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Summary: Smad5 is a member of the Smad family of in-
tracellular mediators of BMP signals and in endothelial
cells of TGF-� signals. We and others previously showed
that loss of Smad5 in the mouse results in embryonic
lethality (between E9.5–E11.5) due to multiple embryonic
and extraembryonic defects. To circumvent the early em-
bryonic lethality and to allow tissue- and time-specific
Smad5 inactivation, we created a conditional Smad5 allele
in the mouse. Floxed Smad5 (Smad5flE2,Neo/flE2,Neo) mice
were generated in which both exon2 and the Neo-cassette
were flanked by loxP sites. Here we demonstrate that em-
bryos with ubiquitous Cre-mediated deletion of Smad5
(Smad5fl�E2/fl�E2) phenocopy the conventional Smad5
knockout mice. Smad5flE2/flE2 mice are now available and
will be a valuable tool to analyze the role of Smad5 beyond
its crucial early embryonic function throughout develop-
ment and postnatal life. genesis 37:5–11, 2003.
© 2003 Wiley-Liss, Inc.
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Transforming growth factor-� (TGF-�) family members
regulate diverse biological functions including cell pro-
liferation, differentiation, apoptosis, migration, and ex-
tracellular matrix production and are involved in cell
type specification and determination in embryogenesis.
Signaling by these growth factors occurs by ligand bind-
ing to a heteromeric complex of type I and type II
serine/threonine kinase receptors. The type I receptors,
also known as activin receptor-like kinases (ALKs), act
downstream of the type II receptors and activate specific
receptor-regulated Smad proteins (R-Smads) by phos-
phorylation. Activated R-Smads form heteromeric com-
plexes with Smad4 and accumulate in the nucleus,
where they participate in transcriptional regulation of
target genes (Attisano and Wrana, 2000; ten Dijke et al.,
2002; Verschueren and Huylebroeck, 1999). The human
genome encodes eight Smad proteins (Mad-homologs,
MADH). Smad1, 5, and 8 are thought to mediate primar-
ily bone morphogenetic protein (BMP) signaling, al-

though they can also transduce signals from TGF-�
(Bruno et al., 1998), growth differentiation factor 5
(GDF5) (Aoki et al., 2001), and Müllerian Inhibiting
Substance (MIS) (Clarke et al., 2001; Jamin et al., 2002).
In endothelial cells, TGF-� signals both via ALK5 (T�RI)
and ALK1, inducing the phosphorylation of Smad2/
Smad3 and Smad1/Smad5, respectively. The balance be-
tween these two TGF-� signaling pathways plays an
important role in determining the properties of endothe-
lium during angiogenesis, although contradictory results
on these pathways were published (Goumans et al.,
2002; Lamouille et al., 2002).

Gene knockouts of several members of the TGF-�
family and their receptors have demonstrated the essen-
tial role of these proteins during development (Goumans
and Mummery, 2000). To understand the in vivo func-
tion of Smad5, we and others have generated mice defi-
cient in Smad5 (Chang et al., 1999; Yang et al., 1999).
Although Smad1, Smad5, and Smad8 are largely inter-
changeable in cell cultures, their differences in expres-
sion and distribution patterns (Flanders et al., 2001;
Meersseman et al., 1997; Tremblay et al., 2001; Zwijsen
et al., 2001), as well as the different features of Smad1
(Lechleider et al., 2001; Tremblay et al., 2001) and
Smad5 knockout animal models point to intriguing en-
dogenous specificities.
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FIG. 1. Targeting of Smad5 with the Smad5flE2,Neo vector in ES cells and Southern blotting and PCR analysis of heterozygous ES cells and
offspring. a: Targeting construct: a targeting vector was designed in which exon2 and an inverted PGK-Neo-cassette (inserted in intron2) were
each flanked by loxP sites (‹). The targeting vector contained 2.1 kb and 6.1 kb homologous sequences in its left and right arm, respectively.
Diagnostic restriction enzymes and probes for Southern blotting are indicated. b: Southern blot analysis of a targeted ES cell clone: genomic DNA
was digested with HindIII (lanes 1, 2) or XbaI (3) and hybridized with a 5� external probe (1), a 3� external probe (2), and an internal Neo probe (3).
The upper bands are the wild-type bands (1, 2), the bands marked with an asterisk (1, 2, 3) are the mutant bands. c: Recombination of the
Smad5flE2,Neo gene and the strategy to discriminate the different genotypes. Smad5flE2,Neo/flE2,Neo mice were mated with EIIa-Cre mice to obtain
the desired conditional Smad5flE2/flE2 mice and the total Smad5fl�E2/fl�E2 mice. The relative position and the direction of the different primers used
in the PCR analysis are indicated by arrowheads, and the expected PCR products are tabled. d: PCR analysis: genomic DNA of Smad5flE2,Neo/WT

