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Mesoderm Induction in Amphibians: The Role of 
TGF-P2-Like Factors 

Mesoderm induction in the amphibian embryo can be studied by exposing animal 
region explants (destined to become ectoderm) to appropriate stimuli and assaying the 
appearance of mesodermal products like a-actin messenger RNA. Transforming 
growth factor P2 (TGF-P2), but not TGF-Pl, was active in a-actin induction, while 
addition of fibroblast growth factor had a small synergistic effect. Medium conditioned 
by Xenopus XTC cells (XTC-CM), known to have powerful mesoderm-inducing 
activity, was shown to contain TGF-P-like activity as measured by a radioreceptor 
binding assay, colony formation in NRK cells, and growth inhibition in CCL64 cells. 
The activity of XTC-CM in mesoderm induction and in growth inhibition of CCL64 
cells was inhibited partially by antibodies to TGF-P2 but not by antibodies to TGF-P1. 
Thus, a TGF-P2-like molecule may be involved in mesoderm induction. 

INDUCTIVE INTERACTIONS ARE CRITI-

cal to the elaboratio~l of the body plan 
of all vertebrate embryos, as studied 

most extensively in amphibians. The earliest 
known induction concerns the establish-
ment of the mesodcrm (1). In normal em- 
bryogenesis t l ~ e  mesodcrm develops mostly 
from cells that occupy a torus around t l ~ c  
equator of the blastula, while cells from t l ~ e  
animal hemisphere ("animal caps") primari- 
ly generate ectodermal derivatives (1, 2). 
Only ectodermal differentiation occurs after 
culture of animal caps derived from blastu- 
lae; mesodermal derivatives arise when ani- 
mal caps are cultured in contact with vegetal 
tissue, implying an inductive interaction in 
mesoderm differentiati011 (1). Such interac- 
tions almost certainly also occur in normal 
cmbryogencs~s (3, 4). 

As shown by Smith (5) medium condi- 
tioned by the Xenopus XTC cell line (XTC- 
CM) is able to induce animal caps to form 
various mesodermal derivatives including 
muscle. Subsequently, Slack et al. (6) report- 
ed that fibroblast growth factor (FGF) has 
inducing activity, y~elding various products 
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including muscle (a dorsal mesodermal tis- .,
sue), but primarily inducing ventral meso- 
derm, such as blood cells. Kimclman and 
Kirschncr (7) reported t l~at  transforming 
growtl~ factor (3 (TGF-6) potentiates the 
effect of FGF in inducing a-actin (indicating 
formation of muscle tissue). 

TGF-P is known to occur in two related 
forms (8, 9). T o  further study the rclation- 
shiv of these factors to mesoderm induction 
we incubated animal explants from Xenopus 
lami blastula embryos in medium contain- 
ing TGF-61 or TGF-(32 (10). TGF-(32 was 
found to induce mesoderm according to the 

u 

following two criteria. In the presence of 
TGF-62, animal explants formed elongated 
structures (Fig. 1~)reminiscent of mesoder- 
mal derivatives of the marginal zone and 
similar to tl~osc obtained with the mcso- 
derm-inducing XTC-CM (Fig. 1B) (5). Fur- 
ther, TGF-(32 induccd the expression of a -  
actin messenger RNA (mRNA) in t l ~ e  ex-
plants (Fig. 2 ~ ) .  During Xenopus embryo-
genesis, muscle-specific a-actin mRNA 
accumulates exclusively in the somites from 
stage 13 to 14 onward, providing t l ~ e  earli-
est known molecular marker for-the differ- 

'IXiation of (I1). lowest conccll-
tration of TGF-(32 dlat induced detectable 
a-actin mRNA varied from 3 to 12 ng/ml in 
different experiments; mRNA levels contin- 
ued to increase until t l ~ e  TGF-62 concentra- 
tion was raised to about 200 ng/ml. The 

