicate that the p53 pathway is usedhimding sites also are important for p53-mediatdik.2
achieve a maximal induction of these homeobox genes b TGFexpression (Fig. 5D). The mutual requirement for p53 and
signaling during embryogenesis. Alternatively, p53 couldSmad-binding sites favlix.2 expression may result from the
function in the maintenance of homeobox gene expression fhysical interaction between Smads and p53 (Fig. 5E). The
ensure the determination of cell fates in the early and/or laidentification of signals and mechanisms regulating the
phases of cell fate decision. It is also possible that endogenopBysical interactions in embryos may provide a clue to
p53 may provide the cells with a competence to respond tanderstanding the dynamics of interplay between p53 and
TGH3 signals emanating from the vegetal hemisphere. ITGFB signaling during embryogenesis.
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Developmental functions for p53 (1995). High-frequency developmental abnormalities in p53-deficient mice.

. . : urr. Biol. 5, 931-936.
Despite evidence that pS3 appears to be largely dISpensable.E%Fckbinder L., Talbott, R., Velasco-Miguel, S., Takenaka, I., Faha, B.

normal develOpment dunng mouse embroneneS'S Seizinger, B. R. and Kley, N(1995). Induction of the growth inhibitor IGF-
(Donehower et al., 1992), we have demonstratedXéabpus binding protein 3 by p5Nature377, 646-649.
p53 plays an important role in the formation of mesoderm. ThiShen, X., Weisberg, E., Fridmacher, V., Watanabe, M., Naco, G. and
result is consistent with the previous observation, by Whiman, M (F90). Siach 8nd FASTL in the assembly of activin
H H responsive factoiNature -0Y.

Wa”mgforq ?t al. (Wa”.mgfor.d .e.t al., 1997).’ that.the blc?Ck.adeCho, K. W., Blumberg, B., Steinbeisser, H. and De Robertis, E. N1991).
of p53 activity results in inhibition of terminal differentiation  \iolecular nature of Spemann's organizer: the role of Menopus
of mesoderm and neural tissues. In addition, several lines ofhomeobox gene goosecoidell 67, 1111-1120.
evidence have already implied the developmental functions éfale, L., Howes, G., Price, B. M. and Smith, J. C(1992). Bone
p53 during early mammalian development (Hall and Lane, morplhoge”et“Dc perte'” ﬁ %7;‘2;?“2'”9 factor in eaienopus
1997). For example, it has been shown that the overe_xpressi? e’VS_O,f_fn,aEnoez"'eR‘_)w’elgroxny D, R, Subler, M. A. and Deb, £1994).
of p53 in transgenic mice results in altered differentiation of wid-type human p53 activates the human epidermal growth factor receptor
the ureteric bud without causing cell cycle arrest and apoptosispromoter.Oncogened, 1341-1349.
(Godley et al., 1996). Mice homozygous f@3are viable, but Donehower, L. A., Harvey, M. Slagle, B. L., McArthur, M. J.,
a significant proportion of p53_/_ mice die during Montgomery, C. A., Butel, J. S. and Bradley, A_(1992). Mice deficient

. - . . for p53 are developmentally normal but susceptible to spontaneous tumors.
embryogenesis due to a spectrum of abnormalities including nauyre3s6 215-221.
defects in neural tube closure and craniofacial malformations-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R.,
(Armstrong et al., 1995; Sah et al., 1995). Mice embryos Trent, J. M., Lin, D., Mercer, W. E., Kinzler, K. W. and Vogelstein, B.
homozygous formdm2 a negative regulator of p53, die (19593). WAF1, a potential mediator of p53 tumor suppres§leti.75, 817-
between implantation and days E6.5, but the phenotype s, " in s Howel, M., Esslemont, G. M. and Hill C. S(2000).
rescued by the absencep#3 suggesting that the embryonic — Homeodomain and winged-helix transcription factors recruit activated
lethality of the mdm2 null mutation is caused mainly by  Smads to distinct promoter elements via a common Smad interaction motif.
activation of p53 (Jones et al., 1995; Montes de Oca Luna etGenes Devl4, 435-451. _
al., 1995). Godley, L. A., Kopp, J. B., Eckhaus, M., Paglino, J. J., Owens, J. and

The fund tal fi . hy defects i d Varmus, H. E. (1996). Wild-type p53 transgenic mice exhibit altered
€ fundamental queston Is why detects In Mesoderm are yigerentiation of the ureteric bud and possess small kidi@sses DeviO,

observed inXenopusembryos, but not in the mouse, upon 836-850.
knockdown of p53? We expect that the severity of thesurdon,J.B.and Bourillot, P.-Y.(2001). Morphogen gradient interpretation.
phenotype may depend on the extent of redundancy amog%}‘latwe“la 797-803.