(lanes 2, 5, 8), Smad5fl�E2/WT (lanes 3, 6, 9) and Smad5flE2/WT (lanes 4, 7, 10) mice was analyzed by PCR using three primer sets; primers 1–2 (lanes
2–4), primers 1–3 (lanes 5–7) and primers Neo A–B (lanes 8–10). The PCR conditions for the primers 1–3 were optimized for detection of the
mutant 387 bp band. Lane 1: 1 kb DNA ladder, lane 11: Smart ladder (Eurogentec).



Smad5-deficient mice die between E9.5 (embryonic
day) and E11.5 and display various embryonic and extraem-
bryonic defects. The defects become clearly visible at
E8.0–E8.5, when embryos have a vestigial foregut and
hindgut, and/or abnormal amnion morphology. Heart de-
fects and a poorly elongated allantois with an enlarged base
are often observed. At later stages, mutant embryos fail to
undergo proper turning and have craniofacial and neural
tube abnormalities and they are edematous. The defects in
heart looping and embryonic turning demonstrate that
Smad5 is essential for left–right asymmetry determination

(Chang et al., 2000). Yolk sacs of mutant embryos appear
anemic and lack a distinctive network of branching vessels,
have reduced numbers of smooth muscle cells, and blood
vessels are often dilated (Chang et al., 1999; Yang et al.,
1999). The complex embryonic and extraembryonic
Smad5 knockout phenotypes obstruct further investiga-
tion at later stages of development and mask direct from
indirect consequences of Smad5 inactivation. To circum-
vent the early embryonic lethality and to provide more
insight into the role of Smad5 in specific tissues,
Smad5flE2/flE2 mice were generated.

FIGURE 1 (Continued)



A strategy similar to the conventional Smad5 knock-
out was used to generate the Smad5flE2,Neo targeting
construct (Chang et al., 1999). Exon2, which contains
the translation initiation codon and one-third of the pro-
tein coding sequence, and the Neo-cassette (inserted in
intron2) were now each flanked by loxP sites (Fig. 1a).
Four out of 200 Neomycin-resistant colonies (2%) ana-
lyzed by Southern blotting (Fig. 1a,b) were homologous
recombinants and used for the generation of
Smad5flE2,Neo/WT mice. Crossing of these mice resulted
in viable and fertile Smad5flE2,Neo/flE2,Neo mice, demonstrat-
ing that the insertion of the floxed Neo-cassette in intron2
does not hamper Smad5 function. Smad5flE2,Neo/flE2,Neo

mice were subsequently crossed with PGK-Cre mice
(Lallemand et al., 1998), which resulted in complete
deletion of both exon2 and the Neo-cassette, generating
Smad5fl�E2/WT mice. To remove solely the Neo-cassette
by Cre-recombination, Smad5flE2,Neo/flE2,Neo mice were
bred to EIIa-Cre mice (Lakso et al., 1996). Although
EIIa-Cre mice are also general deleter mice, Cre-medi-
ated recombination occurred less efficient. This resulted
in the generation of Smad5fl�E2/WT mice (48.5%), mosaic
Smad5flE2/fl�E2/WT mice (5%), mosaic Smad5flNeo/fl�E2/WT

mice (10.5%) and mosaic Smad5flE2,Neo/fl�E2/WT mice
(36%). By breeding those mosaic mice the three types of
deletion were obtained, which were shown by PCR
analysis using different sets of primers (Fig. 1c,d), and
which demonstrated that each of the three loxP sites are
functional.