12. L. A. MoKlt, in (9) ,pp. 496-499. 
13. J. L. Dobic, D. K. Wonlochel, 	C;. L. Rcll, J.  Vert. 

Paleontol. 4,  197 (1986). 
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ance and for irnproving thc n~anuscript along with 
C. T. Gce and H.  Ricbcr and H.  Lmz for the 
photographic work. 
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maximal level of a-actin mRNA induccd by 
TGF-(32 was significantly lower than that 
found in heat- or  acid-activated XTC-CM- 
treated animal explants (Fig. 2A). In agree- 
ment with other reports (6, 7),we found 
that TGF-61 did not exhibit detectable me- 
soderm-inducing activity (Fig. 2A). 

FGF exhibits weak muscle inducing activ- 
ity (6), and it has been reported that this 
activity is potentiated by TGF-P (7). We 
tested a-actin induction by combinations of 
FGF with TGF-(31 or TGF-P2. TGF-P2 
and FGF induced a-actin mRNA effectively, 
but the maximal level of mRNA obtained 
was the same as wid1 TGF-(32 alone; the 
only effect of combining the two factors was 
a shift in the TGF-62 dose response (Fig. 
2B). In contrast, a moderate and somewhat 
variable enhancement was seen in the inter- 
action betwee11 FGF and TGF-(3 1: t l ~ e  com-
bination of these factors led to between two 
and tl~rec times higher a-actin induction 
than FGF alone, while TGF-(31 alone had 
no cfl'ect (Fig. 2, A a ~ d  B). 

Since XTC-CM (5)is a homologous ma- 
terial and has the highest inducing ability in 
these experiments, we wished to test wheth- 
er t l ~ c  activity in XTC-CM and TGF-P2 
(Figs. 1 and 2) might be related. Two 
approaches were taken. First, XTC-CM was 
assayed for TGF-(3-like activity by several 
different methods; these assays do not differ- 
entiate between TGF-P1 and $2 . Second, 
polyclonal blocking antibodies specific 
against TGF-P1 or -P2 were tested for their 
ability to inhibit both the TGF-(3-like activi- 
ty as well as the mesoderm-inducing activity 
of XTC-CM. 

By means of a competitive radioreceptor 
binding assay (12), it could be shown that 
XTC-CM competed weakly for the binding 
of '2'~-labeled TGF-(3 1 (Fig. 3A). Pretreat- 
ment of XTC-CM with acid, a treatment 
known to activate latent TGF-P (13), result- 
ed in a ninefold enhancement of the compet- 
ing activity of XTC-CM; acid-treated XTC- 
CM was estimated to contain 220 pM (5 ng/ 
ml) TGF-P activity, by comparison to the 
standard (Fig. 3A). Although purified TGF- 
p is intrinsically active, TGF-P secreted by 
many different human or rodent cell lines is 
in a latent form which is unable to bind to 

REPORTS 783 



cellular receptors (14); this latent form can 
be activated by additication of the medium 
(13). The parallel enhancement by transient 
acidification of both assayable TGF-elike 
activity and mesoderm-inducing activity in 
XTC-CM strongly suggests that these two 
activities are related. 

The ability to induce NRK cells to form 
colonies in soft agar in the presence of 
epidermal growth factor (EGF) is the classic 
assay of TGF-P activity (15). As shown in 
Fig. 3B, acid-activated XTC-CM stimulated 
the formation of large colonies of NRK 
cells; comparison with a TGF-P1 standard 
gave an estimated value of 160 pM TGF-P- 
like activity in XTC-CM. 

TGF-P is a potent inhibitor of the growth 

Fig. 1. TGF-P2 induces elongation 
of animal explants. Animal cap ex- 
plants (10) incubated in TGF-P2 
(50 nglml) (A) take on an elongat- 
ed shape similar to that induced by 
incubation with XTC-CM (6). 
Note that the extrusion of the inner 
unpigrnented layer (asterisk) ob- 
tained in XTC-CM is not observed 
with TGF-P2. Control (C). 

of CCL64 cells (1 6). In our assay (1 7),  acid- 
activated XTC-CM inhibited the growth of 
the cells similarly to human TGF-P1 used as 
a standard, with an estimate TGF-P concen- 
tration of 220 pM in XTC-CM (Fig. 3C). 

