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 A Transforming Growth Factor 3 Type I Receptor
 That Signals to Activate Gene Expression

 Craig H. Bassing, Jonathan M. Yingling, David J. Howe,
 Tongwen Wang, Wei Wu He, Michael L. Gustafson,
 Paresh Shah, Patricia K. Donahoe, Xiao-Fan Wang*

 Transforming growth factor beta (TGF-,B) is a multifunctional factor that regulates many
 aspects of cellular functions. TGF-P signals through a heteromeric complex of the type I
 and type 11 TGF-p receptors. However, the molecular mechanism of signal transduction by
 this receptor complex remains unresolved. The type 11 receptor belongs to a transmem-
 brane receptor serine-threonine kinase family. A new member of this receptor family (R4)
 was identified and shown to be a functional TGF-P type I receptor on the basis of its ability
 to restore a TGF-p-induced gene response in mutant cell lines lacking endogenous type
 I receptor. Both ligand binding and signaling of the R4 protein were dependent on the
 presence of a functional type 11 receptor. The type I receptor has an intrinsic serine-
 threonine kinase activity, which was essential for signal transduction.

 The transforming growth factor betas
 (TGF-,s) are a family of multifunctional
 cytokines that regulate many aspects of
 cellular function, including cell prolifera-
 tion, differentiation, adhesion, and migra-
 tion (1). TGF-, signals through a hetero-
 meric complex between the type I and type
 II receptors (2, 3). The type II receptor can
 directly bind ligand, but is incapable of
 mediating TGF-P responses in the absence
 of a type I receptor (3, 4). The type II
 TGF-P receptor has been cloned and is a
 member of the transmembrane receptor ser-
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 ine-threonine kinase family (5). Recently,
 a murine receptor serine-threonine kinase,
 Tsk 7L, was concluded to be a type I
 receptor for both TGF-P and activin be-
 cause of its biochemical properties (6).
 However, the ability of the Tsk 7L protein
 to mediate biological responses to TGF-P
 was not shown.

 Because the type II receptors for both
 TGF-, and activin belong to the same group
 of receptors (7), it was hypothesized that
 there may be a family of such receptors for
 the ligands of the TGF-P superfamily. To
 explore this possibility, we used a polymerase
 chain reaction cloning strategy to isolate
 other members of this receptor family. Four
 putative receptor serine-threonine kinases
 (Rl through R4) were isolated from the
 urogenital ridge of 14.5- to 15-day fetal
 Sprague-Dawley rats (8) (Fig. 1). Sequence
 comparison revealed that the RI clone repre-

 sents the rat homologue of Tsk 7L. Because
 clones Rl through R4 have a high degree of
 sequence similarity, we investigated the func-
 tional properties of all four proteins.

 Mink lung epithelial (MvlLu) cells are
 highly responsive to the effects of TGF-P.
 Through chemical mutagenesis, several
 classes of TGF-,3-resistant MvlLu cell lines
 have been generated (4, 9). Mutants of
 MvlLu cells defective in either the type I (R
 mutants) or type II (DR mutants) TGF-f
 receptors lack TGF-i-induced gene expres-
 sion and TGF-,B-induced growth inhibition
 (3, 4, 9). A TGF-, reporter construct
 (p3TP-Lux) containing a luciferase gene