Breeding of Smad5fl�E2/WT mice did, as expected
(Chang et al., 1999), not result in viable Smad5fl�E2/fl�E2

offspring. To confirm that the Smad5fl�E2/fl�E2 mice phe-
nocopy the conventional Smad5 deficient mice, a more

detailed analysis was performed. Embryos were dis-
sected at E8.5 and E9.5, i.e., stages at which the conven-
tional Smad5-/- mice displayed several embryonic and
extraembryonic defects. At E8.5, the same characteristic
gross morphology defects were observed as for the con-
ventional Smad5-/- mice. Hence, the heart was often
exteriorized and underdeveloped (Fig. 2b), the posterior
region extended far above the level of the head folds
(Fig. 2c) compared to wild-type littermates (Fig. 2a), a
delay in foregut invagination was visible, and the poorly
elongated allantois had an enlarged base (Fig. 2b,c).
Often, an aggregate of cells was noticed on the amnion,
which was never observed in wild-type embryos. At
E9.5, the extraembryonic defects were clearly visible.
While the yolk sacs of wild-type littermates displayed a
well-developed vascular network at this stage (Fig. 2d),
mutant yolk sacs had a blistered appearance, lacked a
distinctive network of branching vitelline vessels, and
appeared anemic (Fig. 2e). Typical hemorrhagic aggre-
gates of cells were present on the amnion. Most of the
mutant embryos did not initiate turning, often the cranial
neural tube was not closed, the midgut and hindgut
remained open, and the heart was exteriorized and un-
derdeveloped (Fig. 2f).

Histological and in situ hybridization analysis further
confirmed the phenotype. The marker expression anal-
ysis was restricted here to the endothelial and heart-
specific genes, which were used previously in the phe-
notypic analysis of the conventional Smad5-/- mice
(Chang et al., 1999), because our further research will
emphasize the role of Smad5 in angiogenesis and cardiac
morphogenesis. Flk-1 (an early marker for blood islands
and endothelium) and �-globin (a marker for primitive

FIG. 2. Wild-type (a,d) and
Smad5fl�E2/fl�E2 littermate (b,c,e,f)
embryos dissected at E8.5 and
E9.5. E8.5 wild-type (a) and
Smad5fl�E2/fl�E2 embryos (b,c)
demonstrating the typical enlarged
base of the allantois (*), vestigial
heart development, and extension
of the posterior region (b,c,f) also
observed in the conventional
Smad5-/- mice. E9.5 control (d) and
Smad5fl�E2/fl�E2 embryos (e,f)
within their yolk sac (d,e) or dis-
sected free from the yolk sac (fl�E2
only, f). Control littermate yolk sacs
have a well-developed vascular
network, while mutant yolk sacs
are blistered and appeared anemic,
although a primitive vascular
plexus developed. Most mutant
embryos (e,f) did not initiate turning
although they developed up to 14
pairs of somites (f), and often the
heart was exteriorized (f).



red blood cells) expression analysis demonstrated a nor-
mal onset of vasculogenesis and hematopoiesis in
Smad5fl�E2/fl�E2 embryos. However, the integrity of the
vessels in the Smad5fl�E2/fl�E2 embryo proper was af-
fected. Dorsal aortae were much more dilated in mutant
E8.5 embryos compared to wild-type embryos, but no
significant difference in flk-1 expression was detected
between controls and mutants (Fig. 3a–c). �-globin ex-
pression was slightly increased in Smad5fl�E2/fl�E2 em-
bryos as in Smad5-/- embryos (Fig. 3d,e). Like in Smad5
knockout embryos (Chang et al., 1999), expression of
flk-1 and �-globin in the amnion of E8.5 embryos dem-
onstrated ectopic vasculogenesis and hematopoiesis
(Fig. 3c), a phenotype never observed in control mice.
GATA-4 and Nkx2.5 in situ hybridization visualized the
vestigial heart development but confirmed that Smad5 is
not essential for expression of these cardiac-specific
marker genes (Fig. 3f–j). Based on these morphological,
histological and marker analyses, we conclude that the
Smad5fl�E2/fl�E2 mice reveal the same cardiovascular
defects as the conventional Smad5-/- mice.

Our immediate objectives are to study the role of
Smad5 in the vessel wall and in cardiac myocytes. The
myocardium-specific deletion of Smad5 is largely in-
spired by the similar deletion of ALK3, which demon-
strated an obligatory myocyte-dependent role for ALK3
in the atrio-ventricular cushion and septal morphogene-
sis, but not in the outflow tract (Gaussin et al., 2002). It
is tempting to speculate to what extent these functions
are mediated by Smad5 and what are the non-ALK3
Smad5 functions. The analysis of Smad5 in the vessel
wall using a conditional approach is motivated by the
conventional Smad5 knockout phenotype and the dual
role of TGF-�1 on endothelium depending on the bal-
ance between Smad2/3-mediated ALK5 signaling and
Smad1/5-mediated ALK1 signaling (Goumans et al.,
2002; Lamouille et al., 2002).

