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REVIEW

The TGF-B supertamily: new members,
new receptors, and new genetic tests
of function in different organisms

David M. Kingsley

Department of Developmental Biology, Beckman Center B300, Stanford University, Stanford, California 94305-5427 USA

In the last 10 years, a large family of secreted signaling
molecules has been discovered that appear to mediate
many key events in normal growth and development.
The family is known as the TGF-B superfamily {Mas-
sague 1990}, a name taken from the first member of the
family to be isolated (transforming growth factor-gl).
This name is somewhat misleading, because TGF-B1 has
a large number of effects in different systems {Sporn and
Roberts 1992). It actually inhibits the proliferation of
many different cell lines, and its original ‘‘transforming”
activity may be due to secondary effects on matrix pro-
duction and synthesis of other growth factors (Moses et
al. 1990). The two dozen other members of the TGF-B
superfamily have a remarkable range of activities. In
Drosophila, a TGF-B-related gene is required for dorso-
ventral axis formation in early embryos, communication
between tissue layers in gut development, and correct
proximal distal patterning of adult appendages. In Xeno-
pus, a TGF-B-related gene is expressed specifically at one
end of fertilized eggs and may function in early signaling
events that lay out the basic body plan. In mammals,
TGF-p-related molecules have been found that control
sexual development, pituitary hormone production, and
the creation of bones and cartilage. The recognition of
TGF-B superfamily members in many different organ-
isms and contexts provides one of the major unifying
themes in recent molecular studies of animal growth and
development.

The rough outlines of the TGF-B family were first rec-
ognized in the 1980s. Since that time, a number of ex-
cellent reviews have appeared that summarize the prop-
erties of different family members (Ying 1989; Massague
1990; Lyons et al. 1991; Sporn and Roberts 1992). Here,
I will focus on four areas that have seen major progress in
the last 3 years: structural characterization of the signal-
ing molecule, isolation of new family members, cloning
of receptor molecules, and new genetic tests of the func-
tions of these factors in different organisms.

Structural studies

The various members of the TGF-B family are initially
synthesized as larger precursor molecules with an

amino-terminal signal sequence and a pro-domain of
varying size (Fig. 1A). This precursor protein is usually
cleaved at a dibasic or RXXR site to release a mature
carboxy-terminal segment of 110-140 amino acids. The
active signaling molecule is made up of hetero- or ho-
modimers of this carboxy-terminal segment (Massague
1990).

The pro-domain of TGF-8 is poorly conserved across
different family members, although often well conserved
for a particular family member isolated from several dif-
ferent organisms. It appears to be required for normal
synthesis and secretion of family members (Gray and
Mason 1990; Hammonds et al. 1991; Thomsen and Mel-
ton 1993). It can also remain associated with the car-
boxy-terminal signaling fragment to produce an inactive
complex (Gentry and Nash 1990). Activation of this
complex by proteolyis or low pH may be an important
physiological regulator of activity for the TGF-B subclass
of molecules. Similar latent complexes have not yet been
found for other members of the TGF-B superfamily.

The mature region is much more highly conserved and
contains most of the sequence landmarks by which new
family members are usually recognized. Seven cysteine
residues within the mature region are nearly invariant in
members of the family.

Recent crystallography studies of TGF-B2 have shown
that six of these cysteines are closely grouped to make a
rigid structure called a cystine knot {Daopin et al. 1992;
Schlunegger and Grutter 1992). The knot consists of an
eight-member ring held together by two disulfide bonds,
with a third disulfide bond threaded through the middle
of the ring (see Fig. 1B). This knot locks the base of sev-
eral B-sheet strands together and probably accounts for
the strong resistance of many TGF-B family members to
heat, denaturants, and extremes of pH. The remaining
cysteine residue in each monomer forms an additional
disulfide bond that links two monomers into a dimer.
This cysteine is missing in two newly discovered mem-
bers of the family GDF-3 and GDF-9 (see below). Many
hydrophobic contacts exist between the two monomer
subunits that may promote dimer formation even in the
absence of this disulfide bond. The overall structure of
the dimer is surprisingly open and contains several water
molecules in its center.
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Figure 1. Structure of TGF-B superfamily members. (A) TGF-
B-related proteins are synthesized as larger precursor proteins.
An amino-terminal signal targets the precursor to the secretory
pathway. A variable pro-domain may assist in folding, dimer-
ization, and regulation of factor activity. The actual signaling
molecule is a homo- or heterodimer of a small carboxy-terminal
fragment. Seven characteristic cysteine residues in this region
are nearly invariant in various members of the superfamily. (B)
Crystal structure of the mature region of TGF-B2. Six of the
characteristic cysteine residues form three disulfide bonds
within each monomer subunit. The seventh cysteine forms a
disulfide bond linking two monomers into a dimer. Much of the
variation between members of the family are in the amino-
terminal a-helix and the loops and helices that join the various
B-sheet strands {Daopin et al. 1992; Schlunegger and Grutter
1992).

The differences between TGF-B family members map
to several different regions of the molecule (Schlunegger
and Grutter 1992). The amino-terminal region varies
greatly in both length and sequence. This region forms
an a-helix in TGF-B2, which is linked to the remainder
of the monomer by an additional disulfide bridge. This
bridge is missing in most other members of the family,
and the structure of the corresponding amino-terminal
extension is not known. This amino terminus can be
truncated without affecting the known biological activ-
ities of one family member, dorsalin (Basler et al. 1993).
TGF-81 is 100-fold more potent than TGF-2 at inhibit-
ing the proliferation of endothelial cells. Domain swap
experiments suggest that the different potencies map to
a 42-amino-acid region that includes the longest a-helix
in the monomer (Qian et al. 1992). Additional mutagen-
esis, binding, and structural studies are required to iden-
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tify the portions of the molecule responsible for inter-
acting with receptors.

Crystallography studies have revealed unsuspected
similarity between members of the TGF-B superfamily
and members of the nerve growth factor (NGF) and plate-
let-derived growth factor (PDGF) families (McDonald
and Hendrickson 1993). NGF and PDGF monomers
show <10% amino acid sequence similarity with TGF-
B. All of these factors contain the cysteine knot motif,
however, and the three-dimensional structures of the
cores of the monomers are nearly superimposable. These
similarities suggest that all three growth factor families
are derived from a common ancestor. This ancestor may
have been particularly resistant to denaturation and ex-
tremes of pH, providing a convenient basis for later di-
versification of other signaling molecules that could sur-
vive in various extracellular enviornments.