 TGFJ8 Rul

 RI R2 R3 R4

 Ugand binding
 domain 100 25 20 20 21

 Single
 transmembrane
 domain 00-39 39 39-41

 Serine-threonine
 kinase domain

 Amino acids 565 509 505 503 501

 Fig. 1. Schematic diagram comparing the ami-
 no acid sequences of Rl through R4 to the
 TGF-p type 11 receptor. The percent amino acid
 similarity of the extracellular and kinase do-
 mains of each clone as compared to the type 11
 receptor sequence is indicated. The sequence
 similarities were generated by the GAP pro-
 gram of the Genetics Computer Group. The
 nucleotide sequence of the R4 clone has been
 deposited to GenBank (accession number
 L26110). The number of amino acids in each
 protein is indicated.
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 Fig. 2. Screen for the ability of Rl through R4 to A B
 restore TGF3-.dependent gene expression in the ." 3000 -
 nonresponsive Rl B mutant cell line. (A) Rl B cells
 were transiently transfected with 6 ,ug of p3TP-
 Lux and 6 ,g of either pCMV4, pCMV8-R1, , 2000
 pCMV4-R2, pCMV6-R3, or pCMV6-R4. Twelve A
 hours after transfection, cells were placed in Dul- *
 becco's modified Eagle's medium containing fe- '
 tal bovine serum (0.2%) for 36 hours in the ab- X 1000*
 sence or presence of TGF-J31 (240 pM). Cells *
 were lysed and the amount of luciferase activity in rm
 the extracts was assayed by integrating light 5 o.
 emission over 30 s on a Berthold lurminometer. All 'TGFp - + - + - + - + - + - +
 experiments with transfection and luciferase as- cDNA vector Rl R2 R3 R4 Rul
 says were done at least twice with triplicates in each experiment. The bars indicate the average values
 + SEM of luciferase activity from triplicates in a representative experiment. (B) As a positive control, 6 pLg
 of p3TP-Lux and 6 plg of the human type 11 receptor cDNA (pCMV8-RII) were transiently transfected into

 the DR-26 cell line. These cells were also treated with and without TGF-p1l for 36 hours and then assayed
 for luciferase activity.

 controlled by a TGF-fi-inducible promoter
 was generated to study TGF-13-induced
 changes in gene expression in MvlLu cell
 lines (3). In a transient assay, transfection
 of p3TP-Lux into MvlLu cells allows the
 measurement of TGF-,--dependent induc-
 tion of luciferase activity (3). This response
 is not observed when the assay is done with
 either of the TGF-,B nonresponsive mutant
 cell lines. Co-transfection of the human
 type II TGF-3 receptor complementary
 DNA (cDNA) along with p3TP-Lux into
 the DR mutants restores TGF-f--inducible
 gene expression (3). Therefore, this assay
 allows detection of clones that can func-
 tionally rescue the mutant phenotype. We
 used this approach to screen the ability of
 RI through R4 to restore a functional

 A B
 3000- 10000.

 0 | 8000-
 2000-~ ~ ~ 00

 x, 2000 1 6000

 2 1000- | 4000-
 1000-~ ~ ~ 00

 _ 4~~~~~000-

 aj :- 0n2 oo
 TGF-0 + + - + +
 cDNA Rll R4 R4 R4 (K230R)

 Fig. 3. Functional characterization of R4. (A)
 Dependence of TGF-p signaling by R4 on the
 presence of a functional type 11 receptor. DR-26
 mutants were transiently transfected with 6 ,ug
 of p3TP-Lux and 6 Rg of either pCMV8-Rll or
 pCMV6-R4. Cells were either treated with or
 without TGF-,B1 for 36 hours and then assayed
 for luciferase activity. (B) Requirement of ki-
 nase activity of R4 for signal transduction. Rl B
 mutants were transiently transfected with 6 ,ug
 of p3TP-Lux and 6 ,ug of either pCMV6-R4 or
 pCMV6-R4(K230R). Cells were treated with and
 without TGF-,B1 for 36 hours and then assayed
 for luciferase activity.

 TGF-1 response in a MvlLu mutant cell
 line that has lost expression of the endoge-
 nous type I TGF-,B receptor.

 Eukaryotic high-expression vectors (10)
 containing the cDNAs encoding RI through
 R4 were transiently transfected with p3TP-
 Lux into RIB cells (3, 4). Transfectants
 treated with TGF-1I (240 pM) for 36 hours
 were lysed and assayed for luciferase activity.
 Only RIB cells transfected with the R4
 cDNA showed TGF-3-dependent luciferase
 activity (Fig. 2A) (11). The amount of
 luciferase activity induced by the R4 clone
 was comparable to that of the DR mutant
 cells (DR-26) transfected with the type II
 receptor cDNA and p3TP-Lux (Fig. 2B).
 Furthermore, the magnitude of the induc-
 tion of luciferase activity in RIB cells trans-
 fected with R4 was equivalent to that in
 wild-type MvlLu cells (12).