Polyclonal antibodies raised in turkeys 
against either porcine TGF-P1 or TGF-P2 
(anti-TGF-Pl or anti-TGF-P2) were used 
in an additional test of the structural rela- 
tionship between the activity in XTC-CM 
and mammalian TGF-P. The specificity of 
the antibodies was tested with authentic 
TGF-Pl and -p2 in the CCL64 cell assay 
(Fig. 4): anti-TGF-P2 inhibited the activity 
of TGF-P2 completely and of TGF-P1 
slightly, while anti-TGF-Pl was M y  specif- 
ic. Finally, to test whether the mesoderm- 

including activity of XTC-CM was depen- 
dent on the presence of a TGF-elike pep- 
tide, the same blocking antibodies were used 
in an attempt to interfere with the induction 
of a-actin mRNA in animal cap explants. 
Antibodies against TGF-P2 inhibited the 
activity of XTC-CM by 80% (as measured 
by the level of a-actin mRNA accumula- 
tion), whereas antibodies against TGF-P1 
had little effect (Fig. 4). In other experi- 
ments the range of blocking of a-actin accu- 
mulation by anti-TGF-P2 was between 60 
and 80%. The fact that blocking is not 
complete may be due to imperfect recogni- 
tion between the XTC-CM factor and the 
heterologous antibody. This result, together 
with the demonstrated presence of T G F - e  
like activity in XTC-CM, indicates that at 
least one commnent of the mesoderm-in- 
ducing activity found in XTC-CM is struc- 
turally closely related to TGF-P2. 

Our data lead to three conclusions. First, 
TGF-P2 is active in mesoderm induction, 
whereas TGF-P1 is not. Our observations 
confirm the conclusion of Kimelman and 
Kirschner (7) that TGF-elike activity ap- 
pears to be involved in the formation of 
mesoderm; however, unlike these authors 

Fig. 2. TGF-P2 has mesoderm inducing activity 250 
as measured by accumulation of a-actin mRNA. TGF-p2 
(A) Tracing of a Northern blot showing induc- 
tion of a-actin mRNA in animal caps (10) cul- 
tured with the additions shown. RNA was ex- 125 
tracted and probed with an a-actin cDNA, mus- 
cle-specific a-actin mRNA visualized by radioau- 2 tography and quantitated by densitometry (3). A1 .i loo 
V is an animal caplvegetal recombiiate (I), x is an - 
animal cap induced by XTC-CM. (6)  Interaction O 

between FGF and TGF-P in mesoderm induc- q 75 
tion. FGF concentration was 50 nglml which 
gives approximately maximal a-actin induction. E 
The effect of TGF-P2 alone is shown from a $ 50 different experiment than the one shown in (A). i, 

25 
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Fig. 3. XTC-CM contains a TGF-khke activity. - 1 0  - A 
(A) Assay of the abiity of XTC-CM to compete 
with 'ZSI-labeled TGF-P1 for biding to A549 
human lung carcinoma cells (12), with ( 0 )  and = 6 
without (0) prior acidification (17); TGF-Pl 'E 
standard (A). (6) Assay of the abiity of acid- 2 
activated XTGCM to induce the formation of $ 
colonies of NRK cells in soft agar in the presence 2 
of 0.8 nM EGF (15) showed that XTC-CM ( 0 )  5 4 