: : : , P. A. and Lane, D. P(1997). Tumor suppressors: a developing role for
members of the p53 family (p53, p63 and p73) in a give D532CUIT. Biol. 7, R144-R147.

species. At least iXenopus major expression of p63 begins parand, R. and Gerhart, J. (1997). Formation and function of Spemann’s
in the ectoderm, not the mesoderm, at neurula stages, followingorganizerAnnu. Rev. Cell. Dev. Biol3, 611-667.
the establishment of early mesoderm formation (|_u et alHemmati-Brivanlou, A. and Thomsen, G. H.(1995). Ventral mesodermal
2001)' This could explain our observation that p53 knockdown patterning inXenopusmbryos: expression patterns and activities of BMP-
affects mesoderm development in this species. In mammalg,s and BMP-4Dev. Genet17, 78-89.

. : JHill, C. S. (2001). TGFB signalling pathways in earlyenopusievelopment.
however, the expression of p63 and p73 genes duringcur. Opin. Genet. Dedl, 533-540.
gastrulation has not been examined and the determination bever, M., Clement, J. H., Wedlich, D., Montenarh, M. and Knéchel, W.
the involvement of p63 and p73 in mesoderm formation awaits (1994). Overexpression of wild-type p53 interferes with normal

; hili development irXenopus laeviembryos.Oncogened, 109-120.
further s_tud|es. We also dq not rule out the possibility tha}gIu 5. T.R., Meek, D. W., Midgley, C. A. and Lane, D. R1992). Regulation
mammalian embryos contain a system that bypasses the Iosé)f the specific DNA binding function of p5&ell 71, 875-886.

of p53 function, rather than the use of redundant functiongupp, T. R., Sparks, A. and Lane, D. P(1995). Small peptides activate the
among p53 family members. A detailed analysis of the latent sequence-specific DNA binding function of pSall 83, 237-245.
expression profile as well as the determination of functiona]og)r(‘;fe”s'si/gh (l?f-c?;?engeegae':{c &ﬁfﬁﬂéﬁﬁﬁsz vedtor for chcient
redundancy betwgaen p53 famlly members will b? requ”ed t.gones, C. M., Lyons, K. M., Lapan, P. M., Wright, C. V. and I-’logan, B. L.
understand precisely the developmental functions of this (1992). DVR-4 (bone morphogenetic protein-4) as a posterior-ventralizing
family during early vertebrate embryogenesis. factor inXenopusmesoderm inductiorDevelopmeni 15, 639-647.
Jones, S. N., Roe, A. E., Donehower, L. A. and Bradley, £1995). Rescue

We thank Daniel Weinstein for critical reading of this manuscript ©of embryonic lethality in Mdmz2-deficient mice by absence of p&gure
and Stefano Piccolo for communicating results before publication. We 378 206-208. _
also thank A. Hemmati-Brivanlou, M. Whitman, Y. Taya, M. Kiyama, T. Akasaka, K. Takata, K. Mitsunaga-Nakatsubo, K.
Watanabe, C.-Y. Yeo, K. Akasaka, H. Shimada, T. Nagai, N. Ueno, Sakamoto, N. and Shimada, H(1998). Structure and function of a sea

. . - urchin orthodenticle-related gene (HpOtRev. Biol.193 139-145.
K. Yoshizato, T. Mikawa, R. Harland, K. Cho, M. Tada and P. KrlegLabbé, E., Silvestri, C., Hoodless, P. A., Wrana, J. L. and Attisano, L.

fc_>r plasml_ds and reagents, and E. Murasakl_for technical support. WE(1998). Smad2 and Smad3 positively and negatively regulateBTGF
give special thanks to members of our family for generous support. dependent transcription through the forkhead DNA-binding protein FAST2.
K.T.-S. is a Research Fellow of the Japan Society for the Promotion Mol. Cell 2, 109-120.
of Science. This work was supported by Grant-in-Aid for ScientificLagna, G., Hata, A., Hemmati-Brivanlou, A. and Massagué, J(1996).
Research on Priority Areas. Partnership between DPC4 and SMAD proteins in PBGBignalling
pathwaysNature 383 832-836.
Levine, A. J.(1997). p53, the cellular gatekeeper for growth and divisief.
88, 323-331.
REFERENCES Lu, P., Barad, M. and Vize, P. D.(2001). Xenopup63 expression in early
ectoderm and neuroectoderiviech. Dev102 275-278.
Armstrong, J. F., Kaufman, M. H., Harrison, D. J. and Clarke, A. R. Macias-Silva, M., Hoodless, P. A., Tang, S. J., Buchwald, M. and Wrana,