 Both the type I and type II receptors are
 required for TGF-,B signaling (3). We tested
 whether R4 induced a TGF-4 response
 when transfected into the DR mutants,
 which lack expression of endogenous type II
 receptor (3). DR-26 cells transfected with
 R4 and p3TP-Lux showed no increase in
 luciferase activity in response to TGF-,B
 (Fig. 3A). In contrast, transfection of the
 human type II receptor along with p3TP-
 Lux restored the TGF-13 response in a li-
 gand-dependent fashion (Fig. 3A). This re-
 sult indicates that R4 requires the presence
 of a functional type II TGF-1 receptor to

 signal and further establishes the molecular
 nature of R4 as a functional type I receptor.

 A functional type II receptor kinase is
 essential for TGF-1 signaling through both
 the gene activation and growth inhibitory
 pathways (3). We investigated whether the
 kinase activity of the type I receptor is also
 required for signal transduction. We used
 site-directed mutagenesis to generate a cat-
 alytically inactive R4 receptor (K230R), in
 which lysine-230 of the adenosine triphos-
 phate (ATP)-binding site in the kinase
 domain was changed to an arginine residue
 (13, 14). Transient transfection of p3TP-
 Lux and a vector containing the mutant R4
 into RIB cells failed to restore TGF-1
 induction of luciferase activity (Fig. 3B).
 Thus, the kinase activity of the type I
 receptor is also essential for signaling.

 Binding of TGF-1 to the type I receptor
 requires the presence of the type II recep-
 tor, whereas binding to the type II receptor
 occurs independently (3). The capability of
 independent ligand binding and differences
 in molecular sizes of the two types of recep-
 tors have been used as functional criteria to
 classify members of the TGF-3 family of
 receptors. We therefore examined the li-
 gand binding properties of R4 in transfected
 cells. Because the MvlLu cells are poor
 recipients for DNA transfection, we per-
 formed ligand-binding and crosslinking as-
 says on transiently transfected COS cells.
 Affinity labeling with I25I-labeled TGF-,1I
 of COS cells transfected with only the R4
 cDNA showed no additional crosslinked
 bands when compared to those from mock
 transfected COS cells (Fig. 4). The type II
 cDNA transfected alone gave rise to an
 increase in intensity of crosslinked protein
 as a diffuse band of 70 to 97 kD, larger than
 that of endogenous receptors. When R4
 cDNA was transfected with the human type
 II receptor cDNA, an increase in labeled
 proteins migrating as 63- to 65-kD and 85-
 to 97-kD bands was observed. These bands
 correspond to the type I and type II TGF-3
 receptor proteins. Binding of TGF-,B1 to
 these proteins was eliminated when the
 assay was done in the presence of an excess
 of unlabeled TGF-,13. Treatment of trans-
 fected COS cells with dithiothreitol (DTT)
 before ligand binding selectively abolished

 Fig. 4. Affinity crosslinking of 1251-labeled TGF-i1 to transiently kD
 transfected COS cells. COS cells were transfected with 10 p;g
 pCMV4 (lane 1), 10 ,g pCMV8-RII (lane 2), 50 ,ug pCMV6-R4 97.4 T II
 (lane 3), or 5 vg pCMV8-RII and 50 ,ug pCMV6-R4 (lanes 4 to
 6). Cells were grown to confluency and crosslinked with
 1251-labeled TGF-, (150 pM). Lane 5 represents cells treated
 with 1 mM DTT for 5 min before addition of 1251-labeled 68 0 Type I
 TGF-41. Lane 6 represents cells crosslinked with 1251-labeled
 TGF-,B in the presence of an excess (200 times the concen-

 tration of labeled TGF-p) of unlabeled TGF-p1l. Each lane
 represents equal amounts of protein lysate, as determined by 1 2 3 4 5 6
 Coomassie blue staining. The migration of molecular size markers is indicated.
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 Fig. 5. Autophosphorylation of R4 in vitro. (A) In
 vitro autophosphorylation assay to compare the
 kinase activity of GST-RII and GST-R4. An
 equal amount of protein was loaded in each
 lane and separated by SDS-polyacrylamide
 gel electrophoresis (8% gel). Autoradiography
 was done at -800C for 1.5 hours. (B) Phos-
 phoamino acid analysis of in vitro autophos-
 phorylated GST-R4.

 binding of TGF-,1I to the 63- to 67-kD
 protein. These results demonstrate that R4
 has the binding properties of the type I
 TGF-,B receptor (4).

