
for 30 mln at 4°C. The beads were washed three 
times wlth NETN and incubated with 700 111 of 
radiolabeled in v~tro-translated proteln In NETN 
at 4°C for 1 hour The beads were washed five 
times in NETN, and the proteins were eluted by 
bo~ling for 5 min in SDS-PAGE loading buffer [2% 
SDS 10% glycerol, and 60 mM t r~s  (pH 6.8)] For 
pept~de competition experiments, 2 y g  of wild- 
type or mutant E7 peptide was included In each 
binding assay. 

34. COS cells were grown on 100 mM tissue culture 
plates In Dulbecco's modified Eagle's medium 
plus 10% fetal bovine serum (FCS) We trans- 
fected cells with 10 y g  of the pcDNA1INEO-Elf-1 
plasmid containing the full-length human Elf-1 
cDNA under the control of the cytomegalovirus 
promoter uslng lipofectin (BRL, Gaithersburg, 
MD) according to the manufacturer's ~nstructions. 
Forty-eight hours after transfection the cells were 
washed w~th phosphate-buffered saline and lysed 
by incubation for 15 mln at 4°C in EBC buffer [50 
mM tris (pH 8 O), 120 mM NaCI, 0 5% NP-40, 0.1 
mM aprot~nin, 1 mM leupept~n, and 0.1 mM phe- 
nylmethylsulfonyl fluoride]. Before the~r use in 
binding react~ons and immunoprecipitations, the 
cell extracts were cleared by centrifugation in a 
microfuge at 14,000 rpm for 15 min at 4°C. For 
immunoprecip~tat~ons, 300 )LI of COS cell extract 
or 400 pI of normal T cell extract was mixed wlth 
700 111 of NETN and 10 yl of Elf-1 antlserum or 
preimmune serum and incubated for 1 hour at 
4°C Protein A-Sepharose (Pharmacla) was 
washed three tlmes with 4% bovlne serum albu- 
mln in NETN Prote~n A-Sepharose (30 kI) was 
added to each immunoprecipitation reaction and 
Incubated for 45 min at 4°C The beads were 
washed five t~mes w~th NETN, and the proteins 
were eluted by boil~ng in SDS-PAGE loading 
buffer For the protein lmmunoblot experiments, 
Rb and Elf-1 protelns were resolved by electro- 
phores~s In 7.5% SDS gels ( 7  1, 12) Protein Im- 
munoblots were probed with the Rb mAb G3-245 
(Pharmingen San Diego, CA) or Elf-1 antiserum 
produced by five sequentla1 ~mmunizat~ons of a 
rabbit with pur~fied recomb~nant Elf-1 proteln Th~s 
antlserum lmmunopreclpitated Elf-1 but failed to 
immunoprec~pitate other Ets family members, In- 
cluding Ets-1, Ets-2, GA bind~ng proteln a, and 
PU.1 It immunoprecipltates a angle major protein 
of 97 kD from normal human T cells and from 
Jurkat cells, which corresponds In size to that of in 
vitro-translated Elf-I. It does not directly Immuno- 
prec~pitate Rb. The second ant~body was com- 
mercially available horserad~sh peroxidase-cou- 
pled goat ant~body to mouse ~mmunoglobulin (lg) 
or goat antibody to rabblt lg (BRL) 

35. Normal human T cells were isolated by dens~ty 
gradient centrifugation from bufly coats obtained 
from normal volunteers as described (31) All 
preparations used in these studies contained 
more than 95% lymphocytes as assessed by 
sta~nlng with Wright's stain. Human T cells were 
cultured at a densiiy of 2 x l o 6  cellslml in either 
RPMl + 10% FCS or activated by cultur~ng in 
RPMl + 10% FCS + PMA (10 nglml) + ionomyc~n 
(0.5 kg/ml) for 24 to 48 hours before harvesting. T 
cell extracts were prepared in EBC buffer as 
described above (400 x l o 6  cells per 0.5 ml of 
EBC buffer) 

36. Electrophoret~c mob~lity-shift assays (EMSAs) 
were carried out as descr~bed (5) with 32P-la- 
beled double-stranded synthetic ol~gonucleotides 
corresponding to the wild-type (GATCGTCAC- 
CATTAATCATTKCTCTAACTGT) or mutant 
(GATCGTCACCATTAATCATTrGGCATAACTGT) 
Elf-1 bindlng sites from the GM-CSF promoter. 