The high expression level of Smad5 mRNA through-
out the embryo (E6.5–E12.5) (Meersseman et al., 1997;
Zwijsen et al., 2001) and the protein distribution
(Flanders et al., 2001) suggest that Smad5 is a multifunc-
tional protein participating in several other physiological
and developmental processes (Bruno et al., 1998; Chang
and Matzuk, 2001; Chang et al., 2000; Fuchs et al., 2002;
Liu et al., 2003). We believe that the conditional Smad5
knockout mice will serve as a useful tool to study the
function of Smad5-mediated TGF-�/BMP/MIS signaling
and, even more importantly, may highlight the similari-
ties and differences between Smad1, Smad5, and Smad8
in different developmental processes and stages and in
postnatal life.

MATERIALS AND METHODS

Construction of the Targeting Vector and
Generation of Smad5flE2,Neo/flE2,Neo Mice

A PGK-Neomycin selection cassette, inserted in in-
tron2, was used as a positive selection marker; the Neo-
cassette and exon2 were each flanked by loxP sites. The

FIG. 3. Analysis of angiogenesis, hematopoiesis, and cardiac de-
velopment by in situ hybridization on E8.5 embryos. Analysis of flk-1
(a–c) and �-globin (d,e) expression patterns in wild-type (WT; a,d)
and Smad5fl�E2/fl�E2 littermates (fl�E2, b,c,e) demonstrating en-
larged dorsal aorta in mutant embryos (da; b,d), ectopic vasculo-
genesis in the amnion of the mutant embryo (ag; c), and the exte-
riorized heart (he; e). Control littermates (a,d) initiated turning while
mutant embryos did not yet initiate turning (b,c,e). Photographs a
and b are transverse sections through the posterior part of the
embryo, c is a section through the head region. GATA-4 expression
is not affected by Smad5 deficiency (f,g) but visualizes the exteri-
orized heart (g). Nkx2.5 whole-mount in situ hybridization of E8.5
littermate embryos (10–11 pairs of somites) demonstrating that
heart development and looping are significantly delayed in the
Smad5fl�E2/fl�E2 embryos (i,j) when compared to a wild-type litter-
mate (h).



Smad5flE2,Neo vector was electroporated into E14 embry-
onic stem cells (129/ola) and, after selection in Neomy-
cin, resistant colonies were analyzed by Southern blot-
ting. Correctly targeted ES cell lines were aggregated
with CD1 morula and transferred to CD1 pseudopreg-
nant foster mothers to obtain chimeric mice. Chimeric
male mice were crossed with CD1 females to obtain
heterozygous pups (Smad5flE2,Neo/WT), which were
crossed to generate Smad5flE2,Neo/flE2,Neo mice. Crossing
of those mice with PGK-Cre and EIIa-Cre mice resulted
in mice with a variable, mixed background (129/ola,
CD1, C57Bl6). All the analyses were performed with
these mice. For future experiments mice will be back-
crossed to the C57Bl/6 mouse strain.

Analysis of Genomic DNA

Genomic DNA isolated from ES cells was analyzed by
Southern blot on HindIII digested DNA hybridized with
the 5� external probe (Fig. 1a,b). Homologous recombi-
nants were additionally analyzed using an XbaI digest
and the 3� external and internal Neomycin probe.

Tail DNA was analyzed by PCR using several sets of
primers. To demonstrate the presence of the floxed
exon2, primer 1, located upstream of the first loxP site
(5�-GAGCGTCTTCCTTAGCTAATGTG-3�) and primer 2
located between the first loxP site and exon2 (5�-CACT-
GGCAAAGCAGAGGTTCAGA-3�) were used, amplifying
a 235 bp wild-type band and a 349 bp mutant band
(loxP � 80 bp extra). To confirm the presence of the
Neo-cassette, the NeoA primer (FW, 5�-CAAGATGGATT-
GCACGCAGGTTCTC-3�) and NeoB primer (REV, 5�-GAC-
GAGATCCTCGCCGTCGGGCATGCGCGCC-3�) were used,
generating a 546 bp band. Excision of exon2 and the
Neo-cassette by Cre-recombinase was analyzed with primer
1 and primer 3 (5�-AAAAATCAGCGCTCGACACG-3�) ampli-
fying a 387 bp band. Primers used for the Cre-PCR were
CRE FW (5�-TGCCACGACCAAGTGACAGCAATG-3�) and
CRE REV (5�-ACCAGAGACGGAAATCCATCGCTC-3�).