 The type II TGF-3 receptor is an active
 kinase capable of autophosphorylation in an
 in vitro kinase assay (Fig. 5A) (5). Because
 the cytoplasmic domain of R4 also contains
 a putative serine-threonine kinase domain,
 which has sequence similarity to the type II
 receptor kinase (41% identity), we tested
 whether R4 could act as a functional serine-
 threonine kinase in vitro. A fusion protein
 between glutathione-S-transferase and the
 type I receptor cytoplasmic domain was gen-
 erated and used in an in vitro kinase assay
 (15). As a control, we constructed a similar
 fusion protein using the R4 cytoplasmic
 domain containing the K230R mutation.
 The wild-type R4 kinase was active whereas
 the fusion protein containing the K230R
 mutation did not autophosphorylate (Fig.
 5A). The type II receptor fusion protein
 showed four times more activity than the R4
 protein (Fig. 5A). We also assayed a GST-
 RI construct for autophosphorylation activ-
 ity and found its activity to be 1/100 that of
 the type II receptor (12). This result suggests
 that in vitro the R4 type I receptor, like the
 type II receptor, acts as a functional serine-
 threonine kinase. The GST-RII kinase is
 mainly a serine kinase with a small amount
 of activity toward threonine (5). Phosphoami-
 no acid analysis of the autophosphorylated
 GST-R4 kinase revealed mainly phospho-
 threonine with a small amount of phospho-
 serine (Fig. 5B).

 We conclude that R4 is a functional
 type I TGF-,B receptor because it restored
 expression of a reporter gene in response to
 TGF-1 in the nonresponsive RIB mutant
 cells, it required the presence of a function-
 al type II receptor to bind ligand and to
 signal, its kinase activity was required for
 signaling, and the kinase domain was capa-

 ble of serine-threonine autophosphoryla-
 tion under in vitro conditions. R4 may
 represent only one of the functional type I
 receptors for TGF-,B because the functional
 assay involving TGF-13 induction of a spe-
 cific promoter in a particular cell type may
 have limited our ability to test the function-
 al nature of the other members of this
 receptor family. The diversity of biological
 responses elicited by TGF-j could be de-
 rived from the existence of multiple recep-
 tors that can functionally mediate various
 effects in different biological systems.

 REFERENCES AND NOTES

 1. A. B. Roberts and M. B. Sporn, in Peptide Growth
 Factors and Their Receptors, M. B. Sporn and A.
 B. Roberts, Eds. (Springer-Verlag, Heidelberg,
 Germany, 1990), pp. 421-427; J. Massague,
 Annu. Rev. Cell Biol. 6, 597 (1990); R. M. Lyons
 and H. L. Moses, Eur. J. Biochem. 187, 467 (1990).

 2. J. Massague, Cell 69, 1067 (1992); P. Segarani,
 Biochim. Biophys. Acta, in press.

 3. J. L. Wrana et al., Cell 71, 1 (1992).
 4. F. T. Boyd and J. Massague, J. Biol. Chem. 264,

 2272 (1989).

 5. H. Y. Lin et al., Cell 68, 1 (1992).
 6. R. Ebner etal., Science 260, 1344 (1993); ibid. 262,

 900 (1993).

 7. L. S. Mathews and W. W. Vale, Cell 65, 973
 (1991); L. Attisano, et al., ibid. 68, 97 (1992).

 8. W. W. He et al., Dev. Dynamics 196,133 (1993).
 9. M. Laiho etal., J. Biol. Chem. 265, 18518 (1990).

 10. The eukaryotic high-expression vectors used
 were the pCMV plasmids. The construction of
 these plasmids was described [S. Anderson et
 al., J. Biol. Chem. 264, 8222 (1989)].