37. Human Jurkat T cell tumor cells were cultured in 
RPMl + 10% FCS and transfected w~th DEAE- 
dextran as descr~bed prev~ously (5). All transfec- 
t~ons contained 4 k g  of reporter plasm~d and 1 k g  
of the pRSVpgal reference plasmld. Cells were 
cultured for 36 hours after transfection and then, 
when Indicated, activated by treatment with PMA 
(40 nglml) + ~onomycin (1.4 kglml) for 8 to 10 
hours at 37°C. Cells were harvested and extracts 
assayed for CAT and p-galactos~dase activ~ty as 

descr~bed (5). All transfections were repeated at expert secretar~al assistance and B. Burck pro- 
least three t~mes. v~ded  help wlth the preparation of illustrat~ons. 

38 We thank 0 .  L~vlngston J ,  Lowe, M. Parmacek, Supported in part by NIH grant R01 A129673-01 
and G. Nabel for helpful d~scussions and P A (J.M.L.). 
Hamel for generously providing the pECE-Ap34- 
HA plasmid C. McNicholas-Serweclnski prov~ded 5 February 1993; accepted 7 April 1993 

Inactivation of the Type II Receptor Reveals Two 
Receptor Pathways for the Diverse TGF-p Activities 

Ruey-Hwa Chen, Reinhard Ebner, Rik Derynck* 
Transforming growth factor-p (TGF-p) is a multifunctional protein that regulates cell 
proliferation and differentiation and extracellular matrix production. Although two receptor 
types, the type I and type II receptors, have been implicated in TGF-p-induced signaling, 
it is unclear how the many activities of TGF-p are mediated through these receptors. With 
the use of cells overexpressing truncated type II receptors as dominant negative mutants 
to selectively block type II receptor signaling, the existence of two receptor pathways was 
shown. The type II receptors, possibly in conjunction with type I receptors, mediate the 
induction of growth inhibition and hypophosphorylation of the retinoblastoma gene product 
pRB. The type I receptors are responsible for effects on extracellular matrix, such as the 
induction of fibronectin and plasminogen activator inhibitor I, and for increased JunB 
expression. Selective inactivation of the type II receptors alters the TGF-p response in a 
similar manner to the functional inactivation of pRB, suggesting a role for pRB in the type 
II, but not the type I, receptor pathway. 

TGF-f3 is a secreted protein that inhibits 
proliferation of many cell types, regulates 
the expression of extracellular matrix pro- 
teins and their integrin receptors, and is 
considered an important physiological reg- 
ulator of cell ~roliferation and differentia- 
tion (I ,  2). Cross-linking experiments have 
revealed that most cells have three types of 
TGF-f3 receptors at the cell surface. The  
type 111 receptor (or betaglycan) is a pro- 
teoglycan with a short cytoplasmic domain 
(3, 4) and is not likely to mediate any of the 
known biological activities of TGF-B (5- , ~ 

7). The type I1 receptor has recently been 
cloned. and its sequence indicates that it is 
a serine-threonine kinase (8). Both type I 
and type I1 receptors have been implicated 
in  mediating the biological activities of 
TGF-f3 (5-7, 9). Complementation studies 
with mutant mink lung epithelial cell lines 
(MvlLu) resistant to growth suppression by 
TGF-f3 indicated that the type I receptors 
or both type I and type I1 receptors are 
necessary for all tested biological responses 
to TGF-P (5-7). In complementation anal- 
yses using different cell hybrids, increased 
type I1 receptor expression was associated 
with growth suppression but not induction 
of several matrix proteins (9). However, 
the concomitant increase in  type I receptor 
levels in this study (9) and the possible 
interaction between these two receptor 
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types (7, 10) complicates the interpretation 
of these data. In addition, the growth in- 
hibitory effect of TGF-P can be abolished 
by inactivation of pRB without affecting 
the ability of TGF-6 to induce an increased 
gene expression, suggesting that pRB is not 
involved in a defined set of responses (1 1). 
So far, it has remained unknown whether 
these different activities of TGF-p are me- 
diated through a single receptor complex 
with divergent signaling pathways or by 
separate receptor-associated pathways. 