Interestingly, the interactions between the monomer
subunits are completely different in the active signaling
dimers of TGF-B, NGF, and PDGF, involving different
faces of the subunits, different orientations, and different
axes of symmetry (McDonald and Hendrickson 1993).
These differences suggest that the receptor interactions
(and presumably the functions) of the TGF-B, NGF, and
PDGF families have evolved separately. It is thus still
useful to consider the groups separately, despite their
common membership in the cystine-knot super—-super
family.

New members and families within families

The TGF-B superfamily has grown from ~17 molecules
in 1990 to at least 25 members at the time of this writ-
ing. A rough overview of the members of the family is
shown in Figure 1 and described below {with members
reported since 1990 listed in bold). Note that some of the
molecules can be grouped into distinct subfamilies with
highly related sequences (Table 1). The most obvious
subfamilies include the following.

The TGF-f subfamily

At least four genes have been found that are much more
similar to TGF-B1 than to other members of the TGF-g
superfamily. These molecules were originally named
TGF-B2, -B3, -B4, and -5, but are derived from several
different species. Evolutionary considerations suggest
that TGF-p4 is probably the chick homolog of mamma-
lian TGF-B1 (Burt and Paton 1992). Most of the TGF-8
molecules have qualitatively similar activities in differ-
ent systems (Massague 1990).

Activin subfamily

Activins are homo- or heterodimers of two subunits, A
or B [also called inhibin B A {InhbA) and inhibin g B
(InhbB)). These subunits are related much more closely
to each other than to other members of the TGF-B su-
perfamily. The A and B subunits can form dimers with
another subunit called inhibin « (Inhe). This subunit is
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Table 1. Sequence relationships between members of the TGF-B superfamily
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TGFB1
TGFB2 gubfamily
TGFB3
TGFBS
InhbA 36 36 33 activin subfamily
InhbB 34 31 33 32 100
nodal 32 34 32 31 40 40i100
BMP2 36 36 38 38 44 43} 42 dpp subfamily
BMP4 35 35 37 37 42 43 41
dpp 37 36 37 37 39 39} 42
BMP5 36 36 38 38 43 40 40 61 59
BMP6 37 39 40 39 44 40i 42 &1 60 60A subfamily
OPI/BMP7 36 39 38 38 43 40; 41 60 658 DVR group
OP2/BMP8 32 37 37 35 41 37{ 45 55 655
60A 39 41 42 38 37 38} 40 57 54
BMP3 32 33 34 32 34 37i 42 49 48 44 44 45 43 42 42 100
Vgl 36 39 40 37 44 39i 43 58 56 48 56 58 57 55 51 50 100
GDF1 38 34 39 36 36 35 37 45 46 42 47 47 48 48 41 43 59 100
GDF3/Vgr2 36 33 35 36 42 40} 40 53 51 48 51 53 51 55 48 42 57 51 100
dorsalin 31 34 33 33 36 36i 42 54 55 54 52 54 50 48 49 39 47 41 46 100
Inha 26 24 25 26 27 23 25 24 24 23 27 27 26 25 27 30 23 26 25 25100
MIS 32 30 33 28 25 26 23 30 30 28 32 29 32 29 27 26 32 36 26 25 20100
GDF9 26 29 26 26 29 27 31 34 34 33 33 32 31 29 31 30 31 29 32 29 29 24100
GDNF 16 21 21 19 18 20 18 18 19 19 21 20 21 23 24 18 18 16 1% 20 22 19 21 100

The different TGF-B family members were aligned beginning with the first invariant cysteine residue in the mature region of the
molecules. Percent amino acid identities are shown for all pairwise combinations. Phylogenetic analysis using Clustal V (Higgins et
al. 1992) confirms that several of the molecules fall into distinct evolutionary subgroups (shaded). These groups are strongly supported
by bootstrap analysis of phylogenetic trees (Felsenstein 1985). A looser grouping of DVR molecules has also been suggested on the basis
of overall similarity relationships (Lyons et al. 1991). Human sequences were chosen for analysis, with the following exceptions: dpp
and 60A (Drosophila); TGF-B5 and Vgl {Xenopus); dorsalin (chick); GDF3/Vgr2 and nodal (mouse).

much more distantly related and does not belong to any
particular subgroup. The inhibins and activins have op-
posite biological effects on many systems—a particularly
clear example of how dimerizing with different partners
can drastically alter the activities of TGF-B family mem-
bers {Ying 1989).

The decapentaplegic subfamily

The Drosophila decapentaplegic (dpp) gene plays an es-
sential role during several distinct stages of Drosophila
development (see below). Two mammalian homologs of
the dpp gene were found during the purification of fac-
tors that can induce the formation of ectopic bone and
cartilage when implanted under the skin or into muscles
{(Wozney et al. 1988). The mammalian factors [bone mor-
phogenetic proteins 2 and 4 (BMP2 and BMP4|] are ~90%
identical to each other in the mature signaling portion of
the molecule and 75% identical to DPP (Table 1). The

similarity between the fly and mammalian genes ex-
tends to the functional level. Human BMP4 sequences
can rescue the dorsoventral axis defects caused by dpp
mutations in Drosophila (Padgett et al. 1993). Con-
versely, purified preparations of the DPP protein can in-
duce bone and cartilage in mammals {Sampath et al.
1993).

The 60A subfamily

This group also contains a single Drosophila gene and a
number of mammalian homologs with osteoinductive
activity. The Drosophila gene was isolated in a specific
search for TGF-B homologs in flies (Wharton et al. 1991;
Doctor et al. 1992). It has been named 60A after its chro-
mosomal map location, but its normal function is not
yet known. Four mammalian members of this subgroup
were either discovered in highly purified preparations of
bone-inducing material or were isolated by homology to
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other members of the family: (1) BMP5 (Celeste et al.
1990); (2) Vgr-1 or BMP6 (Lyons et al. 1989a; Celeste et
al. 1990J; (3) BMP7 or osteogenic protein 1{OP-1) (Celeste
et al. 1990; Ozkaynak et al. 1990); and (4] osteogenic
protein 2 (OP-2) or BMP8 (Ozkaynak et al. 1992).