Interplay between p53 and TGFf sighaling 3939

J. L. (1998). Specific activation of Smad1 signaling pathways by the BMP7 gene that inhibits tumor cell growth via T@Fsignaling pathwayProc.

type | receptor, ALK2J. Biol. Chem273 25628-25636. Natl. Acad. Sci. USA7, 109-114.
Massagué, J. and Chen, Y. G2000). Controlling TGR signaling.Genes  Tchang, F., Gusse, M., Soussi, T. and Méchali, NIL993). Stabilization and
Dev.14, 627-644. expression of high levels of p53 during early developmeXéemopus laevis
Mead, P. E., Brivanlou, I. H., Kelley, C. M. and Zon, L. 1.(1996). BMP-4- Dev. Biol.159, 163-172.
responsive regulation of dorsal-ventral patterning by the homeobox proteifhomsen, G., Woolf, T., Whitman, M., Sokol, S., Vaughan, J., Vale, W. and
Mix.1. Nature382 357-360. Melton, D. A. (1990). Activins are expressed early Menopus
Montes de Oca Luna, R., Wagner, D. S. and Lozano, G1995). Rescue of embryogenesis and can induce axial mesoderm and anterior strucelres.
early embryonic lethality in mdm2-deficient mice by deletion of p&Egure 63, 485-493.
378 203-206. Velasco-Miguel, S., Buckbinder, L., Jean, P., Gelbert, L., Talbott, R.,
Mufioz-Sanjuan, |. and Hemmati-Brivanlou, A. (2001). Early Laidlaw, J., Seizinger, B. and Kley, N(1999). PA26, a novel target of the
posterior/ventral fate specification in the vertebrate emiiygu. Biol.237, p53 tumor suppressor and member of the GADD family of DNA damage
1-17. and growth arrest inducible gen@ncogenel8, 127-137.
Nieuwkoop, P. D. and Faber, J(1967). Normal Table ofXenopus laevis ~ Vize, P. D.(1996). DNA sequences mediating the transcriptional response of
(Daudin) Amsterdam: North Holland Publishing Company. the Mix.2 homeobox gene to mesoderm inductidev. Biol.177, 226-231.

Prives, C. and Hall, P. A.(1999). The p53 pathway. Pathol.187, 112-126.  Vogelstein, B., Lane, D. and Levine, A. J2000). Surfing the p53 network.

Rosa, F. M. (1989). Mix.1, a homeobox mRNA inducible by mesoderm Nature408 307-310. _ _
inducers, is expressed mostly in the presumptive endodermal cells d¥allingford, J. B., Seufert, D. W., Virta, V. C. and Vize, P. D(1997). p53
Xenopusembryos.Cell 57, 965-974. activity is essential for normal developmentienopusCurr. Biol. 7, 747-

Ruiz i Altaba, A. and Melton, D. A.(1989a). Bimodal and graded expression 757. . o
of the Xenopushomeobox gene Xhox3 during embryonic development. Wang, J., Shou, J. and Chen, X(2000). Dickkopf-1, an inhibitor of the Wnt
Development 06, 173-183. signaling pathway, is |nduceq by pE3ncogenel9, 1843-1848.

Ruiz i Altaba, A. and Melton, D. A. (1989b). Interaction between peptide Wang, L., Wu, Q., Qiu, P, Mirza, A, McGuirk, M., Kirschmeier, P.,
growth factors and homoeobox genes in the establishment of antero- G'€€ne, J. R, Wang, Y., Pickett, C. B. and Liu, S2001). Analyses of
posterior polarity in frog embryoslature 341, 33-38. p53 target genes in the human genome by bioinformatic and microarray

Ruiz i Altaba, A., Choi, T. and Melton, D. A. (1991). Expression of the approaches]. Biol. Chem276, 43604-43610.

o A : Watabe, T., Kim, S., Candia, A., Rothbacher, U., Hashimoto, C., Inoue, K.
Xhox3 homeobox protein iXenopusembryos: blocking its early function L P e N P T
suggests the requirement of Xhox3 for normal posterior developbewnt. ?nd Ci‘ho,. K. W. (1925)' '\ﬁrl]efm?r mechanlsk:nfwcg Spemanzs organizer
Growth. Differ.33, 651-669. ormation: conserved gro actor synergy betw¥enopusand mouse.