T o  determine the s~ecific roles of the 
type I1 and type I receptors, one could 
overexpress the type I1 receptors or abolish 
the function of the type I1 receptors and 
then evaluate the resulting changes in  the 
spectrum of biological activities of TGF-P. 
Our first approach was to overexpress the 
type I1 receptor in transfected cell lines. 
Because very few cell lines lack endogenous 
TGF-P receptors (1, 9, 12), and other 
components of the TGF-f3 receptor signal- 
ing pathways could possibly be defective in  
these cells, we overexpressed type I1 recep- 
tors in cells that contain a low level of 
TGF-P receptors and are sensitive to TGF- 
p, such as the MvlLu cells (5). However, 
transient transfection assavs with exDres- 
sion vectors for the human type I1 receptor 
(8) in QT6 and 293 cells resulted not only 
in  increased cell surface expression of type 
I1 receptors but also in  increased availability 
of type I receptors (Fig. IA). This increase 
of type I receptors may be the result of the 
suggested interaction between both TGF-f3 
receptor types (6, 7, 10). Thus, even 
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though transfected MvlLu cells overex- 
pressing the type I1 receptors show an in- 
creased antiproliferative effect of TGF-P 
(13), these experiments do not permit an 
unambiguous assignment of the function to 
the type I1 receptor. 

We therefore decided to down-regulate 
the type I1 receptor by using dominant 
negative mutants (1 4) that do not affect the 
type I receptors. Deletions of the cytoplas- 
mic domains of several tyrosine kinase re- 
ceptors, known to dimerize during ligand- 
induced activation (15-1 7). and most re- 
cently of a Xenopus receptor for activin, a 
member of the TGF-P family (1 8), have 
been shown to act as dominant negative 
mutations. We thus constructed an expres- 
sion vector for a truncated type I1 receptor 
containing the complete extracellular and 
transmembrane domains but lacking most 
of the cytoplasmic domain, including the 
kinase domain (8). An eight-amino acid 
epitope tag was added to allow immunopre- 
cipitation with a specific monoclonal anti- 
body. This expression plasmid was first test- 
ed in transient transfection assays in QT6 
and COS-1 cells because of their high 
transfection efficiencies. Chemical cross- 
linking with ['z51]TGF-p showed that un- 
transfected QT6 cells expressed the three 
common TGF-P receptor types at their 
surface (Fig. lB, lane 1). The transfected 
cells contained an extra binding compo- 
nent of lower molecular weight correspond- 
ing to the truncated receptor (Fig. lB, lane 
3), which could be specifically immunopre- 
cipitated with an antibody directed against 
the COOH-terminal epitope tag (Fig. lB, 
lane 4). Thus, the truncated form is ex- 
posed at the cell surface and retains the 
ability to bind TGF-P. Furthermore, the 
expression of the truncated receptors mark- 
edly decreased the endogenous type I1 re- 
ceptor level but did not affect the level of 
cross-linked type I receptors (Fig. lB, lane 
3). This suggests that there may be a spe- 
cific interaction between the truncated and 
the wild-type form of the type I1 receptor, 
possibly resulting in degradation or im- 
paired transport to the cell surface. Because 
our transfection efficiency in QT6 cells is as 
high as 80% (1 3), the cross-linked endog- 
enous type I1 receptor in the pool of trans- 
fected cells is presumably due to the re- 
maining 20% of the cells. In a parallel 
experiment (Fig. lB, lane 2), transfection 
with a similar expression plasmid encoding 
a truncated, structurally related serine-thre- 
onine kinase receptor with different ligand 
specificity (1 3), did not affect the expres- 
sion and availability of the endogenous type 
I1 TGF-P receptors. Our findings were iden- 
tical in both the QT6 cells (Fig. 1B) and 
the COS-1 cells (1 3). Taken together, our 
results indicate that the truncated type I1 
TGF-P receptors act effectively and specif- 

ically on the type I1 receptors but do not 
alter the availability of the type I receptor. 