The DVR group

The DPP and 60A subfamilies are related more closely to
one another than to TGF-Bs or activins and have often
been grouped together as part of a larger collection of
molecules called DVR (dpp and Vgl related) (Lyons et al.
1991). The DVR grouping is supported by percent simi-
larity scores (Table 1) and by evolutionary analysis based
on parsimony. The borders of the group are blurry, how-
ever, and are not strongly supported by bootstrap analy-
sis of phylogenetic trees (Felsenstein 1985). Other mol-
ecules traditionally assigned to the DVR group include
the prototypical Vg1 gene, originally isolated because of
its asymmetric distribution in Xenopus oocytes (Weeks
and Melton 1987), and the BMP3 or osteogenin gene
(Wozney et al. 1988; Luyten et al. 1989}, another osteoin-
ductive factor in mammals. New DVR-like genes in-
clude the following.

Growth differentiation factor 1 GDF-1 was isolated
during a screen for additional mammalian members of
the TGF-B superfamily. It is expressed primarily in the
nervous system and is encoded by an unusual bicistronic
message (Lee 1991). A large separate open reading frame
in the GDF-1 transcript encodes a protein predicted to
have multiple transmembrane-spanning regions. This
second open reading frame is highly conserved between
mice and humans, and clear homologs have recently
been reported in both yeast-and Caenorhabditis elegans
(Waterston et al. 1992; Boyer et al. 1993). In prokaryotes,
genes that are encoded by polycistronic messages are
usually functionally related. It will be interesting to see
whether this is also true of the two potential molecules
encoded by GDF-1 transcripts.

GDF-3/Vgr-2 This member of the DVR group was
also isolated by homology to other family members. It
has been called Vg-related gene 2 (Vgr2) or growth differ-
entiation factor 3 (GDF-3} by the two groups that inde-
pendently isolated it (Jones et al. 1992b; McPherron and
Lee 1993). Although it cannot be clearly assigned to any
of the previously known sequence subgroups within the
DVR family, its highest similarities scores are with Vg-1,
BMP2, BMP6, and GDF-1. The GDF-3/Vgr-2 protein
product is one of the only molecules in the TGE-B su-
perfamily that lacks one of the seven cysteine residues
normally found in the mature region. The missing cys-
teine residue normally forms the interchain disulfide
bond that links two monomer subunits into a dimer (Fig.
1). It is not clear whether this linkage is essential for
normal dimer formation. The GDF-3/Vgr-2 gene is ex-
pressed in ossifying skeletal tissue during embryonic de-
velopment (Jones et al. 1992b) and in thymus, spleen,
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bone marrow, and adipose tissue in adults (McPherron
and Lee 1993).

dorsalin A screen for TGF-B family members ex-
pressed in the developing chick nervous system identi-
fied a molecule expressed preferentially in the dorsal side
of the developing neural tube (dorsalin, Fig. 3, below)
{Basler et al. 1993). This molecule has two in vitro ac-
tivities that suggest it may play an important role in
neural patterning along the dorsovental axis. It promotes
the outgrowth of neural crest cells (which normally em-
igrate from the dorsal side of the neural tube), and it
inhibits the formation of motor neuron cells, {which are
normally found only on the ventral side of the spinal
cord). Its possible roles outside the nervous system have
not yet been described, but like BMP molecules, dorsalin
will stimulate the production of alkaline phosphatase by
bone marrow cell lines.

nodal The nodal gene was identified at the site of a
retroviral insertion that causes an early embryonic lethal
phenotype in mice (Zhou et al. 1993). The predicted
product of the gene is about equally similar to the DVR
and activin subfamilies and provides a good example of
the difficulty in defining the borders of the DVR class.
The properties of the gene are described in more detail
below in the section describing genetic studies of TGF-g
family members.

Divergent genes

Miillerian inhibiting substance (MIS) and the Inha sub-
unit are distantly related to the other members in the
TGF-B superfamily (Massague 1990). Two additional di-
vergent family members have recently been found. The
GDF-9 gene was isolated in a PCR screen for additional
family members (McPherron and Lee 1993). Like the
GDF-3/Vgr2 gene, its predicted protein product lacks the
cysteine residue predicted to covalently link monomers
into a dimer. Transcripts of the gene are expressed only
in ovaries of adult animals.

Glial-derived neurotropic growth factor (GDNF) This
factor was isolated based on its ability to promote the
survival and differentiation of dopaminergic neurons
from the midbrain (Lin et al. 1993). The factor shares the
pattern of seven regularly spaced cyteines found in other
members of the TGF-B superfamily, but otherwise
shares <25% amino acid identity with other members of
the family. Midbrain dopaminergic neurons are the ma-
jor class of neurons lost in Parkinson’s disease. The clin-
ical importance of dopaminergic neurons will likely
stimulate a great deal of future research on the in vitro
and in vivo effects of this factor.

Receptor molecules

Major progress has been made in the last 3 years in iso-
lating signaling receptors for various members of the
TGEF-B superfamily. Recently isolated receptors for TGF-
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B, activins, and BMPs all belong to a novel new family of
transmembrane receptors that contain a serine/threo-
nine kinase domain on their cytoplasmic surface (Mas-
sague 1992; Lin and Lodish 1993). Ligand binding is pre-
sumed to stimulate the serine/threonine kinase activity
of these receptors, perhaps by inducing the formation of
receptor dimers or multimers. Although the substrates
for the receptors are still largely unknown, the recogni-
tion of this new receptor family provides a clear starting
point for future studies of the detailed molecular mech-
anisms of action of TGF-B superfamily members on
cells.

Type II receptors

The nomenclature for TGF-8 superfamily receptors
grows out of pioneering biochemical studies of TGF-B1-
binding proteins. Early studies showed that TGF-pl
binds to at least three major cell-surface proteins found
on many cell types, termed type I, type II, and type III
receptors based on their approximate sizes of 53, 70-85,
and 200-400 kD {Massague 1990). The type I and type II
receptors were the best candidates for signaling recep-
tors, because they are the only receptors lost in mutant
cell lines selected for resistance to the growth inhibitory
effects of TGF-B1 and TGF-B2 (Laiho et al. 1990).

Expression cloning of the activin type II receptor pro-
vided the first indication that members of the TGF-B
superfamily signaled through transmembrane serine/
threonine kinases (Mathews and Vale 1991). The mouse
activin receptor is a 503-amino-acid protein with an
amino-terminal signal sequence, a small extracellular
domain of 115 residues, a single hydrophobic transmem-
brane-spanning region, and an intracellular region con-
taining a serine/threonine kinase domain (Fig. 2). Subse-
quent work identified a second activin receptor type II
gene (ActRIIB) that can be alternatively spliced to pro-
duce at least four additional receptor isoforms varying
three- to fourfold in their affinity for activin {Attisano et
al. 1992; Mathews et al. 1992). The different isoforms
may contribute to the striking concentration depen-
dence of activin'’s effects on cells {Green et al. 1992).