 11. The transient expression of a cDNA clone ALK-5,
 the porcine homolog of the rat R4 clone, restored

 the TGF-1-induced plasminogen-activator inhibi-
 tor 1 production in another line of R-type MvlLu
 mutant cells, confirming that both of these cDNAs
 encode a functional type I TGF-1 receptor [P.
 Franz6n et al., Cell 75, 681 (1993)].

 12. C. H. Bassing, J. M. Yingling, X.-F. Wang, unpub-
 lished data.

 13. The R4 (K230R) mutant was created by oligonu-
 cleotide site-directed mutagenesis with the
 unique site elimination system (Pharmacia). The
 template was generated by subcloning the R4
 cDNA into the Eco RI site of the pBSK+ vector
 (Stratagene). The mutation was verified by dide-
 oxy chain termination sequence analysis.

 14. S. E. Hanks, etal., Science 241, 42 (1988).
 15. To create the in-frame fusion protein, we sub-

 cloned the portion of R4 cDNA encoding the
 cytoplasmic domain, beginning with Asp61, into
 the plasmid pGEX-1. In vitro kinase assays were
 done with the proteins bound to glutathione-
 Sepharose beads in 50 mM tris (pH 7.4), 150
 mM NaCI, 1 mM MnCI2, 1 mM MgCI2, 1 mM
 Na2MoO4, 2 mM NaF, 1 mM DTT, and 10 ,wCi
 [y-32P]ATP at 300C for 40 min.

 16. We thank J. Wrana, J. Carcamo, and J. Mas-
 sague for the DR26 cell line, p3TP-Lux plasmid,
 and valuable advice, F. Boyd for the R-11B cell

 line, P. Segarani of the Celtrix Inc. for TGF-pl1, D.
 Russel for pCMV plasmids, M. Colman and Y. Yu
 for technical assistance, and A. Means, A. M.
 Pendergast, J. Nevins, J. Heitman, and M. Datto
 for helpful discussions of the manuscript. Sup-
 ported by grant DK45746 from NIH and grant
 3613 from the Council for Tobacco Research to
 X.-F.W. and by grant RD-359 from the American
 Cancer Society to P.K.D. C.H.B. was supported
 by an NSF Graduate Research Fellowship, T.W.
 by National Institute for Child Health and Human
 Development (NICHD) grant T32HD07396,
 W.W.H. by a Massachusetts General Hospital
 Discovery Award, and M.L.G. by an NSRA fel-
 lowship from NICHD. X.-F.W. is a Leukemia
 Society Scholar.

 29 September 1993; accepted 1 December 1993

 Association of Transcription Factor APRF and
 Protein Kinase Jakl with the lnterleukin-6

 Signal Transducer gp1 30
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 Interleukin-6 (IL-6), leukemia inhibitory factor, oncostatin M, interleukin-1 1, and ciliary
 neurotrophic factor bind to receptor complexes that share the signal transducer gpl 30.
 Upon binding, the ligands rapidly activate DNA binding of acute-phase response factor
 (APRF), a protein antigenically related to the p91 subunit of the interferon-stimulated
 gene factor-3a (ISGF-3a). These cytokines caused tyrosine phosphorylation of APRF
 and ISGF-3a p91. Protein kinases of the Jak family were also rapidly tyrosine phos-
 phorylated, and both APRF and Jakl associated with gp130. These data indicate that
 Jak family protein kinases may participate in IL-6 signaling and that APRF may be
 activated in a complex with gp130.

 Interleukin-6, leukemia inhibitory factor
 (LIF), oncostatin M (OSM), interleukin-
 11 (IL-11), and ciliary neurotrophic factor
 (CNTF) are members of a family of cyto-

 kines and neuronal differentiation factors
 (1) or neurokines (2). These factors exert
 pleiotropic effects on multiple cell types and
 bind to composite receptors containing the
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