Trmsfected cells that stably overexpress 
the truncated type I1 receptor were gener- 
ated to evaluate resulting alterations in the 
biological activities of TGF-P. MvlLu cells 
were used as the target cell line because of 
their high sensitivity to the various biolog- 
ical effects of TGF-P (1, 2). Because of the 
intrinsic competitive nature of dominant 
negative mutants, the expression level of 
the truncated receptor needs to greatly ex- 
ceed that of the endogenous receptor. 
Among the transfected MvlLu cell clones, 
we obtained two clones with high levels of 
truncated receptor mRNA (13) and trun- 
cated cell surface receptor (Fig. 2, A and B) 
(1 3). As a result of the extremely high level 
of truncated receptors, the expression of 
endogenous type I and type I1 receptors at 
the surface could not be determined by 

cross-linking assays. However, transfected 
MvlLu cells producing a much lower level 
of the truncated receptor had a decreased 
level of endogenous type I1 receptor and an 
unaltered type I receptor level, as expected 
from our results in the transient transfec- 
tion assays (Fig. 2C). 

Exposure to 100 pM TGF-P1 inhibited 
DNA synthesis almost completely in the 
parent cells but hardly affected the DNA 
synthesis in the cells overexpressing the 
truncated receptor. Even at 1000 pM TGF- 
pl,  DNA synthesis was only minimally 
suppressed in the transfected cells (Fig. 
3A). Similar results were obtained when 
the cells were treated with TGF-P2 (1 3). 
The response of both transfected cell clones 
was equivalent. Accordingly, the prolifera- 
tion of the cells overexpressing the truncat- 
ed receptor was barely affected by 100 pM 
TGF-P 1, whereas the growth of the parent 

Fig. 1. Cross-linking of A QT6 
[1251]TGF-p1 to the sur- 293 B 1 2 3  4 

1 7 1 3 -- 
face of mock-trans- "1  a b - w  
fected cells or cells 
transfected with an ex- 
pression vector for ei- 
ther the complete type 
II receptor (A) or the 

I'-m1 
11- 

50 *. A 
truncated t v ~ e  II rece~-  I - 1- - 
tor (B). In ' i ~ ) ,  QT6 br 
293 cells were trans- 
fected with either salm- 
on sperm DNA (lanes 1) or the pRK5 (26)-based expression vector containing the human type II 
TGF-p receptor cDNA (lanes 2) (27). The type I and type II TGF-p receptors are indicated by Roman 
numerals. The type Ill receptor is at the top of the gel in the QT-6 cross-linking pattern and 
corresponds to the darkest band above the type II receptor in the 293 cell pattern. In (B), QT6 cells 
were transfected with salmon sperm DNA (lane I), the pRK5 expression plasmid containing the 
truncated human type II TGF-p receptor (lane 3) (25), or the same expression vector containing a 
truncated form of a structurally related serine-threonine kinase receptor with different ligand 
specificity (lane 2). In lane 4, the cells were transfected and cross-linked as in lane 3, but an 
immunoprecipitation (28) of the cell lysate was performed with a monoclonal antibody against the 
COOH-terminal epitope tag (22) in the truncated type II receptor. Arrow indicates band corre- 
sponding to the truncated receptor. 