The first type II receptor for the TGF-B subclass of
molecules was also isolated by expression cloning (Lin et
al. 1992). The TGF-B receptor shows very limited homol-
ogy to the activin receptor in the extracellular domain
(<10% identity) but extensive homology in the intracel-
lular kinase domain (see Table 2). The purified intracel-
lular domain will phosphorylate itself in vitro on serine
and threonine residues {Lin et al. 1992). In addition, mu-
tations that disrupt the kinase domain block signaling by
the receptor (Wrana et al. 1992).

The C. elegans daf-4 gene encodes a new type II trans-
membrane receptor {Estevez et al. 1993). Although the
worm ligand for the daf-4 receptor has not yet been iden-
tified, the receptor will bind mammalian BMP2 and
BMP4 with a K4 of ~4 nm. This binding is not inhibited
by TGF-B or activin. Binding to the 60A subclass of
BMPs has not yet been tested. Mutations that disrupt
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Figure 2. Signaling receptors for TGF-B superfamily members.
Both type I and type II receptors are transmembrane proteins
with an amino-terminal signal peptide, a small extracellular
region, a single hydrophobic transmembrane helix, and a cyto-
plasmic domain predicted to have serine/threonine kinase ac-
tivity. A 9-amino-acid cysteine box {CCX, ;CN) is found in the
extracellular domain of both receptor types. Type I receptors
differ from type II receptors in the sequence of the kinase do-
main, the presence of a short series of tandem Ser/Gly residues
and other conserved amino acids immediately preceding the
kinase domain (here called the Type I box), and a characteristic
pattern of seven extracellular cysteine residues preceding the
cysteine box in the extracellular domain {CXCX;3.5C4.55C,.5C1a.
16GC.X;.1oCX,,.13)- A variety of experiments suggest that both
types of receptors are required for normal signaling and probably
form a heteromeric complex (see text).

daf-4 gene function map in the kinase domain of the
receptor, again confirming the importance of this region.

Dual requirement for type II and type I receptors

Although type II receptors have both an extracellular
binding domain and an intracellular signaling domain,
they may not be sufficient for normal signaling. Several
somatic cell mutants resistant to the growth inhibitory
effects of TGF have been isolated previously (Laiho et al.
1990; Inagaki et al. 1993). Some of the mutants lose just
type I receptors, some lose both type I and type II recep-
tors, and some maintain both receptors but are unable to
signal. The mutants that have lost only type I receptors
cannot be corrected with the cloned type II receptor
(Wrana et al. 1992). In these cells, TGF-B can bind the
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type II receptor on the cell surface, but binding does not subgroup in the receptor family based on the sequence of
lead to transcriptional and growth inhibitory responses. the kinase domain, amino acid similarities immediately
Mutants that have lost both type I and type Il receptors preceding the kinase domain, and similar patterns of ex-
can be rescued by reintroducing the cloned type II recep- tracellular cysteine residues (Fig. 2; Table 2). Similar se-
tor. Both type I and type II receptors reappear in trans- quence features are seen in several other recently iso-
fected cells {Wrana et al. 1992; Inagaki et al. 1993). Se- lated transmembrane serine/threonine kinases, suggest-
quencing studies have confirmed that some of these dou- ing that they represent type I receptors for ligands not yet
ble receptor negative mutants have point mutations in identified (see footnote to Table 2).
the type II receptor gene (Wrana et al. 1992). These stud- Several experiments suggest that the type I and type II
ies suggest that the type II receptor is essential for ap- receptors interact physically and functionally. The type I
pearance of functional type 1 receptors on the cell sur- receptors only show binding activity when coexpressed
face. The type II receptor could be required for normal with type II receptors (Attisano et al. 1993; Ebner et al.
synthesis, processing, or transport of the type I receptor, 1993b). This property explains why these receptors have
or for binding of TGF-B to the type I protein. been difficult to isolate using expression cloning ap-
proaches, and why initial studies of their ligand specific-
Type I receptors ity (Matsuzaki et al. 1993} have been revised by subse-
quent studies (Attisano et al. 1993; Ebner et al. 1993a,b).
The dual requirement for type I and type II receptors has Surprisingly, the binding specificity of type I receptors
led to great interest in the nature of the type I receptor may depend on the particular type II receptor with which
molecule. Recent studies by several laboratories suggest they are coexpressed. The same type I subunit will bind
that type I receptors are also transmembrane serine/thre- either activin or TGF-B, depending on whether it is co-
onine kinases (Attisano et al. 1993; Ebner et al. 1993b; expressed with the activin or TGF-B type II receptor (At-
Franzén et al. 1993). The type I receptors form a distinct tisano et al. 1993; Ebner et al. 1993a). Conversely, the

Table 2. Sequence relationships between transmembrane serine/threonine kinase receptors

TSRI/ALK-1
ALK-3
ALK-4
ALK-5
DAF-1
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ActRIIB
TGFBRII
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SKRV/ActRI/ALK-2
TSRIVALK-1
ALK-3