70 4 

induced a dose-dependent increase in mean colo- 5 
ny size analogous to human TGF-Pl (A). (C) 8 3 
Dose-response curves of the growth inhibition of u 
CCL64 cells by human TGF-P1 (A) and acid- 
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Fig. 4. Antibody blocking cxpcriments. Each pair 
of bars shows thc activity remaining aftcr addition 
of anti-TGF-pl or anti-TGF-p2 antibody to an 
assay system (22). Thc left two cxpcrimcnts are 
s~ccificity tests, in which the CCL64 cell assay 
was used (17) (Fig. 3). Thc right pair of bars 
shows that antibodies to TGF-P2 block the ability 
of XTC-CM to induce a-actin mRNA in animal 
explants (10).Heat-activated XTC-CM was dilut- 
ed 1164-fold before trcatmcnt of animal caps. 
Dilot~on of the XTC-CM was ncccssary to scc thc 
antibody effect; at this concentration the lcvcl of 
a-actm RNA in thc abscnce of ant~body (100% in 
thc figurc) was 26% of the maximal level obtain- 
able at optimal concentrations of XTC-CM. 

we do not find significant synergism be- 
tween FGF and TGF-PI, possibly because 
the two groups used different factor prepa- 
rations. This issue and other differences in 
experimental design remain to be explored. 
The major result of the present work is that 
TGF-62 alone is active in muscle induction, 
while the role of FGF appears more impor- 
tant in formation of ventral mesoderm (6). 
In most other biological assay systems TGF- 
p l  and -p2 act interchangeably (8),but it 
has been found recently that TGF-Pl can act 
selectively in inhibiting proliferation of 
hematopoietic progenitor cells (18),and we 
report here a selective action of TGF-P2. 

The second conclusion is that XTC-CM, 
tlle most eff'ective mesoderm inducing activ- 
ity presently available, contains TGF-blike 
activity as measured in several assay systems. 
We and others (5) have shown that these 
TGF-elike activities, as well as mesoderm- 
inducing activity, are latent in XTC-CM, a 
typical property of TGF-P (13).Our third 
conclusion is that both the growth inhibi- 
tory activity of XTC-CM on CCL64 cells 
and the a-actin-inducing activity in embryo 
explants is inhibited by anti-TGF-P2, but 
very poorly by anti-TGF- p l  antibody (Fig. 
4). This observation provides the strongest 
evidence for the TGF-P2-like nature of the 
active principle in XTC-CM. 

Our results raise the following question: 
is the mesoderm-inducing activity in XTC- 
CM simply frog TGF-P2? Clearly, XTC-CM 
is much more effective in this system than 
mammalian TGF-P2. At least three possibil- 
ities arise. First, the active principle in XTC- 
CM is thexenopus homolog of TGF-P2, but 
the mammalian factor has diverged suffi- 
ciently from the frog factor to diminish 
activity. Second, the XTC-CM factor is re- 
lated to TGF-P2 but is not its direct homo- 
log. Thus XTC-CM would contain a factor 
that represents a distinct member of the 
TGF-P family more closely related to TGF- 
P2. This explanation is compatible with all 

Assay: CCL64 Induction 

Factor: TGF-Dl TGF-132 XTC 


Antibody 

facts known at present. 'Third, the active 
principle in XTC-CM is a mixture or corn- 
plm ofxenopus TGF-p2 and additional ma- 
terial which potentiates its activity. 

Is the active principle in XTC-CM the 
natural mesoderm inducer? XTC cells were 
derived from a metanlorphosing tadpole 
(19), a stage of development many weeks 
aker mesoderm induction occurs. Inducing 
factors have been isolated previously from 
various sources; the factor of Tiedemann 
(20) has many properties reminiscent of 
TGF-P. A gene, V81, whose transcript is 
localized in the vegetal region of thexenopus 
egg has been isolated and shown to be 
related in sequence to TGF-P (21).  The 
product of V81 is an excellent candidate for 
a factor involved in mesoderm induction in 
Xenupus. At present, the nature of the natu- 
ral mesoderm inducer remains unresolved, 
but it appears highly probable that at least 
one critical component in this system is a 
molecule structurally related to TGF-P2. 
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