Fig. 2. Expression of the truncated type II TGF-p A B C 
rece~tors in stablv transfected Mvl Lu cells. Cross- . .-, . . - , . "  
linki;lg of [1251]~~<p to the cell surface receptors was 
done with the parental Mvl Lu cells (A and B, lanes 1) 
and the stably transfected Mv1 LuDN1 cells (A and B, 
lanes 2). The cross-linked complexes were separated 
by denaturing and reducing polyacrylamide (7.5%) gel 
electrophoresis and exposed for autoradiography for 
24 hours (A) or 8 hours (B). In (C), the cross-linking 
pattern for cells expressing a low level of the truncated 
type Il .receptors (Mvl LUDNO cells) was compared in lane 2 with the parent Mvl Lu cells (lane 1). The 
Eco RI-Xba I fragment containing the truncated type II receptor cDNA (25) was blunted with DNA 
polymerase I (Klenow) and ligated into the Eco RV site of the expression vector pCDNA-lneo 
(Invitrogen), a cytomegalovirus promoter-based expression plasmid. The resulting plasmid was 
transfected into the MvlLu cells by lipofection according to the procedure recommended by 
Boehringer Mannheim Corp. The transfected cells were incubated in culture medium containing G418 
(600 ~glml). After 14 to 21 days, G418-resistant clones were selected, and the expression of truncated 
type II receptor mRNA was examined by Northern (RNA) blot analysis. Two clones (MvlLuDNl and 
Mvl LuDN2) expressing a high level of truncated receptor mRNA and one clone (Mvl LuDNO) expressing 
a laver level of truncated receptor mRNA were chosen for cross-linking analysis according to the 
procedure described in Fig. 1. MvlLuDN2 cells showed a similar cross-linking pattern as MvlLuDNl 
cells (13). Arrows indicate bands corresponding to the truncated receptor. 
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cells was almost totally inhibited (13). 
These results thus strongly suggest that the 
type I1 receptor plays a central role in the 
antiproliferative effect of TGF-P. 

Treatment of MvlLu cells with TGF-0 
has been shown to prevent phosphorylation 
of pRB and arrests the cells in late prerep- 
licative phase of the cell cycle (G,) (1 9). In 
the exponentially growing MvlLu cells, 
most of the pRB protein was in the hyper- 
phosphorylated state, whereas treatment 

0 12 20 0 12 20 hours --- __eP_ 

Fig. 3. Abolition of TGF-p-induced antiprolifer- 
ative effect and inhibition of pRB phosphoryla- 
tion in cells overexpressing truncated type I I  
receptors. (A) Comparison of TGF-p-induced 
inhibition of DNA synthesis in parental MvlLu 
cells and the transfected Mv1 LuDN1 cells over- 
expressing the truncated type I I  TGF-p recep- 
tor. Cells were plated at a density of 5 x lo4 per 
square centimeter in the absence or presence 
of various concentrations of TGF-p1 as indicat- 
ed. After a 36-hour incubation, [3H]thymidine (1 
pCi/ml) was added to each culture, the cultures 
were incubated for 3 hours, and the incorpo- 
ration of [3H]thymidine into acid-insoluble ma- 
terial was measured (29). Incorporated counts 
per minute were normalized to lo5 cells, and 
the percentage decrease in the normalized 
incorporation relative to cultures that received 
no TGF-p is presented. Mvl LuDN2 cells, anoth- 
er clone overexpressing the truncated type I I  
receptor, provided results similar to those of 
Mv1 LuDNl cells (13). In addition, exposure of 
the cells to TGF-p2 gave essentially the same 
results. (B) TGF-p effect on pRB phosphoryla- 
tion in Mvl Lu and Mv1 LuDN1 cells. Exponen- 
tially growing cells were incubated with or with- 
out 100 pM TGF-p for the indicated times, and 
the state of pRB phosphorylation (pRBphoS) was 
determined by immunoblot analysis as de- 
scribed (19). 

with TGF-P led to an accumulation of 
underphosphorylated pRB (Fig. 3B). In 
contrast, this TGF-P-induced inhibition of 
pRB phosphorylation was not observed in 
cells overexpressing the truncated type I1 
receptor (Fig. 3B). 