ALK-4

ALK-5

DAF-1

ActRIT

ActRIIB

TGFBRII

DAF-4

ype I subfamily

Type II subfamily

The different receptor molecules were aligned across the intracellular kinase domain. Percent amino acid identities are shown for all
pairwise combinations. Phylogenetic analysis using Clustal V (Higgins et al. 1992) suggests that they fall into two distinct subgroups,
type I and type II (shaded). Although the daf-1 receptor shows limited sequence homology to both type I and type II receptors and has
previously been grouped more closely with type II receptors (ten Dijke et al. 1993), bootstrap analysis (Felsenstein 1985) strongly
supports the grouping with type I receptors shown here. In addition, the spacing of cysteine residues in the extracellular domain of the
daf-1 receptor closely resembles the characteristic pattern seen in type I receptors, and the daf-1 receptor contains some of the
characteristic amino acids in the type I box upstream of the kinase domain, including a short Ser/Gly repeat. The sequences shown
come from several different organisms and have been given different names by different groups. Where possible, human sequences have
been used, including sequences for TGF-B superfamily receptor-1 (Attisano et al. 1993) or activin receptor-like kinase 1 (ten Dijke et
al. 1993), (TSR-I/ALK-1); serine threonine kinase receptor 1 {Matsuzaki et al. 1993), activin receptor I [Attisano et al. 1993}, or activin
receptor-like kinase 2 {ten Dijke et al. 1993), (SKR-1/ActRI/ALK-2); activin receptor-like kinases 3, 4, and 5 (ten Dijke et al. 1993),
(ALK-3,4, and 5); and TGF-B type II receptor (Lin et al. 1992}, (TGFBRII). The activin type Il and IIB receptor (ActRII and ActRIIB)
sequences are from mouse (Mathews and Vale 1991; Attisano et al. 1992), and the DAF-1 and DAF-4 sequences are from worms {Georgi
et al. 1990; Estevez et al. 1993). Note that several other receptors have been isolated from other organisms. The mouse Tsk-7L (Ebner
et al. 1993b) and rat R1 (He et al. 1993} receptors group with the human SKR1/ActR1/ALK-2 receptor in phylogenetic analysis with
Clustal V. The rat R2, R3, and R4 receptors (He et al. 1993) group with the human ALK-4, TSR-1/ALK-1, and ALK-5 receptors,
respectively. The chick receptor protein kinase-1 (RPK-1) {Yamazaki et al. 1993) groups with the human ALK-3 receptor.
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signaling properties of the type II receptors change, de-
pending on the specific type I receptor with which they
are coexpressed. Activin will stimulate particular tran-
scriptional responses in cells expressing the activin type
II receptor and one of the activin type I receptors but not
in cells expressing the same type II and a different type I
receptor (Attisano et al. 1993).

Antibodies to either type I or type II receptors will
coimmunoprecipitate both type I and type II subunits
after cross-linking in the presence of ligand (Wrana et al.
1992; Attisano et al. 1993; Ebner et al. 1993a; Franzén et
al. 1993). Type I and type II receptors thus appear to form
complexes, although it is not yet clear whether the com-
plexes exist in the absence of ligands or are driven by the
dimeric nature of the ligands themselves.

The studies to date clearly suggest that combinatorial
interactions between receptor subunits will be a major
mechanism for controlling different cellular responses to
TGF-B-like molecules. Members of the TGF-B superfam-
ily are already known to form either homo- or het-
erodimers. Particular combinations of ligand subunits
may drive the formation of distinct receptor complexes,
thus coupling different ligands to different cellular re-
sponses. Conversely, different cells may express differ-
ent types of receptors for the same ligand. With a large
number of receptor subunits and receptor isoforms, it is
easy to imagine how the same factor may evoke different
responses in different tissues or at different times, one of
the major themes of recent studies of the role of these
factors in normal development (see below).

Other binding proteins

A number of other soluble and cell-surface proteins have
also been described that bind various TGF-B superfamily
members (Massague 1990; Lin and Lodish 1993). These
proteins may mask or enhance effects of family mem-
bers, target them to particular tissues or extracellular
matrix sites, or affect their clearance from the circula-
tion, from tissues, or from the cell surface. Three well-
studied examples include (1) a binding protein that is
found in a latent complex with the TGF-B1 pro- and
mature domain (Kanzaki et al. 1990; Tsuji et al. 1990;
Miyazono et al. 1991}, (2) a soluble glycoprotein made by
ovaries that binds activin and blocks the effects of ac-
tivin on pituitary cells {follistatin) (Ying 1989), and (3] a
cell-surface proteoglycan called betaglycan or the type III
receptor that may present different TGF-B isoforms to
the type II signaling receptor (Wang et al. 1991; Lopez et
al. 1993). In the absence of betaglycan, a small number of
type II receptors show high affinity binding to TGF-B1 or
TGF-B3 and fivefold lower affinity for TGF-B2. In the
presence of betaglycan, a large number of type II recep-
tors are able to bind all three TGF-B isoforms with high
affinity. It is not yet clear whether other TGF-B-binding
proteins have similar effects. Some of these molecules
may represent other signaling receptors in their own
right or may signal through mechanisms that have not
yet been identified.

TGF-B superfamily update

Genetic tests of function

For many years the primary information available for
most members of the TGF-B superfamily has been their
sequence, their normal expression patterns, and their bi-
ological effects when added to cultured cells or animals.
Although this has led to many hypotheses about their
normal function, most of these roles still need to be con-
firmed by examining the phenotypic effects of inactivat-
ing the factor during normal development. This has now
been possible in several cases.

Flies and dpp

The dpp locus in Drosophila is the best-studied member
of the superfamily in genetic terms. The name decapen-
taplegic refers to the 15 or more defects that are caused
by mutations in the gene (Spencer et al. 1982). Only
some of these will be mentioned here.

Dorsoventral axis During early development, the
dpp gene product appears to act as a secreted morphogen
that helps to set up the dorsoventral axis of the embryo
(Ferguson and Anderson 1992a; Wharton et al. 1993).
Loss-of-function mutations in the dpp gene cause an ex-
pansion of ventral structures into the dorsal-most 40%
of the embryo. These mutations are lethal even when
heterozygous, suggesting that the level of the dpp gene
product is crucial for normal development. Extra copies
of the dpp gene cause the opposite effect, the expansion
of dorsal structures (Wharton et al. 1993). In addition,
injections of transcripts from the dpp gene lead to for-
mation of a new dorsoventral axis in mutant embryos
that lack maternal and zygotic determinants of dorsov-
entral polarity (Ferguson and Anderson 1992a). The site
of injection determines the orientation of this axis, and
the amount injected determines the type and extent of
dorsal structures. The dpp gene product is the best ex-
isting candidate for a long sought class of molecule in
development, a secreted signaling molecule that can
specify different cell fates at different concentrations
{Slack 1993).