In Situ Hybridization

Embryos were dissected from the uterus and fixed in
4% paraformaldehyde. Radioactive in situ hybridization
on paraffin sections and whole-mount in situ hybridiza-
tion was performed as described previously (Dewulf et
al., 1995; Albrecht et al., 1997). Antisense riboprobes
were flk-1 (C. Devries, Amsterdam), �-globin (Leder et
al., 1992), GATA-4 (Molkentin et al., 1997), Tbx-2 (R.
Schwartz, Houston, TX) and Nkx2.5 (Lints et al., 1993).

ACKNOWLEDGMENTS

We thank M. Matzuk for support and L. Nelles for helpful
discussion and suggestions, L. Desmet and M. Missoul for
mouse care, and L. Beek, E. Bosman, L. Cox, L. Desmet,
and A. Ibrahimi for genotyping.

LITERATURE CITED

Albrecht U, Eichele G, Helms JA, Lu HC. 1997. Visualization of gene
expression patterns by in situ hybridization. In: Daston GP, editor.

Molecular and cellular methods in developmental toxicology.
Boca Raton, FL: CRC Press. p 23–48.

Aoki H, Fujii M, Imamura T, Yagi K, Takehara K, Kato M, Miyazono K.
2001. Synergistic effects of different bone morphogenetic protein
type I receptors on alkaline phosphatase induction. J Cell Sci
114:1483–1489.

Attisano L, Wrana JL. 2000. Smads as transcriptional co-modulators.
Curr Opin Cell Biol 12:235–243.

Bruno E, Horrigan SK, Van Den Berg D, Rozler E, Fitting PR, Moss ST,
Westbrook C, Hoffman R. 1998. The Smad5 gene is involved in the
intracellular signaling pathways that mediate the inhibitory effects
of transforming growth factor-beta on human hematopoiesis.
Blood 91:1917–1923.

Chang H, Matzuk MM. 2001. Smad5 is required for mouse primordial
germ cell development. Mech Dev 104:61–67.

Chang H, Huylebroeck D, Verschueren K, Guo Q, Matzuk MM, Zwijsen
A. 1999. Smad5 knockout mice die at mid-gestation due to multi-
ple embryonic and extraembryonic defects. Development 126:
1631–1642.

Chang H, Zwijsen A, Vogel H, Huylebroeck D, Matzuk MM. 2000.
Smad5 is essential for left-right asymmetry in mice. Dev Biol
219:71–78.

Clarke TR, Hoshiya Y, Yi SE, Liu X, Lyons KM, Donahoe PK. 2001.
Mullerian inhibiting substance signaling uses a bone morphoge-
netic protein (BMP)-like pathway mediated by ALK2 and induces
SMAD6 expression. Mol Endocrinol 15:946–959.

Dewulf N, Verschueren K, Lonnoy O, Moren A, Grimsby S, Vande
Spiegle K, Miyazono K, Huylebroeck D, Ten Dijke P. 1995. Dis-
tinct spatial and temporal expression patterns of two type I re-
ceptors for bone morphogenetic proteins during mouse embryo-
genesis. Endocrinology 136:2652–2663.

Flanders KC, Kim ES, Roberts AB. 2001. Immunohistochemical expres-
sion of Smads 1-6 in the 15-day gestation mouse embryo: signaling
by BMPs and TGF-betas. Dev Dyn 220:141–154.

Fuchs O, Simakova O, Klener P, Cmejlova J, Zivny J, Zavadil J, Stopka
T. 2002. Inhibition of Smad5 in human hematopoietic progenitors
blocks erythroid differentiation induced by BMP4. Blood Cells Mol
Dis 28:221–233.