We then examined whether the induc- 
tion of plasminogen activator inhibitor type 
1 (PAI-1) and fibronectin synthesis by 
TGF-P was affected in the transfected cells. 
In contrast to the inhibition of cell prolif- 
eration, both the parental and transfected 
cells responded equally to TGF-P with an 
increased production of both PAI-1 and 
fibronectin (Fig. 4A). The synthesis of 
PAI-1 and fibronectin in the transfected 
cells was strongly increased at TGF-P con- 
centrations as low as 10 pM, even though a 
100-fold higher concentration had almost 
no effect on the proliferation of these cells 
(Fig. 3A). Thus, our results suggest that the 
type I1 receptor is not required for stimula- 
tion of the synthesis of these two extracel- 
lular matrix proteins. Finally, TGF-P also 
induced a similar increase in JunB mRNA 
levels in both the parent and transfected 
cell lines, indicating that this response, 
too, was not dependent on functional type 
I1 receptors (Fig. 4B). 

Overexpression of the truncated type I1 
receptor specifically inhibits the function of 
the endogenous type I1 receptors at the cell 
surface and abolishes specific cellular re- 
sponses, indicating that the truncated re- 
ceptor functions as dominant negative mu- 
tant (14). By analogy with other receptor 
kinases (1 5-1 7), including the related ac- 
tivin receptor (18), the simplest model is 
that truncated and wild-type receptors form 
heterodimers and in this way abrogate a 
functional response. The reduced level of 
endogenous type I1 receptor may then be 
due to an accelerated degradation of the 
heterodimers of the truncated and wild-type 
type I1 receptors or by an impaired transport 

of the wild-type receptor to the cell surface. 
A physical interaction between the type I1 
and type I receptors may also exist, result- 
ing in a heterodimeric TGF-P receptor 
(10). If so, the truncated type I1 receptor 
could form a heterodimer with the m e  I , . 
receptor and in this way exert its specific 
dominant negative effect by preventing an 
interaction of the endogenous, functional 
type I1 receptor with the type I receptor. 
On the other hand, one would then have to 
assume that this would not adversely affect 
the stability and function of the type I 
receptor because overexpression of the 
truncated receptor did not affect the avail- 
ability of the type I receptor at the cell 
surface and a distinct set of responses of 
TGF-P. Thus, our results indicate that the 
truncated type I1 receptor functions as a 
specific dominant negative mutant of the 
type 11, but not the type I, receptor. 

Our results indicate that two distinct 
receptor-associated signaling pathways ex- 
ist, each mediating a separate set of TGF-P 
activities. The type I1 receptor is required 
for the inhibition of pRB phosphorylation 
and for the antiproliferative effect, but not 
for the stimulation of fibronectin and PAI-1 
synthesis and for the induction of JunB 
mRNA, all of which therefore have to be 
assigned to the type I receptor. Previous 
analyses using mutants derived from the 
same MvlLu cell line led to the conclusion 
that either the type I receptor or both type 
I and type I1 receptors are necessary for all 
tested responses to TGF-P (5-7). The dis- 
crepancy between our current findings and 
these previous conclusions may, at least in 
part, be due to the lack of mutant MvlLu 
cell lines that had normal type I receptors 
but no type I1 receptors. Whereas our re- 
sults indicate that the TGF-&induced in- 
hibition of cell proliferation and pRB phos- 
phorylation are mediated through the type 
I1 receptor, we cannot determine whether 

Fig. 4. Stimulation of PAI-1 and fibronectin 
synthesis (A) and JunB mRNA expression (B) 
in response to TGF-p1. (A) Subconfluent cul- 
tures of parental MvlLu cells and the trans- n1r1 
fected MvlLuDNl cells overexpressing the -- TGF-P - - + - + - + 

truncated type I I  receptor were treated with Q \Q@O 40@ pM JunB 
TGF-p1 for 12 hours (for fibronectin analysis) or 
for 2 hours (for PAI-1 analysis) and labeled in @-pal., 
the serum-free, Cys,Met-free medium contain- GAPDH 

ing 25. ~Ci/ml of [35S]Cys and [35S]Met in the 
absence or presence of the indicated concen- a# 
trations of TGF-pl for 2 hours. Fibronectin se- FN 