Transcripts from the dpp gene are localized specifi-
cally in the dorsal 40% of the embryo (see Fig. 3}, the
same region affected by dpp mutations (St. Johnston and
Gelbart 1987). An activity gradient of dpp is presumed to
exist within this region but has not yet been demon-
strated directly. Several genes have been identified that
may modulate the activity of dpp along the dorsoventral
axis {Ferguson and Anderson 1992b). One of these genes
(tolloid) encodes a secreted protein with homology to
metalloproteases (Shimell et al. 1991). In mammals, a
similar protein called BMP1 copurifies with other bone
morphogenetic proteins, including the presumed mam-
malian homologs of dpp (Wozney et al. 1988). In sea ur-
chins, related proteins are expressed along the embry-
onic axis in a manner strikingly reminiscent of the lo-
calized expression of dpp and tolloid in Drosophila (Fig.
3) {Lepage et al. 1992; Reynolds et al. 1992). BMP1/tol-
loid-like proteins are clearly ancient and must play an
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Figure 3. Axis formation in diverse or- Dorsal
ganisms may involve TGF-g family mem- dpp

bers or associated proteins. The dpp gene

is normally expressed in the dorsal 40% of

the Drosophila embryo and appears to act

as a morphogen that specifies increasingly

dorsal fates at increasingly higher levels of

activity (Ferguson and Anderson 1992a;

Wharton et al. 1993). The BP10 and SpAN Ve
proteins of sea urchins are homologous to
tolloid and BMP1 protease-like molecules
that interact functionally and physically
with members of the DPP/BMP group of
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molecules (Lepage et al. 1992; Reynolds et al. 1992). Antibodies to BP10 interfere with normal development of the animal half of the
embryo (Lepage et al. 1992). Transcripts from the Vgl gene accumulate at the vegetal pole of Xenopus oocytes (Weeks and Melton
1987). Regional activation of the Vgl protein may produce an early signal that induces mesoderm from the overlying animal region
{Thomsen and Melton 1993). The dorsalin gene is expressed in the dorsal region of the chick spinal cord and may normally promote
the emigration of neural crest and inhibit the formation of motor neurons in the dorsal region {Basler et al. 1993).

important, though not yet understood, role in the DPP/
BMP signaling pathway. Several other Drosophila genes
may help in identifying additional molecules that affect
the production, distribution, or reception of DPP/BMP
signals {Ferguson and Anderson 1992b).

Gut development The dpp gene is also required for
normal gut development in Drosophila {Immergliick et
al. 1990; Panganiban et al. 1990; Reuter et al. 1990). It is
expressed in visceral mesoderm cells along particular re-
gions of the developing intestine, a pattern that is depen-
dent on expression of the Ultrabithorax {Ubx) homeotic
gene in the same regions. The protein product of the dpp
gene then spreads to the overlying intestinal epithelial
cells. This expression is required for normal induction of
the labial homeotic genes in the epithelial cells. In the
absence of the dpp gene product, labial is not expressed
and a characteristic constriction fails to form in the mid-
gut. This is a particularly well-worked out example of
mesenchymal epithelial interactions in normal organ de-
velopment. Secretion of the DPP protein arries a signal
from the segmented visceral mesoderm to the unseg-
mented gut epithelium, ultimately resulting in the for-
mation of new morphological divisions in the intestine.

Imaginal discs Mutations at the dpp locus were first
recognized by their profound effects on the size and pat-
terning of many adult appendages such as wings, eyes,
antenna, legs, and genitals (Spencer et al. 1982). In
Drosophila, these adult structures all form from small
discs of cells set aside early in development, the imaginal
discs. The discs grow throughout larval development and
then replace larval tissues during pupation and meta-
morphosis. The dpp gene is expressed in a horizontal
stripe in many different imaginal discs (Gelbart 1989;
Masucci et al. 1990; Blackman et al. 1991). This stripe is
located just anterior to the anterior/posterior disc do-
mains that have been defined by cell lineage and expres-
sion of other genes. Interestingly, the stripe of expression
does not correspond to the same axis that is disrupted by
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mutations in the dpp gene (the proximodistal axis). The
dpp gene may function as part of a coordinant system
that assigns positional identities to cells in the disc
(Gelbart 1989; Bryant 1993).

Worms and dauer larvae

The soil nematode C. elegans enters a special dauer (en-
during) larva stage when population density exceeds the
food supply (Riddle 1988). Normal formation of dauer
larva requires specific sensory neurons and is triggered
by the balance between worm phermones and food sig-
nals. Genetic analysis has identified a series of daf mu-
tations that are unable to form dauer larvae or that form
larvae constitutively in the presence of abundant food
(Riddle 1988; Vowels and Thomas 1992). Mutations in
the daf-1 and daf-4 genes produce a dauer constitutive
phenotype and appear to act at a similar point in the
dauer pathway. daf-4 encodes a type II transmembrane
receptor kinase that binds mammalian BMPs but not
activins or TGF-B molecules {Estevez et al. 1993). daf-1
encodes a serine/threonine kinase receptor that probably
belongs to the type I class (Georgi et al. 1990; see Table
2). These two receptors may heterodimerize with each
other to form a functional receptor for a BMP-like mol-
ecule in C. elegans. The natural ligand is still unknown
but could be encoded by one of the other loci grouped
with daf-1 and daf-4 in the dauer pathway.

It is not yet clear where the receptor and ligand nor-
mally function. Transient expression of the wild type
daf-4 receptor in either L1 or dauer larva rescues the
daf-4 mutant phenotype (Estevez et al. 1993), suggesting
that the receptor is required for processing or execution
of signals in the dauer larva sensory pathway, rather than
for earlier generation or maintenance of responding cells.
The studies on the daf-1 and daf-4 genes establish the
dauer larva pathway as an important new system for
studying BMP/DVR signaling. Other daf genes may help
in identifying molecules that act both upstream and
downstream of BMP receptors.
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Frogs and dominant negatives

The large oocytes and embryos of amphibians have made
them favorite objects of study by developmental biolo-
gists. In the last several years, a number of molecules
from the TGF-B, fibroblast growth factor (FGF), and Wnt
families have been found that affect the normal induc-
tion and patterning of mesoderm tissue during Xenopus
development (Slack 1993). Several different members of
the TGF-8 superfamily, including Vgl, activins, and
BMPs, have striking effects on axis formation and meso-
derm induction when added to embryos or prospective
ectoderm tissue (Sive 1993; Thomsen and Melton 1993).
Transcripts from the Vg1 gene also normally accumulate
specifically in the vegetal half of developing oocytes (Fig.
3}, strongly suggestive of a normal role in mesoderm in-
duction (Weeks and Melton 1987). Recent experiments
with chimeric proteins suggest that proteolytic process-
ing of the Vgl precursor protein may further restrict its
activity to particular regions of the developing embryo,
possibly the Nieuwkoop signaling center in the dorsal
vegetal region (Thomsen and Melton 1993).