: ; - Genes De, 3038-3050.
Sah, V. P., Attardi, L. D., Mulligan, G. J., Williams, B. O., Bronson, R. T. ' . .
and Jacks, T. (1995). A subset of p53-deficient embryos exhibit Wz(a)tfarr}]aé)seo, d“g;ﬁ?“ﬂgg?ggﬁ?{ m;e(lei\gg).nEAS;#:osr aokgi\iglagemg:ﬁzzcmr
exencephalyNat. Genet10, 175-180. Henop Yo- P

: : ; . 5621-5634.
Sawano, A. and Miyawaki, A.(2000). Directed evolution of green fluorescent Weinstein, D. C.. Marden, J.. Carnevali, F. and Hemmati-Brivanlou, A.

mttzmer?zs? Q:llﬁ\(lz\lle\i/sriiit:jlg gggRgstera?tgegy for site-directed and semi-random (1998). FGF-mediated mesoderm induction involves the Src-family kinase
9 ’ ' : Laloo. Nature 394, 904-908.

Shang, Y., Hu, X.,_DlRenzo, I, _ngar, M.' A. and Brown, M{2000). XVhitman, M. (2001). Nodal signaling in early vertebrate embryos: themes
Cofactor dynamics and sufficiency in estrogen receptor-regulate and variationsDev. Celll. 605-617

transcription.Cell 103 843-852. - o . . .
. . . . Wilson, P. A. and Hemmati-Brivanlou, A. (1995). Induction of epidermis
Smith, W. C. and Harland, R. M. (1992). Expression cloning of noggin, a and inhibition of neural fate by Bmp—mat(ure37)6, 331-333. P

new dorsalizing factor localized to the Spemann organizexenopus Yagi, K., Goto, D., Hamamoto, T., Takenoshita, S., Kato, M. and

embryos.Cell 70, 829-840. Miyazono, K. (1999). Alternatively spliced variant of Smad2 lacking exon

Sun, Y, Hegamyer, G., Cheng, Y.-J., Hildesheim, A., Cher_l, J.-Y., Chen,' l.- 3. Comparison with wild-type Smad2 and SmatiBiol. Chem274, 703-
H., Cao, Y., Yao, K.-T. and Colburn, N. H.(1992). An infrequent point 7009.
mutation _of the p53 gene in human nasoparyngeal carcirfProe. Natl. Yamashita, H., ten Dijke, P., Huylebroeck, D., Sampath, T. K., Andries,
Acad. Sci. USRS, 6516-6520. M., Smith, J. C., Heldin, C. H. and Miyazono, K.(1995). Osteogenic
Suzuki, A., Ueno, N. and Hemmati-Brivanlou, A(1997a).Xenopusmsx1 protein-1 binds to activin type Il receptors and induces certain activin-like
mediates epidermal induction and neural inhibition by BMB&elopment effects.J. Cell Biol.130, 217-226.
124, 3037-3044. o Yamato, K., Hashimoto, S., Imamura, T., Uchida, H., Okahashi, N.,
Suzuki, A., Kaneko, E., Ueno, N. and Hemmati-Brivanlou, A(1997b). Koseki, T., Ishisaki, A., Kizaki, M., Miyazono, K., lkeda, Y. and
Regulation of epidermal induction by BMP2 and BMP7 signalirey. Biol. Nishihara, T. (2001). Activation of the p21(CIP1/WAF1) promoter by bone
189 112-122. morphogenetic protein-2 in mouse B lineage cellacogene20, 4383-

Suzuki, A. and Hemmati-Brivanlou, A. (2000).Xenopusembryonic E2F is 4392,
required for the formation of ventral and posterior cell fates during earlyyeo, C.-Y., Chen, X. and Whitman, M.(1999). The role of FAST-1 and
embryogenesisMol. Cell 5, 217-229. Smads in transcriptional regulation by activin during eaxgnopus
Tada, M., O'Reilly, M. A. and Smith, J. C.(1997). Analysis of competence embryogenesisl. Biol. Chem274, 26584-26590.
and of Brachyury autoinduction by use of hormone-inducible Xbra.zhao, R., Gish, K., Murphy, M., Yin, Y., Notterman, D., Hoffman, W. H.,
Development 24, 2225-2234. Tom, E., Mack, D. H. and Levine, A. J(2000). Analysis of p53-regulated
Tan, M., Wang, Y., Guan, K. and Sun, Y.(2000). PTGF3, a typef gene expression patterns using oligonucleotide ar@gyses Devi4, 981-
transforming growth factor (TGB)} superfamily member, is a p53 target  993.