creted into the labeled medium was affinity- 
purified with gelatin-Sepharose beads and an- 
alyzed by denaturing gel electrophoresis as described (30). For analysis of PAI-1, extracellular 
matrix proteins were harvested as described (1 1) and separated under reducing conditions by 
denaturing polyacrylamide (10%) electrophoresis. PAI-1 was identified as a TGF-pinducible band 
of 45 kD (11). In (B), exponentially growing cultures of parental MvlLu cells and transfected 
Mv1 LuDN1 and Mvl LuDN2 cells were treated with or without 100 pM TGF-p1 for 1 hour. Total RNA 
was prepared and was assayed for JunB and glyceraldehydephosphate dehydrogenase (GAPDH) 
mRNA levels by northern blot analysis (28). 
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the type I receptor is required for this 
process. However, the existence of TGF-J3-
unresponsive MvlLu cell mutants that lack 
type I receptors yet have normal levels of 
type II receptors (5) suggests that type I 
receptors may be needed to mediate these 
activities of TGF-J3 through the type II 
receptor. 

Our findings also indicate that the sig
naling through the type I receptor does not 
require a functional type II receptor to 
mediate autonomously its distinct set of 
TGF-P-induced activities. This is consis
tent with the fact that 293 cells, which lack 
detectable levels of type II receptors but 
have type I receptors (Fig. 1A), are not 
responsive to the antiproliferative activity 
of TGF-p yet display a TGF-(3-induced 
synthesis of fibronectin (20), These data 
further support our conclusion that the type 
II receptor is required for and mediates the 
antiproliferative effect of TGF-P, whereas 
the induction of fibronectin synthesis is 
mediated by the type I receptor. Moreover, 
the wide variability and lack of correlation 
between the cell surface levels of the type I 
and type II receptors suggest that besides 
possible heterodimers, there may be type I 
and type II receptors that do not physically 
interact with each other and that perhaps 
could function as homodimers. 

Finally, the selective functional aboli
tion of the type II receptors results in 
alterations in the complex response to 
TGF-P similar to the functional inactiva-
tion of pRB by viral transforming proteins 
such as the SV40 large T antigen, that is, a 
specific abrogation of the antiproliferative 
effect of TGF-P (11, 21) without affecting 
the induction of expression of several genes 
by TGF-P (11). This very similar pheno-
type thus indicates that the role of pRB in 
the response to TGF-p is specific for and 
restricted to the signaling pathway associat
ed with the type II receptor. Accordingly, 
our transfected cells lacking functional type 
II receptors did not show TGF-P-induced 
inhibition of pRB phosphorylation, suggest
ing that type II receptors are required for 
the effect of TGF-P on the phosphorylation 
state of pRB. 
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Human Sos1: A Guanine Nucleotide Exchange 
Factor for Ras That Binds to GRB2 

Pierre Chardin,* Jacques H. Camonis,* Nicholas W. Gale, 
Linda Van Aelst, Joseph Schlessinger, Michael H. Wigler, 

Dafna Bar-Sagit 
A human complementary DNA was isolated that encodes a widely expressed protein, hSosI, 
that is closely related to Sos, the product of the Drosophila son of sevenless gene. The 
hSosI protein contains a region of significant sequence similarity to CDC25, a guanine 
nucleotide exchange factor for Ras from yeast. A fragment of hSosI encoding the CDC25-
related domain complemented loss of CDC25 function in yeast. This hSosI domain spe
cifically stimulated guanine nucleotide exchange on mammalian Ras proteins in vitro. Mam
malian cells overexpressing full-length hSosI had increased guanine nucleotide exchange 
activity. Thus hSosI is a guanine nucleotide exchange factor for Ras. The hSosI interacted 
with growth factor receptor-bound protein 2 (GRB2) in vivo and in vitro. This interaction was 
mediated by the carboxyl-terminal domain of hSosI and the Src homology 3 (SH3) domains 
of GRB2. These results suggest that the coupling of receptor tyrosine kinases to Ras 
signaling is mediated by a molecular complex consisting of GRB2 and hSosI. 