No germ-line mutations are available in Xenopus to
inactivate different growth factors and further test their
postulated roles in normal development. The availability
of cloned receptors, however, has made it possible to
interfere with particular signaling pathways using a
dominant negative approach (Amaya et al. 1991; Hem-
mati-Brivanlou and Melton 1992). By deleting the inter-
nal serine/threonine kinase domain of the activin type II
receptor, it is possible to create a receptor that can still
bind activin but should no longer be able to signal. When
such constructs are injected into developing frog em-
bryos, normal mesoderm formation is blocked (Hem-
mati-Brivanlou and Melton 1992). The inhibitory effects
can be overcome by coinjecting wild-type activin II re-
ceptors. In contrast, another research group has reported
partial axis duplications after injection of a different ac-
tivin receptor construct containing a partial deletion of
the cytoplasmic kinase domain (Nishimatsu et al.
1992a).

It is not clear whether truncated receptors act by se-
questering activin itself or by dimerizing with and alter-
ing the function of normal receptors. The truncated re-
ceptors could also affect signaling by other members of
the TGF-B superfamily, a possibility made more likely
by the discovery that some type I receptors can bind both
TGF-B and activins (Attisano et al. 1993; Ebner et al.
1993a). Nonetheless, the results to date already suggest
that signaling by some member of the TGF-B superfam-
ily is necessary for normal mesoderm formation. The
dominant negative receptor approach is likely to find
broad use in testing the in vivo importance of signaling
by other growth factors (including Vgl) in frog develop-
ment.

Mouse and human mutations

nodal Additional genetic evidence for an important
role of a TGF-B family member in early vertebrate de-

TGF-B superfamily update

velopment comes from a retroviral insertion in the
mouse nodal gene. This insertion leads to a failure to
form the primitive streak in early embryogenesis, a lack
of axial mesoderm tissue, and an overproduction of ec-
toderm and extraembryonic ectoderm (Conlon et al.
1991; lannaccone et al. 1992). The predicted nodal gene
product is a TGF-B superfamily member about equally
related to activins and BMPs (Zhou et al. 1993). The se-
creted nature of the product is consistent with previous
studies showing that the mutant phenotype is cell
nonautonomous (Conlon et al. 1991). Whole-mount in
situ experiments suggest that nodal is expressed specif-
ically at the tip of the primitive streak in a region ho-
mologous to Henson’s node in chicks. The mutant phe-
notype is first manifest prior to the appearance of the
node, however, and PCR experiments suggest that the
gene is also expressed at earlier stages in unknown re-
gions {Zhou et al. 1993). The mutant phenotype and ex-
pression in the node both suggest that the nodal gene
product plays an important role in mesoderm formation
in mice. More detailed understanding of the mechanism
of action of nodal will likely come from studies of its
effects on mesoderm formation and patterning in Xenopus.

TGF-B1 In the mouse, it is now possible to use ho-
mologous recombination in embryonic stem (ES) cells to
construct mutations in virtually any cloned gene. Two
members of the TGF-B superfamily have already been
knocked out by this approach, and mutations in many
other family members should be reported in the next
year or two.

Animals homozygous for null mutations in the TGF-
B1 gene survive until birth with no apparent morpholog-
ical abnormalities (Shull et al. 1992; Kulkarni et al.
1993). The animals subsequently develop a massive im-
mune infiltration in many different organs and usually
die around weaning age. These results suggest that
TGF-B normally suppresses immune reactions, a conclu-
sion that is strongly supported by the known effects of
TGEF-B1 on many immune cells (Ruscetti and Palladino
1991).

Although newborn mutant animals lack a functional
copy of the TGF-B1 gene, recent immunohistochemical
studies suggest that they nonetheless appear to contain
significant levels of TGF-B1 protein (J. Letterio, A. Gei-
ser, and A. Roberts, unpubl.). Potential sources are the
maternal circulation or the milk. The presence of mater-
nal TGF-f1 may mask many developmental conse-
quences of the TGF-B1 mutations. Similar potential
complications should be kept in mind when interpreting
the effects of mutations in other members of the TGF-8
superfamily.

Inha ES cells have also been used to construct mu-
tations in the Inha gene {Matzuk et al. 1992). Inhibins
were originally identified because of their ability to sup-
press production of follicle-stimulating hormone (FSH)
from pituitary cells. They are normally expressed in the
gonads and may provide an important negative feedback
signal that helps in regulating circulating FSH levels.
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Two different forms of inhibin exist, each a heterodimer
of a common a-subunit and one of two different B-sub-
units {B A or B). Inactivation of the o-subunit should
disrupt the formation of both forms of inhibin, without
disrupting the ability of the B A and B B subunits to
associate with one another to make activins. Animals
homozygous for the Inha mutations are viable and have
normal secondary sexual characteristics (Matzuk et al.
1992). Both males and females are infertile, however, and
all of the animals develop tumors of gonadal stromal
cells. Levels of FSH are elevated two- to threefold at 1-3
months of age, and elevated levels earlier in develop-
ment could contribute to tumor formation. Alterna-
tively, inhibin could normally act as a secreted signal
that locally inhibits the proliferation of gonadal stromal
cells.

To date, all of the Inha mutants have been born from
mothers that are themselves heterozygous for the Inha
mutation. Levels of inhibin protein have not yet been
reported in the mutant mice, and it is possible that ma-
ternal inhibin masks other developmental consequences
of Inha mutations.

MIS MIS was originally isolated based on its ability
to cause regression of the embryonic duct system that
develops into oviducts and uterus {Lee and Donahoe
1993). This duct system is present in early mammalian
embryos of both sexes but regresses in males. The only
known site of expression of the MIS gene during mouse
embryonic development is in the Sertoli cells of the male
testes (Munsterberg and Lovell 1991). If the gene is mis-
expressed in female transgenic mice using a metallothio-
nine promoter, it inhibits normal Miillerian duct differ-
entiation and blocks formation of the uterus and ovid-
ucts (Behringer et al. 1990). Conversely, human
mutations that inactivate the gene lead to persistence of
Miillerian duct structures in males (Knebelmann et al.
1991). There is thus an excellent collection of studies
showing that this gene is necessary, sufficient, and ex-
pressed at the right time and place to control Millerian
duct regression during normal development.

BMP5 A large fraction of the TGF-B superfamily now
consists of proteins isolated on the basis of their ability
to induce formation of new bone and cartilage when in-
jected under the skin or into muscles of rodents, or iso-
lated because of strong homology to such factors (Rosen
and Thies 1992). Although there have been many doubts
about the physiological relevance of the heterotopic
bone formation assay, the first mutations identified in a
mammalian BMP gene strongly support a key role for
BMPs in normal skeletal development.