Gaussin V, Van de Putte T, Mishina Y, Hanks MC, Zwijsen A, Huyle-
broeck D, Behringer RR, Schneider MD. 2002. Endocardial cush-
ion and myocardial defects after cardiac myocyte-specific condi-
tional deletion of the bone morphogenetic protein receptor ALK3.
Proc Natl Acad Sci USA 99:2878–2883.

Goumans MJ, Mummery C. 2000. Functional analysis of the TGFbeta
receptor/Smad pathway through gene ablation in mice. Int J Dev
Biol 44:253–265.

Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten
Dijke P. 2002. Balancing the activation state of the endothelium
via two distinct TGF-beta type I receptors. EMBO J 21:1743–1753.

Jamin SP, Arango NA, Mishina Y, Hanks MC, Behringer RR. 2002.
Requirement of Bmpr1a for Mullerian duct regression during male
sexual development. Nat Genet 32:408–410.

Lakso M, Pichel JG, Gorman JR, Sauer B, Okamoto Y, Lee E, Alt FW,
Westphal H. 1996. Efficient in vivo manipulation of mouse
genomic sequences at the zygote stage. Proc Natl Acad Sci USA
93:5860–5865.

Lallemand Y, Luria V, Haffner-Krausz R, Lonai P. 1998. Maternally
expressed PGK-Cre transgene as a tool for early and uniform
activation of the Cre site-specific recombinase. Transgen Res
7:105–112.

Lamouille S, Mallet C, Feige JJ, Bailly S. 2002. Activin receptor-like
kinase 1 is implicated in the maturation phase of angiogenesis.
Blood 100:4495–4501.

Lechleider RJ, Ryan JL, Garrett L, Eng C, Deng C, Wynshaw-Boris A,
Roberts AB. 2001. Targeted mutagenesis of Smad1 reveals an
essential role in chorioallantoic fusion. Dev Biol 240:157–167.

Leder A, Kuo A, Shen MM, Leder P. 1992. In situ hybridization reveals
co-expression of embryonic and adult alpha globin genes in the earliest
murine erythrocyte progenitors. Development 116:1041–1049.

Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey RP. 1993. Nkx-2.5: a
novel murine homeobox gene expressed in early heart progenitor
cells and their myogenic descendants. Development 119:969.



Liu B, Sun Y, Jiang F, Zhang S, Wu Y, Lan Y, Yang X, Mao N. 2003.
Disruption of Smad5 gene leads to enhanced proliferation of
high-proliferative potential precursors during embryonic hemato-
poiesis. Blood 101:124–133.

Meersseman G, Verschueren K, Nelles L, Blumenstock C, Kraft H,
Wuytens G, Remacle J, Kozak CA, Tylzanowski P, Niehrs C, Huyle-
broeck D. 1997. The C-terminal domain of Mad-like signal trans-
ducers is sufficient for biological activity in the Xenopus embryo
and transcriptional activation. Mech Dev 61:127–140.

Molkentin JD, Lin Q, Duncan SA, Olson EN. 1997. Requirement of the
transcription factor GATA4 for heart tube formation and ventral
morphogenesis. Genes Dev 11:1061–1072.

ten Dijke P, Goumans MJ, Itoh F, Itoh S. 2002. Regulation of cell
proliferation by Smad proteins. J Cell Physiol 191:1–16.

Tremblay KD, Dunn NR, Robertson EJ. 2001. Mouse embryos lacking

Smad1 signals display defects in extra-embryonic tissues and germ
cell formation. Development 128:3609–3621.

Verschueren K, Huylebroeck D. 1999. Remarkable versatility of Smad
proteins in the nucleus of transforming growth factor-beta acti-
vated cells. Cytokine Growth Factor Rev 10:187–199.

Yang X, Castilla LH, Xu X, Li C, Gotay J, Weinstein M, Liu PP, Deng CX.
1999. Angiogenesis defects and mesenchymal apoptosis in mice
lacking SMAD5. Development 126:1571–1580.

Zwijsen A, van Grunsven LA, Bosman EA, Collart C, Nelles L, Umans
L, Van de Putte T, Wuytens G, Huylebroeck D, Verschueren K.
2001. Transforming growth factor beta signaling in vitro and in
vivo: activin ligand-receptor interaction, Smad5 in vasculogen-
esis, and repression of target genes by the deltaEF1/ZEB-related
SIP1 in the vertebrate embryo. Mol Cell Endocrinol 180:
13–24.