Mutations at the mouse short ear locus alter the size,
shape, and number of many different skeletal elements,
greatly reduce the size of the external ear, and decrease
the repair of bone fractures in adults {Green 1968). This
gene was recently isolated by chromosome walking and
shown to encode BMP5, one of eight known mammalian
BMPs. Viable mutations at the short ear locus consist of
deletions, translocations, or point mutations that either
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completely eliminate BMP5-coding sequences or alter
key amino acid residues (Kingsley et al. 1992 and manu-
script in preparation).

Short-eared mice have defects in the earliest stage of
normal skeletal formation, the condensation of mesen-
chyme cells into the rough outlines of future skeletal
elements. At specific anatomical locations, condensa-
tions are either missing or have altered shapes and sizes
(Green and Green 1942). Expression studies have shown
that transcripts from the BMP5 gene are expressed in
complex patterns that are coextensive with regions of
condensing fibroblasts (J. King, P. Marker, and D. Kings-
ley, in prep.). Together with data showing that purified
BMP5 protein can induce local formation of new bone
and cartilage when implanted at new sites in adult ani-
mals (Wozney 1992), the genetic and expression data
strongly suggest that BMP5 gene plays a key role in ini-
tiating the formation of particular skeletal features in
higher animals. Various defects in adult animals, includ-
ing the reduced rate of repair of bone fractures in short
ear mice, suggest that BMP5 may also be required for
growth and repair of skeletal structures after birth
(Green 1958).

Why are the alterations in short ear mice confined to
particular skeletal features? Many other BMP molecules
are able to induce ectopic bone and cartilage, suggesting
that the vertebrate genome has a large collection of mol-
ecules that could provide osteoinductive stimuli during
normal development (Wang et al. 1990; Hammonds et al.
1991; Sampath et al. 1992; Wozney 1992). The different
genes may be responsible for skeletal formation in dif-
ferent body regions, with the overall form and pattern of
the skeleton built up from the composite activity of the
BMP signaling pathway in different regions (Kingsley
1994). This model predicts that mutations in other BMP
genes will also disrupt specific morphological features in
the skeleton, and that combining mutations in different
genes will produce progressively more severe changes in
the skeleton.

BMPs are also likely to play many other roles in nor-
mal development. Some of the genes are expressed in
interesting patterns in nonskeletal tissues, frequently at
sites of interaction between epithelial layers and mesen-
chyme (Lyons et al. 1989b; Lyons et al. 1990; Jones et al.
1991; Vainio et al. 1993). Xenopus homologs of BMP2,
BMP4, and BMP7 are expressed maternally (Dale et al.
1992; Nishimatsu et al. 1992b}, and injections of BMP4
into developing Xenopus embryos promotes formation of
ventral/posterior mesoderm (Dale et al. 1992; Jones et al.
1992a). Misexpression of BMP4 in mice blocks prolifer-
ation of hair cells (Blessing et al. 1993). Beads soaked
with BMP4 mimic the ability of dental epithelium to
induce expression of several transcription factors and
BMP4 itself in dental mesenchyme (Vainio et al. 1993).
Finally, short ear animals have an increased frequency of
a number of soft tissue abnormalities, including lung
cysts, liver granulomas, and hydrotic kidneys {Green
1968). Some of these defects may reflect a normal re-
quirement for BMP5 expression in soft tissue develop-
ment.
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Conclusions and perspectives

The studies to date illustrate several key points about
the TGF-B superfamily. It is striking that related genes
show up in similar processes in vastly different organ-
isms. TGF-B family members or BMP-1/tolloid-like pro-
teins are clearly implicated in dorsoventral patterning of
Drosophila embryos, sea urchin blastula, Xenopus and
mouse mesoderm, and chicken neural tube (Figure 3). In
both Drosophila and Xenopus TGF-B family members
induce different tissue types at different concentrations.
Gradients of the activity of these molecules, together
with different concentration thresholds for cellular re-
sponses, may be a fundamental mechanism for assigning
cell identities along an embryonic axis. Members of the
family are also expressed at many sites of mesenchymal—-
epithelial interactions in organisms from flies to mice.
These common roles may reflect ancient evolutionary
functions in axis formation and tissue interaction that
already existed in the common ancestors of arthropods
and chordates.

It is also clear that individual members of the family
can play multiple roles in a given organism. This has
been demonstrated most clearly for dpp, which func-
tions in dorsoventral axis formation, gut formation, and
patterning of imaginal discs. Interesting, the cis-acting
regulatory sequences that control these different func-
tions map to different regions of the gene and are largely
separable from one another (Masucci et al. 1990; Black-
man et al. 1991; Huang et al. 1993; Hursh et al. 1993;
Masucci and Hoffmann 1993). The mosaic structure of
the regulatory regions gives the strong impression of a
gene that has been coopted for different functions in
Drosophila by piecemeal addition of new control ele-
ments.

As might be expected, the same ancestral genes have
been utilized for some unique functions in different or-
ganisms. Drosophila BMP-like proteins clearly do not
make bone and cartilage in flies but will when injected
into mammals (Sampath et al. 1993). Homologous genes
in mammals appear to be required for normal formation
of skeletal elements, a role that they must have assumed
after the divergence of vertebrates and invertebrates.

The mechanisms by which similar TGF-8 family
members are coupled to different responses in different
tissues and organisms are still unknown. Multiple recep-
tor isoforms, multiple subunits, and combinatorial inter-
actions between receptor subunits undoubtedly account
for some of the diversity of responses to members of the
family. The substrates for the receptors are still un-
known, and an enormous amount of work remains to be
done to determine the pathway of receptor signaling in
any one tissue, and how this pathway differs in different
cells.

Perhaps the biggest surprise in the last decade of work
in biology has been that very different looking organisms
are built using similar molecules and developmental
pathways. This may seem obvious after 10 years of rev-
elations showing that homeo domain proteins, steroid
receptors, tyrosine kinase receptors, ras signaling, and

TGEF-B superfamily update

TGF-B family members are present in many different
animals and often play similar roles in cell-cell commu-
nication or axis formation. For many years, however,
most people thought that only basic cellular metabolism
would be ancient and universal. It now seems clear that
many basic mechanisms of axis formation and tissue in-
teraction also existed in the common ancestors of mod-
ern metazoans. Future studies of the TGF-B superfamily
should profit enormously from the realization that the
same signaling pathways appear to underlie key steps in
sea urchin, fly, worm, frog, chick, mouse, and human
development. The interacting molecules and pathways
found in any of these organisms will likely be immedi-
ately relevant to studies of a wide variety of biological
phenomenon associated with TGF-g superfamily mem-
bers in other systems.
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